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1 Introduction  

 Neuroblastoma 

Neuroblastoma (NB) is the most common extracranial and deadliest solid childhood tumor, which arises 

from the embryonic neural crest and affects the entire developing sympathetic nervous system. Most 

neuroblastoma cells accumulate in the abdomen along the sympathetic nerve cord and in the medullary 

region of the adrenal glands, which are located on the upper pole of the kidney (Figure 1)1–3.  The 

primary tumor can also appear in other parts of the body, including the chest, head and neck, and the 

pelvis4. The first description of a tumor mass in the adrenal gland found in a child can be attributed to 

the German physician Rudolf Virchow in 18645. In 1910, the pathologist James Homer Wright 

introduced the term neuroblastoma6,7. The tumor occurs predominantly in younger children, with a 

median age of 18 months at diagnosis8. According to the German Childhood Cancer Registry, about 166 

children under 15 years are newly diagnosed with neuroblastoma in Germany every year (based on data 

from 1980-2017)9. Neuroblastoma accounts for 6-10% of all childhood cancers worldwide10,11, with a 

6.6% relative frequency in Germany9. Moreover, neuroblastoma is a very deadly tumor, which is 

responsible for 12-15% of the deaths of children with cancer10,11. The current classification divides the 

patients with a neuroblastoma into low, medium and high risk group. Neuroblastoma is charatarized by 

a clinical dichotomy. While about half the newly diagnosed cases require little to no treatment including 

cases with spontaneous regression, the other half are diagnosed with a high-risk disease with cure rates 

under 40% despite aggressive multimodal therapy1,12. A patient subgroup with particularly poor outcome 

was also identified among the high-risk group with only 10-15% five-year event-free survival, which 

represents the group of ultra-high-risk (UHR) patients13. Approximately 50% of patients with high-risk 

disease relapse, and 80% of relapses occur within two years of the initial diagnosis14.  

 

Figure 1: The primary distribution of neuroblastomas in children. 
Childhood neuroblastoma affects the sympathetic nervous system and primary tumors mostly appear in the 
medullary region of the adrenal glands. (Figure taken from the American Society of Clinical Oncology (ASCO)15.) 
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1.1.1 The origin of the adrenal gland and rise of neuroblastomas 

Neuroblastoma originates from a pathogenesis of the embryonic neural crest. After gastrulation of the 

embryo, the neural tube emerges from the ectoderm (the outer cotyledon) tissue16. A part of the ectoderm 

differentiates into the neuroectoderm (neural plate), forming a fold (neural groove) and leading to a 

fusion of the two neural folds at the edge of the neural plate (neural crest)16. After the closure of the 

neural tube is completed, the neural crest separates from the epidermis and the neural crest cells undergo 

an epithelial-to-mesenchymal transition (EMT)17. This complex transformation is driven by external 

(homing) signals, changes in intracellular transcriptional programs and epigenetic processes18. The 

cellular maturation causes the neural crest cells to delaminate from its origin, to migrate and to 

differentiate in different distant locations in groups or individually on predetermined pathways           

(Figure 2). Neural crest cells of the body trunk area of the embryo migrate ventrolateral towards the 

dorsal aorta initiated by transcription factor expression of SOX10 and FOXD317,19. Here, most of the 

neural crest cells differentiate into sympathetic progenitor cells following the development into the 

sympathetic neurons. A small group of neural crest cells migrate further ventrally towards the midline 

and represent the adrenal chromaffin progenitors which then differentiate into chromaffin cells of the 

medulla of the adrenal gland17,20. The neural programming of the crest cells is caused by expression of 

ASCL1 or PHOX2B in the beginning, and later by HAND2 or GATA319. A recent study further 

highlights that neural crest cell derived peripheral glial stem cells, called Schwann cell precursor cells, 

can also develop into chromaffin cells21. These Schwann cells precursors migrate from the dorsal root 

ganglion on the preganglionic nerve which innervates the adrenal medulla and give rise to a large 

majority of chromaffin cells. Neuroendocrine chromaffin cells express specific enzymes for 

catecholamine biosynthesis (tyrosine hydroxylase (TH), dopamine-beta-hydroxylase (DBH) and 

phenylethanolamine N-methyltransferase (PNMT)), which enable the release of the hormones 

adrenaline, noradrenaline and dopamine19,22–25. The ventral migration and further expansion of neural 

crest cells is controlled by the expression of the proto-oncogene MYCN (V-MYC Avian 

Myelocytomatosis viral-related oncogene, neuroblastoma-derived)22,26,27. Protein levels of MYCN are 

decreasing with progressive differentiation of the cells. However, defective neural crest cells can give 

rise to a neuroblastoma. Mutations of the transcription factors and other key players in the neuronal 

programming networks can contribute to uncontrolled proliferation, inhibition of differentiation and 

drive tumorigenesis in general. A possible crucial initial event is an amplification of the MYCN gene22. 

In addition, the distinctive origin of neuroblastoma cells, developing from neural crest cells or Schwann 

cell progenitors, indicates the emergence of a heterogeneous disease. Recent reports could already 

demonstrate that a neuroblastoma can be composed of two different tumor cell types with different traits 

(adrenergic-like and mesenchymal-like differentiation state)28,29. However, there are still many unknown 

aspects of the cellular origin of neuroblastomas that need to be clarified. 
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Figure 2: Embryonic development of the sympathoadrenal system and model of neuroblastoma initiation. 
Two precursor cell types generate the sympathoadrenal system. First, neural crest (NC) cells (red) are delaminating 
from the neural tube (NT) and are migrating ventrally passing the notocord (N) towards the dorsal aorta (DA) to 
become sympathoblasts and glial cells (orange). Second, multipotent Schwann cell precursors (green) migrate 
from the dorsal root ganglion (DRG) to the adrenal gland (AG) and develop into chromaffin cells (yellow). During 
the migration, proliferation and maturation of the cells, genetic mutations can trigger the pathogenesis of the 
neuroblasts and can lead to the development of a neuroblastoma. (E: ectoderm; IML: intermediolateral nucleus, 
SG: sympathetic ganglion, SRG: suprarenal ganglion; figure modified from Kastriti et al. 202019). 

1.1.2 Clinical presentation of neuroblastomas 

Neuroblastomas show a broad spectrum of symptoms and varied tumor spread, which is why the disease 

can progress very differently. In general it was found that 26% of the patients had a poor overall 

condition, 28% suffered from pain, 22% had a fever and 18% had swelling at the primary tumor site 

(German NB97 trial)30. The cancer can roughly be divided into three different groups based on their 

contrasting biology: First, a regressive subtype which can occur at different (distant) sites in the patient, 

lacking molecular tumor markers, but demonstrating a rapid progression and a fast regression within 

hours or days31. The survival outcome for these patients is about 80-85%. Second, a  maturative subtype 

exists, which may show tumor markers. The disease is localized in the abdomen and absent of 

metastases. It matures on its own, is usually detected retrospectively and demonstrates a very good 

survival outcome31. Finally, there is the progressive subtype, which can exhibit tumor markers and 

exhibit a worsening progression of the disease. In addition, metastases may be present in especially 

severe (high-risk) cases. These patients receive extensive therapy, but the survival outcome is still very 

low at around 20-30%31. The symptoms of neuroblastoma indicate the primary tumor localization and 

possible metastases. Primary sites for the occurrence are the sympathetic ganglia or paraganglia along 

the sympathetic paravertebral chain32. The site of origin is predominantly the adrenal gland. In 90% of 

the patients with metastases the primary site is located in the abdomen. In high-risk patients, metastases 

are often found in the bone marrow (BM), bone or lymph nodes. These patients are already severely ill 

at the time of diagnosis, presenting with pallor, belly pain, fever and weight loss33. They show various 

symptoms in connection with an extended primary tumor mass or (several) metastases (e.g. bilateral 
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periorbital ecchymosis, spinal cord compression, disorders of neurological functions, opsomyoclonus-

ataxia syndrome, Horner’s syndrome, treatment resistant diarrhea, hypertension, enlarged lymph nodes, 

bone pain, limping or bone marrow failure)1. 

1.1.3 Genetic characteristics of neuroblastomas 

In addition to the very heterogeneous phenotype, neuroblastoma also displays heterogeneous genetics, 

which has a major influence on the survival of the patient. The consensus opinion is that neuroblastomas 

being caused less by the inheritance of a single gene mutation than by sporadic development of somatic 

mutations. Only about 1-2% of all cases of neuroblastoma diseases are based on a familial inheritance 

of genetic predispositions33. However, these mutations show an incomplete penetrance, which is why 

there do exist carriers of mutations that are not affected by the disease34,35. Germline mutations are 

present in neuronal developmental genes, such as single-nucleotide variations (SNV) in the PHOX2B or 

the anaplastic lymphoma kinase (ALK) gene36,37. ALK encodes for a cell-surface receptor tyrosine kinase 

(RTK). The most frequently found ALK mutation is a change in a amino acid (R1275Q)34,37. The 

majority of neuroblastomas are not inherited by the patients family, but are associated with somatic, 

acquired mutations. The sporadically developing neuroblastoma is characterized by extensive genetic 

aberrations, such as gains or amplifications or by hemizygous deletions. It was found that the ploidy 

state (tumor-cell DNA, deoxyribonucleic acid, index) in particular is connected to the clinical 

presentation of the heterogeneity of neuroblastomas38. Low or intermediate risk neuroblastomas have 

been shown to be prone to defects in the mitosis process, which leads to entire chromosome (chr.) gains 

or losses8. High-risk neuroblastomas, on the other hand, have rather fundamental defects in genome 

stability which can then lead to chromosomal rearrangements8. This is why the occurrence of large 

structural chromosomal aberrations is a common finding in neuroblastoma, including losses of the 

chromosome arms 1p, 3p, 4p, 6p 11q and gains of 1q, 2p, 7q, 11p and 17q25,39,40. A gain of the large 17q 

chromosome arm is the most frequent type of chromosomal abnormalities, which occurs in 

approximately 47% of all neuroblastomas41. Losses of 1p and 11q are the second most common 

abnormality and are identified in 20-30% of all cases. Furthermore, large rearrangements within specific 

chromosomal regions are critical for the development of neuroblastoma. Particularly recurrent genomic 

rearrangements that occur within the chr.2p arm (where the MYCN and ALK genes are located), the 

chr.5p arm (location of the TERT gene) and the chr.Xq arm (location of the ATRX gene) are the involved 

in tumorigenesis of neuroblastoma. Accordingly, the most frequent chromsomal aberration involving a 

particular gene is an amplification of the MYCN gene, occurring in approximately 25% of all 

neuroblastomas (see for details 1.1.4)6,18,42. The appearance of genomic rearrangements in TERT, (which 

encodes for the telomerase reverse transcriptase), is the second most common mutation in 

neuroblastoma, found in about 12.9% of all cases43,44. Similarly with regard to MYCN and TERT, it can 

be shown that a rearrangement event frequently occurs in the ATRX gene in neuroblastomas (focal 

deletions are in around 7.1% of all cases detected)45. Prognostically, especially tumors with an advanced 
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disease exhibit comparable patterns of chromosomal segmentations. For example, the combination of a 

17q gain with a 1p loss or a solitary 11q loss correlates with MYCN amplification, which is connected 

with a poor prognosis46. Somatic mutations, which are limited only to single genes (e.g. caused by an 

SNV), are a rather rare find in primary neuroblastoma deep-sequencing studies. They are located in the 

genes ALK (~9.2% of all cases; displaying three major mutations within this group: R1275 (43%), F1174 

(30%), and F1245 (12%))47–52, PTPN11 (~2.9%, 7 variants)45, ATRX (~2.5%, 6 variants)45, MYCN 

(~1.7%, P44L)45, TP53 (tumor suppressor, ~2%, P219S)53 and NRAS (0.83%, 2 variants)45. Mutations 

that are restrained to individual genes become more frequent in the event of a recurrence. These include, 

for example, mutations in the TP53, CHD5, DOCK8, PTPN14 and YAP gene and for RAS-MAP kinase 

pathway mutations, e.g. in the associated ALK gene54–57. Neuroblastoma tumorigenesis is therefore most 

likely triggered by broad chromosomal rearrangements and does usually not involve single mutations in 

common oncogenes. While several pathogenic alterations can be detected in one neuroblastoma tumor, 

whereby MYCN amplifications, TERT rearrangements and ATRX mutations have been found mutually 

exclusive at a tumor site43,45,58. However, apart from an amplification in the MYCN gene, the driver genes 

for the majority of neuroblastomas are unknown at present. It is currently assumed that a combination 

of MYCN/TERT/ATRX alterations, segmental chromosomal aberrations, telomere lengthening, RAS/p53 

pathway alterations and changed gene expressions result in an unfavorable tumor biology44. 

1.1.4 The MYCN oncogene 

MYCN, a gene of the MYC family of cellular oncogenes, is the most commonly amplified gene found in 

pediatric cancer59. Approximately 25% of all neuroblastomas show an amplification of the MYCN 

oncogene on chromosome band 2p24-25, and this alteration is also stable over the course of the disease 

and in relapse6,18,42,60. An amplification of MYCN is associated with a high-risk disease and a poor 

outcome, which is further reflected by an accumulation of MYCN amplifications by up to 40-50% among 

the high-risk neuroblastoma group18,61,62. The MYCN gene and its amplification was first discovered and 

described in 198363,64. A correlation of the MYCN gene amplification with an advanced disease stage 

was stated by Brodeur et al a year later.65 MYCN is located on the p arm of chromosome 2 in the region 

of the chromosome band 2p24.3 (exact genomic location: chr2:16,080,683-16,087,129 (genome version 

GRCh37/hg19)66, see Figure 3). The non-amplified gene is 6,447 bp (base pair) long and consists of 3 

exons, of which 2 exons code for the MYCN protein67. An amplification of the MYCN gene copy number 

is defined as a > 4-fold increase of MYCN signals (in relation to the number of reference signals on 

chromosome 2; for example detected using the DNA fluorescence in situ hybridization technique 

(FISH)), whereas a 1.5- to 4-fold higher signal is defined as a MYCN copy number gain68–70. Pathological 

amplifications of the MYCN gene in tumor samples were reported with a copy number of up to 700 times 

higher than normal64,65,71. The MYCN amplicon in neuroblastoma can be present on 2p in chromosomal 

homogenously staining regions (HSR) as a “self-repeating array”, as well as in circular 

extrachromosomal DNA double minutes (ecDNA, alias DM) as a “rolling circle amplification”72–74.       
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The structure of these DMs can be highly variable, with few to complex differences compared to the 

reference chromosome sequence75,76. DMs can promote oncogenic remodeling by reintegration into the 

linear genome, and can also reassemble carried enhancers into the MYCN amplicon to the proximity of 

the promotor (enhancer hijacking)74,77. Further, it was found that neuroblastoma-specific noradrenergic 

core regulatory circuit enhancers contribute to the formation of the MYCN amplicon structure and lead 

to MYCN overexpression28. The DNA sequence pattern of the MYCN amplicon is modelled by 

chromosomal rearrangements and reintegrated extrachromosomal material which can result from 

mitotic segregation errors. One mechanism following such a catastrophic event is chromothripsis, which 

is characterized by massive clustered chromosomal rearrangements, occurring in multiple chromosomes 

or in specific chromosomal regions78. Several research groups have already demonstrated that 

neuroblastoma genomes show traces of chromothripsis79–81. In addition, chromosome bridges (as an 

event which promotes rearrangements) can emerge from DNA breakage, telomere crisis, incomplete 

DNA replication or failed chromosome condenstation82,83. Several cycles of breakage-fusion-bridges 

during subsequent mitoses than initiate gene amplification83,84. The resulting double strand breaks are 

rejoined by repair mechanisms of the cell. However, the exact type of repair mechanism is not exactly 

clarified so far. It is supposed that the alternative end joining mechanism (alt-EJ), also known as 

microhomology-mediated end joining (MMEJ)85,86, plays a role in the repair of MYCN double strand 

breaks87,88. A different assumption is based on the microhomology-mediated break-induced replication 

(MMBIR) mechanism89. Both repair mechanisms create nucleotide "scars" at the junction site of the 

DNA strands in the chromosome, so-called (junctional) microhomologies79. These short DNA 

sequences are identical in each of the genomic segments involved in the rearrangement, therefore it is 

not possible to assign the exact breakpoint location within the junction site or the origin of nucleotides 

to a specific segment85. These mechanisms give rise to a very high intertumoral variability of the DNA 

sequence and the copy number of the MYCN amplicon. Thus, the size of the MYCN amplicon can be 

variable starting from 350kb (kilobase) up to 8Mb (megabase)90,91. In 1996, Reiter and Brodeur 

identified a common 130kb core region of the MYCN amplicon found in 32 neuroblastoma samples92. 

A co-amplification of MYCN and the upstream located DDX1 gene was found in 50-70% of 

neuroblastomas, but not in all MYCN-amplified neuroblastomas93–98. The DDX1 gene was therefore 

defined as an extension of the MYCN amplification, which is situated 340-400kb upstream of the 5' 

region of MYCN and external of the core amplification domain or located on DMs97,99–106. Like DDX1, 

the NBAS gene is also involved in the MYCN amplicon and rearrangements of the oncogene101,107,108. 

Even the neuroblastoma-relevant ALK gene, which is located 13.2Mb downstream of the MYCN gene, 

can be co-amplified with the MYCN amplicon in around 2% of all cases109,110. However, it is assumed 

that the MYCN gene is the primary target of genomic amplification, since all investigated amplicons 

containing other genes always contain MYCN101. It is therefore believed that the growth advantage of 

the MYCN-amplified cells constitutes a clonal selection benefit of chr.2p amplifications.  
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Figure 3: Genomic location and transcript structure of the MYCN oncogene. 
The MYCN oncogene is located on the p-arm of chromosome 2 within the 24.3 chromosomal band. The 6,447bp 
long gene is positioned on the plus strand at chr2:16,080,683-16,087,129 (genome version GRCh37/hg19) and 
consists of 3 exons, of which exon 2 and 3 encode for the MYCN protein. The nucleotide codon ATG represents 
the translation initiation site, whereas UAG is the translation termination site. 

The regular, undamaged MYCN gene transcript has a length of 2.602bp, the encoded protein has a size 

of 464 amino acids. MYCN functions as a transcription factor that promotes cell proliferation, cell 

growth, vasculogenesis, metastasis, genomic instability and inhibits cell differentiation and cell 

adhesion111. The protein is localized in the cell nucleus and has two different regions: an amino-terminal 

transactivation domain, and a carboxyl-terminal basic region helix-loop-helix leucine zipper motif 

(BR/HLH/LZ)112.To regulate the transcriptional activity of it’s downstream targets, MYCN requires the 

binding to the MAX protein, the MYC-associated factor X. MYCN and MAX establish a connection 

via their BR/HLH/LZ domains113,114. A MYCN-MAX protein heterodimer activates the transcription by 

binding to strong canonical DNA E-box elements (enhancer box, CACGTG)111. MYCN-MAX 

complexes are increasingly found in proliferating cells115, whereas a loss of MYCN leads to a global 

reduction of transcription116. In combination with the transcription factors TWIST1, PHOX2B GATA3 

and HAND2, MYCN is co-occupying enhancer, defining a sympathetic noradrenergic cell identity28,116–

119. Finally, the orchestration of the enhancer dysregulation leads to pathogenic “MYC target gene 

signatures”116. A genomic alteration and/or overexpression of the MYCN protein therefore already 

drives neuroblastoma development in the early stages of the sympathetic nervous system and leads to a 

poorer prognosis for the patient’s outcome28. Moreover, MYCN promotes the emergence of metastases 

by enhancing cell adhesion, motility and invasion and supports the degradation of surrounding matrices6. 

Interestingly, elevated MYCN protein levels are not absolutely correlated with the copy numbers of the 

amplified MYCN gene120–122. An increased MYCN expression promoting tumorigenesis was also found 

e.g. in other pediatric tumors of the nervous system, e.g. in medulloblastoma or retinoblastoma123. In 

contrast, non-MYCN-amplified neuroblastomas (as well as other cancers entities) can compensate a lack 
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of high MYCN gene expression by a high c-MYC expression, which is found in ~0.05-8% of all cases124. 

Similar to MYCN, genomic rearrangement events modify the structure of the genomic neighborhood of 

the c-MYC gene, including enhancer hijacking or upregulation by focal enhancer amplification74,124,125.  

 Diagnostics of neuroblastoma 

For the diagnosis of a neuroblastoma, clinical criteria are important, but also molecular genetic analyses 

of relevant mutations, have been implemented for years. Risk assessment and therapy stratification are 

currently only evaluated at the single time point of initial and relapse diagnosis. An amplification of the 

MYCN gene being an independent prognostic indicator of high-risk disease was already recognized 

decades ago63,126. As genetic investigation methods and sequencing techniques have improved, 

additional mutations related to neuroblastoma have recently been discovered in comprehensive research 

studies43,44. 

1.2.1 Current standard of diagnostics 

Children with serious symptoms can be presented by their parents to a pediatrician, an internist or an 

emergency room. After a physical examination, multiple techniques are applied to diagnose a 

neuroblastoma and its spread. The neck, mediastinum and abdomen are inspected with ultrasound 

imaging30. Further, an X-ray examination of the chest and more advanced methods such as contrast-

enhanced magnetic resonance imaging (MRI, see Figure 4A) and 123-iodine-meta-iodobenzylguanidine 

scintigraphy (123I-mIBG) with or without single-photon emission computed tomography (SPECT), are 

usually performed. Neuroblastomas can produce catecholamine and the radioactive tracer mIBG is 

chemically related to the body's own catecholamine. Therefore, the mIBG typically accumulates in 

tumors that produce catecholamine. Particular attention within imaging is paid to the lymph nodes for  

possible metastasis, as well as the head and neck, which may show a tumor manifestation or skull-based 

metastases. A neurological examination is performed to identify for example paraspinal masses and 

other neurological impairments. Blood tests are conducted to detect elevated levels of neuron-specific 

enolase (NSE) and lactate dehydrogenase (LDH) levels as clinical tumor markers. A urine sample will 

also be taken to detect an increase in catecholamine vanillylmandelic and homovanilic acids (VMA and 

HVA). In addition, a mandatory open tumor biopsy is performed at the time of diagnosis. However, in 

many high-risk neuroblastoma cases this biopsy has to be delayed, as an unfavorable tumor location 

prevents surgery. After surgery, tumor touch preparations are produced, which are used to detect a 

MYCN amplification utilizing cytology and FISH methods (see Figure 4B)68–70. The results of the FISH 

analysis must be confirmed by an independent method (usually qPCR, quantitative polymerase chain 

reaction). If a patient with neuroblastoma relapses, the MYCN status is re-checked. The tumor pieces are 

preserved in formalin and are histologically examined (using the International Neuroblastoma Pathology 

Classification System (INPC)). It is highly recommended that the tumor be subjected to an in-depth 
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molecular genetic analysis. These analyses are implemented in the new upcoming High-Risk 

Neuroblastoma Study 2 of SIOP-Europa-Neuroblastoma (SIOPEN) protocol (HR-NBL2)52. Genomes 

and expression profiles of DNA and RNA (ribonucleic acid) isolated from formalin-fixed tumor material 

or snap-frozen material taken at diagnosis will be tested. In addition, the bone marrow is examined for 

tumor cell infiltration. The distribution and severity of neuroblastoma cells within the bone marrow is 

roughly estimated using 123I-mIBG. Imaging-based localization of the cells can reveal spotty marrow 

involvement or substitute bone marrow biopsies in non-accessible areas. A bone marrow sampling must 

be performed at several puncture sites. Either four bone marrow aspirates or two aspirates and two 

needle biopsies are required to assess bone marrow involvement127. Bone marrow aspirates are obtained 

with an aspirate needle, which is advanced through the bony cortex to the bone cavity of the iliac crest. 

The aspirate is withdrawn and collected directly into EDTA-anticoagulated (ethylenediaminetetraacetic 

acid) tubes. The bone marrow is then smeared on glass slides and subjected to a transmitted light 

microscopic cytological examination (see Figure 4C). In this analysis, the total number of cells examined 

is compared to the number of suspicious cells. Moreover, the bone marrow is screened for 

neuroblastoma cells using an anti-GD2 (disialoganglioside) immunocytology stain. Neuroblastoma cells 

are found single or accumulated in so-called "nests" in the bone marrow. The tumor cells are usually 

situated in a rosette ring around a nucleus of neuropil, a neuron felt consisting of dendrites, axons and 

glial extensions. In the new HR-NBL2 study, the prognostic and predictive value of DNA, mRNA 

(messenger RNA) and miRNAs (microRNA) in bone marrow and blood samples will be investigated at 

diagnosis and throughout the disease course respectively52. 

 

 

Figure 4: Diagnostic identification of a neuroblastoma. 
Exemplary results of diagnostic examination according to current neuroblastoma study standards (GPOH 
guidelines Simon et al. 201730) prior therapeutic intervention. (A) MRI cross section of a 1.4-year-old patient. The 
image is showing a large encapsulated neuroblastoma mass in the right upper abdomen that exceeds almost the 
middle line (indicated by yellow arrow and circle; R = right, L = left, A = anterior, P = posterior). (B) Microscopic 
image of FISH method detected tumor cells with positive MYCN amplification (green color, indicated by yellow 
arrows; CEP2 chromosome enumeration control is confirmed by red color). (C) Microscopic detection of 
neuroblastoma cells in smear of bone marrow aspirate. The tumor cells are clustered in two nests (indicated by 
yellow arrows) connected by neuropil, which indicates a possible feature of cellular differentiation. 
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1.2.2 Risk stratification  

The current classification of neuroblastomas is based on the International Neuroblastoma Stagging 

System (INSS), which was first proposed in 1988 by Brodeur et al.128. This system is applied for 

diagnoses that are carried out in Germany. It divides patients into low, intermediate and high risk groups 

by clinical and biological appearance. The criteria include the age of the patient at diagnosis, the spread 

of the disease, the resectability of the tumor and the aggressiveness of the tumor. The risk groups are 

divided numerically into 1-4, whereby stage 4 represents the group of high-risk neuroblastomas (see 

Table 1). Neuroblastomas that show a regressive biology are categorized in a separate group, the 4S (S 

= special). This group is defined by the age at diagnosis under one year with a localized tumor and 

metastases limited to the organs liver, skin and bone marrow (with < 10% infiltration of bone marrow). 

These tumors disappear spontaneously, if at all require minimal therapy, and have a very good 

prognosis129. In about 10.6% of neuroblastomas, a 4S type tumor is found and usually only needs to be 

observed42. Low-risk neuroblastomas, which are classified as stage 1 according to the INSS, have no 

bone marrow involvement or affected lymph nodes, they are large resected and localized, and exhibit a 

good outcome130. The findings of Zhang et al. show that a stage 1 type is found in about 24.3% of all 

neuroblastomas42. Patients with low-risk stage 2 (A+B) neuroblastomas represent about 15.7% of all 

cases and have a localized tumor without metastases42. Intermediate-risk patients with stage 3 

neuroblastoma have a localized tumor that can also be extended to lymph nodes, as the INSS reports. 

These cases represent about 12.7% of all neuroblastomas42. The stage 4 high-risk group of 

neuroblastomas show advanced tumor progression and distant metastases. These represent the largest 

group of the INSS-classified types with 36.7% of all attributed cases42. In contrast to other tumor entities, 

low-risk stage 1 neuroblastomas (and relapsed low-risk neuroblastomas) do not exhibit a progression 

into stage 4 high-risk neuroblastomas123.  

However, the specification of INSS staging is limited, mainly because it focuses on clinical appearances 

and is based on the surgical removal of the tumor to define stages 1-3. The extent of tumor removal 

depends strongly on the individual surgeon, and low-risk tumors in particular are rarely removed 

surgically30. Therefore, the International Neuroblastoma Risk Group (INRG) has developed a new 

staging system in 2009, which translates these surgical evaluations into image-defined risk factors131–

133. The INRG stating distinguishes between localized tumors without (L1) and with (L2) additional 

image-defined risk factors, a stage M for metastatic disease and stage MS for metastases restricted to 

skin, liver and limited bone marrow infiltration (in children with less than 18 months at diagnosis; see 

Table 1). Moreover, the INRG takes into account other criteria such as tumor histology, grade of cell 

differentiation and molecular genetic markers. Molecular critera of hazard risk are deletions of 

chromosome arms 1p, 3p, 4p and 11q, or gains of 1q, 2p or 17q, MYCN amplification, TERT aberration, 

ATRX deletion or ALK SNVs.  
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Table 1: International Neuroblastoma Staging System (INSS)129 and International Neuroblastoma Risk Group Staging 
System (INRGSS)131. 

INSS INRGSS 

Stage Description Stage Description 

1 

Localised tumor with complete gross excision, 

with or without microscopic residual disease; 

representative ipsilateral lymph nodes negative 

for tumour microscopically (nodes attached to 

and removed with the primary tumor could be 

positive) 

L1 

Localised tumor not 

involving vital structures as 

defined by the list of image-

defined risk factors and 

confined to one body 

compartment 

2A 

Localised tumor with incomplete gross 

excision; representative ipsilateral non-

adherent lymph nodes negative for tumor 

microscopically 

L2 

Locoregional tumor with 

presence of one or more 

image defined risk factors 

2B 

Localised tumor with or without complete 

gross excision, with ipsilateral non-adherent 

lymph nodes positive for tumor. Enlarged 

contralateral lymph nodes should be negative 

microscopically 

 

 

3 

Unresectable unilateral tumor infiltrating 

across the midline, with or without regional 

lymph node involvement; or localised 

unilateral tumor with contralateral regional 

lymph node involvement; or midline tumor 

with bilateral extension by infiltration 

(unresectable) or by lymph node involvement 

 

 

4 

Any primary tumor with dissemination to 

distant lymph nodes, bone, bone marrow, liver, 

skin, or other organs (except as defined by 

stage 4S) 

M 

Distant metastatic disease 

(except MS) 

4S 

Localised primary tumor in infants younger 

than 1 year (as defined for stage 1, 2A, or 2B), 

with dissemination limited to skin, liver, or 

bone marrow (<10% malignant cells) 

MS 

Metastatic disease in a child 

under 18 moths, with 

metastases confined to skin, 

liver and/or bone marrow 

The table is modified after Simon et al. 2017 30 

 

In current German study protocols, the GPOH Guidelines for Diagnosis and Treatment of Patients with 

Neuroblastic tumors (2017) and the associated neuroblastoma registry study (NB Registry 2016), as 

well as in the previous NB2004 study (Trial Protocol for Risk Adapted Treatment of Children with 

Neuroblastoma), a stratification of the risk groups into low-risk, intermediate-risk and high-risk was 

defined (see Figure 6)30,134,135. 
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Figure 5: Kaplan-Meier overall survival estimates of patients with neuroblastoma according to INSS stage, MYCN 
status and age. 
Classification of high-risk neuroblastomas according to clinical risk factors. Assignment of the patient with 
neuroblastoma to the INSS stage 4, a MYCN amplification and an age above 18 months correlates with a lower 
overall survival probability. Survival curves according to the (A) INSS tumor stage (blue, stages 1, 2, 3, 4S; red, 
stage 4), the (B) MYCN status (blue, tumors without MYCN amplification; red, MYCN-amplified tumors) and the 
(C) Age at diagnosis (blue, <18 months; red, >18 months). (RNA-sequencing data of the SEQC study42, figure 
modified from Zhang et al. 201542). 

As proposed by Simon et al 2017, a genetic analysis of copy number profiles, telomere and ALT status 

(alternative telomere lengthening, associated with ATRX deletion or loss) and the performance of a panel 

sequencing at diagnosis is recommended by SIOPEN. Within the upcoming HR-NBL2 protocol, a 

patient with a high-risk neuroblastoma, by definition, has a stage M disease and is over the age of 12 

months, displaying any MYCN status52. Moreover, patients with a neuroblastoma at stage L2, M or MS 

with an additional MYCN amplification at any age are assigned to the high-risk group. A possible 

involvement of other genetic aberrations (e.g. TERT, ATRX) in the pathogenesis of a high-risk 

neuroblastoma was also mentioned, but not defined as an inclusion criterion for the study as a high-risk 

non-MYCN-amplified neuroblastoma. Optimization of the current diagnostic standard could lead to 

improved investigation of the different biological subgroups and to more effective risk stratification of 

neuroblastoma, according to its heterogeneity. Attempts have already been made to define a biological 

subgroup of high-risk patients (stage 4/M) with extremely bad outcome under the available therapeutic 

interventions, the UHR patient group136. Although there is no universal consensus definition of UHR 

neuroblastoma established so far, clinical criteria of UHR neuroblastomas refer to a metastatic disease, 

a refractory disease, death from disease within 18 months of diagnosis or to patients with a five-year 

event-free survival of about 10-15%13,136. A recent publication by Ackermann et al. focused on the 

molecular definition of a very-high-risk group, which can be divided from the high-risk group by the 

presence of the following mutations: MYCN amplification, TERT rearrangement (associated with 

telomere maintenance), high TERT expression or ALT and additional acquisition of RAS/p53 pathway 

alterations44. 
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Figure 6: Treatment stratification of patients with a neuroblastoma.  
For the stratification of neuroblastomas, the patients are classified into the low-risk, intermediate-risk and high-

risk groups based on clinical and molecular characteristics. The current risk stratification according to the GPOH 

Guidelines (2017) is shown. (Figure taken from Simon et al. 201730). 

 

 Targeted sequencing for neuroblastoma diagnostics 

The development of next generation sequencing (NGS) has improved the precise diagnosis of tumors 

and thus the therapy and outcome of patients with cancer. High- coverage whole-genome sequencing 

still is too expensive for use in routine diagnostics, so for many adult cancer entities specific panels of 

relevant genes for targeted sequencing have been developed. Since neuroblastoma is a rare cancer, there 

are no specific NGS panels commercially available, which especially include a coverage of the entire 

MYCN gene amplicon. However, it is assumed in two reports that approximately 29% of the patients 

with a neuroblastoma enrolled in registered studies have an unknown or undetected MYCN status137. 

The establishment of a targeted panel NGS assay covering the oncogenic MYCN could therefore 

contribute to the reliable and precise determination of high-risk disease factors. 

1.3.1 Next generation sequencing for cancer diagnostics 

In the field of cancer research, NGS assays are used to decipher the specific tumor genome and to 

understand the biology of the disease. Regions of interest include genomic deletions and insertions, 

inversions, duplications, translocations and integrations of pathogens138. On application of the recent 

techniques, large chromosomal aberration events (e.g. chromothripsis, interchromosomal 

translocations) or even small base substitutions (e.g. SNV) can be detected138. The three most frequently 

used DNA sequencing methods are whole-genome sequencing (WGS), whole-exome sequencing 

(WES) and targeted sequencing (Figure 7). The sequencing method WGS covers the entire genome to 

be investigated138. The method detects genes (introns and exons), but also non-coding regions, repetitive 

regions and regulatory elements. Therefore, WGS is suitable for the identification of genomic alterations 

and to explore the landscape of mutations in cancer139. With a sequencing depth of about 30x and costs 
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of about $1000-3000 USD per array, the WGS is a high throughput screening assay138,140. WES is limited 

to exomes of genes (protein-coding region), which represent approximately 1% of the total genome141. 

Therefore, WES allows the detection of mutations that have already been known or which are of 

unknown clinical relevance. This sequencing method achieves a depth of about 100x and costs of about 

$500-2000 USD per array, and therefore represents a detection tool for mutations in functional gene 

regions138,142. A targeted NGS covers only the genomic regions of interest by the selection of probes 

chosen in advance. In this way, genes and non-gene regions can be detected (inter- and intergenic) 

similar to the WGS method. With a sequencing depth of 200 to over 1000x and costs of about $300-

1000 USD per array, the panel sequencing represents a method for the precise analysis of already known 

genomic locations140,142. However, the cost of sequencing is growing with the genomic coverage 

extension and numbers of genes included in the targeted NGS panel (number of probes required).  

 

Figure 7: Comparison of DNA sequencing methods, focusing on the targeted sequencing method.  
WGS, WES and targeted sequencing are visualized in the left panel. Applying the WGS method, the whole genome 

is covered with probes for detection of genetic information (top left panel). When using the WES method, only 

the exons of genes are covered and detected (middle left panel). In targeted sequencing, only genome regions of 

interest (exons and introns) are covered using sequence specific probes (bottom left panel). The hybridization 

based enrichment library preparation method for targeted sequencing is shown in the right panel, which uses the 

hybridization between DNA libraries and short DNA/RNA baits to enrich the desired DNA fragments in the 

sample (right panels). (Figure modified from Bewicke-Copley et al. 2019142). 

The targeted NGS has the major advantage that only specific gene segments and a limited number of 

genes are detected, which have been defined beforehand142. Targeted NGS gene panels can provide a 

higher sequencing depth, but the specificity and the selection of the genes influence the success of the 

sequencing or diagnosis139. A high sequencing depth is essential, especially in a clinical setting, if e.g. 

heterozygous sub-clonal variants should be identified143. Hybrid-capture approaches in particular 

minimize false negative calls by reduction of genetic noise and have a uniform coverage in the 

sequencing among samples143–145. The processing time of the sequencing as well as analysis of the results 

is another aspect which will be shortened considerably by usage of targeted sequencing, e.g. with pre-

made bioinformatics analysis pipelines or scripts142. In a comparison of the different sequencing 



Introduction: 1.3 Targeted sequencing for neuroblastoma diagnostics 

32 
 

techniques targeted NGS, WES and WGS in other clinical questions139,143,144, the targeted NGS was also 

found to be the most cost-efficient application due to these properties. The detection of genomic regions 

that have no known disease associations further provide little clinical value for the respective patient. 

Their impact must be further evaluated in research settings143. NGS panels also avoid ethical questions 

in terms of sequencing genomic regions that are not primarily associated with the disease (e.g. detection 

of germline mutations), which is why NGS panels are best suited for patients who already have received 

an initial diagnosis based on other criteria (e.g. the clinical appearance)143. Furthermore, a reduction in 

the detection of genetic variants also means that the complexity of clinical reports is reduced, which 

makes them more understandable for non-bioinformaticians, focusing on the essential disease causing 

mutations143. Panel sequencing is thus an ideal method for examining tumor samples quickly, cost-

effectively, with a limited number of targets and a fixed analysis pipeline. This approach allows for 

easier screening of patient samples for tumor-specific mutations and enables the results to be used in 

terms of drug target evaluation. Additional WES or WGS should be considered if a genetic diagnosis 

was infeasible using panel sequencing. This might be the case, if the mutations for the development of 

the disease are located outside the genomic regions covered by the targeted NGS panel assay or the 

disease is dependent on multiple, possibly novel, genetic factors143. 

1.3.2 Targeted NGS panel sequencing for neuroblastoma diagnostics 

With regard to neuroblastoma diagnostics, NGS of tumor material, (especially as targeted NGS panel), 

is recommended in existing and upcoming neuroblastoma study protocols30,134,135. So far there is no 

targeted NGS panel available which covers all neuroblastoma-specific chromosomal aberrations and 

mutations of interest, let alone a panel that is uniformly accessible across all study centers in Europe. 

Individual clinical centers and their diagnostic laboratories often intent to develop their own targeted 

NGS assay and establish their own analysis pipelines142. As a result, the findings are difficult to compare 

with one another, creating an urgent need for a standardized NGS assay and downstream data processing 

methods. Most published targeted cancer panels are gene-centric, meaning chromosomal aberrations are 

not included (e.g. chr.1p36), genomic rearrangements and breakpoint regions (e.g. MYCN)146,147. 

However, two specific panel NGS approaches exist for the sequencing of neuroblastoma tumors. First, 

a large NGS panel which detects 53 genes, 3 chromosomal regions (chr.1p36, chr.11q and chr.1p36), 

has already been published148, but is not suitable for neuroblastoma diagnostics. The panel was made up 

of half a general cancer NGS panel (containing e.g. BRCA1, a gene which is most important for breast 

cancer diagnostics) and the other half was compiled with neuroblastoma-specific mutations. The panel 

focused on the detection of non-MYCN-amplified neuroblastomas and deliberately left out the detection 

of TERT or MYC, which are of relevance for the diagnosis and biology of neuroblastoma. Another 

interesting approach highlights an NGS panel including probes for 134 neuroblastoma-relevant genes. 

The target genes were found in an investigation of several neuroblastoma WES data sets, which were 

sequenced using a whole exome or a deep-targeted approach on tumor material149. The study focused 
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solely on the detection of gene mutations and not on large chromosomal aberrations or on the base exact 

detection of genomic rearrangements or breakpoints. These first attemptions are showing, that due to 

the genetic heterogeneity of neuroblastoma, a cancer specific panel NGS assay has to cover several 

chromosomal aberrations and many target genes. In particular, emphasis should be placed on the 

detection of the driving oncogene MYCN, as this gene unites the majority of patients via a highly 

destructed amplicon. Therefore, the MYCN gene and its chromosomal expansion should be covered 

extensively by sequencing probes. Furthermore, the detailed mapping of MYCN is not only important 

for the diagnosis of neuroblastoma, but also for the investigation of the disease and its development. 

 Minimal residual disease detection of neuroblastoma cells 

Approximately 50% of all patients with a neuroblastoma show metastases already at the time point of 

diagnosis. These metastases are most frequently found in the bone marrow (~70%), followed by bone 

(~55%), lymph node (~30%) and liver (~30%)150. Within the group of high-risk neuroblastomas, about 

80-90% of the patients show an infiltration of the bone marrow151. It is assumed that the migration of 

the tumor cells into the bone marrow is related to the neural crest origin of the cells152. More than half 

the patients with high-risk neuroblastoma relapse and succumb to their disease despite initial remission 

in response to intensive treatment, implying the survival of neuroblastoma cells as minimal residual 

disease (MRD)14,153. MYCN amplification is a major driver of high-risk neuroblastoma and is only 

evaluated in tumor material taken at initial diagnosis. High expression levels of the MYCN protein were 

found to correlate with invasive and metastic behavior of neuroblastoma154–156. Based on these 

observations, it can be assumed that MYCN-amplified neuroblastoma cells migrate and accumulate in 

the bone marrow, which can favor a recurrence. Although bone marrow aspirates of patients with a 

neuroblastoma are visually examined for infiltration, advanced molecular biology techniques are needed 

for the precise detection of MRD within a patient sample30. MRD is therefore originally defined by 

Foroni as the “lowest level of disease detectable in patients in continuous complete remission by 

methods available”157. Extending risk assessment of neuroblastomas to multiple time points during 

treatment and/or follow-up by evaluating MRD would expose dynamic changes associated with 

response or non-response to therapy and allow dynamic risk re-assessment and adjustment of therapy 

intensity in a personalized approach. The development of curative therapeutic strategies (eliminating 

MRD following treatment) would also be assisted by robust MRD markers and thus MRD detection 

could be incorporated in clinical trial protocols.  

1.4.1 An example of established MRD diagnostics: Leukemia 

The concept of MRD and sensitive detection methods were initially developed and are currently refined 

for therapy management in patients with hematological malignancies158. The ability to detect residual 

tumor cells depends on the sensitivity limitation of the applied method. For risk stratification in case of 

a high tumor burden it is possible to quantitatively detect malignant lymphoblasts with light microcopy 
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up to a sensitivity level of 5x10-2. If the patients with leukemia do not show any visual evidence of 

leukemic cells, they are in (morphological) complete remission (CR, < 5% blasts in the bone marrow159, 

Figure 8). Below the cytological evaluation, it is necessary to apply more sensitive molecular biology 

techniques, which cover a sensitivity of at least 10-3 160. For measurement of a very low number of 

leukemic residual cells in a sample (from 10-2 up to 10-5), specified as MRD, the sensitive real-time 

quantitative polymerase chain reaction (RQ-PCR) technique is preferred. In nearly all cases, the 

quantification limit of the available techniques is reached at 10-4, whereas the detection sensitivity can 

achieve a level below 10-4 (commonly at 10-5), expressed as “positive but not quantifiable”161. When no 

leukemic cells are identified below this limit, the patient is considered to be in molecular complete 

remission (mCR162).  

 

Figure 8: Schematic of the MRD concept within cell burden changes of leukemia progression and following relapses.  
MRD as a diagnostic tool is the likelihood of tumor recurrence related to the amount of residual tumor cells. Within 
the red area, patients suffer a hematological relapse, which is detectable via light microscopy. Down to a cell level 
of 10-2, the cell burden is detectable via cytogenetics, FISH and SB (Southern blotting). Below that level only 
specialized techniques like MFC (multiparameter flow cytometry), PCR or RQ-PCR identify a molecular relapse 
(MR). Below a level of 10-5 only a  sensitivity based positive, but not quantifiable statement can be achieved. In 
an even higher dilution, no leukemic cells can be measured (negative MRD). (Figure modified after Buckley et al. 
2013163). 

The first molecular marker used to detect MRD was the Philadelphia chromosome (BCR-ABL) in 

patients with chronic myelogenous leukemia (CML), and was followed by expression of recurrent 

fusion genes, such as AML1-ETO8 and TEL-AML1, used to classify and monitor hematological 

malignancies164–167. Today, genomic breakpoints of the de novo fusion genes are used as stable and 

reliable MRD markers instead of fusion gene transcripts, for example for ETV6-RUNX1, BCR-ABL or 

T-cell receptor (TCR; -α, -β, -γ) and immunoglobulin (Ig) gene rearrangements168,169. The biological 

benefit for those somatic DNA-rearrangements in healthy cells is the generation of a wide repertoire of 

antibodies as well as antigen receptors during lymphoid development and differentiation, to improve 
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the defense against diseases. RAG enzyme-mediated (recombination-activating gene product complex) 

antibody generation promotes the rearrangement of V (variable), D (diversity) and J (joining) segments 

in the heavy and light chain antibody locus by recognizing recombination signal sequences (RSS). Via 

this antibody somatic (VDJ) recombination and subsequently variable addition and subtraction of 

random nucleotides, a unique genetic repertoire is created170. Similarly to the healthy development of 

lymphocyte antibodies and receptors, leukemic clones show specific TCR/Ig rearrangements that 

represent a “fingerprint-like sequence” for each leukemic clone (clonospecific junctional regions)160,171. 

This region can be used as a specific cancer marker to detect and to quantify the proportion of leukemic 

cells among normal bone marrow cells via MRD techniques during the follow-up of ALL (acute 

lymphoblastic leukemia)172. The applicability of TCR rearrangements for MRD detection with regard 

to different recurrences of ALL was demonstrated by Szczepanski173. They disclose clonal stability of 

TCR rearrangement MRD markers at diagnosis and relapse (of T-ALL), which reveal the occurrence of 

a second ALL. Moreover, within the study of Guggemos, a clonal stability of TCR/Ig markers between 

relapses was observed174. These molecular markers are detected with high sensitivity in standardized 

protocols using the clinically implemented diagnostic RQ-PCR technique175. This method can 

sensitively detect as few as 1 leukemic cell in a pool of 100,000 non-malignant cells. By means of 

continuous improvement of MRD related RQ-PCR diagnostic methods e.g. by employing TaqMan 

probes, the biological knowledge about leukemia was increased and the treatment adapted176,177. The 

most important finding of numerous studies was the high prognostic relevance of sensitive 

measurements of treatment responses in ALL. At first, this was demonstrated by studies on ALL initial 

diseases, followed by studies on ALL relapses178,179. Reports of Eckert et al. and others showed that an 

early response after induction therapy (MRD level ≥10-3) of intermediate-risk patients with relapsed 

ALL to the treatment is one of the most important prognostic factors, which predict independently a 

long-term outcome172,180. Additional studies on ALL primary diseases underpinned the prognostic 

relevance of treatment response via MRD detection178,179. Several subsequent studies demonstrated the 

prognostic value of MRD before hematopoietic stem cell transplantation (HSCT) as a prognostic factor 

of the quality of remission after an HSCT in relapsed ALL patients181–183. The pioneering MRD 

approaches in leukemia paved the way for further successful MRD exploration in solid tumors, 

including breast184, prostate185, small cell lung186 and gastrointestinal187 cancers. In addition, MRD for 

hematological malignancies is a leading model for new diagnostic technologies and their analysis 

methods. Currently, the clinically implemented MRD technique of RQ-PCR is in the process of being 

replaced by state-of-the-art and even more sensitive droplet digital PCR158,188,189. DdPCR has been 

demonstrated to be more precise190 and more reproducible191 than RQ-PCR and enables the use of very 

small sample quantities191. 
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1.4.2 Investigation of MRD occurrence in neuroblastoma  

In as early as the 1970s, the potential of neuroblastoma cells to migrate into bone marrow was 

recognized with the diagnostic exploration of skeletal scans and bone marrow biopsies192,193. While the 

detection of neuroblastoma cells was initially carried out using skeletal radiography, 99mTC 

pyrophosphate bone scintigraphy and bone marrow histocytology192,193, the understanding of the spread 

of neuroblastoma cells within the body and its detection methods continued to develop194. Bone marrow 

cytology was complemented by immunohistochemically detection of e.g. the GD2 ganglioside on the 

tumor cell surface195–200, which is still a diagnostic standard today. The occurrence of MRD in bone 

marrow was first demonstrated immunocytologically in patients with neuroblastoma in 1991201. Moss 

et al. showed that the appearance of disseminated neuroblastoma cells in the bone marrow following 

induction therapy correlated with increased risk of tumor recurrence. Residual neuroblastoma cells have 

even been detected as well in the products used for autologous transplantation after high-dose 

chemotherapy (CTX), but their significance remains controversial62,202. But this cytology and 

immunocytology based techniques lack the sensitivity required to accurately and reproducibly detect 

MRD. In addition, flow cytometry has been used to detect tumor cells in bone marrow samples, however 

the detection sensitivity was limited203. Employing semi-quantitative PCRs and RT-qPCRs (reverse 

transcription quantitative PCR) for neuroblastoma diagnostics, several tumor cell traits (PHOX2B, TH 

or DCX) have been proposed to serve as mRNA transcript markers to monitor neuroblastoma MRD203–

218. A pathogenic PHOX2B overexpression in selected cohorts of neuroblastoma correlated with high 

MRD load at different times during treatment and predicted a poor prognosis203. In particular, the 

detection of MYCN mRNA transcripts was extensively performed219–222, but no such assay has yet 

reached clinical routine diagnostics. The detection of neuroblastoma-specific gene expression using RT-

qPCR was not sufficiently reproducible because target gene expression can vary under therapy, RNA 

transcripts proved less stable and these test systems only allowed a semi-quantitative MRD 

estimation204,223–228. While MRD was demonstrated to have prognostic value for patients with 

neuroblastoma, technical difficulties prevented the application of these first assays in large prospective 

studies and their transfer into routine diagnostics. More recently, some approaches have therefore 

focused on the use of genomic DNA and gene targets similar to the well-established leukemia MRD. 

Even though recurrent genomic aberrations are seldom in neuroblastoma cells, some mutations can be 

employed as targets for MRD assessment. A large proportion of neuroblastomas harbor an amplification 

of the MYCN oncogene, and this genomic alteration is also stable over the course of the disease and in 

relapse60. MYCN amplicon breakpoints present an ideal biological marker which is connected to 

pathological cell function. These breakpoints will most likely not occur in healthy cells but are 

connected to preliminary cancerous rearrangement events6. Early in the history of neuroblastoma 

diagnostics, the detection of a MYCN amplification in tumor cells utilizing the FISH or PCR method (in 

combination with Southern blotting) was established229–234. These methods are still recommended in 

diagnostic research and neuroblastoma study protocols for the determination of the MYCN 
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status30,229,231,235–238. More advanced concepts implemented “qPCR” assays utilizing SYBR green dyes 

or TaqMan probes to increase the detection sensitivity of MYCN gene segments or CNVs (copy number 

variation) in patient-derived material98,235,239–242. Other attempts were made to use the specific genomic 

breakpoints of the MYCN amplicon rearrangements to develop even more sensitive PCR test 

systems89,243. The use of specific recurrent segmental chromosomal aberrations (e.g. in the MYCN 

amplicon) as prognostic biomarkers for neuroblastoma diagnostics was proposed over a decade ago, but 

the development of such assays has taken several years244. Five studies have demonstrated the 

application of genomic breakpoints to detect neuroblastoma MRD in patient samples60,89,245–247, 

including four assays which are employing MYCN amplicon breakpoints. In particular, Weber et al. 

stated that individual patient-specific PCR assays based on MYCN amplicon breakpoints (which they 

called amplicon fusion sites) can be used for MRD detection247. However, technical difficulties and the 

complexity of the patient-individual mapping and analysis of genomic MYCN breakpoints have, as yet, 

prevented application in clinical trials and translation into clinical practice. 

 Treatment of neuroblastoma 

The therapy of neuroblastoma depends on the severity of the disease which is determined by risk 

stratification. Patients with biologically favorable neuroblastomas, e.g. INSS stage 4S, without severe 

symptoms and without the evidence of negative prognostic markers, usually do not require therapy but 

are merely observed. Other neuroblastoma grades, by contrast, require a local treatment up to a 

comprehensive high-dose therapy. Because of its biological and clinical heterogeneity, special care must 

be taken to ensure that patients with a neuroblastoma are administered neither undertreated nor 

overtreated medical care. 

1.5.1 Standard first-line multimodal therapy in neuroblastoma study protocols and 

treatment of relapsed neuroblastoma 

The treatment of neuroblastoma is very diverse and depends on the degree of the disease. Patients with 

a local low-risk neuroblastoma are treated according to a watch and wait principle, as most of them 

undergo spontaneous regression248. Intermediate risk staged neuroblastomas receive an initial open 

biopsy up to a partial removal of the tumor to collect cancer material for improved (molecular) 

diagnostics and for adjustment of the risk stratification if necessary30. Subsequently, the patients receive 

intensified chemotherapy. The therapy schedule is similar to the treatment protocol of the high-risk 

group, but does not include stem cell transplantation, for example30. A reduced tumor size as a result of 

the chemotherapy enables the complete surgical resection of the residual tumor. The high-risk group of 

patients with a neuroblastoma receives the most intensive, neoadjuvant therapy (Figure 9). Similar to 

the intermediate risk group, an open biopsy of the primary tumor is performed first for detailed 

diagnotics249. An initial complete removal of the tumor is not executed because the patients are often in 

poor general condition or the tumor has invasively grown into adjacent tissues. The patients then receive 
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a comprehensive chemotherapy, in which several cytotoxic drugs are combined (Figure 9). The primary 

tumor surgery is performed during or after the induction chemotherapy. If the tumor can only be partially 

removed due to its location, external photon beam radiation therapy (EBRT, 36-40Gy (gray) total dose) 

can be added30. Patients who show residual tumor cells in bone and bone marrow in the 123I-mIBG 

scintigraphy can be treated with 131I-mIBG (131-iodine-mIBG) therapy (2Gy daily dose)30. 131I-mIBG is 

administered intravenously and incorporated by the neuroblastoma cells via norepinephrine transporters. 

After induction therapy, myeloablative chemotherapy is followed by autologous stem cell 

transplantation (ASCT)30. Subsequently  EBRT is performed within the first-line therapy, especially in 

the presence of residual tumor tissue30. Immunotherapy is administered as post consolidation therapy, 

using an anti-GD2 antibody (dinutuximab beta)30.  

 
Figure 9: Time course of high-risk neuroblastoma treatment protocols.   
Schematic overview of the previous first-line treatment protocol NB2004 and current recommendations of the NB 
Registry 2016 and the GPOH guidelines from 2017. The chemotherapy cycles include the following therapies: 
cycle N4 (doxorubicin, vincristine, cyclophosphamide, MESNA, hydration), cycle N5 (cisplatin, etoposide, 
vindesine, hydration, G-CSF), cycle N6 (vincristine, dacarbacine, ifosfamide, doxorubicin, hydration MESNA, G-
CSF) and cycle N8 (topotecan, cyclophosphamide and etoposide). Other forms of treatment are S = surgery, 
MIBG, EBRT, ASCT and 13-cis-RA = 13-cis-retinoic acid. Trial randomization is indicated by the letter R. (Figure 
modified from NB2004 protocol, NB Registry 2016 and GPOH guidelines 201730,134,135). 

A treatment with isotretinoin (13-cis retinoic acid) is not performed based on the current GPOH 

Guidelines 2017. In case of a relapse, progressive neuroblastoma tumors are resistant to standard therapy 

in about 10-15%248. Depending on the severity and time of the relapse, the therapy is adjusted 

accordingly30. In the event of an early relapsed neuroblastoma, the induction therapy is prolonged248. In 

addition, doses are intensified or other chemotherapeutic agents are added that have a different 

mechanism of action from the drugs used in the induction or targeted radiotherapy is applied. This is 

followed by myeloablative high-dose therapy and an haploidentical HSCT. In addition, an anti-GD2 
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antibody and targeted therapies may also be administered, especially in case of a late relapse after 

previous myeloablative therapy. If a multiple relapsed neuroblastoma arises, the patient can usually only 

be treated palliative or with phase-I study medication, but a cure has never been reported. 

1.5.2 Conventional pharmacotherapy of high-risk neuroblastoma 

The treatment of high-risk neuroblastomas usually begins with the chemotherapeutic induction therapy 

to reduce the tumor growth and to ideally shrink the size of the tumor. The medication in current (NB 

Registry 2016 and GPOH Guidelines 2017) and future (HR-NBL2) induction protocols include the 

substance classes of alkylating agents, topoisomerase II inhibitors and mitosis inhibitors30,52,135. The 

substances administered to the patients with neuroblastoma are cyclophosphamides, tubulin interactive 

agents (e.g. vincristine, vindesine), anthracyclines and platinum compounds (e.g. carboplatin, cisplatin; 

see Figure 10)250. However, the beneficial role of anthracyclines is not fully established yet251,252.  

 

Figure 10: Chemotherapeutics applied in neuroblastoma therapy act on different phases of the cell cycle. 
The activity of some classes of chemotherapeutic agents is related to defined phases of the cell cycle 
(epipodophyllotoxin and vinca alkaloids). Other drugs function non-phase specific and cell cycle independent 
(DNA alkylating agents and anthracyclines). 

Cisplatin, carboplantin, cyclophosphamide, dacarbazine, ifosfamide, thiotepa, melphalan and 

buthionine sulfoximine (“BuMel”) are mainly used in neuroblastoma first line therapy and are classified 

as DNA alkylating and DNA cross-linking agents253,254. These drugs form covalent bonds or cause a 

methylation of N7 nitrogen of the nucleotide guanine in the DNA. Cell division is inhibited by intra- and 

interstrand cross-linking of DNA strands, leading to DNA damage repair arrest, cell cycle arrest and 

finally cell death. Vinca alkaloids such as vincristine and vindesine bind to the tubulin molecules of the 
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cell, and thus preventing the polymerization of microtubules and subsequent mitosis by leading to 

apoptosis. Further inhibitory regimes are directed against DNA-topoisomerases, such as the antibiotic 

drug doxorubicin, which also proofs antitumoral efficacy. Epipodophyllotoxins, like doxorubicin, 

inhibit the function of the topoisomerase. Anthracyclines intercalate between the DNA, thereby 

inhibiting DNA topoisomerases I and II. Both, anthracyclines and epipodophyllotoxins inhibit de novo 

DNA synthesis during the cell cycle, ultimately resulting in cell death. Etoposide, which is used in  

several neuroblastoma trials, is harming the DNA topoisomerase II enzyme as well. The conventional 

chemotherapy is not specifically acting on neuroblastoma cells, but also has an impact on healthy 

somatic cells, especially on rapidly dividing cells248. These high-dose chemotherapies therefore cause 

clinical short-term side effects in patients with neuroblastomas, e.g. neutropenia, anemia, muscositis, 

diarrhea, nausea, alopecia, cardiotoxicity, CNS (central nervous system) toxicity and nephrotoxicity, 

which can persist over the duration of medication248. Moreover, it was demonstrated that long-term 

complications of the treatment are reported in 89% of high-risk neuroblastoma survivors255. The most 

common late effects are permanent hearing loss (ototoxicity) due to the administration of platinum 

compounds and ovarian failure (sterility/infertility) caused mainly by alkylating agents. It is therefore 

of major importance to develop new therapeutic strategies and drugs that specifically target the 

neuroblastoma tumor cells, thereby enhancing survival rates and improving the patient's quality of life. 

1.5.3 Clinically implemented targeted therapies for high-risk neuroblastomas 

At present, targeted therapies are only marginally implemented in neuroblastoma therapy trials. 

According to the German NB Registry 2016 study and the GPOH guidelines from 2017, the targeted 

anti-GD2 antibody dinutuximab beta is used in the first-line maintenance therapy of the high-risk 

group30,135,256,257. Membrane situated GD2 seem to play an important biological role in the attachment of 

neuroblastoma cells to the extracellular matrix. The majority of neuroblastoma cells express high levels 

of GD2 relative to other body cells. Therefore, a human/mouse chimeric antibody ch14.18 was designed 

as a targeted therapy against GD2-exposing tumor cells. Unfortunately not all patients can be helped 

with this treatment, as about one third of the neuroblastomas do not respond to the therapy, because not 

all neuroblastoma cells express GD2 or only at minor levels258. Furthermore, dinutuximab also binds to 

peripheral neurons expressing GD2 and free circulating GD2, thus limiting its anti-tumor availability. 

In addition, the treatment of dinutuximab triggers opioid-resistant neuropathic pain and vision 

impairment52. Current research aims to modify the chemical structure to make it more effective against 

neuroblastoma and reduce side effects. Beyond an administration of anti-GD2 antibodies within first-

line therapies, targeted small-molecules for the treatment of (high-risk) neuroblastoma are applied to 

relapsed or refractory neuroblastomas248. Ideally, improved diagnostics indicate actionable targets of the 

specific tumor (for example, evaluated by WES). Patients with a neuroblastoma are then enrolled in 

pharmaceutical-clinical studies or receive a targeted treatment as part of an (off-label) experimental 

treatment. As an example, recent studies are focused on compounds targeting the ALK receptor, which 
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can be altered in neuroblastoma by a gain-of-function SNV. The most interesting pharmacological 

candidates for targeting of mutated ALK are certitinib259 or lorlatinib260. However, despite a change to 

a targeted medication, the chances of a successful cure of relapsed (high-risk) neuroblastoma are poor. 

 Novel molecularly treatments against MYCN 

Conventional cytotoxic chemotherapy attacks essential cellular processes. It therefore also exhibits non-

specific toxicity against non-cancerous cells and severe clinical side effects. The advanced 

understanding of molecular mechanisms in the (tumor) cell is the basis for research and development of 

targeted compounds. Targeted therapy refers to a new generation of cancer drugs designed to interfere 

with a specific molecular target (typically a protein) that is believed to have a critical role in tumor 

growth or progression261. The identification of suitable molecular targets is therefore the preliminary 

step towards a personalized therapy, meaning it will be tailored to the individual biology of the patient's 

tumor. The most prominent target in neuroblastoma is MYCN, which genetic sequence is amplified in 

about 25% of all cases and is correlated to an unfavorable outcome42. Similar to MYCN, c-MYC 

deregulation is involved in the development of a high-risk neuroblastoma and thus the MYC family 

proteins MYCN and c-MYC together represent 35% of the driver mutations in high-risk cases60,124,262. 

For high-risk neuroblastomas, cure rates are under 40% using conventional chemotherapeutics12. This 

makes the family of MYC proteins, especially MYCN, attractive targets for cancer therapy (Figure 11). 

However, MYC proteins are challenging therapeutic targets. First of all, approximately 75% of all 

patients with a neuroblastoma will not benefit from anti-MYCN treatment, because the tumors do not 

show a MYCN amplification. In addition, many modern inhibitors are designed for instance to interfere 

with active protein pockets of the target protein, but the transcription factor MYCN is not an enzyme263. 

The surfaces of the MYCN protein-protein interaction sites (e.g. to MAX) are featureless, i.e. large, flat 

and special motifs or clefts are missing263,264. Chemically, an inhibitor must therefore be able to 

overcome the large free energy of the protein-protein interaction at the coupling sites of MYCN and its 

partners263. The inhibition of MYCN also does not specifically only target a mutated protein or 

neuroblastoma cells. Unlike for example the treatment of fusion protein BCR-ABL1 positive chronic 

myeloid leukemia with the inhibitor imatinib, the expression of MYC(N) is almost universally found in 

all proliferating cells and could therefore trigger undesired side effects263,265. However, the expression 

of MYCN is strongly increased in MYCN-amplified neuroblastoma tumors, suggesting a drug dose 

adjustment. Because the (ongoing) development of direct MYCN inhibitors is currently still in an 

experimental research stage, the inhibition of the MYCN regulatory network is of particular 

importance266. Indirect MYCN targeting, in particular involving the protein products of recently 

discovered neuroblastoma oncogenes (e.g. ALK), is thus an important therapeutic option to combat 

MYCN-amplified neuroblastomas264,267. In addition, a combination of the indirectly targeting MYCN 

therapeutics should also be considered. Administration of only one drug harbors a high risk of resistance 
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development and treatment failure. Drug resistance manifests itself as diminished activity of the small 

molecule and reduces event-free treatment outcome of patients268. Biologically, there are several 

mechanisms that can trigger resistance, such as increased activity of efflux pumps or decreased activity 

of influx pumps, increased activity of detoxifying proteins, repair of induced DNA damage, enhanced 

proliferation and disrupted apoptotic signaling pathways268. Drug resistance is either primarily present 

before treatment or acquired through the course of treatment268. Combinatorial therapies take advantage 

of the possibility that a sensitive tumor cell cannot become resistant to two drugs at the same time, 

because it requires at least two discrete events to adapt its sensitivity269. Therefore, an early 

administration of combination therapies should also be considered for the treatment of MYCN-amplified 

neuroblastomas in order to prevent the risk of resistance development. This is particularly possible with 

the implementation of targeted therapies, which could attack different sites in the MYCN regulatory 

network simultaneously. In the following, the various connections of MYCN to cell physiology that are 

suitable for employing a pharmaceutical treatment will be discussed: Transcription of MYCN, mRNA 

translation of MYCN, MYCN protein stabilization, preventing the protein-protein interactions involving 

MYCN and targeting of MYCN-driven cell proliferation. Moreover, approaches to combination therapy 

will be introduced, especially with regard to different MYCN physiological processes, which are also 

employed practically in this thesis. 

 
Figure 11: Therapeutic strategies targeting the MYCN oncoprotein in neuroblastoma.  
This scheme shows some selected approaches for the targeted therapy of MYCN-amplified high-risk 
neuroblastoma. The MYCN protein is a difficult molecular drug target, which is why many approaches focus on 
indirect therapies within the cellular network of MYCN. A number of these small molecules are already being 
tested in clinical trials or are still in the experimental stage. (Figure taken from Barone et al. 2013267). 
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1.6.1 Inhibition of MYCN transcription 

In many human tumors, the increased expression of oncogenes is caused by the pathological acquisition 

of enhancer elements driving oncogene expression. Enhancers are regulatory gene elements that activate 

promoter transcription over large distances, independently of the transcriptional orientation270. These 

elements control gene expression according to the corresponding cell type and interact with cell type-

specific transcription factors. Large clusters of enhancer elements are known as super-enhancers, which 

show a stronger transcriptional activation and are more frequently located adjacent to genes that impact 

the cell identity271. In neuroblastoma, genomic rearrangements modify the structure of the MYCN 

amplicon and the genomic neighborhood of the c-MYC gene, including (distal) enhancer hijacking or 

upregulation by focal enhancer amplification74,124,125. These changes lead to an increased translation of 

MYCN and c-MYC. Moreover, it was found that proximal enhancers to MYCN drive the neuroblastoma 

development into a sympathetic noradrenergic cell identity through specific regulatory transcription 

factors28,74,272. In this context, super-enhancers were discovered to be active in neuroblastoma and other 

tumor entities. Hematological malignancies show an acetylation of histone marker H3 lysine 27, which 

is indicative of an open chromatin and transcriptional activity (H3K27ac)273–275. Histone proteins form 

a chromatin complex with the DNA and thus the histones function as epigenetic regulators of DNA 

transcription and modulators of nucleosome dynamics276. The chromatin can be either packed and is 

therefore functionally inactive (heterochromatin), or the chromatin is relaxed and thus has a 

transcriptionally active status (eurchromatin)277. In this regard, for example histone lysine residue marks 

indicate the state of transcriptional activity and inactivity of chromatin. The acetylation of the lysine 

residues causes a release of the condensed heterochromatin and makes the genomic region accessible 

for enhancer activation, binding of transcription factors, and the transcription machinery itself278. In turn, 

deacetylation of the lysine residues initiates the formation of packaged chromatin following gene 

repression279. Bromodomain and extraterminal domain (BET) proteins function as epigenetic readers of 

acetylated histone signals in the genome and regulate the transcriptional activity of MYCN74,279–282. The 

BET protein family consists of BRD2, BRD3, BRD4 and BRDT, whereas the BRD4 protein has a 

prominent role in embryogenesis and cancer development279,283,284. The transcriptional regulation of the 

MYCN expression is directly regulated by BET proteins, especially by BRD4285. The BRD4 protein as 

well promotes the retention of transcriptional factors at the promotor sites of MYCN, which then ensure 

the (increased) transcription of MYCN279. Moreover, it has been reported that BRD4  plays an important 

role in connection with MYCN in the epigenetic regulation of super-enhancer-directed genes, such as 

the rearranged TERT123. The BET proteins are composed of two tandem bromodomains (BD1 and BD2) 

for the detection of acetylated lysine tails of histones, an extraterminal domain (ET) involved in protein-

protein interactions, and a C-terminal domain which binds to proteins of the transcription machinery 

and is only possessed by BRD4 and BRDT286,287. The bromodomains of the BET proteins are composed 

of four α-helices, which are connected via two loop structures (ZA and BA loop) forming a hydrophobic 
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cavity that allows the binding of aminoacetyl groups288. The ability to bind to both histones and other 

proteins enables BET molecules to act as a connector between active gene promotors and enhancers and 

proteins of transcriptional initiation and elongation. The binding affinity of BET proteins to acetylated 

histone marks increases with the occurrence of multiple adjacent acetylated sites (“hyper-acetylated 

regions”) compared to solitary acetylated lysine residues289. The involvement of the BRD4 protein in 

the transcription process is the most studied. BRD4 that is bound to acetylated lysine residues of the 

histones has been found to interact with the positive transcription elongation factor (P-TEFb) kinase 

(Figure 12)290,291. As a result, pTEFb is unable to associate with the 7SK/HEXIM complex, which 

otherwise inactivates the kinase. Thus, P-TEFb can recruit and phosphorylate the RNA polymerase 

II290,291. The RNA polymerase II becomes activated and transcriptional elongation is induced279. In 

addition, BRD4 itself can phosphorylate the RNA polymerase II, can acetylate histone lysine marks and 

enables the RNA polymerase II to be passed along the acetylated histones in the elongation                  

process292–294.  

 

Figure 12: The BET protein BRD4 binds to acetylated histone residues in open chromatin regions and promotes the 
transcription of MYCN.   
BRD4 is recruited to open chromatin in the genome, especially to enhancer complexes of the MYCN gene, and 
regulates the transcription of MYCN (top). MYCN is a transcription factor which binds to genomic target gene 
promotors and enhancer sites. Thus, the MYCN protein fosters gene expression in cooperation with the BRD4 
protein (bottom). (Figure modified from Henssen et al. 2016282). 

The first application of a BET inhibitor was directed against NUT-midline carcinoma (nuclear protein 

in testis), using the tool compound JQ1295,296. JQ1 is a thieno-triazolo-1,4-diazepine and has two 

enantiomers, whereby only (+)-JQ1 shows an effect against BET proteins (Figure 13A)297. The (tool) 

compound displays chemical affinity for the bromodomain recognition site for acetyl lysine tails and 

prevents the BET proteins from binding to the histones, which especially causes a reduction of BRD4 

proteins bound to enhancers and promoters297–299. Treatment with the inhibitor JQ1 resulted in cancer 
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cell differentiation and cellular growth arrest, and was reported to demonstrate the potency to 

downregulate MYC gene expression298. The small molecule JQ1 has also displayed anti-tumoral activity 

against neuroblastoma in vitro and in vivo, resulting in reduced growth, increased apoptotic signals and 

downregulation of MYCN protein-regulated transcription285,300. Thus, JQ1 proved to be an efficient BET 

inhibitor, but due to its short half-life in mice blood plasma the drug could not be applied in clinical 

studies301. Therefore, the chemical structure of JQ1 was modified to develop a clinically applicable BET 

inhibitor297. OTX015 (Birabresib), a JQ1 analog, is a BRD2/3/4 inhibitor which is orally bioavailable 

and has shown clinical efficacy in hematologic malignancies and advanced solid tumors (Figure 

13B)297,302,303. Using OTX015, it was also discovered that the HEXIM1 protein is a suitable and robust 

pharmacodynamic biomarker for monitoring the target engagement of BET inhibitors304. MYCN-driven 

neuroblastoma models have demonstrated the efficacy of OTX015, downregulating genome wide 

transcription of the tumor cells282. However, only JQ1 and second generation JQ1 lead structure BET 

inhibitors such as OTX015 have been considered for the treatment of neuroblastoma so far. The small 

molecule TEN-010 (RO6870810) is a newly developed substance structurally related to JQ1, but has 

preferable chemical and biological properties (Figure 13C)305. The pharmaceutical formulation and the 

solvent attributes of TEN-010 facilitate its subcutaneous administration. This form of application is 

advantageous in the field of pediatric oncology, as tablets do not need to be swallowed or infusions laid. 

In addition, it aids the autonomous use at home. TEN-010  is currently being investigated in clinical 

studies against adult tumors such as acute myloid leukemia, myelodysplatic syndrome, lymphoma, 

advanced ovarian cancer and triple negative breast cancer306. This inhibitor has not yet been tested in 

preclinical neuroblastoma models or in clinical neuroblastoma studies, but TEN-010 could be a very 

promising drug based on previous reports of other tumor entities. 

 

 

Figure 13: Chemical structures of the BET inhibitors JQ1, OTX015 and TEN-010.   
Small-molecule BET inhibitors JQ1 and inhibitors based on the JQ1 lead structure acting as acetyl lysine mimics 
which occupy one of the two bromodomain sites of the BRD4 protein. (A) The first (tool) compound JQ1, 
discovered by J. Bradner and J. Qi, which showed anti-BET activity. At the carboxyl moiety, an ester bond was 
introduced at the carbon position C6 to obtain a carboxylate ester. (B) A second generation small molecule against 
BET proteins, OTX015, which was designed by Oncoethix. A change in the chemical structure was achieved by 
modifying the carboxyl moiety to an amide. (C) A latest third generation BET inhibitor TEN-010, which was 
created by Tensha Therapeutics. The chemical structure was modified to introduce two hydrogen atoms as 
substituents at the carboxyl site. (Figure modified from Li et al. 2017 307).  
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In addition to these three BET inhibitors (BETi), alternative BETi are available which have already been 

examined in preclinical neuroblastoma models: I-BET 151 (GSK1210151A, GlaxoSmithKline plc)308, 

I-BET 762 (GSK525762, GlaxoSmithKline plc)309 or BAY1238097 (Bayer)310,311. Overall, 24 clinical 

studies are registered at the NIH (National Institutes of Health, Bethesda, Maryland, USA) to date, which 

evaluate the application of different BET inhibitors in patients with cancer312. Although several 

experimental and clinical studies applying BET inhibitors are being conducted, their anti-tumoral 

activity has not been compared to each other so far. In addition, no specific small molecule exists which 

targets the BRD4 protein alone. All proteins of the BET family have similar structural binding sites, 

which are targeted by BET inhibitors to a similar extent313. This may create the impression that the BET 

inhibitors are not specific enough, although the proteins BRD2, BRD3 and BRD4 partly have the same 

cellular roles314. These findings are based on the application of different first and second generation BET 

inhibitors. A direct comparison of the activity of the older JQ1 and OTX015 compounds has only been 

carried out using preclinical models such as triple negative breast cancer or T-cell lymphomas315,316. 

Thus, it is difficult to predict whether the effects of the latest BET inhibitors (e.g. TEN-010) is similar 

to already validated BET inhibitors and especially whether these new drugs also have an effect on 

pediatric, MYCN-driven models. Moreover, (neuro)pediatric cancer studies lack the concept of indirect 

combinatorial approaches against MYCN, including BET inhibitors and other molecule classes, to 

achieve synergistic effects against tumor cells. 

1.6.2 Targeting MYCN mRNA translation 

Another possibility for an indirect therapy of MYCN-driven neuroblastomas can be aimed at reducing 

the translation of MYCN mRNA transcripts into functional proteins. Previous research has shown that 

MDM2 regulates MYCN mRNA stabilization and translation in human neuroblastoma cells317. The 

inhibition of MDM2 is therefore an option for treatment of high-risk neuroblastomas, which further 

promotes the reactivation of the p53 transcription factor, which in turn regulates e.g. cell cycle arrest, 

apoptosis and DNA repair318–320. A high MYCN mRNA expression in neuroblastoma not only ensures a 

high protein level, but also serves as a “sponge” to capture highly expressed tumor suppressor 

miRNA321. For instance, a report showed that the LIN28B protein induced murine neuroblastoma and 

enhanced MYCN expression via let-7 suppression322. A possible therapy for MYCN-amplified tumors 

would therefore be the application of miRNA mimics, e.g. of let-7323, miR-17-5p antagomiRs324 or miR-

34a GD2-coated nanoparticles325. Other forms of therapy utilizing siRNA oligonucleotides (small 

interfering RNA), which can trigger a targeted knockdown of the MYCN mRNA (see method 

2.5.7)326,327. Since a delivery to the target location inside the cell is also difficult in this context, 

liposome-MYCN siRNA-folic acid complexes have already been designed for improved uptake328. Other 

systems make use of viruses (e.g. adenoviruses) as tools for the transport of siRNA as shRNA (short 

hairpin RNA, see method 2.5.8)329. The major obstacles for the use of miRNA, siRNA or shRNA for 

targeting MYCN is the reduced stability of the RNAs, the administration of an RNA drug, the RNA 
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delivery into the cell target component and the achievement of an effective dose. However, in 2018 the 

first siRNA was approved as a medical intervention, known as Patisiran, against rare polyneuropathy330. 

Overall, studies and reports on other cancer entities suggest a promising future for RNA drugs in 

neuroblastoma against MYCN mRNA translation331,332.  

1.6.3 Preventing the oncogenic stabilization of the MYCN protein 

Targeted inhibition of the MYCN protein is difficult because the protein is required for normal cell 

development in humans and drives cell proliferation and cell growth in many different parts of the 

body333. However, the pathogenic amplification of the MYCN oncogene and increased MYCN protein 

levels lead to excessive proliferation and a degenerated cell cycle of neuronal progenitor cells334. Various 

cellular proteins are responsible for the stabilization of the MYCN protein. They are central players in 

the control of the proliferation and cell cycle of neuronal progenitor cells and may serve as an indirect 

MYCN target.  

Upon initial stimulation of the cell by growth factors, the dimerization and autophosphorylaton of RTK, 

as for example ALK or EGFR leads to phosphorylation of the PI3K/AKT/mTOR pathway or the RAS-

RAF-MEK-ERK proliferation pathway335 (Figure 15). These intracellular signaling pathways are 

important for the transmission of information involved in the regulation of many cellular processes, such 

as growth, proliferation, differentiation and metabolism. Common SNVs in ALK (e.g. F1174) found in 

neuroblastomas provide constitutive activity of the kinase, which leads to permanent activation of key 

pathways and subsequent growth of neuroblasts336–338. The downstream located phosphoinositide 3-

kinase (PI3K) binds to the phosphorylated ALK protein and gets activated through phosphorylation. 

PI3K transduces signals from activated RTK, G protein-coupled receptors or from activated RAS 

protein339. Thus, PI3K is a stabilizer of the MYCN protein and is an essential node for cellular signal 

transduction, cell survival and cell metabolism340. The activation of PI3K through the stimulation of 

RTKs promotes cell growth and survival and conveys resistance to chemotherapy or chemosensitvy341. 

In neuroblastoma, PIK3CA gene mutations are infrequent (in about 2.9% of all cases) and do not occur 

together with a MYCN amplification342. This further indicates that PI3K signaling is not dependent on 

MYCN amplification343. Thus, it can be deduced that a PI3K inhibitor can be administered against all 

high-risk neuroblastomas, not only in cases harboring a MYCN amplification. The small molecule 

(NVP)-BYL719 alias alpelisib, a drug which showed promising results for the therapy of breast cancer, 

could be considered for the treatment of neuroblastoma (Figure 14A)344. Alpelisib specifically targets 

the catalytic subunit  PI3Kα by competitively binding to the ATP (adenosine triphosphate) pocket in the 

kinase domain345. In contrast to earlier pan-PI3K inhibitors, alpelisib represents less off-target effects 

and toxicities346. However, the significance of a treatment using alpelisib has not yet been evaluated on 

neuroblastomas. PI3K inhibitor-based treatments against neuroblastoma were conducted in research 

settings using the small molecule inhibitor LY294002343, PI-103347 and the mycotoxin wortmannin876. 

Moreover, first findings highlight possible PI3Ki combinatorial treatments together with conventional 
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chemotherapy348. In addition, PI3K inhibition was found to downregulate the MYCN protein level, 

increase apoptosis and showed in vivo efficacy in TH-MYCN mice347,349. In the murine TH-MYCN 

model, MYCN overexpression is induced in neural crest cells, which solely leads to the development of 

tumors that are very similar to a human neuroblastoma350. Furthermore, it was reported that activation 

of GSK3β is responsible for the phosphorylation of MYCN after inhibition of PI3K343. After MYCN is 

phosphorylated by GSK3β, the protein gets ubiquitinated and subsequently degrades343. Due to the close 

biological relationship between the PI3K protein and the MYCN protein, an improved effect of PI3K 

inhibition in MYCN-amplified in vitro neuroblastoma models has been reported, but was not compared 

to non-MYCN-amplified models so far343. However, PI3K inhibitors applied in neuroblastoma in vitro 

models, so far, are generally considered to be non-selective, and in the case of the drug wortmannin, the 

effects of inhibition are irreversible, unlike with apelisib351. These reports thus point towards of the use 

of alpelisib as an specific anti-tumor treatment, as this small molecule has already been successfully 

tested in clinical trials including breast cancer, renal cell cancer and pancreatic tumors352,353.  

Following the activated PI3K/AKT/mTOR pathway including the subsequent phosphorylation of PI3K, 

inositol-containing membrane lipids become activated though PI3K354. The product of this 

phosphorylation, PIP3 binds to AKT, whereupon AKT is translocated to the membrane. At this site 

AKT gets activated by PDK1. The AKT protein then phosphorylates and thereby activates several 

substrates, for example mTOR354. Many small molecules are available which have shown to target the 

mTOR protein (e.g. rapamycin, everolimus) and have been demonstrated to harbor anti-cancer 

activity355,356. Moreover, combinations of mTOR inhibitors with single agents or in dual or even triple 

hybrid compounds have been increasingly used in neuroblastoma research341,355–367. By initiating the 

activation of the cellular RAS-RAF-MEK-ERK pathway, the PI3K kinase is phosphorylated by the G-

protein RAS (guanosine triphosphate-binding protein)339. The activated RAS communicates the signal 

to the RAF kinase, which in turn gets activated. RAF then phosphorylates and activates MEK, after 

which ERK/MAP kinase is phosphorylated. Novel dual PI3K and RAS inhibitors (BEZ-235 or 

rigosertib368) are reported to successfully aim at both signaling pathways, the PI3K/AKT/mTOR 

pathway and the RAS-RAF-MEK-ERK pathway369. Furthermore, those inhibitors are described as 

beneficial for  dual application using additional Raf inhibitors (RAF265 or dabrafenib)363,370 or 

employing an inhibitor targeting the downstream located MEK proteins370–372. Earlier studies 

highlighted the combined PI3K/AKT and RAF/MEK/ERK pathway inhibition in Hodgkin lymphoma373 

and colorectal cancer374, applying effective PI3K/ERK dual inhibitors (e.g. AEZS-136 or DPS-2). 

Besides PI3K, other kinases like PLK1 (polo-like-kinase 1) also play an important role in the 

stabilization of the MYCN protein. PLK1 belongs to the serine/theronine protein kinases and has a 

central role in the cell cycle and cell division. For example, PLK1 is involved in the onset of mitosis, 

regulation of the G2/M checkpoint, control of the centrosome, centrosome maturation, mitotic spindle 

assembly and chromosome segregation375,376. The deregulation of the PLK1 protein in neuroblastoma is 

initiated from several starting points. First, PLK1 is highly expressed in unfavorable neuroblastomas 
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and associated with high-risk criteria (including MYCN-amplified tumors)377. Second, PLK1 indirectly 

stabilizes the MYCN protein378. The stabilization is achieved by autopolyubiquitination and proteasomal 

degradation of ubiquitin ligases via PLK1 which prevents degradation of MYCN and other proteins such 

as cyclin E and MCL-1. And third, stabilized MYCN activates PLK1 transcription378. Various inhibitors 

targeting PLK1 in neuroblastoma models have already been tested successfully, including the small 

molecule BI 2536377,379,380, GW-843682X379 and GSK461364381. Moreover, Pajtler et al. highlights the 

inhibition of neuroblastoma cell growth though GSK461364 regardless of the MYCN copy number 

status887. The inhibitor BI 6727 (volasertib), a dihydropteridine derivative, showed significant anti-

tumor potential and high selectivity upon single drug application in neuroblastoma and 

rhabdomyosarcoma models382,383 (Figure 14B). Volasertib is competitively targeting the ATP-binding 

pocket of PLK1, similar to the PI3K inhibitor alpelisib384. Although the efficacy of PLK1 inhibition 

against neuroblastoma could be shown experimentally in vivo, initial clinical testing has so far been 

unable to demonstrate comprehensive clinical applicability381–383. Beyond a singular treatment against 

the PLK1 protein, successful combinations of PLK1 inhibitors in addition with vinca alkaloids, BET 

inhibitors and HDAC (Histone deacetylases) inhibitors were described383,385–388. However, single PLK1 

drugs such as volasertib not only inhibit PLK1 but are also effective against the kinase PLK2 and the 

PLK3 tumor suppressor389–391. PLK3 in particular activates and stabilizes other tumor suppressor 

proteins such as p53392. This has fostered the need for specific PLK1 inhibitors, such as rigosertib, a 

RAS-mimetic368 (Figure 14C).  

 

Figure 14: Chemical structures of the PLK1/PI3K inhibitors alpelisib, volasertib and rigosertib.   
A selection of small-molecule PLK1/PI3K inhibitors which prevent the stabilization of the MYCN protein.                             
(A) Alpelisib, an ATP competitor, targets the PI3K kinase. (B) Volasertib as well represents an ATP competitor, 
which acts against the PLK1 kinase. (C) Rigosertib, a dual kinase inhibitor, attracts the RBD of kinases, for 
instance as found in PI3K and RAF kinases. (Figure modified from Markham 2019 (alpelisib)344, Gjertsen & 
Schöffski 2014 (volasertib)393 and Selleck Chemicals 2013 (rigosertib sodium)394.) 

Rigosertib (ON-01910) is a multi-kinase inhibitor, which suppresses the activity of the cell cycle 

regulator PLK1 and the PI3K signaling pathway activation (Figure 15).395,396. Both PLK1 and PI3K are 

expressed at elevated levels in high-risk neuroblastomas and correlate with an unfavorable disease 

outcome361,397. Rigosertib attacks the RAS-binding domain (RBD) of kinases (e.g. PI3K and RAF), 
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leading to the inability for the kinase to bind its native substrate RAS. The inhibitor was described in 

early publications as direct PLK1 inhibitor, but rigosertib does only indirectly suppresses the PLK1 

kinase activity through inhibition of the CRAFSer338-mediated PLK1-activation via its polo-box domain 

(PBD)398.  

 

Figure 15: Kinase inhibitors like rigosertib prevent RAS-mediated ERK- and AKT activation in cancer cells. 
Rigosertib interacts with the RAS-binding domains of different kinases such as PI3K and RAF. Thereby 
downstream pathways such as RAS-RAF-ERK and PI3K-AKT are inhibited and thus the survival, the proliferation 
and the progression of the cell cycle of malignant cells. (Figure taken from Dietrich et al. 2017398). 

Thus, is was shown that rigosertib treatment induced a mitotic arrest in tumor cells399. Rigosertib was 

tested successfully in several cancer entities, such as the myelodysplastic syndrome400, leukemia401, head 

and neck cancer402, head and neck squamous cell carcinoma403 and epidermolysis bullosa-associated 

squamous cell carcinoma-cell lines404. Based on these promising reports and due to the fact that the 

kinases PI3K and PLK1 contribute to the stabilization of the MYCN protein, rigosertib is considered to 

be a potential therapeutic option for neuroblastoma343,378. Findings in other tumor entities also 

demonstrated that rigosertib could be combined effectively with conventional chemotherapy and 

furthermore, a synergistic effect was archived405,406. These are first evidences that rigosertib could be 

well integrated into the standard neuroblastoma induction regimen. In addition, a combination of 

rigosertib with DNA methyltransferase inhibitors (e.g. azacitidine) was proposed407,408. 

In summary, it was demonstrated that the prevention of MYC(N) protein stabilization by small 

molecules is the most investigated therapy on targeting MYC(N). Especially the inhibition of the kinases 

with the PI3K/AKT/mTOR pathway or the RAS-RAF-MEK-ERK pathway have shown significant 

success. Moreover, targeted therapies inhibiting the stabilization of MYCN also demonstrate promising 

results regarding combinatorial treatment approaches. The destabilization of MYCN by indirect 

targeting is therefore an important treatment option for neuroblastoma. To date, there is only limited 

data published on the use of volasertib in neuroblastoma, and so far no studies are reported on alpelisib 

or rigosertib use in neuroblastoma. In future studies it has to be evaluated if these small molecules are 

also suitable for neuroblastoma treatment. Moreover, the mechanism of combination treatments adding 
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conventional chemotherapy and/or other targeted treatments must be better understood, as this provides 

the basis for implementation of the targeted therapies into clinics.   

1.6.4 Blocking MYCN dimerization and transcriptional activity 

MYCN binds to the MAX protein via their BR/HLH/LZ domains113,114, which can be used as a target 

structure for MYCN-MAX dimer disruptors. Successful small molecules have already been described, 

e.g. the inhibitors 10058-F4 and 10074-G5, which induce differentiation and apoptosis of neuroblastoma 

cells upon application409,410. In vivo, the drug 10058-F4 has shown tumor growth inhibition in MYCN-

amplified PDX (patient derived xenograft) mice and increased survival in treated TH-MYCN mice411. 

However, these inhibitors have a short half-life due to difficult solubility and rapid metabolization, 

which is in line with reports of the low uptake of 10058-F4 in solid adult tumors412,413. In this regard, 

small molecules with a broader efficacy that cause the reduction of all MYC family proteins (e.g. KI-

MS2-008) might also effect normal cell proliferation414. Another drug candidate, MYCMI-6, 

demonstrated a good inhibitory activity against neuroblastoma models415. Nevertheless, the 

administration of MYCMI-6 does not lead to the degradation of the MYC(N) protein or the blockage of 

MYC(N) expression, but only to the inhibition of the MYC(N)-MAX interaction. It is therefore difficult 

to say whether MYCMI-6 is sufficient to inhibit high levels of overexpressed MYCN due to its enhanced 

transcription. An additional approach to MYCN-MAX inhibition is the use of a mutant HLH peptide 

(helix-loop-helix, dominant negative) that mimics a binding partner of MYCN, such as the omomyc 

peptide416. After the administration on cancer cells, the transcriptional activation of MYCN downstream 

targets is prevented417. Omomyc has already been shown to be effective against neuroblastoma in vitro 

models418,419. The inhibitor is currently in transition from pre-clinical research (and transgenic gene 

expression420) to clinical application (using an omomyc purified mini-protein421), but has shown safe 

and potent efficacy in in vivo experiments so far422.  

1.6.5 Targeting MYCN-driven cell proliferation through inhibition of mitotic spindle 

assembly  

Disturbances in the homeostasis of cell proliferation are hallmarks of tumorigenesis as well as of the 

pathogenesis of developmental defects. While an increased proliferation of neuronal progenitor cells is 

central in the tumor biology of the embryonal tumors including neuroblastoma, a reduced proliferation 

of neuronal progenitor cells is a cause of congenital microcephaly423–425. The prototype of congenital 

microcephaly, primary autosomal recessive microcephaly (MCPH), is a rare and genetically 

heterogeneous neurodevelopmental disease. It is characterized by severely reduced brain volume at birth 

(defined by the occipitofrontal head circumference which is more than two standard deviations below 

the mean for age, sex and ethnicity426), mostly of the cerebral cortex, and the patients show an intellectual 

disability427,428. With a prevalence ranging from 1:30,000 to 1:250,000 live births, it is considered a rare 
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disorder426,428,429. So far, mutations in 23 genes have been shown to cause MCPH (see Table 28). The 

main etiological factor of MCPH is a proliferation defect of neural stem cells, causing a premature 

switch from symmetric (stem cell pool regenerating) to asymmetric (differentiation promoting) stem 

cell divisions428. Mutations in the gene coding for the abnormal spindle-like, microcephaly associated 

protein (ASPM or MCPH5, located on chr.1q31.3 (GrCh38)), are the most common cause of MCPH430. 

ASPM was found to have a main function in the orientation of the mitotic cleavage plane leading to a 

symmetric, proliferative division of neuroepithelial cells during brain development431. Moreover, ASPM 

takes part in cell migration, neuronal plasticity and neuronal signaling432,433. The absence of ASPM 

promotes asymmetric cell divisions and modified division planes, which can cause premature 

differentiation over proliferation434. The full length human ASPM protein contains a microtubules 

binding domain, two actin binding calponin homology domains and several calmodulin-binding IQ 

(isoleucine-glutamine) motifs which supports spindle rotation435–437. Phylogenic studies suggest that 

ASPM was an important factor in the expansion of the human brain size and the evolution of language 

promoted by gene insertion of roughly 900bp438–440. Mutations of the ASPM gene in MCPH can be 

manifold, ranging from a complete loss of the gene, to large partial deletions including several exons 

and different SNVs (often deletions and nonsense mutations)426. In particular, mutations are found 

frequently in the region which encodes for the microtubules binding site426. ASPM is a centrosomal 

protein that localizes at the spindle poles during mitotic cell division441,442 and is required to maintain 

the structure of the centrosome, a microtubule-organizing center (MTOC), where the formation of 

microtubules is initiated (Figure 16)443–453. One MTOC is composed of the centrosome which consists 

of two centrioles and the surrounding pericentriolar material (PCM)454. The ASPM protein has a dual 

affinity for the components of MTOCs and functions as a connector anchoring the α-tubulin proteins of 

microtubule minus ends to the centrosomes443,455–459. For the assembly of the MTOC within mitosis, the 

PLK1 kinase plays an important role375,376,449. PLK1 can promote G2/M progression, centrosome 

maturation, the mitotic spindle assembly and chromosome segregation375,376. Moreover, PLK1 aims 

kinetochore to microtubule attachment to ensure chromosome stability against pulling forces during 

mitosis460,461. On average, a force of 750pN is applied to the centromeres of the chromosomes via 15 

microtubules to perform cell division, whereas the tensile strength of the DNA is only around 250pN of 

force462,463. Interestingly, PLK1 stabilizes the MYCN protein378 and in turn, its transcription is activated 

by stabilized MYCN378. The function of ASPM is modulated by the interaction with PLK1 supporting 

the maintenance of the pole structure of bipolar spindles444. During mitosis, ASPM is recruited to the 

PCM at the spindle poles464, where the protein is involved in mitotic spindle stabilization465, organization 

and positioning464 through the recognition of growing microtubules in cells. As ASPM binds to 

microtubules, their growth is stopped, ensuring their stability443,466,467. Beside mitosis, stabilized 

microtubules improve a binding by the kinesin-13 family of proteins459,466,468,469. These motor proteins 

use the microtubules as intracellular “roads” to transport proteins, vesicles and organelles through the 

cytoplasm of the cell470–472. In developing neurons, blocked minus end microtubules get disassembled 
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by kinesin-13 proteins which further drives the microtubule and cell spindle flux459,466,468,469. The 

movement of microtubules is a crucial process in the development of mature neurons and their 

plasticity457,458,467,471. In the course of development, the microtubules are cut off from the centrosomes 

and parts of them are transported into the emerging axons and dendrites473–476. Some of these 

microtubules remain in the cell soma resulting in a mixture of plus/minus end directed microtubules in 

the entire neuron. In this process, minus end leading microtubules are always located to dendrites, where 

the neuron is electrochemically stimulated via synapses and thus, cellular information is transmitted458. 

The maturation of neurons is coupled with the migration of these cells to the respective brain target 

regions, which is mediated by microtubules477. For cell movement, the microtubules get shuttled to the 

centrosome building a fork- or cage like structure, pulling the cell soma in the direction of the leading 

edge456,459,478. Mouse experiments showed that ASPM is specifically expressed in the cerebral regions at 

embryonic day 14.5 during normal brain development479. Later, ASPM expression is diminished at 

embryonic day 16.5 and was greatly reduced at birth.  

 

Figure 16: ASPM,  a microtubule-binding protein, is associated with centrosomes (MTOCs). 
ASPM is located at the cellular spindle poles and connects the microtubules to the centrosomes (MTOC).                
(A) At the onset of mitosis, the ASPM protein is recruited to the PCM (interphase), where ASPM anchors the α-
tubulin proteins of microtubule minus ends to the centrosomes (early prophase). Later, ASPM stabilizes the mitotic 
spindle and is required for spindle organization and positioning (metaphase). (B) Since ASPM is associated with 
the minus ends of microtubules, this protein might also influence neurite (axon) establishment, growth guidance 
and neuronal maturation. ASPM is highlighted by red dots. (Figure modified from Hardin, Bertoni & Kleinsmith 
2010480) . 

 
These observations from animal experiments are consistent with the knowledge of human embryonic 

development, showing a change from symmetric to asymmetric cell division after about 30 days of 

gestation481,482. In summary, the assembly of microtubules is critical for a neuron in terms of 
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proliferation, differentiation, migration, intracellular transport, neuronal signaling, and plasticity, and 

their stability is controlled through ASPM466. Opposed to a dysfunctional or loss of the ASPM protein 

following the reduction of proliferation in MCPH microcephaly, ASPM overexpression showed an 

initiation of increasing cellular proliferation in cancer483,484. ASPM mRNA has been found upregulated 

in medulloblastoma485,486, glioblastoma487,488, ependymomas489, hepatocellular carcinoma490, prostate 

cancer491, ovarian cancer492 and bladder cancer.493 Due to its role in regulating proliferation in neuronal 

progenitor cells, MCPH genes and in particular ASPM, might be driver of neuroblastoma. In addition, 

ASPM is functionally linked to PLK1 in the mechanism of cell division and stabilization of MYCN. A 

very recent review suggested that the stabilization of MYCN further results in symmetric cell divisions 

in MYCN-dependent neuroblastoma cells494. This implies that ASPM might be a new potential target 

for small molecules being developed for the treatment of high-risk neuroblastoma. 
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 Motivation and aim of the thesis 

The transcription factor MYCN is amplified in about 25% of all neuroblastoma cases and associated with 

a dismal prognosis. Although the extent of the amplified MYCN oncogene-spanning chromosome 2 in 

HSR or DM has been explored in several studies, little is known about the exact structure and the 

rearrangement breakpoints of the pathological amplicon. MYCN amplifications in patient material, 

especially in tumor samples, are detected with simple molecular biological methods as part of diagnostic 

investigations within current study protocols. Currently, there is no diagnostic panel available which is 

tailored to the in-depth detection of the MYCN oncogene or to other regions relevant for the diagnosis 

of neuroblastoma. 

The objectives of the first part of this thesis are to evaluate a custom neuroblastoma hybrid-capture based 

NGS panel in order to provide improved risk stratification and to detect neuroblastoma residual disease 

based on MYCN amplicon breakpoints. The NB targeted NGS assay is intended for high coverage 

(>1000x) detection of gene mutations and large genomic structural changes, it also yields information 

about possible targets for indirect MYCN molecular therapies. The extensive coverage of the complex 

MYCN amplicon should provide further insight into the structure of the amplified gene and the 

distribution of its unique breakpoints. Previous attempts to use the specific genomic breakpoints sought 

to develop sensitive PCR test systems for neuroblastoma detection89,247
. However, technical difficulties 

and the complexity of the mapping and analysis of genomic MYCN breakpoints for individual patients 

have, as yet, prevented the translation of PCR based neuroblast detection into clinical practice. 

Employing the NB targeted NGS assay on cell line and tumor material, the hypothesis is that the 

detection of unique MYCN breakpoints by RQ-PCR and ddPCR techniques may be suitable for sensitive 

quantification of MRD neuroblastoma cells. This work will further address and evaluate the applicability 

of these NB breakpoint MRD assays for longitudinal clinical samples (e.g. bone marrow aspirates). 

Additionally, those RQ-PCR and ddPCR MRD assays are to be compared with available gold standard 

techniques (e.g. FISH, immunocytology) of tumor cell infiltration on clinical specimens. Eventually, the 

findings will stipulate standardized sample processing and analysis guidelines, which may support 

therapy decisions on a personalized basis. 

In addition to determining MYCN amplicon breakpoint information for application in clinical 

diagnostics, this thesis also includes preclinical investigation of the indirect targeting of MYCN in high-

risk neuroblastoma models. As it is difficult to target small, surface inaccessible proteins like MYCN 

and other transcription factors, this thesis addresses MYCN inhibition via alternative drug targets. Small 

molecules against indirect target proteins already exist, which affect the molecular network of MYCN 

by focusing on the different biological roles of the protein in cellular function. One approach will be to 

inhibit MYCN-associated transcription by targeting BET proteins, which can be evaluated by dose 
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response assays of promising BETi drugs (JQ1, OTX015 and TEN-010) in in vitro experiments on 

neuroblastoma cells lines. The other approach focuses on MYCN biology with the aim of preventing 

MYCN protein stabilization, by inhibiting cell signaling transmission of several kinases. Small molecule 

inhibitors of either PI3K (alpelisib), PLK1 (volasertib) or both (rigosertib) have been shown to have 

specific antitumoral efficacy, which will be tested individually on neuroblastoma cell lines using dose 

response assays. Particular consideration is given to the in vitro investigation of rigosertib for 

neuroblastoma treatment, a dual PI3K/PLK1 inhibitor with additional anti-RAS activity, which is 

already under clinical investigation for leukemia. A first evaluation of the clinical applicability of 

rigosertib for neuroblastoma therapy will be attempted with in vivo administration in PDX mice. In 

addition, I seek to address a multidrug approach to treat MYCN-driven neuroblastomas by employing 

BETi plus protein kinase inhibitors. A third angle is to tackle the protein ASPM, a substrate of the PLK1 

kinase, as a potential new indirect MYCN target. ASPM controls spindle assembly during cell division, 

and loss-of-function mutations in ASPM are a common cause of MCPH microcephaly, a disorder arising 

from defective neural stem cell proliferation. In contrast to the depletion of ASPM in MCPH 

microcephaly, it is questioned whether ASPM is overexpressed in neuro-pediatric tumors, especially 

neuroblastoma. A further question is whether a variation in the ASPM mRNA level affects clinical 

outcomes, especially if increased ASPM expression is indicative of a high-risk neuroblastoma. It will 

also be investigated whether an alteration of the ASPM level has a functional effect on the viability, 

proliferation, apoptosis and differentiation status of neuroblastoma cells. Finally, ASPM will be 

investigated as a biomarker and a new drug target for MYCN-driven neuroblastomas.  
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2 Methods 

This section describes in detail the research methods used in this thesis. For more information, including 

the materials utilized, this can be found in the appendix section (10). All read-out assays were conducted 

in at least three biological replicates using three technical replicates each time, unless otherwise 

specified in the method and the results section. The generated data was exported to Excel 2016 

(Microsoft Corporation, Redmond, WA, USA) and visualized with GraphPad Prism® version 7.0 

(Graphpad Software, Inc., San Diego, CA, USA). See as well 2.10, unless otherwise specified in the 

method section. 

 Origin of biomaterial and data 

2.1.1 Patients and biomaterial samples and data 

Patients of the NB targeted assay and the NB-MRD project were enrolled in the German neuroblastoma 

trial (NB2004) or the German Neuroblastoma Registry (NB Registry 2016)30,236,237,495. Written informed 

consent from patients or parents/guardians is available within the trial and registry documentation. 

Tumor tissue samples were obtained from the German Neuroblastoma Biobank (Cologne, Germany) for 

initial biopsies (7 patients) and biopsies after relapse (2 of the 7 patients). Tumor tissue and bone marrow 

aspirates were obtained directly from 6 patients treated at the Department of Pediatric Oncology and 

Hematology (Charité – Universitätsmedizin Berlin, Berlin, Germany). Written informed consent was 

obtained from patients or parents/guardians within the ERA-NET (European Research Area Networks) 

LIQUIDHOPE consortium, which obtained ethics approval from the local Charité Ethics Committee 

(EA2/055/17). Clinical features of the patient cohort are listed in Table 11 within the appendix. Control 

DNA for NB breakpoint MRD assays sensitivity evaluation was obtained from mononuclear cells of 

peripheral neuroblastoma-free blood pooled from at least ten healthy individuals was available by the 

MRD molecular genetics laboratory of the ALL-REZ BFM trials (Protocol for the treatment of children 

with recurrence of acute lymphoblastic leukemia, Charité)161. This control was named “buffy coat” in 

this thesis. Whole-genome sequencing data from 14 primary MYCN-amplified neuroblastomas obtained 

within previous studies was used for breakpoint analysis43,44,76. For the investigation of MCPH genes in 

different tissues, preprocessed gene expression data from 25 data sets (n = 3,984 samples in total) were 

downloaded from the R2 Platform496,497 (sources and details see Table 27 in appendix). Processed data 

from the SEQC dataset42, which comprises data of 498 primary neuroblastomas profiled by RNA-

Sequencing, were downloaded from the NCBI GEO (Gene Expression Omnibus) database (NCBI, NIH, 

Bethesda, MD, USA)498,499.  

2.1.2 Mice strains 

To assess the anti-tumoral effectiveness of the PLK1/PI3K inhibitor rigosertib, a total of three different 

neuroblastoma PDX in vivo studies were carried out. Two studies using patient tumor engraftments were 
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performed using a highly immunocompromised NOG mice strain, or more precisely CIEA NOD.Cg-

Prkdcscid Il2rgtm1Sug/JicTac. One study using IMR5/75 cell line engraftments was performed using a 

NMRInu/nu nude mice strain, or more precisely BomTac:NMRI -Foxn1nu. All mice were female animals 

and were obtained from Taconic Biosciences, Inc. (Rensselaer, NY, USA). The purchase and keeping 

of the mice was carried out by Experimental Pharmacology & Oncology Berlin-Buch GmbH (EPO, 

Berlin, Germany) as part of the rigosertib in vivo efficacy studies (study MV16240, study MV16158 

and study MV16738). All experiments were performed according to local animal experimental ethics 

committee guidelines. 

2.1.3 Cell lines 

This section contains information on the origin of the cell lines used. The human neuroblastoma cell 

line BE(2)-C was obtained from European Collection of Authenticated Cell Cultures (ECACC) 

(Salisbury, UK) and the cell lines Kelly, SH-SY5Y, LAN-1 and LAN-5 were obtained from the German 

Collection of Microorganisms and Cell Cultures GmbH (DSMZ; Braunschweig, Germany). CHP-212 

was obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). The cell lines 

SK-N-BE, SK-N-FI, SK-N-BE(2), NB-1634, Rh1 rhabdomyosarcoma (reclassified as Ewing family 

tumor based on molecular signature)500 and HEK293 kidney epithelium cells were kindly provided by 

J.H. Schulte (Charité). CHLA-90 was kindly provided by H.L. Davidson (Children's Hospital of 

Philadelphia, Philadelphia, PA, USA). NGP was kindly provided by F. Speleman (Cancer Research 

Institute Ghent, Ghent, Belgium). TR-14 and N206 cell lines were kindly provided by J. J. Molenaar 

(Princess Máxima Center for Pediatric Oncology, Utrecht, Netherlands). IMR5/75 was kindly provided 

by F. Westermann (German Cancer Research Center, Heidelberg, Germany). SK-N-DZ was kindly 

provided by A. Künkele (Charité). IMR-5, IMR-32, CHP-134, SH-EP, NBL-S, SK-N-AS, SK-N-SH, 

GI-ME-N and HeLa cervix adenocarcinoma were kindly provided by A. Schramm (Medizinische 

Fakultät, Universitätsklinikum Essen, Essen, Germany). BJ1-hTERT foreskin fibroblasts and hTERT 

RPE-1 retinal pigment epithelial cells were kindly provided by A. G. Henssen (Experimental and 

Clinical Research Center, ECRC, of the Charité and Max-Delbrück-Center for Molecular Medicine, 

MDC, Berlin, Germany). Foreskin fibroblast cell line VH7 was kindly provided by H. E. Deubzer 

(Charité). HEK293T cell line (highly transfectable, contains SV40 T-antigen501) used in lentivirus 

experiments was kindly provided by K. Ahrens and F. Buttgereit (Charité). Primary human embryonic 

lung fibroblast cell line PLF (Fi301)502 was kindly provided by C. Hagemeier (Charité). Master stocks 

for all cell lines were authenticated by short tandem repeat DNA typing (STR) by Idexx Bioresearch 

(Westbrook, ME, USA) or Multiplexion (Heidelberg, Germany) before conducting experiments. 

Cultures were routinely tested for the absence of Mycoplasma sp. contamination using MycoAlertTM 

Mycoplasma Detection Kit (Lonza Group Ltd., Basel, Switzerland). Established human cell lines used 

in this thesis are listed in Table 9: in the appendix.  
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 Patient material processing 

2.2.1 Mononuclear cell purification from bone marrow aspirates 

The bone marrow aspirate was collected directly into EDTA-anticoagulated tubes (BD Vacutainer® 

blood collection tubes; BD Biosciences, Franklin Lanes, IN, USA). Samples taken were processed for 

Ficoll density gradient centrifugation503,504 as published previously by Krentz/Eckert et al.505 within 1-

4h of collection. Aspirates were diluted 1:3 in Roswell Park Memorial Institute (RPMI) 1640 media, 

were carefully overlaid onto 4ml Biocoll® (Biochrom, Merck KGaA, Darmstadt, Germany) per 5ml 

diluted aspirate, then separated by centrifugation at 2400rpm for 20min at 20°C and decelerating without 

breaking. The mononuclear cell fraction (peripheral blood mononuclear cell, PBMCs) was aspirated out 

of the gradient and washed twice with equal volumes of RPMI 1640 followed by sedimentation at 

1500rpm for 10min at 20°C. If samples were contaminated with erythrocytes, they were lysed with 

ammonium chloride (see buffer recipe 10.5.1), before washing mononuclear cells again twice with 1x 

PBS (phosphate-buffered saline) and centrifugations at 1500rpm for 10min at 20°C. Mononuclear cells 

were quantified using a Neubauer cell counting chamber (or Neubauer improved; BRAND GMBH + 

CO KG, Wertheim, Germany), and DNA was isolated (see 2.2.2) from 1 x 106 to 4 x 106  cell aliquots 

before storing at -20°C until use in NB targeted NGS assay (2.8.1), RQ-PCR (2.6.17) or ddPCR (2.6.19). 

2.2.2 Isolation of genomic DNA from mononuclear cells, snap-frozen tumor material or 

FFPE tumor material (Charité or NEO New Oncology GmbH) 

DNA for NB targeted NGS assay or NB breakpoint MRD assay was either isolated by A. Szymansky/ 

J. Proba (Charité) or by NEO New Oncology GmbH Cologne, Germany or Institute of Hematopathology 

Hamburg, Germany. For sample preparations conducted at Charité, DNA was isolated from 

mononuclear cell purification from bone marrow aspirates (2.2.1) or from surgery-obtained snap-frozen 

tumor material collected at Charité using the NucleoSpin® Tissue kit (Macherey-Nagel GmbH & Co. 

KG, Düren, Germany) according to the manufacturer's instructions. For tumor DNA isolations from 

formaldehyde-fixed paraffin-embedded tissue (FFPE) tissue sections obtained at Charité, DNA was 

isolated using the QiAamp DNA FFPE Tissue Kit (QIAGEN N.V., Hilden, Germany) according to the 

manufacturer's instructions. For sample preparations conducted at NEO New Oncology GmbH or 

Institute of Hematopathology Hamburg, DNA was isolated from macrodissected cells from 10-15 units 

of 10μm sections of FFPE or snap-frozen tumor material obtained from the German Neuroblastoma 

Biobank or Charité. The tumor material was histologically evaluated by an experienced pathologist, and 

only regions with at least 10% tumor cell content were accepted. If tumor content was reduced, tumor 

cells were accumulated by laser microdissection (Leica LMD 6500; Leica Microsystems) for cases with 

limited tumor cell content. DNA was automatically extracted using a Maxwell® Instrument and 

Maxwell® 16 FFPE Plus LEV DNA Purification Kit (Promega Corporation, Madison, WI, USA), then 
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sheared mechanically by ultrasonic acoustic energy (Covaris ultrasonicator (Covaris, Matthews, NC, 

USA).  

2.2.3 Measurement of DNA concentration 

DNA concentration (ng/µl) of isolated bone marrow, snap-frozen tumor or FFPE derived tumor DNA 

samples have been measured using a NanoDrop™ 2000 spectrophotometer (Thermo Fischer Scientific) 

according to the manufacturer's instructions. DNA (1.0µl volume) was measured applying dsDNA 

settings with a nucleic acid absorbance wavelength ratio of 260/280nm. An optical density OD260 of 1 

corresponds to 50μg/ml double-stranded DNA. Baseline correction was applied with 340nm. The 

detected signal is used by the NanoDrop 2000 software to calculate the amount of DNA in a solution. 

Any Protein contamination was detected at 280nm.  

2.2.4 Measurement of DNA size, concentration and integrity 

The isolated tumor DNA for NB targeted NGS assay was tested for size, concentration and integrity 

using a 4200 TapeStation System (Agilent Technologies, Inc., Santa Clara, CA, USA). Genomic DNA 

ScreenTape analysis was performed according to the manufacturer's instructions and passed samples 

showed a DNA Integrity Number of at least 8.0 applying standard settings.  

2.2.5 Whole genome amplification of patient derived DNA 

Occasionally, the available amount of patient-derived tumor or bone marrow DNA was low, therefore 

it was necessary to amplify the DNA for classical PCR assay establishment. DNA was whole genome 

amplified using the REPLI-g® UltraFast Mini Kit (QIAGEN) applying the UltraFast protocol for 1.5h 

at 30°C and for 3min at 65°C. 

 Animal experimentation 

2.3.1 In vivo rigosertib efficacy testing using patient-derived xenograft mice models 

The efficacy of rigosertib was tested on its anti-tumor potential in neuroblastoma PDX mice models 

using female immunodeficent NOG or NMRI nude mice. The mouse experiments were carried out in 

three independent test series under sterile conditions. In the first series, a total of 10 NOG mice were 

subcutaneously engrafted with a high-risk MYCN-amplified neuroblastoma tumor (patient 11, internal 

no. CB1057, passage 5, for more information see Neuroblastoma MRD Table 16 in appendix). The mice 

were 47 days old at the time of fragment engraftment. The experiment was started when the tumor had 

grown to a size of 0.2 – 0.25cm³ (around 2-3 weeks after PDX transplantation) with a solid and firm to 

soft character. The group of 10 mice was then randomized into two groups of 5 mice each, a treatment 

group and a vehicle group. The mice were 66 days old at the time of treatment start. The treatment was 

conducted with rigosertib sodium (batch: 592542-60-4; Axon Medchem LLC, Reston, VA, USA).        
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The rigosertib sodium powder was solved in a concentration of 50mg/ml in PBS. The treatment was 

applied at a daily intraperitoneal injection (i.p.) dose of 250mg/kg body weight per mice of the first 

group for a total of 14 days. The treatment was administered daily (7 days/week and single dose of 

250mg/kg weight). The treatment scheme for rigosertib in vivo experiments has already been published 

in detail by Gumireddy et al.406. Previously, the pharmacological safety profile of rigosertib was also 

determined in two standard toxicology animal studies using rats and dogs by Gumireddy et al403,506,507. 

As a vehicle control for the second group only the solvent PBS in a dose of 10ml/kg was applied. To 

determine the efficacy of rigosertib on neuroblastoma tumors, the parameters body weight and tumor 

volume were recorded twice a week (five times within two weeks). In addition, the parameter survival 

was recorded as well. At a tumor size of >1.5cm³, the experiment was terminated for the affected mouse 

(cause of death: tumor volume), as well as for both experimental groups overall on day 15 (cause of 

death: study end). At the end of the experiment, two snap-frozen tumor samples, one tumor sample for 

FFPE preparation and blood serum were collected per mouse. For the second test series administering 

rigosertib, a total of 10 NOG mice were subcutaneously engrafted with a high-risk non-MYCN-amplified 

neuroblastoma tumor (patient not enclosed in this thesis, internal no. CB1002; passage 7). The mice 

were 38 days old at the time of fragment engraftment and 63 days old at the time of treatment start. The 

treatment was applied in an i.p. dose of 250mg/kg body weight per mice of the first group for a total of 

14 days. The treatment was administered on five consecutive days followed by a two-day break (5 

days/weekend-off schedule and using a single dose of 250mg/kg weight). As a vehicle control for the 

second group only the solvent PBS in a dose of 10ml/kg was applied. The termination criteria applied 

were the same as in the first study. For a third test, a total of 18 NMRI nude mice were subcutaneously 

engrafted with a MYCN-amplified neuroblastoma cell line (IMR5/75). The implanted cell line is derived 

from the IMR-32 cell line which originates from an abdominal primary tumor of a 1Y1M old male 

patient, with a stage 4 disease (see Table 9 in appendix)508. The immundeficient NMRI nude female 

mice with subcutaneously engrafted neuroblastoma xenografts were randomized in two groups (n=8). 

Rigosertib sodium was applied in an i.p. dose of 250mg/kg body weight per mice of the first group for 

a total of 14 days. The treatment was administered on seven consecutive days (7 days/week schedule 

and using a single dose of 250mg/kg weight). As a vehicle control for the second group only the solvent 

PBS in a dose of 10ml/kg was applied. The termination criteria applied were the same as in the first 

study. In vivo rigosertib efficacy testing using PDX mice models was performed in cooperation with 

EPO Berlin-Buch GmbH. 

 General cell culture methods 

2.4.1 Culturing of cells 

Neuroblastoma cell lines were cultured in RPMI 1640 or Dulbecco's Modified Eagle Medium (DMEM) 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS 

Superior; Merck Millipore, Burlington, MA, USA), 1% penicillin (100U/ml) and 1% streptomycin 
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(100μg/ml; P/S; Thermo Fischer Scientific) at 37°C and 5% CO2. Cells were grown on cell culture 

dishes or flasks (Costar™, Corning, Inc., Corning, NY, USA or CELLSTAR®, Greiner Bio-One 

International, Kremsmünster, Austria). Cell culture media and additives used in this thesis are listed in 

appendix Table 10. Cells were controlled every day for growth and for contaminations via transmitted 

light microscopy using Axio Vert.A1. with 5x and 40x objective lenses and supported by Zen 2.3 lite 

software (Carl Zeiss AG, Oberkochen, Germany; see in detail 2.4.2). Cell maintenance was preserved 

via separation of the cell population in a ratio of 1:2 to 1:15 at approximately 80% confluence depending 

on cell line for at least twice a week. For the performance of in vitro experiments, cell lines were cultured 

for no more than 18 passages. Cells were seeded in different numbers depending on their growth rate 

and size (see Table 22 in appendix). Cryopreservation of cells was performed in FCS Superior 

containing 10% (v/v) DMSO (dimethyl sulfoxide; Sigma-Aldrich, St.Louis, MO, USA) at -196°C to          

-80°C. 

2.4.2 Visualization of cell morphology with transmitted light microscopy  

Cells were controlled every day via transmitted light microscopy using the ZEISS Axio Vert.A1. To 

assess GFP (green fluorescent protein) emission of manipulated cells, the GFP filter was used in addition 

(EX BP 470/40, BS FT 495, EM BP 525/50). Within inhibitor experiments, every 0th and 3rd day pictures 

of the cultures were taken with Zen 2012 1.1.0.0 (blue edition) software adjusted to 5x and 20x objective 

lenses. Cells treated within the ASPM project were controlled every 4th and 10rd day and pictures of the 

cultures were taken adjusted to 5x, 10x, 20x and 40x objective lenses. Pictures were saved as Carl Zeiss 

Image .czi and as Tagged Image Files .tif. 

2.4.3 Harvesting of cell material 

From adherent cells, the media was discarded and the plate was washed once with sterile 1x PBS (see 

buffer recipes 10.5.1). Trypsin-EDTA (0.05%; Thermo Fischer Scientific) or Accutase® solution (in 

preparation for flow cytometry; Sigma-Aldrich) was added for cell dissociation and incubated on the 

plate for 3-5min at 37°C and 5% CO2. The proteolytic and metal chelation process was stopped adding 

RPMI 1640 or DMEM containing FCS, using an amount of media 3 times the media of the trypsin-

EDTA/Accutase® solution volume applied before. The cells were collected in a 15 or 50ml Falcon™ 

tube (Corning, Inc.) and centrifuged in a Centrifuge 5424 R (Eppendorf AG, Hamburg, Germany) at 

1195rpm for 5min. If the cell pellet was used for DNA isolation or culturing afterwards, cells were 

centrifuged at RT (room temperature, ~22°C). If a downstream application was RNA isolation, protein 

lysis or native freeze storage, the cells were centrifuged at 4°C. After centrifugation, the medium 

supernatant was discarded and the pellet was solved in either fresh media for re-cultivation, in 

corresponding lysis buffer for cell component isolation or was washed twice with 1x PBS and was stored 

natively at -80°C for later applications.  
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2.4.4 Assessment of cell numbers 

Cells were counted using the TC20™ Automated Cell Counter and related dual-chamber counting slides 

(Bio-Rad Laboratories, Inc., Hercules, CA, USA) following manufacturer instructions. To determine 

live cell counts, 0.4% trypan blue solution (Thermo Fischer Scientific) was added in a 1:1 ratio to cell 

suspension prior to cell counting.  

 Cell biology methods 

2.5.1 Seeding a defined number of cells into 96-, 12-, 6-well or 10, 15cm cell culture 

plates 

For seeding of cells, a defined number of cells was added to a volume of cell culture media suitable for 

the intended well size. 
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The cell numbers were adjusted to not exceed 70-80% confluency (visual judgement) of the well surface 

at the end/read-out time point of the planned assay. Therefore, cells from the same cell line to be used 

in the intended assay were pre-seeded in different cell numbers without treatment to determine the 

correct number of cells for this well size/assay509,510. Cells were controlled every day for growth and 

pictures were taken via transmitted light microscopy using the Axio Vert.A1. (see 2.4.2). Estimated cell 

numbers for different cell culture plates and assay durations are listed in Table 22 in the appendix. For 

seeding, the medium with the added, defined number of cells for this assay was vigorously vortexed and 

a defined volume was applied into each well of the plate using the slowest level of a Multipette® 

Xstream (Eppendorf AG). In general, these volume quantities were used for cell seeding: 100-200µl for 

96-well, 1-2ml for 12-well, 1-4ml for 6-well, 10-15ml for 10cm plates and 20-25ml for 15cm plates. 

Precise information for each individual assay is noted in the respective sections, as are planned media 

changes within the assays. The edges of a 96-well plate were always filled with 200µl 1x PBS to avoid 

edge effects with assay detection and drying out of cells. 

2.5.2 Serum starvation and cell density 

For serum starvation experiments at defined cell density, NGP, GI-ME-N and LAN-5 cells were grown 

with RPMI 1640 medium containing 1% penicillin/streptomycin and supplemented with either 10% or 

2% FCS. Previously of a qPCR analysis, the cells were seeded in a 6-well plate format (CELLSTAR®), 

at a density of either 2x104 cells/well, 1x105 cells/well or 1x106 cells/well using the 10% FCS RPMI 

1640 medium and at a density of 4x104 cells/well, 3x105 cells/well or 2x106 cells/well using the 2% FCS 
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RPMI 1640 medium. This was done to obtain different confluence levels, considering as well the 

different doubling times at different serum levels. Cells were incubated for four days at 37°C and 5% 

CO2 and were photographed afterwards using a Axio Vert.A1. microscope, see 2.4.2 for details. 

Afterwards, cells were harvested for qPCR analysis (see 2.6.35) of ASPM expression. For Cell 

Proliferation ELISA BrdU assays (enzyme-linked immunosorbent assay, 5-BrdU, 5-Bromo-1-(2-deoxy-

β- D -ribofuranosyl)uracil) neuroblastoma cells were seeded at different confluencies of either 6.25x102 

cells/well, 2.5x104 cells/well or 1x105 cells/well using the 10% FCS RPMI 1640 medium and 1.25x104 

cells/well, 5x104 cells/well or 2x105 cells/well using the 2% FCS RPMI 1640 medium in a 96-well plate. 

The cells were cultured for four days before performing the ELISA BrdU assays (see 2.5.14 for method).  

2.5.3 Manual or automated monotherapy treatment of cells with single pharmaceutical 

substances 

For treatment of cells with a BET-inhibitor, (+)-JQ1 and OTX015 were ordered at Selleckchem 

(Houston, TX, USA); TEN-010 was kindly provided by Hoffmann-La Roche. For PLK1/PI3K 

inhibition, rigosertib and volasertib were ordered at Selleckchem, and the PI3K inhibitor alpelisib was 

ordered at Hycultec GmbH, Beutelsbach, Germany. (+)-JQ1, OTX015, volasertib and alpelisib were 

solved in DMSO, whereas TEN-010 and rigosertib were solved in ddH2O. The respective 

pharmaceutical substance or the powder was dissolved in a sterile volume of ddH2O or DMSO under 

sterile conditions at RT. The mass [mg], molecular weight MW [gM] and desired concentration [mM] 

was taken into account for the volume [ml] in which the agent was dissolved, as specified by the 

manufacturer: 

���� [��]

������������� [��] × ��������� ����ℎ� [�/���]
= ������ [��] 

The stock solution thus produced was aliquoted in small portions and frozen at -80°C. The cells to be 

tested were seeded the previous day before treatment and incubated at 37°C and 5% CO2. For inhibitor 

application on the cells, either a manual “by hand” treatment was performed or a device supported, 

automated method (see below). A panel of cell lines was treated using different BET inhibitors TEN-

010 (n=16), JQ1 (n=14) and OTX015 (n=14). In order to obtain an overview of the substance effect on 

the cells to the range of different concentrations, the cells were treated with an end concentration per 

well from 0nM – 50,000 or 100,000nM. Calculation of the concentration of a pharmaceutical agent 

within media was done using the formula: 

����� ������ [��] × ����� ������������� [��]

= ����� ������ [��] × ����� ������������� [��] 
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For 96-well BET inhibitor experiments, every concentration was tested in at least three technical 

replicates (three wells) up to six technical replicates (six wells). The medium used was applied as a 

background control in 3-6 technical replicate wells. If the substance was dissolved in DMSO, a DMSO 

control was also applied in 3-6 technical replicate wells, which corresponded to the highest DMSO 

concentration used within the highest treatment concentration. This resulted in a test of approximately 

10-18 different concentrations of the substance. Care was taken to ensure that high concentrations were 

not located next to low concentrations in order to prevent the signals from other wells from spilling over 

within readout assays. For manual treatment application, the media was aspirated very carefully. A 

volume of 100-200µl media with the respective end concentration of the substance per well was added 

to the cells slowly. In order to automate the in vitro treatment, the PLK1/PI3K inhibitors were 

administered to the cells using an electronically fluid dispenser system. The PLK1 and PI3K inhibitors 

volasertib (n=5), apelisib (n=5) and rigosertib (n=15) were applied to different cell lines using the Tecan 

HP Digital Dispenser D300E supported with D300eControl Tecan version 3.2.5 software (both Tecan 

Group AG, Männedorf, Switzerland). The cells were administered with an end concentration per well 

from 0nM - 100,000nM in a logarithmic scale. If the agent was dissolved in ddH2O, Tween 20 was 

added with an end concentration of 0.3%, to create a greater viscosity of the solution which is necessary 

for dispensing. For PLK1/PI3K inhibitor application on 96-well experiments, every concentration was 

tested in at least three technical replicates (three wells) up to six technical replicates (six wells). A 

substance to be dispensed was created as an entry in the dispenser software with the parameters: Name 

of the fluid, class (DMSO-based or aqueous + Tween 20), concentration (of the stock in mM) and 

dispense by concentration and no priority of dispense order. Furthermore, the volume was set to an 

additional/starting volume of 100µl (seeded cells in media), a DMSO limit of 1% and a normalization 

of DMSO or ddH2O with 0.3% Tween 20 to the highest volume of inhibitor was used. For starting the 

dispensing process, Digital Dispenser D300E D4+ or T8+ dispense heads cassettes were loaded with 

the pharmaceutical agent (fluids) or DMSO/Tween 20 as solvent controls (normalization fluids). The 

dispensing process was carried out as described by the manufacturers. Tecan HP D300 digital dispenser 

files were saved as .tdd data. Subsequently, the cells were incubated with the substance for three days 

at 37°C and 5% CO2. Afterwards conducted cell culture readout methods or assays provide a means of 

quantitatively analyzing the change of presence, amount, or functional activity of a cell, reacting to a 

treatment. Readout was performed with CellTiter-Glo® Luminescent Cell Viability Assay or Cell 

Proliferation ELISA, BrdU assay (see method 2.5.13 or 2.5.14). For other readout assays, which were 

qPCR (2.6.35), Western blot (2.7.1) or analysis of apoptosis by flow cytometry (2.5.20), cells were 

seeded in a bigger scale (2.5.1) in 12- or 6-well plates and treated manually as explained in this section.  

 

 



Methods: 2.5 Cell biology methods 

66 
 

2.5.4 Automated, combinatorial treatment of cells with two pharmaceutical substances  

Neuroblastoma and fibroblast cells were seeded (2.5.1) in 96-well white plates a day before treatment. 

The next day, the cells were treated using the Tecan Digital Dispenser D300E (see technique 2.5.3). The 

cells were administered with a “therapy combination” of two substances. Combination experiments were 

performed in two MYCN-amplified (CHP-134, IMR5/75), two non-MYCN-amplified (SK-N-AS, GI-

ME-N) neuroblastoma or fibroblast cells (VH7). The BET inhibitor OTX015 and the PLK1 inhibitor 

volasertib were combined in non-constant ratios using a checkerboard titration pattern over 2 plates of 

96-wells. Therefore, the following concentrations of the treatments were applied to the cells: IMR5/75 

and CHP-134: OTX015: 5, 10, 25, 50, 100, 250, 500, 1000nM; volasertib: 1, 2.5, 5, 7.5, 10, 15, 50nM; 

SK-N-AS and GI-ME-N: OTX015: 5, 25, 50, 125, 500, 1250, 2500, 6250nM; volasertib: 2.5, 5, 7.5, 10, 

15, 20, 50nM. To identify suitable concentration ranges, dose response curves for the respective 

chemotherapeutic agents were assessed for each cell line (IMR5/75, CHP-134, SK-N-AS and GI-ME-

N) beforehand. Afterwards, the cells were incubated with the substance(s) for three days at 37°C and 

5% CO2, followed by a readout of the cell viability (see 2.5.13). The results were later evaluated with 

SynergyFinder511 (CRAN) (see 2.10.3). 

2.5.5 Treatment of neuroblastoma cells with all-trans-retinoic acid 

All-trans retinoic acid (ATRA) and 13-cis-RA treatment has been shown to cause arrest of cell growth 

and induction of differentiation of neuroblastoma cells512. A treatment with ATRA was administered 

alongside a treatment of NGP cells with siRNA (see 2.5.7) in additionally seeded cells. This control 

experiment can determine whether cells are capable of undergoing differentiation and if the 

differentiation can not only be attributed to side effects of the siRNA treatment. The neuroblastoma cell 

line NGP was seeded in 10cm plates (Corning, Inc.; 6x105 cells/plate; in preparation for qPCR) or on 

cover slips in 6-well plates (Corning, Inc.; 5.4x104 cells/well; in preparation for immunofluorescence). 

After one day of incubation at 37°C and 5% CO2, cells were treated with 1µM or 2µM ATRA (Sigma-

Aldrich) by adding respective ATRA to the media. DMSO was applied as a control treatment. ATRA 

treatment was pulsed every 4th day after initiation of the experiment. After 4 and 10 days, cells were 

harvested utilizing Trypsin/EDTA (see 2.4.3). Cell material was analyzed for detection of MAP2, 

TUBB3 and DCX mRNA expression, applying qPCR (2.6.35). Furthermore, cells were prepared for 

analysis of  MAP2 and ßIII-TUBULIN using immunofluorescence (see section 2.5.22). 

2.5.6 Depolymerizing microtubules and synchronizing NGP ASPM-FPN-sgRNA87 

neuroblastoma cells by usage of nocodazole  

Nocodazole, a synthetic compound, binds to free ß-tubulin dimers and preventing them from 

incorporation in microtubules, which are induced to depolymerize513,514. Cells which were treated with 

nocodazole arrest in G2/M-phase of mitosis and cannot form metaphase spindles515. Neuroblastoma 
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NGP cells and related NGP CRISPR/Cas9 ASPM 3x FLAG knockin clones (NGP ASPM-FPN) were 

treated with nocodazole to induce a cell cycle arrest for cell synchronization516 and the accumulation of 

the ASPM protein441. NGP and NGP ASPM-FPN-sgRNA87 cell clones no. #1 and #7 were seeded in 

10cm plates (Corning, Inc.; 6x105 cells/plate; in preparation for qPCR or Western blotting) or on cover 

slips placed in 6-well plates (Corning, Inc.; 5.4x104 cells/well; in preparation for immunofluorescence). 

For NGP cells, RPMI 1640 media supplemented with 10% FCS and 1% P/S was applied to the cells, 

for NGP-ASPM-FPN cells, 800µg/ml G418 for maintaining the selection pressure was further added to 

the media. After one day of incubation at 37°C and 5% CO2, cells were treated with 20ng/ml, 30ng/ml 

or 50ng/ml nocodazole (0.25mg/ml stock; Sigma-Aldrich) by adding the respective nocodazole 

concentration to the cells. DMSO was applied as a control treatment. After 20h, cells were harvested in 

case of downstream qPCR or Western blot assays (see 2.4.3). The cell material was analyzed for 

detection of ASPM, CCNB1 and CDK1 mRNA expression, applying qPCR (2.6.35). Furthermore, 

ASPM-FLAG protein detection was performed with Western blotting (2.7.2). For simultaneous 

treatment of NGP and NGP ASPM-FPN cells with nocodazole and siASPM, cells were seeded and 

treated for siASPM using fast forward transfection method first (2.5.7). Three days after siASPM 

transfection, the cells were additionally treated with nocodazole as stated above and cells were harvested 

(2.4.3) four days after siASPM transfection/20h after nocodazole treatment. Subsequently, cell material 

was analyzed for detection of ASPM-FLAG protein with Western blotting (2.7.2) and 

immunofluorescence (2.5.22). 

2.5.7 SiRNA mediated knockdown of ASPM: Fast-forward transfection of cells with 

siRNA 

A siRNA is a 20-25bp long double-stranded non-coding RNA molecule, and is processed within the 

cellular RNA interference pathway. It interferes with the expression of a selected gene to be 

downregulated with its complementary nucleotide sequence. The mRNA of the selected gene will be 

degraded after transcription, preventing the translation to a protein517. The transfection of siRNAs is 

only transient and is not stable integrated into the genome. However, the high copy number of the 

transfected siRNA leads to a high knockdown efficacy of the mRNA of the selected target gene518. The 

siRNAs used in this work were designed according to specific structural rules and ordered as 

oligonucleotides (see for design molecular biology methods 2.6.20). Transfection of cells with siRNA 

was performed as fast-forward protocol, the transfection of the cells was performed shortly after the 

seeding procedure. Neuroblastoma or fibroblast cells were harvested and seeded in 96-well plates (clear 

plates from CELLSTAR®; if an ELISA assay was performed afterwards or white plates from Costar™; 

if CellTiter-Glo® Luminescent Cell Viability Assay was performed afterwards) or 6-well plates (from 

CELLSTAR®; if qPCR, Western blot or immunofluorescence staining was performed afterwards). 

RPMI 1640 or DMEM supplemented with 10% FCS and 1% P/S was used for this assay as standard 

seeding media. Afterwards, siRNA mixture was prepared in a precise order and all substances used were 
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pre-warmed to RT before. Transfection mixture of a 96-well plate was as follows: 0.2µl/well siRNA 

(stock concentration 20µM, end concentration 40nM) is added carefully into 20µl/well Opti-MEM™ 

(Thermo Fischer Scientific). To increase the cellular uptake of the siRNA, 0.2µl/well Lipofectamine 

RNAiMax (Thermo Fischer Scientific) is added slowly into the mixture. Subsequently, the reaction tube 

is inverted about 5 times and the transfection mixture is incubated at RT for 15min. After incubation, 

20µl/well of the transfection solution dropped into a well and mixed thoroughly together with the pre-

plated cell suspension. For transfection of a 12-well or 6-well plate, 200µl/well Opti-MEM™, 2µl/well 

siRNA and 2µl/well Lipofectamine RNAiMax are applied. The treated cells were incubated with siRNA 

at 37°C and 5% CO2. Through the whole procedure, a random scrambled siRNA was carried which was 

used as negative control for normalization (see siRNA sequences in appendix Table 24). Four days after 

siRNA transfection, functional down-stream assays are performed (e.g. cell harvest for assessment of 

ASPM expression using qPCR; see 2.4.3 and 2.6.35).  

2.5.8 ShRNA mediated knockdown of ASPM: Production of shASPM lentiviral particles 

from transfection of HEK293T cells 

A shRNA is a double-stranded RNA with a hairpin turn (about 9 nucleotides long loop), and is used to 

silence the expression of target genes via the RNA interference pathway519. In contrast to synthetic 

siRNA (see 2.5.7 and 2.6.20), which is applied directly and manually to a cell culture, shRNA is a 

precursor which is intercellularly expressed from a viral vector and is subsequently processed in the 

cytoplasm to siRNA520. For achievement of a stable shRNA integration into the human host genome, 

the shRNA construct was brought in lentiviral particles, which transduced human cells for shRNA 

expression. Lentiviruses were generated using a highly transfectable HEK293T cell line as host / 

intermediate host, which were transfected which a mixture of plasmids (“2nd generation system”) 

containing the shRNA target vector, a virus packaging vector (psPAX2) and a virus envelope vector 

(pMD2.G)520. Generated lentiviral particles in the supernatant of HEK293T cells were then used to 

transduce neuroblastoma cells, which started to express shRNA after genomic integration. The vector 

plasmids used in this work were cloned in advance of the transfection of the HEK293T cells (see for 

vector cloning: molecular biology methods 2.6.21). Transfection of HEK293T cells with shASPM target 

vector, envelope and packaging vector was performed applying the calcium phosphate co-precipitation 

method521–523. HEK293T cells were seeded to a confluence of 7.5x106 cells in a T75 cell culture flask 

(75cm²) using DMEM supplemented with 10% FCS 18-24h before transfection. Transfection procedure 

was started one day after cell seeding. Buffers used for transfection were always prepared fresh, 

sterilized twice using 0.22µM cellulose acetate filters (Carl Roth GmbH + Co. KG, Karlsruhe) and were 

not frozen (see 10.5.5, Buffers and solutions recipes). Plasmid DNA amount was diluted to a total of 

40µg concentration using 2.5mM HEPES (Sigma-Aldrich) to a total volume of 540µl in a 1.5 reaction 

tube, resulting in a 1:1:2 plasmid mixture (20µg pLKO.1_shASPM_Puro-T2A-GFP target plasmid 
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including shASPM or shScramble, 10µg pMD2.G envelope plasmid and 10µg psPAX2 packaging 

plasmid). See plasmid used in Table 26 in the appendix section. A volume of 60µl CaCl2 solution was 

added to the plasmid mixture then. The plasmid DNA/HEPES/CaCl2 solution was transferred carefully 

and drop-wise into a 15ml Falcon™ tube filled with 600µl of 2x HeBS (HEPES-buffered saline) buffer 

while the Falcon™ tube was virgously vortexed. Afterwards, the solution was incubated on the bench 

top at RT for 30min. Old DMEM media was removed from HEK293T cells and 12ml transfection 

DMEM media (including 25µM chloroquine, see recipe 10.5.5) was added to the cells. The calcium 

phosphate DNA solution was administered to the HEK293T cells slowly and drop by drop. The calcium 

phosphate DNA solution was further distributed very carefully by tilting the cell culture flask from site 

to site. The flask was incubated at 37°C and 5% CO2 for 16h to avoid double transfections of HEK293T 

cells. The next day, transfection media was removed carefully from HEK293T cells and cells were 

washed once with 5ml 1xHeBS buffer. To wash out the plasmids, 2ml glycerol solution was added to 

the cell culture flask and was incubated for exactly 2min. Afterwards, the cells were washed once again 

with 5ml 1xHeBS buffer. Fresh DMEM growth media (12ml of DMEM supplemented with 10-20% 

FCS) was filled into the cell culture flasks and HEK293T cells were incubated at 37°C and 5% CO2 for 

another 24h. The next day, HEK293T were checked for a GFP expression by fluorescence microscopy 

using Axio Vert.A1. (see 2.4.2). If ≥70% of cells display a GFP expression estimated by eye, the 

transfection was considered successful. The supernatant DMEM media was collected from HEK293T 

cells and filled into pre-cooled 15ml Falcon™ tubes. Virus containing supernatant was filtered with 

0.45µM cellulose acetate filters to remove floating HEK293T cells and debris. The tube was further 

kept on ice for the whole procedure. To concentrate the virus, supernatant was filled into Amicon® 

Ultra-15, PLHK Ultracel-PL Membran tubes (Merck Millipore) and centrifuged at 3,000xg using breaks 

and 4°C for 30min. The flow-through was discarded and the virus concentrate in the residue was 

aliquoted and frozen to -80°C immediately. Remaining HEK293T cells were harvested (see 2.4.3) and 

analyzed for expression rate of GFP using flow cytometry (2.5.17). 

2.5.9 ShRNA mediated knockdown of ASPM: Titration of functional lentiviral titer 

The virus concentrate obtained was first tested for the ability to transduce neuroblastoma cells. For this 

purpose, HEK293T cells and NGP neuroblastoma cells were transducted (see transduction protocol in 

2.5.10) using the shASPM lentiviral concentrate (produced in 2.5.8). In preparation for assessment of 

transduction efficacy, HEK293T/neuroblastoma cells were seeded into a 96-well (Costar™) or 12-well 

(CELLSTAR®) cell culture plate containing DMEM (HEK293T cells) or RPMI 1640 (neuroblastoma 

cells) supplemented with 10%FCS (see section 2.5.1). After one day, the cells were transducted with a 

titration of virus concentrate in a dilution series format. For that, 3-5x 96-wells or 2x 12-wells were 

treated with one virus concentrate in different a ranges of 0.1µl – 10µl. The concentrate from each virus 

was tested individually. After one day of incubation, the media was replaced. The day after, the cell 

culture media was replaced with fresh RPMI 1640 supplemented with 10% FCS, 1% P/S and puromycin 
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dihydrochloride (Sigma-Aldrich; stock 10mg/ml) as selection antibiotics (see for concentration Table 

10 in appendix; estimated by a antibiotic kill curve524 beforehand). Subsequently, the media was 

replaced daily. Three days after starting the selection antibiotics treatment, the transduction efficacy was 

measured by applying at least one of these methods: 1) live and dead cells were counted in supernatant 

media and from attached cells to the well (after trypsinization), 2) cells were checked visually for a GFP 

expression signal using fluorescence microscopy (see method 2.4.2; for cells which were transducted 

with pLKO.1_shASPM_Puro-T2A-GFP target plasmid, see for details appendix Table 26), 3) 

supernatant media was collected, cells attached to plate were harvested (2.4.3), pooled with the 

supernatant and cells were analyzed for expression of GFP using flow cytometry (see section 2.5.17, 

only for 12-well plates; for cells which were transducted with pLKO.1_shASPM_Puro-T2A-GFP target 

plasmid, see for details appendix Table 26) or 4) the cell viability was detected using CellTiter-Glo® 

assay (see section 2.5.13, only for 96-well plates). For exact determination of the number of lentiviral 

particles needed to infect a certain number of neuroblastoma cells, the calculation of the multiplicity of 

infection (MOI) is required. The MOI is a parameter that predict viral infectivity in a population of target 

cells. An infectious unit refers to the smallest amount of virus capable of producing an infection in a 

susceptible cell525. The titer of lentiviral particles of the original suspension is usually given as 

transduction units (TU) per milliliter of the preparation526. To assess the MOI for transfection of 

neuroblastoma cells, the target cell line (NGP) was seeded in 12-well (CELLSTAR®) cell culture plates 

and transducted with the shASPM viral particels as explained above. Three days after transduction, the 

media was discarded and cells attached to the plate were stained with 1% crystal violet applying the 2D 

colony formation assay protocol (2.5.11). Viral titer was assessed by counting all stained colonies in 

each well and the MOI was calculated using the formula: 

 ������ �� ����� ����������� [��] � (�������� ����)
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Based on the results, a virus concentration with the highest transduction rate was determined and a MOI 

of 1 per 1 neuroblastoma cell was used for further experiments with this virus preparation. 

2.5.10 ShRNA mediated knockdown of ASPM: Lentiviral transduction of neuroblastoma 

cells with virus containing shASPM 

Neuroblastoma NGP cells were seeded in 12-well plates (CELLSTAR®, see cell counts applied in 

appendix Table 22) using RPMI 1640 supplemented with 10% FCS, 1% MEM non-essential amino acid 

solution (Biozym Scientific GmbH, Hessisch Oldendorf, Germany) and 1%L-Glutamine (200mM; 

Thermo Fischer Scientific). The cells then were incubated at 37°C and 5% CO2 for 24h. The next day, 

viral concentrate was slowly thaw on ice from -80°C, using one aliquot per transduction and left-overs 

were discarded afterwards. The virion concentrate was then allowed to adjust to RT. For transduction, 
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the virus (volume used depending on MOI, see 2.5.9) was mixed with 1ml RPMI 1640 media and 1.6µl 

polybrene per well (hexadimethrine bromide; Sigma-Aldrich; for concentration see Table 10 in 

appendix). Polybrene is used to neutralize the charge repulsion between the viral particles and sialic acid 

on the surface of the cell527, therefore increasing the transduction efficacy. The virus/media/polybrene 

solution was mixed by inverting, the old RPMI 1640 media was removed from target cells and 1ml virus 

containing RPMI 1640 media was added per well. The cells then were incubated with the virus at 37°C 

and 5% CO2 for 18-24h. Next day, the virus media was discarded and replaced with fresh RPMI 1640 

supplemented with 10%FCS, 1%MEM (non-essential amino acid solution). Four days after viral 

transduction, functional assays were performed directly (e.g. cell harvest for assessment of ASPM 

expression using qPCR; see 2.6.35) or cell lines with a stable ASPM suppression were generated. To 

obtain a stable shRNA cell line, media was replaced with fresh RPMI 1640 supplemented with 10%FCS, 

1%P/S and puromycin (see 2.5.9 for explanation).  

2.5.11 Clonogenic 2D assay with crystal violet staining 

Clonogenic assay or colony formation assay is a cell survival assay based on the ability of one cell to 

grow into a colony528. A colony is defined to consist of a minimum of 50 cells529. The clonogenic assay 

enables an evaluation of the variations in reproductive viability (capacity of cells to generate progeny) 

e.g. after chemotherapeutic treatment. Only a fraction of seeded cells, which did not die due to the 

treatment, retains the capability to produce colonies. To perform a clonogenic assay, neuroblastoma 

cells (IMR5/75, CHP-134, SK-N-AS, GI-ME-N and NGP) were harvested (2.4.3) and seeded (2.5.1) in 

RPMI 1640 (supplemented with 10%FCS and 1%P/S) in clear 6-well plates in case of rigosertib 

treatment or in 12-well plates (both CELLSTAR®) in case of viral transduction a day before treatment. 

Cells were seeded (see cell counts in appendix Table 22), and variations thereof were IMR5/75 (5x103 

cells/well), SK-N-AS (1x104 cells/well) and GI-ME-N (1x104 cells/well). Next day, the cells were 

treated using rigosertib or viral shASPM particles by media change with RPMI 1640 media containing 

the inhibitor/virus. See for viral transduction 2.5.10. For rigosertib treatment, the cells were administered 

with the respective EC amount (effective concentration) EC10, EC20, EC30, EC40 and EC50 

concentration for each cell line, which was determined beforehand using CellTiter-Glo® Luminescent 

Cell Viability Assay (2.5.13). Afterwards, the cells were incubated for 7 days at 37°C and 5%CO2 and 

confluency was checked every day with transmitted light microscopy (see 2.4.2). After a week, the 

media was aspirated very carefully and cells were washed once with 1x PBS. In the following, the cells 

were fixed at RT with 4% paraformaldehyde (PFA)/PBS for 15 min. PFA was then discarded and cells 

were washed once with 1x PBS. To stain the cells, 2ml of a 1% crystal violet solution is applied to the 

wells and incubated at RT for 20min. Subsequently, the crystal violet solution was discarded and the 

cells are washed three times with 1ml dH2O. The plates were then air-dried under a fume hood. Recipes 

for the buffers and solutions used are described in section 10.5.4. Pictures of the whole cell culture plate 
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was taken with computer Apple iMac 7,1 (Apple Inc., Cupertino, CA, USA) and scanner Epson 

Perfection V700 Photo (Seiko Epson K.K., Suwa, Prefecture Nagano, Japan). The scanning was done 

with the software Epson Scan Version 5.1.1f2 (Seiko Epson K.K.). These parameters were applied for 

scanning: doc type: film, film type: positive film, 1200 dpi resolution, 24-bit color depth and unsharp 

mask. The pictures were saved with the program in .tiff format.  

2.5.12 Wound healing assay 

The wound healing assay was used for the investigation of cell migration and cell-cell interaction under 

a pharmaceutical treatment. After induction of a wound in the surface monolayer of adherent cells, the 

generated gap closes by migration and proliferation of the cells into the gap area. Cell migration was 

visualized via microscopy and wound closure was measured530. To perform a wound healing assay, cell 

culture-inserts 2-well for self-insertion (ibidi GmbH, Martinsried, Germany) were sterilized in 70% 

ethanol (EtOH)/ddH2O for 1h, following autoclavation. Afterwards, the insert was placed in one well of 

a 12-well plate (CELLSTAR®), using sterile forceps (Dumostar, Fine Science Tools (FST) Group, 

North Vancouver, B.C., Canada). The area around the insert within the well was filled immediately with 

1ml media RPMI 1640 (with 10% FCS and 1% P/S), to prevent drying out of the insert. The 

neuroblastoma cell line IMR5/75 was harvested as described (2.4.3) and 1x104 cells were seeded within 

70µl media in per chamber of the insert. Cells within chambers were incubated at 37°C and 5% CO2 for 

24h. After appropriate cell attachment (after about 24 h) the insert was gently removed by using a sterile 

forceps and a first picture was taken with transmitted light microscopy operated with 5x objective lens 

(see 2.4.2 time point 0h). The medium was aspirated and either 1ml of standard media was applied as a 

control or rigosertib treatment was started with a concentration of 100nM in RPMI 1640 media. 

 

Figure 17: Analysis of wound healing assay using Image J.  
After cell attachment the ibidi insert is gently removed and pictures are taken with transmitted light microscopy 
every day. Using the tool polygone selections, the gap of the picture was selected and measured in pixels (applying 
analyze).  
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Cells within chambers were incubated again at 37°C and 5% CO2 and pictures from the wound closure 

were taken with a 5x magnification at 0h, 24h, 48h and 72h time points. For analysis, microscopy images 

were loaded as .jpg file into ImageJ version 1.8.0_112 (National Institutes of Health (NIH), Bethesda, 

MD, USA). Using the tool polygon selections, the whole area of the picture was selected and measured 

in pixels (applying analyze). Afterwards, the gaps of all pictures were measured in pixels for its area 

using the polygon selection tool manually. Area pixel values from ImageJ were converted into 

percentages, using setting the area of a whole picture as 100% filled (Figure 17). 

2.5.13 Cell Viability Assay (CellTiter-Glo Luminescent Assay) 

The CellTiter-Glo® Luminescent Cell Viability Assay (Promega Corporation) is based on cell lysis 

coupled with simultaneous ATP measurement by a luciferase reaction531. The relative luminescence of 

the reaction was measured and baseline correction was conducted with wells containing the control. 

ATP levels correlate with cell viability, why this assay is suitable to quantify the effect of a treatment 

(inhibitor, siRNA or shRNA) on the physiological status of cells532. CellTiter-Glo® Luminescent Cell 

Viability Assay was performed according to the manufacturer's instructions. In detail, cells were seeded 

in 96-well white plates (2.5.1, Costar™) to reduce over spilling of luminescence signals. The cells were 

either treated with pharmaceutical inhibitors (2.5.3 or 2.5.4) or siRNA or shRNA against ASPM (see 

section 2.5.7 or 2.5.10). After the respective treatment was performed, the cells were incubated at 37°C 

and 5% CO2 in inhibitor experiments for three days, and within the ASPM project for four or 10 days. 

Following the incubation time, the 96-well plate was equilibrated to RT for 30min. Subsequently, the 

CellTiter-Glo reagent was added with a Multipette® Xstream (Eppendorf AG) in 1:10 ratio to the final 

volume in a well. After application of the reagent, the plate was kept in a dark environment and covered 

in aluminum foil, and put on an orbital shaker for 2min with agitation speed of 180rpm. After another 

10min of incubation at RT, the luminescence was measured of the entire plate with a GloMax®-Multi+ 

Microplate Multimode Reader supported by GloMax-Multi+ Detection System with Instinct™ Software 

(both Promega Corporation). The method applied was CellTiter-Glo, luminescence, measurement per 

well in 0.5 s increments, reading whole 96-well plate, single well read mode, reading 1 and loop 1. 

Shortly before the measurement, the detector photomultiplier tube (PMT) was activated, and the 

luminescence was measured after activation. Raw data of the measurements were saved as .csv and .xml 

file and processed for dose response analyses (2.10.2 and 2.10.3). All assays were conducted using 3-6 

technical replicates each time.  

2.5.14 Colorimetric cell proliferation detection ELISA, BrdU  

The Cell Proliferation ELISA, BrdU (colorimetric) kit (Hoffmann-La Roche) was used for relative 

quantification of cell proliferation based on the measurement of BrdU incorporation during DNA 

replication in proliferating cells. Prior to the assay, neuroblastoma NGP  and GI-ME-N cells were seeded 

(see 2.5.1) on clear 96-well plates (CELLSTAR®) and treated with siRNA or shRNA viral particles 
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against ASPM (see section 2.5.7 and 2.5.10). Afterwards, the cells were incubated for four or 10 days at 

37°C and 5% CO2. Subsequently, BrdU labeling solution was added in a volume of 1:10 to the media 

volume and the plate was gently shaken and incubated at 37°C and 5% CO2 for 2h. In the following, the 

medium with the labeling solution was removed by flicking off and tapping, 200µl/well FixDenat 

solution (denaturation of DNA) was added to the cells and incubated at RT for 30min. The FixDenat 

was removed by flicking off and tapping, 100µl/well anti-BrdU-peroxidase (POD) working solution 

(binding to BrdU incorporated in DNA) was added and incubated at RT for 90min. The anti-BrdU-POD 

working solution was removed by flicking off and tapping and wells were rinsed three times with 

100µl/well washing solution. The washing solution was removed by flicking off and tapping and 

100ml/well substrate solution (TMB chromogen) was added and incubated at RT for 10min. Detection 

of signals was performed using photometric detection via absorbance at wavelength 370/492 nm with 

Epoch™ Microplate Spectrophotometer supported by Gen5™ Data Analysis Software version 2.04.11.0 

(both BioTek Instruments Inc., Winooski, VT, USA). Protocols were saved as Gen5 Protocol .prt file 

and measured assays were saved as Gen5 Experiment .xpt file. All assays were conducted using 5-6 

technical replicates each time.  

2.5.15 IncuCyte® Live-Cell Analysis Proliferation assay 

The proliferation of neuroblastoma cells and the effects of a treatment were investigated in detail with 

the help of live cell imaging. The advantage of longitudinal live cell imaging is that there is no temporal 

endpoint of the measurement as in biochemical detection methods (see 2.5.14) where a change in 

proliferation cannot be shown over time. It is also possible that the neuroblastoma cells continue to 

metabolize ATP (see 2.5.13) or incooperate BrdU (see 2.5.14) after treatment, but still have altered cell 

growth and morphology. To evaluate the long-term effects and the dynamics of ASPM siRNA treatment 

on neuroblastoma cell proliferation, the NGP cells were observed in live cell imaging. Neuroblastoma 

NGP cells were first seeded in clear 96-well plates (2.5.1, Costar™)  and treated with siRNA (see in 

detail 2.5.7). The plate was then left under the clean bench at RT for at least 15min to allow the cells to 

settle on the bottom. The cell plate was then carefully placed in the incubator of the analyzer and after 

another 30min placed in the IncuCyte® S3 Live-Cell Analysis System (no. of IncuCyte® device: 

10.43.144.105; Essen BioScience, Ann Arbor, MI, USA). The cells were then monitored with the 

following settings: scan on schedule, 4 images per well, phase contrast, no usage of fluorescence color1 

or color2, magnification of 10x, scan type adherent cell-by-cell, schedule with scans at intervals of 12h, 

scan indefinitely (until the experiment was manually terminated by the user; the plates were tracked 

from 96-324h). The first scan (time point 0h) was performed approximately 30min after the plate was 

placed in the IncuCyte® S3 Live-Cell Analysis System. Subsequently to the experiment, the images 

were evaluated with the program IncuCyte® version 2019B Rev2 (Essen BioScience). For this purpose, 

an analysis mask was created, which could analyze either the occupied image area or the cell confluence 

(basic analyzer) or the cell number per image (cell-by-cell analyzer; see Figure 18). Using the basic 
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analyzer, the expansion of the cells and the use of the available space can be observed, as well as whether 

the cells reach an ideal end point of approximately 90% cell confluence in the control treatment. In order 

to determine cell proliferation, the cell-by-cell analyzer is required to determine the exact cell number 

based on cell morphology (boundary, nucleus and cell-by-cell adherence). When establishing the 

respective analysis masks, representative images from a) all biological replicates, b) different treatments 

(scramble siRNA and siASPM) and c) different times (e.g. 24h, 76h) were selected as training set for 

the analysis software. Based on these images, the following mask definitions for the detection of NGP 

cells were manually defined: For the basic analyzer a segmentation adjustment of 0,8 was used, with a 

shift towards the background. Furthermore, a hole fill (µm²) of 100,00 and no adjustment of size (pixels; 

0) was used for the cleanup. As filter the cell area (µm²) was defined with a minimum of 400,00 and a 

cell eccentricity of at least 0,3 (see Figure 18 left panel). For the cell-by-cell analyzer, a cell boundary 

with a segmentation adjustment of 0,8 was used, with a shift towards the background. 

 

Figure 18: Basic and cell-by-cell analyzer masks for examination of cell proliferation in live cell analysis. 
Cell confluence and cell counts of neuroblastoma NGP cells was detected through an IncuCyte® Live-Cell 
Analysis System. Left panel: analysis of cell confluence using the basic analyzer. The yellow areas represent cell 
expansion. Right panel: analysis of cell proliferation using the cell-by-cell analyzer. The yellow outline represents 
the cell boundary, the magenta color represents the cell seed and the green lines represent cell-by-cell expansion. 
Each image shows one of the four images which were taken per 1x96-well. The NGP cells displayed were non-
treated.  
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Furthermore, a hole fill (µm²) of 450,00 and an adjustment of size of 1 pixel was utilized for the cleanup. 

The object seeding definition (cell nucleus definition) was performed with a cell detection sensitivity of 

1,6, which was in the high range. The cell contrast was set to 1, which was in the lowest possible range. 

The cell morphology was also adjusted to 1, which corresponded to a rather round cell morphology. For 

the definition of the cell-by-cell analysis, the filter of the cell area (µm²) was defined with a minimum 

of 100,00 and with a maximum of 1E+06. The eccentricity was set to a minimum of 0,3 and with a 

maximum of 1,0 (see Figure 18 right panel). Mask measurement data was saved as .xml files and images 

were exported as .png files. For each experiment, 6 technical replicates equally to 6 wells (taking 4 

images per well) per treatment were analyzed. Concerning the experimental duration of 0-96h, 7 

biological replicates and for 108-324h 1-5 biological replicates are examined with their respective 

median and range. If the basic analyzer was used previously, the occupied area or cell confluence was 

displayed in %, if the cell-by-cell analyzer was used, the cell counts per image was shown in graphical 

results. 

2.5.16 Colorimetric cell death detection ELISAPLUS 

The Cell Death Detection ELISAPLUS
 kit (Hoffmann-La Roche) was used for relative quantification of 

histone-complexed DNA fragments, which are released into the cytoplasm of cells after induction of 

apoptosis. The assay was carried out according to the manufacturers recommendations. To perform the 

assay, NGP neuroblastoma cells were seeded (see 2.5.1) and treated with siASPM (see 2.5.7) in clear 

96-well flat bottom plates (CELLSTAR®) and incubated for four or 10 days at 37°C and 5% CO2. On 

day four or 10, the plate was centrifuged for 10min at 200xg and the supernatant was removed carefully. 

Afterwards, the cell pellets were lysed in assay buffer and centrifuged again. In the following, 20µl of 

the supernatant was collected and transferred into a streptavidin-coated microplate. A volume of 80µl 

of the immunoreagent, containing anti-histone-biotin (biotin-labeled monoclonal antibody from mouse; 

clone H11-4) and anti-DNA-peroxidase (monoclonal antibody from mouse; clone MCA-33), was added 

to the wells. This mixture was incubated under shaking at 300rpm at RT for 2h. Subsequently, the wells 

were washed with incubation buffer and 100µl ABTS solution was added and developed on a plate 

shaker for 10min. The reaction was stopped by adding 100µl ABTS stop solution to each well. Detection 

of signals was performed using photometric detection via absorbance at wavelength 405/490nm with 

Epoch™ Microplate Spectrophotometer supported by Gen5™ Data Analysis Software version 

2.04.11.0. All assays were conducted using four technical replicates each time. 

2.5.17 Analysis of Green Fluorescent Protein expressing cells by flow cytometry 

The ability to transiently or steadily incorporate the GFP gene for an expressible fluorescent protein has 

become a critical method for the investigation of gene expression and protein localization533,534. The 

original wild type GFP derived from the coelenterate Aequeora victoria535. In this work, a flow 

cytometry-optimized enhanced green fluorescent protein (EGFP) expressed from shRNA lentiviral 
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transfer vectors (see Table 26 in appendix) was detected in HEK293T and neuroblastoma cell 

populations using flow cytometry536. For flow cytometry acquisition, a sample containing cells is 

suspended in a fluid, which is pressurized and then injected into a sheath liquid flow by the machine537. 

Instead of the term “cell” for a measured unit, the word “particle” is used as a general term for any of 

the objects flowing through a flow cytometer. The term “event” is used to indicate anything that has 

been interpreted by the instrument as a single particle538. Ideally, every particle of a suspension to be 

analyzed is passing a laser beam through a flow with one particle at a time. The light of the laser is 

scattered (forward scatter and side scatter) characteristic to the particles and their components. 

Furthermore, components of cells can be labeled with fluorescent markers beforehand which emit light 

when excited by a laser with the corresponding excitation wavelength539. Deflected or emitted light 

photons are detected, amplified and converted into an electric voltage signal540. For EGFP detection, the 

cells were transfected (HEK293T) or transducted (HEK293T and neuroblastoma cells) as described 

before (2.5.8 and 2.5.10). The cells were harvested using Accutase® solution (see 2.4.3). During the 

following procedure, the cells were kept cool. Cells were centrifuged within a 15ml Falcon™ tube at 

300xg at 4°C for 5min, supernatant was discarded and cell pellet was resolved in cold FACS buffer 

(fluorescence-activated cell sorting).  

 

Figure 19: Gating strategy of EGFP detection and DNA content using PI staining.  
Representative FACS dots plots displaying HEK293T cells without shASPM lentiviral vector transfection 
(transducted with non-EGFP control plasmid), harvested four days after experiment start. For an analysis of the 
cell cycle, all cells were first selected (total cells, without debris). The double cells (“doublets”) were then excluded 
within the next step. For assessment of EGFP positive cells and EGFP / PI double positive cells, the cell count was 
plotted over the area of EGFP (FITC channel) or PI (PE-CF594 channel). Non-transfected, on-transducted and 
unstained cells served as negative controls.  
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Afterwards, the cells were washed two times using cold FACS buffer. Subsequently, the sample was 

centrifuged at 300g and 4°C for 5min, the supernatant was discarded and the cells were resuspended in 

300µl FACS buffer. For DNA staining (see 2.5.18), aliquots of cells were administered with propidium 

iodide (PI, staining with 2x 4µg/ml in PBS; Sigma-Aldrich) and incubated at RT for 10min. Recipes for 

all buffers used are found in the supplement section 10.5.3. Samples were analyzed subsequently with 

a BD LSR Fortessa™ flow cytometer using BD FACSDiva™ Software v8.0.2 (both BD Biosciences). 

Analysis of EGFP expression and DNA staining with PI was performed utilizing forward scatter vs. side 

scatter, pulse area vs. pulse width, cell count vs. FITC (fluorescein isothiocyanate channel) and cell 

count vs. PI plots. The raw data from BD LSR Fortessa™ flow cytometer device was saved as .fcs file 

using the BD FACSDiva™ Software. The data was further processed using BD FACSDiva™ (see 

Figure 19 for gating) and saved as a .wsp file. The EGFP expression and DNA staining data was 

visualized with BD FACSDiva™. 

2.5.18 Analysis of cell cycle by DNA content using flow cytometry 

The cell cycle was evaluated by measurement of the cellular DNA content. During this procedure, a 

fluorescent dye that binds to DNA was incubated with the cell suspension. PI intercalates into double-

stranded nucleic acids. Since PI binds to DNA stoichiometrically, the amount of fluorescent signal is 

directly proportional to the amount of DNA541. The investigation of DNA content within cell cycle 

allows the detection of cell separation between G1, S, G2 and M phases542. Within the preparation, cells 

were fixed and permeabilized to allow PI to enter the cell and to prevent efflux of PI out of the cell. PI 

stains RNA as well in addition to DNA, so cells were treated with RNase to ensure only the DNA content 

is being estimated. General use of the flow cytometry technique is explained in more detail in section 

2.5.20. Cell cycle analysis by flow cytometry was used to determine whether different serum 

concentrations and cell densities have an impact on the cell cycle of NGP neuroblastoma cells. NGP 

cells were supplemented with either 10% or 2% FCS and in different cell densities as described before 

(2.5.2). Subsequently of the treatments, the cells were harvested using Accutase® solution (see 2.4.3). 

During the following procedure, the cells were kept cool. Cells were centrifuged at 270g at 4°C for 

5min, the supernatant was discarded and cell pellet was resolved in FACS buffer. Afterwards, the cells 

were centrifuged at 270 g at 4°C for 5min, the supernatant was discarded and the cell pellet was resolved 

in 300µl 0.15 M NaCl (Sigma-Aldrich). In the following, 700µl of -20° cold and absolute EtOH (99%; 

Sigma-Aldrich) was transferred carefully and drop-wise to the cell suspension in NaCl while the tube 

was vortexed virgously. The tube was then transferred to a -20°C freezer and incubated overnight in an 

upright position. The protocol continued within the next 7 days. Cells were thawed slowly on ice and 

washed twice with FACS buffer at 500g and 4°C for 5min each. Afterwards, the supernatant was 

discarded and the cells were resuspended in PI staining solution by adding 100µl per sample. The 

mixture was then incubated at 37°C and 5% CO2 for 30min. Subsequently, the sample was centrifuged 

at 500g and 4°C for 5min, the supernatant was discarded and the cells were resuspend in 300µl FACS 
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buffer. Recipes for all buffers used are found in the supplement section 10.5.3. Samples were analyzed 

subsequently with a BD LSR Fortessa™ flow cytometer using BD FACSDiva™ Software v8.0.2. 

Application of the BD LSR Fortessa™ flow cytometer measurements for cell cycle analysis after serum 

starvation was performed in cooperation with K. Ahrens (Charité)543,544. Analysis of cell cycle by DNA 

content was carried out including forward scatter vs. side scatter, pulse area vs. pulse width, and cell 

count vs. PI. The raw data from BD LSR Fortessa™ flow cytometer was saved as .fcs file using the BD 

FACSDiva™ Software and loaded into the FlowJo™ v10.6.1 software (FlowJo LLC Becton Dickinson, 

Ashland, OR, USA). The data was further processed using FlowJo (see Figure 20 for gating) and saved 

as a .wsp file. Phases of the cell cycle were determined with the automatic detection, if this was not 

possible (e.g. due to higher deviations of the peaks when applying a high dose of inhibitor), the 

assignment was made manually. In each case, the assignment of the cell cycle phases was checked and 

readjusted manually if necessary. The Watson Pragmatic algorithm545, was used to create a fit to cell 

cycle data based on DNA content. The Watson algorithm assumes that only the data within the G0/G1 

and G2/M peaks follow a Gaussian distribution and that one of those two peaks is identifiable546. Cell 

cycle analysis was conducted in one biological replica using three technical replicates each time. 

 

Figure 20: Gating strategy of cell cycle analysis by DNA content using PI.  
Representative flow cytometry dots plots and histograms displaying gating strategy of cell cycle analysis. In serum 
starvation experiments, NGP cells were grown to 70% cell confluence and supplemented with 10% FCS. Cells 
were harvested 48h after experiment start. For an analysis of the cell cycle, all cells were first selected (total cells). 
Afterwards, only single cells were selected for further cell cycle calculations (doublets were excluded). For cell 
cycle assessment, the cell count was plotted over the area of the PI dye. Unstained cells served as negative control. 
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2.5.19 Click-iT™ Plus EdU Alexa Fluor™ 647 flow cytometry analysis of cell proliferation 

EdU (5-ethynyl-2 ́-deoxyuridine) is an analogue to the nucleobase thymidine and is incorporated into 

DNA during DNA replication within the S-phase, allowing an estimation of cell proliferation through 

its detection. EdU incorporation is quantified by measuring fluorescence of chemically modified EdU. 

Using copper-catalyzed click chemistry, picolyl azide reacts with the ethynyl moiety of EdU to result in 

a fluorescent product. Applying the Click-iT Plus EdU Alexa Fluor™ 647 flow cytometry Assay 

(Thermo Fischer Scientific), the picolyl azide is coupled to an Alexa Fluor™ 647 dye, and fluorescence 

is measured at 647nm using flow cytometry547. In preparation for the Click-iT Assay, neuroblastoma 

NGP cells were seeded (see 2.5.1) and treated (see 2.5.7) with siASPM in clear 6-well flat bottom plates 

four days before. The Flow cytrometric assay was performed according to the manufacturers 

recommendations. NGP cells were labeled with EdU and incubated for 2h. After this time, the 

supernatant was collected. Cells were harvested using Accutase® solution (see 2.4.3), and the cells were 

pooled with the supernatant. The samples were centrifuged at 1195rpm for 5min and the cell pellet was 

washed with FACS Buffer.  

 

Figure 21: Gating strategy of EdU Alexa Fluor™ 647 and 7-AAD DNA staining using the Click-iT™ Plus Assay.  
Representative FACS dots plots displaying NGP cells treated with siScramble 1 and harvested four days after 
experiment start. For an analysis of EdU incorporation and proliferation, all cells were first selected (total cells, 
without debris). The double cells (“doublets”) were then excluded within the next step. For assessment of EdU 
positive cells and 7-AAD positive cells, EdU (APC (allophycocyanin) channel) was plotted over the area of              
7-AAD (PerCP-Cy5-5 channel). Non-siRNA transfected and unstained cells served as negative controls.  
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The cells were administered with Click-iT fixative containing 4% PFA in PBS for 15min and were 

washed with 1% BSA in PBS. Afterwards, saponin-based permeabilization and wash reagent was 

applied and incubated for 15min. The samples were centrifuged and the wash reagent was discarded. 

The cell pellet was solved in a cocktail of PBS, copper protectant as 100mM aqueous solution, Alexa 

Fluor™ 647 picolyl azide solved in DMSO and incubated for 30min. In the following, the cells were 

administered with wash reagent, centrifuged and the cell pellet was resuspended in 600µl wash reagent. 

For DNA staining, the cells were treated with 7-amino-actinomycin D (7-AAD; stock 1mg/ml in PBS; 

Sigma-Aldrich) due to the passage of 7-AAD into the nucleus where it binds to the DNA548. 7-AAD was 

incubated at RT for 10min. Recipes for all buffers used are found in the supplement section 10.5.3. 

Samples were analyzed subsequently with a BD LSR Fortessa™ flow cytometer using BD FACSDiva™ 

Software v8.0.2. Analysis of EdU incooperation and DNA staining with 7-AAD was performed using 

flow cytometry including forward scatter vs. side scatter, pulse area vs. pulse width, EdU vs. 7-AAD 

and EdU vs. forward scatter plots. The raw data from BD LSR Fortessa™ flow cytometer device was 

saved as a .fcs file using the BD FACSDiva™ Software. The data was further processed using BD 

FACSDiva™ Diva (see Figure 21 for gating) and saved as a .wsp file. The EdU incorporation and DNA 

staining with 7-AAD data was visualized with BD FACSDiva™. 

2.5.20 Analysis of apoptosis by flow cytometry 

The initiation of the programmed cell death after inhibitor application was detected using Flow 

cytometry. For identification of apoptosis signals after PLK1/PI3K inhibition, IMR5/75 neuroblastoma 

cells were treated with rigosertib using the relative IC50 (EC50): 33nM and IC80: 132nM for 24 and 

72h (2.5.3) and were harvested subsequently using Accutase® solution (see 2.4.3). Cell staining with 

FITC labeled annexin V and 7-AAD was conducted applying the Dead Cell Apoptosis Kit with Annexin 

V FITC and PI (Thermo Fisher Scientific Inc). Annexin V is an intracellular protein that binds to 

phosphatidylserine, which is part of the plasma membrane and dissociates during early apoptosis. In the 

outer layer, phosphatidylserines attaches to FITC-fluorochrome-labeled annexin V and stains the cell 

surface. Therefore, FITC-labeled annexin V can then be used to specifically target and identify apoptotic 

cells. The distinction between late apoptotic or secondary necrotic cells can be archived by further usage 

of PI staining549. Living or early apoptotic cells will not show PI signals, while late stage apoptotic cells 

will stain positively. The Dead Cell Apoptosis Kit with Annexin V FITC and PI was applied following 

the manufacturer’s instructions. Recipes for the buffers and solutions used are described in section 

10.5.3. Samples were analyzed subsequently with a BD LSR Fortessa™ flow cytometer using BD 

FACSDiva™ Software v8.0.2. Analysis of annexin V cell apoptosis and DNA staining with PI was 

performed using flow cytometry including forward scatter vs. side scatter, pulse area vs. pulse width, PI 

vs. FITC, cell count vs. PI and cell count vs. FITC plots. In addition, the overspillings of the two channels 

PI and FITC-annexin V were compensated for using the BD FACSDiva™ software. The raw data from 

BD LSR Fortessa™ flow cytometer was saved as a .fcs file using the BD FACSDiva™ Software and 
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loaded into the FlowJo™ v10.6.1 software. The data was further processed and visualized using 

FlowJo™ (see Figure 22 for gating) and saved as a .wsp file. Detection of cell apoptosis was conducted 

in one biological replica using three technical replicates. 

 

Figure 22: Gating strategy of FITC labeled annexin V cell apoptosis analysis combined with 7-AAD DNA staining.  
Representative flow cytometry dots plots displaying IMR5/75 cells without rigosertib treatment, harvested 24h 
after experiment start. For apoptosis analysis, all cells were first selected (total cells). The double cells (“doublets”) 
were then excluded. For apoptosis assessment, the PI DNA staining was drawn over the area of the FITC                 
annexin V dye. Unstained cells served as negative control.  

2.5.21 DNA fluorescence in situ hybridization  

Neuroblastoma cell lines were seeded (2.5.1) separately in a four chamber Nunc™ Lab-Tek™ II 

Chamber Slide™ system (Sigma-Aldrich) and cultured for at least 48h. Afterwards, the media was 

discarded and the plastic chambers were removed from the superfrost slides using a provided slide 

separator. The slides were washed once with 1x PBS and fixed in a 4% PFA (neoLab Migge GmbH, 

Heidelberg, Germany) for 10min. PFA was removed by immersing the slides once in 1x PBS and slides 

were air-dried in the following. The DNA FISH analysis was performed according to Theissen et al. 

200968, the recommendations of the European Neuroblastoma Quality Assessment group69 and the 

NB2004 trial protocol for Risk adapted Treatment of Children with Neuroblastoma70. For detection of 

a MYCN gene amplification, a DNA probe complementary to chr.2p24 (Vysis LSI N-MYC SG/CEP2 

SO, start at chr2:15,957,690, stop at chr2:16,163,618; Vysis, Abbott Laboratories, Chicago, IL, USA) 
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was used. As a reference, a CEP2 probe (Vysis, Abbott Laboratories) which binds a repetitive sequence 

in the centrosomal area of chromosome 2, was added. The FISH technique was performed in a dual-

color procedure following the manufacturers' instructions. Sections were covered using ProLong™ Gold 

Antifade Mountant (Thermo Fischer Scientific), including nuclear counterstaining with DAPI (4′,6-

diamidino-2-phenylindole) blue-fluorescent dsDNA binding dye. Fluorescence images were captured 

with a Leica DMRA microscope (Leica Camera, Wetzlar, Germany) and JVC KY F-75 digital camera 

(JVC, Yokohama, Japan) using Diskus Viewer software (Hilgers Technisches Buero e.K., 

Koenigswinter, Germany). The results were analyzed according to the recommendations of the 

European Neuroblastoma Quality Assessment group68–70. FISH analysis was performed in cooperation 

with the neuroblastoma reference laboratory by J. Theissen and W. Lorenz (University Hospital 

Cologne, Cologne, Germany). 

2.5.22 Immunofluorescence staining and microscopy 

In preparation for the immunofluorescence supported microscopy, glass cover slips (circle 22 mm, VWR 

International, Randor, PA, USA) were sterilized in 70% EtOH/ddH2O shortly and washed with sterile 

ddH2O (Thermo Fischer Scientific). Afterwards, one glass cover slip was placed in one well of a clear 

6-well flat bottom plate (CELLSTAR®) and covered with poly-L-lysine solution, 0.01% (Sigma-

Aldrich). Poly-L-lysine was incubated at sterile conditions at 37°C for 15min. Subsequently, the poly-

L-lysine was aspirated and the cover slip was rinsed two times with 1x PBS. The cover slips then were 

stored in 1x PBS at RT for a maximum duration of 6h. Recipes for buffers and solutions used in the 

following protocol are found in the supplement section 10.5.8. For seeding of cells, PBS was discarded 

and the neuroblastoma cell lines NGP, NGP ASPM-FPN-sgRNA87 #1 and #7 and CHP-134 were 

seeded (see 2.5.1) and treated with siRNA (see 2.5.7) in prepared glass cover slip 6-well plates. 

Incubation was performed for 4 or 10 days at 37°C and 5% CO2. Afterwards, the media was aspirated 

very carefully and cells were washed very carefully two times with 1x PBS. In the following, the cells 

were fixed with 4% PFA/PBS for 10min. The PFA/PBS was discarded and cells were washed once with 

1x PBS. For long-term storage, cells were covered with 30% sucrose/PBS and frozen at -80°C for a 

maximum duration of 6 weeks. For subsequent preparations, plates were thaw slowly from -80°C at RT, 

the sucrose/PBS solution was aspirated and cells were washed twice with 1x PBS. Specimen were 

administered immunofluorescence blocking buffer (5% FCS was added freshly) and incubated at RT 

for 90min. Recipes for the buffers and solutions used are described in section 10.5.3. Afterwards, the 

blocking solution was discarded and primary antibody (unconjugated) or fluorochrome pre-conjugated 

primary antibody (see Table 36 in appendix) was diluted in 1x PBS (100µl total volume per cover slip) 

and the solution was dropped slowly on the cover slips. After an incubation at 4°C in a dark environment 

overnight, the slides were rinsed two times with 1x PBS. For further processing, either a secondary 

fluorochrome conjugated antibody was applied to the cover slips or the slips were mounted directly,       
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in case of the pre-conjugated rhodamine phalloidin (Cell Signaling Technology). If a secondary antibody 

was used (diluted in 1x PBS; 100µl total volume per cover slip), the antibody was incubated at RT in a 

dark environment for 90min. Afterwards, the cover slip was rinsed two times with 1x PBS and mounted 

on an adhesion SuperFrost cover slide (R. Langenbrinck GmbH, Emmendingen, Germany) using a drop 

of Vectashield® Antifade Mounting Medium including nuclei counterstaining DAPI (Vector 

Laboratories Inc., Burlingame, CA, USA). The cover slips were sealed to cover slide using clear nail 

polish (dm-Drogerie Markt GmbH + Co. KG, Karlsruhe, Germany) and harden at 4°C overnight. 

Fluorescent images were taken with a light microscope BX43, supported by cellSens dimension 

software (both Olympus Life Science, Tokyo, Japan). Photography of immunofluorescence specimen 

was performed with manual lighting in 1376 x 1038 pixels resolution. For analysis of neuronal cell 

differentiation, F-ACTIN, MAP2, TUBB3 and DCX were stained with Alexa Fluor™ dyes (see Table 

36 in appendix). Phalloidin (anti-F-actin) Alexa Fluor™ 555 was stimulated in TRITC 

(tetramethylrhodamine channel)/red spectrum (absorption 555nm/emission 565nm) for 1s laser 

exposure time and DAPI was stimulated in DAPI/blue spectrum (absorption 360nm/emission 460nm) 

for 42ms laser exposure time. ß3-Tubulin, DCX and MAP2 labeled with Alexa Fluor™ 488 were 

stimulated in FITC/green spectrum (absorption 495nm/emission 519nm) with 1s laser exposure time 

and DAPI was stimulated in DAPI/blue spectrum (absorption 360nm/emission 460nm) with 100ms laser 

exposure time, using a shutter of 50%. For analysis of ASPM-FLAG protein expression, Alexa Fluor™ 

488 was stimulated in FITC/green spectrum (absorption 495nm/emission 519nm) with 2s laser exposure 

time and DAPI was stimulated in DAPI/blue spectrum (absorption 360nm / emission 460nm) with 40ms 

laser exposure time, using a shutter of 50%. Combined and single color channel pictures were saved as 

.tif and .jpg data files. Image processing with Adobe® Photoshop® and composition with Adobe® 

Illustrator was performed according to section 2.10.7. Evaluation of ASPM-FLAG Alexa Fluor™ 488 

signals was carried out according to section 2.10.8. 

  Molecular biology methods 

2.6.1 Isolation of genomic DNA from cell line material 

DNA was isolated from previously harvested cell line material (2.4.3). Isolation was performed using 

the NucleoSpin® Tissue kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) according to the 

manufacturer's instructions. Isolated DNA was stored at -20°C and several freeze-thaw cycles were 

avoided. DNA concentration (ng/µl) of isolated cell line DNA has been measured using a NanoDrop 

2000 spectrophotometer (Thermo Fischer Scientific), see explained in detail in 2.2.3. 

2.6.2 Primer design for PCR assays flanking a MYCN or ATRX breakpoint  

Unique MYCN and ATRX breakpoint sequences from neuroblastoma tumors or cell lines served as a 

template for PCR primer design (see 2.9.3). Primer, which are short nucleic acids, function as starter 
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sequence for a PCR. The primer hybridizes with the template and provides double-stranded DNA which 

is recognizable by DNA-polymerases, adding free nucleotides to the 3’ end of the template 

complimentary strand550. Primer pairs which are flanking the breakpoint were composed of a forward 

primer (5’), located upstream of the breakpoint aligning to the sense strand (+), and of a reverse strand 

complementary primer (3’), located downstream of the breakpoint aligning to the anti-sense strand (-). 

The primer were designed to align at least 5bp upstream and 5bp downstream of the exact breakpoint 

sequence, and were positioned as not to cover the exact breakpoint due to the possibility of occurring 

microhomologies551. In very rare cases, the primer was designed to span the actual breakpoint, as the 

upstream/downstream sequences flanking the breakpoint were repetitive sequences or if the targeted 

sequencing assay had provideded no information about both flanking regions. Primer design was 

performed using the web applications NCBI Primer-BLAST552 and Primer3Plus553, and additional usage 

of the Reverse Complement JavaScript program554,555. The underlying concept of primer design and 

applied settings to web tools is explained in detail: DNA oligonucleotide primer were created with a 

length of 18-24 nucleotide bases, focusing on specificity in order to minimize mismatches, but also on 

the ability to amplify a product in the theoretical optimum556. The proportion of the nucleobases G 

(guanine) and C (cytosine) within a primer sequence is playing an important role regarding the primer 

melting temperature (Tm). The melting temperature of a primer by definition is the temperature at which 

one half of the DNA duplex will dissociate to become a single strand and indicates the duplex 

stability557,558. For calculation of the melting temperature, the DNA nearest-neighbor (NN) 

thermodynamics parameters and specification of the salt correction formula was applied according to 

SantaLucia et al.559. Because C and G base structures pairing with 3 hydrogen bonds and the structures 

of A (adenine) and T (thymine) bases with 2 hydrogen bonds, the C/G structure requires more energy 

to melt560. Like the length of a primer, specificity is lost with a low Tm, having a greater chance of 

mispriming. However, if the temperature is too high, the primer may not function properly and will 

produce insufficient primer-template hybridization, resulting in low PCR product yield557. For the 

designed primers, the Tm was similar in the forward and the reverse primer. Further, most of the primer 

contained up to 3 G/C bases in the 3’ end which promote specific and stronger binding (GC-clamp)557. 

An ideal primer sequence contained a C/G content between 30-60%556,557. Both primers, forward and 

reverse, needed to have a similar content of C and G bases561. Sequence repeats (ATATATATAT) were 

avoided (maximum of 4 bases), in addition to inverse repeats (AATCGGC...GCCGATT) and runs 

(AGCGGGGGATGGGGG, maximum of 4 bases). Primer sequences with a high affinity for creating 

secondary structures, like hairpins, self-dimers, and cross-dimers were excluded557,562. The primer 

specificity was verified using the Basic Local Alignment Search Tool (BLAST) of the NCBI552. Primers 

were manufactured by Eurofins Genomics GmbH (Ebersberg, Germany), as custom DNA oligo with 

salt-free purification and lyophilized. The primer stock solutions (100pmol/μl, lyophilisate solved in 

ddH2O; Thermo Fischer Scientific) were aliquoted 1:10 with ddH2O for further use. Primer designed for 

this project are listed in the appendix Table 15, Table 17 and Table 20. 
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2.6.3 Primer design for an allele-specific PCR assay detecting ALK c.3824G>A 

For detection of ALK SNV c.3824G>A (R1275Q), an allele-specific PCR assay was designed which 

enables the specific detection of an affected sequence in the presence of a wild-type allele. Based on the 

TaqMAMA technique (allele-specific PCR-based and mismatch amplification mutation assay)563, the 

improved ASQ-PCR (allele-specific quantitative PCR) method by Barz (…, Szymansky, ...) et al564,565 

was used for primer design. In the ASQ-PCR, similar to the TaqMAMA method, the 3' end of the 

designed mutation primer is placed on the SNV. The previous base it is not changed and the third base 

from the 3' end is designed with a mismatch. The GRCh37 (hg19) publicly available reference sequence 

was used to design an allele-specific ALK SNV c.3824G>A (R1275Q) PCR assay. According to Barz 

et al564,565, primer were designed using the Primer3 program566,567, based on the concept of primer design 

(2.6.2). The allele-specific primer was built manually in forward and reverse design with a length of 23 

nucleotides. The corresponding primer was composed by Primer3 using the default settings. The 

additional mismatch was caused at the third base closest to the 3’ end by a change of the reference 

nucleotide (C) into one of the three other possible nucleotides (A, T, G) respectively, to increase the 

specificity of the allele-specific primer565. By this method, three different allele-specific primers for ALK 

SNV c.3824G>A (R1275Q) together with a universal reverse primer were obtained (see Table 21). 

2.6.4 Conventional PCR (neuroblastoma MYCN/ATRX/ALK PCR) 

The PCR is the standard method for in vitro amplification of selected DNA sequences up to a maximum 

size of 5kb568. A PCR assay is divided into three individual steps (denaturation, annealing and 

elongation), which are repeated cyclically. For neuroblastoma MYCN/ATRX breakpoint and allele-

specific ALK MRD, DNA of neuroblastoma cell lines, tumor or bone marrow-derived samples were 

tested in two technical replicates within PCR assays for breakpoint detection. Controls were included 

for background and false-positive detection using DNA from a MYCN-amplified neuroblastoma cell line 

(Kelly, CHP-134, SK-N-BE or LAN-5), DNA from a non-neuroblastoma cancer cell line (HeLa) and 

DNA obtained from mononuclear cells (Buffy coat, 2.1.1). GoTaq® Hot Start polymerase (Promega 

Corporation) was used in a standard PCR reaction569,570 per sample: 7.125µl ddH2O, 2.5µl 5x GoTaq® 

Flexi buffer (Promega Corporation), 0.5µl MgCl2 25mM (Promega Corporation), 0.25µl d-NTPs 

(deoxy-nucleoside triphosphates) 10mM (Bio-Budget Technologies GmbH, Krefeld, Germany), 0.5µl 

forward primer 10pmol/µl, 0.5µl reverse primer 10pmol/µl, 0.063µl GoTaq® polymerase (Thermus 

aquaticus) 5 U/µl (Promega Corporation) using 11µl PCR mixture and 1µl DNA sample 100 ng/µl per 

reaction. PCR was processed using the calculated mode and applying 95°C for 5min, 95°C for 15s, 50-

70°C (depending on primer annealing temperature) for 15s, 72°C for 30s, repeating step 2-4 for 30 times, 

72°C for 5min, cool-down to 4°C using a C1000 Touch™ Thermal Cycler (Bio-Rad Laboratories, Inc.). 

After the PCR was done, the results were analyzed utilizing agarose gel electrophoresis (2.6.6) or 

automatic capillary electrophoresis (2.6.8). 
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2.6.5 Conventional PCR (breakpoint PCR product subcloning for sequence validation) 

Amplification of breakpoint PCR product was performed using KAPA high-fidelity HotStart 

polymerase (Hoffmann-La Roche, Basel) or high-fidelity Q5® polymerase (New England Biolabs Inc. 

(NEB), Ipswich, MA, USA). MRD PCR primers were applied (Table 15, Table 17, Table 20 and Table 

21) which produce amplified PCR products with (conventional cloning, see 2.6.11) or without (TOPO™ 

TA Cloning™, see 2.6.14) restriction sites for the enzymes SalI and XbaI. KAPA HotStart DNA 

polymerase was used in a standard PCR reaction569,570 per sample: 7.5µl 2x KAPA HotStart Ready Mix 

(Hoffmann-La Roche), 0.5µl forward primer 50pmol/µl, 0.5µl reverse primer 50pmol/µl, and 1µl DNA 

depending on concentration, with a final volume of 15µl per PCR reaction (adjusted with nuclease-free 

water). PCR was processed using the calculated mode and applying 95°C for 5min, 95°C denaturation 

for 10s, 50-70°C (depending on primer annealing temperature) for 1s, 72°C elongation for 15s, repeating 

step 2-4 for 39 times, 72°C for 5min, cool-down to 4°C using a C1000 Touch Thermal Cycler. For high-

fidelity Q5® PCR, the reaction mixture was per sample: 5µl 5x Q5® Buffer (NEB), 0.25µl d-NTPs 

20mM (Bio-Budget Technologies GmbH) 0.25µl forward primer 50pmol/µl, 0.25µl reverse primer 

50pmol/µl, 0.25µl Q5® polymerase (2U/µl; NEB) and 1µl DNA depending on concentration, with a 

final volume of 25µl per PCR reaction (adjusted with nuclease-free water). PCR was processed using 

the calculated mode and applying 98°C for 30s, 98°C denaturation for 10s, 50-70°C (depending on 

primer annealing temperature) for 30s, 72°C elongation for 30s, repeating step 2-4 for 35 times, 72°C 

for 10min, cool-down to 4°C using a C1000 Touch Thermal Cycler.  

2.6.6 Agarose gel electrophoresis 

The lengths of the PCR products (2.6.4) were analyzed using agarose gel electrophoresis571,572. PCR 

sample (5µl) was mixed with 2µl gel loading dye with Orange G (10x; Carl Roth GmbH + Co. KG) and 

loaded onto a 2% agarose gel571 (w/v) (Biozym Scientific GmbH) containing 0.2% DNA-intercalating 

EtBr (ethidium bromide; diluted from solution 0.5% i. d. Tincture, Carl Roth GmbH + Co. KG). Gel 

electrophoresis was performed using a Horizontal Mini Gel System chamber (VWR International) and 

PowerPac™ Basic Electrophoresis Power Supply (Bio-Rad Laboratories, Inc.) filled with 1x TAE 

running buffer. Samples were processed together with a molecular mass standard GeneRuler 1kb or 

100bp DNA Ladder (Thermo Fischer Scientific; 5µl, 6% dilution in ddH₂O). Information about buffer 

recipes is listed in section 10.5.1. For size separation, 90V was applied for 90min and results were 

analyzed by exposing the gel to ultraviolet (UV) light employing a transilluminator (UV table ECX-

F20.C V1, Vilber Lourmat, Collégien, France). Pictures were taken with a Charge-coupled device 

Camera (DOC-Print VX5 and TV Zoom Lens, Vilber Lourmat). Photos were captured using the 

software DOC-PRINT VX, applying Live, Freeze and Save mode. The pictures were saved with the 

program in .tif format. DNA fragments or plasmids for further analysis were collected applying the 

agarose gel extraction method (2.6.7). 
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2.6.7 Agarose gel extraction 

To obtain DNA fragments or plasmids previously separated by gel electrophoresis (2.6.6), the DNA 

band of interest was excised from the agarose gel with a clean, sharp scalpel (Swann Morton Ltd, 

Sheffield, UK) and put into a 2ml reaction tube. In the following, gel extraction was performed with the 

QIAquick® Gel Extraction Kit (QIAGEN) according to the manufacturer's instructions. The DNA 

concentration was determined by a NanoDrop spectrophotometer (2.2.3).  

2.6.8 Automatic capillary electrophoresis 

The lengths of the PCR products (2.6.4) were assessed within the neuroblastoma breakpoint MRD 

project using a QIAxcel® advanced automatic capillary electrophoresis device supported by QIAxcel® 

ScreenGel software (QIAGEN)573,574. A DNA high-resolution gel cartridge was utilized for analysis 

together with the QIAxcel® DNA High Resolution Kit (1200). In brief, the cartridge type was set to 

DNA high resolution with a default high resolution v2.0 process profile, including run, analysis and 

report steps. The high resolution method 0M500 with the parameters sample injection voltage 5kV, 

injection time 10s, separation voltage 5kV, separation time 500s and runs/repats of 1 loop was applied. 

Further, row deselection and marker definition was allowed. Analysis properties were set as default: 

Smoothing filter 15pts, baseline filter 40s and minimum distance 0.25s. For size estimation of the PCR 

product, a DNA alignment marker QX 15 bp/3 kb (1.5ml) and a DNA size marker QX pUC18/HaeIII 

(50µl, both QIAGEN) was applied. The gel was run adjusting the size marker as reference marker, which 

was refreshed and calibrated for every new cartridge. The data was exported in PDF format including 

report, gel image overview, electropherogram overview, single electropherograms, and a size result 

table. After electrophoresis, the remaining PCR products were purified (2.6.9).  

2.6.9 PCR product purification 

PCR products of conventional PCR were cleaned from PCR reaction (2.6.4) and/or automatic capillary 

electrophoresis reagents (2.6.8) using QIAquick® PCR Purification Kit (QIAGEN) according to the 

manufacturer's instructions. After cleaning, PCR products were eluated from the spin column using 30µl 

elution buffer. The purified PCR products were used for Sanger sequencing directly (2.8.2) or 

subcloning (2.6.10). 

2.6.10 Breakpoint PCR product subcloning for sequence validation: Digestion of PCR 

product and pUC18 vector 

For conventional cloning, the amplified PCR product from conventional PCR for breakpoint detection 

(2.6.4) was purified (2.6.9), subsequently digested with 20 U (1-2µl) of the enzymes SalI and XbaI (both 

NEB) in 5µl 1x CutSmart® Buffer (10x Stock diluted 1:10; NEB) and adjusted with ddH2O to 50µl. 
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The mixture was incubated overnight at 37°C. In parallel, 5µg of the pUC18 plasmid (Agilent 

Technologies, Inc., see Table 26) were digested with 20 U of the same enzymes, to generate matching 

DNA overhangs. The next day, digests were mixed with 10x gel loading dye, run on a 1% agarose gel 

for 90min at 90V (2.6.6) and extracted from the gel (2.6.7) for ligations. 

2.6.11 Breakpoint PCR product subcloning for sequence validation: Vector 

dephosphorylation and ligation of PCR product into pUC18 vector 

The next day, the vector was additionally dephosphorylated by adding 6μl 10x alkaline phosphatase 

buffer and 4 μl rAPid alkaline phosphatase (both Hoffmann-La Roche) and incubated for 30min at 37°C, 

followed by a heat-inactivation at 72°C for 10min. This should prevent re-circularization of the vector 

during ligation. Following dephosphorylation, the digested vector was mixed with a 10x gel loading 

dye, run on a 1% agarose gel for 90min at 90V (2.6.6), and the vector backbone was cut out of the gel. 

DNA was extracted using the QIAquick® gel extraction kit (2.6.7) and used for ligation with the PCR 

products. For ligation, a vector-to-insert molar ratio of 1:3 and 1:5 was used. Thereby, the necessary 

amount of vector and insert were calculated using the formula (see as well Table 2): 

������ [��] × �
�� ������

�� ������
� × ����� = ������ [��] 

Ligations were set up in a 20µl reaction, containing 2µl 10x T4 DNA Ligase Reaction Buffer, 1µl T4 

DNA Ligase (both NEB), required amounts of vector and insert and water, and were incubated overnight 

at 16°C in a ThermoMixer® C (Eppendorf AG). In order to obtain ligated plasmid DNA for subsequent 

Sanger sequencing (2.8.2), ligations were transformed into chemically competent Escherichia coli 

(E.coli) cells (see 0).  

Table 2: Mixing ratios for PCR product ligation approach. 

 vector-to-insert 
molar ratio of 1:3 

vector-to-insert molar 
ratio of 1:5 

insert only 
control 

vector only 
control 

vector 50ng 50ng - 50ng 

insert 
50 × �

�� ������

�� ������
� × 3 50 × �

�� ������

�� ������
� × 5 

(as much as in 

the 1:5 

preparation) 
- 

10x T4 buffer 2µl 2µl 2µl 2µl 

T4 ligase 1µl 1µl 1µl 1µl 

water add to 20µl add to 20µl add to 20µl add to 20µl 
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2.6.12 Breakpoint PCR product subcloning for sequence validation: Preparation of 

chemically competent E.coli cells 

In order to obtain enough plasmid DNA for subsequent experiments, the plasmid DNA was amplified 

in chemical competent E.coli cells. To generate chemically competent E.coli cells, 50ml Lysogeny Broth 

(LB)-medium were supplemented with 10mM MgCl₂ (Carl Roth GmbH + Co. KG) and 37µg/ml 

chloramphenicol (CAM; Biomol GmbH, Hamburg, Germany) and inoculated with a sample of E. coli 

strain XL10-Gold® Ultracompetent Cells (Agilent Technologies, Inc.) taken from a glycerol stock with 

a sterile toothpick. The culture was incubated overnight in a shaker (IKA KS 4000 i control; IKA-Werke, 

Staufen im Breisgau, Germany) at 37°C with an agitation speed of 200rpm. The next day 0.5ml of the 

overnight culture was added to 300ml LB medium supplemented with 10mM MgCl₂ and 37µg/ml CAM, 

followed by an incubation at 37°C and 200rpm agitation for 3 to 4h until the bacteria culture reached an 

optical density between 0.4 and 0.6 at 600nm (detected using BioPhotometer®; Eppendorf AG). The 

culture was aliquoted into six precooled 50ml falcon tubes and incubated for 15min on ice. After that, 

the cells were centrifuged for 15min at 867×g at 4°C in a precooled centrifuge. The supernatant was 

discarded, each pellet was dissolved in 1.5ml transformation buffer and when not used immediately, 

bacteria were stored at -80°C. Buffer and solution recipes are listed in section 10.5.2. Chemically 

competent E.coli cells are used for transformation with the desired insert and plasmid by heat-shock 

method (2.6.13). 

2.6.13 Breakpoint PCR product subcloning for sequence validation: Transformation of 

chemically competent E.coli cells by heat-shock 

Chemically competent E.coli cells (2.6.12) were incubated on ice for 30min. Aliquots of 200μl chemical 

competent bacteria were used per transformation and thereby added directly to the 1.5ml reaction tubes 

containing the ligation reactions (2.6.11) prepared the day before or the TOPO™ TA Cloning™-

reactions (2.6.14). After another incubation for 30min on ice, the bacteria were transferred into a 42°C 

water bath for 90s. This sudden increase in temperature (“heat-shock” method) creates pores in the 

bacteria cell membranes and allows an uptake of plasmid DNA. Following an incubation on ice for 2min 

and 800μl super optimal broth (SOC) medium was added to the cells. For recovery of cells from 

transformation stress, cells were incubated for 1h, shaking at 37°C in a ThermoMixer® C (Eppendorf 

AG) at 550rpm speed. For plating, bacteria were pelleted by centrifugation for 2min at 3,466×g (5,000 

rpm) and the supernatant was discarded, the small amount left inside the tube was used to resuspend the 

pellets. All cells were plated onto LB-agar plates containing 100µg/ml ampicillin (Carl Roth GmbH + 

Co. KG) using glass beads (Sigma-Aldrich) for equal spreading to obtain single colonies. The plates 

were incubated overnight at 37°C and were screened for positive clones containing the insert by 

subsequent DNA isolation (minipreparation, 2.6.15), test-digests (2.6.10) and Sanger sequencing (2.8.2) 

of the positive clones. Buffer and solution recipes are listed in section 10.5.2.   
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2.6.14 Breakpoint PCR product subcloning for sequence validation: TOPO TA Cloning 

Another approach to subcloning the PCR products is to use TOPO™ TA Cloning™. Hereby PCR 

products were generated using the KAPA HotStart DNA polymerase approach (2.6.5), which adds A-

overhangs to its products. These products can be easily fused to commercially available linearized 

plasmids containing T-overhangs, by the topoisomerase. The TOPO™ TA Cloning™ Kit for 

Sequencing was used in this study, wherein the pCR™4-TOPO™ TA vector (obtained with TOPO™ 

TA Cloning™ Kit; Thermo Fischer Scientific; see Table 26) was already bound to the topoisomerase. 

For an RT incubation step, for 1h, 1µl PCR product (directly out of PCR, see 2.6.5 or gel purified, see 

2.6.7) was mixed with 1µl  pCR™4-TOPO™ TA PCR product subcloning vector and 1µl salt-solution 

in water (6µl reaction in total). Followed by the transformation in chemically competent E. coli cells 

(2.6.13). 

2.6.15 Breakpoint PCR product subcloning for sequence validation: Mini-preparation 

scale of plasmid isolation and sequence validation 

Plasmid preparations are methods to extract and purify plasmid DNA from transformed bacteria. For 

this purpose, a bacterial culture transformed with the plasmid of interest was grown, harvested and the 

cells were lysed. For DNA Isolation in a small scale (“miniprep”), 5-10 single colonies per construct 

were picked from the transformation plates (2.6.13) with a sterile toothpick and added to a 13ml plastic 

tube (Sarstedt AG & Co. KG, Nümbrecht, Germany) containing 4ml LB medium supplemented with 

100µg/ml ampicillin. A negative control consisting of only ampicillin containing LB medium was also 

prepared. The samples and the negative control were incubated overnight at 37°C, shaking at 200rpm. 

For the plasmid preparation, 1.5ml of each sample were transferred to 1.5ml reaction tubes and 

centrifuged for 2min at 2,823×g (5,000rpm) at RT. The supernatant was discarded and plasmid isolation 

was performed. Each pellet was resuspended in 200μl buffer P1. Subsequently, 200µl of buffer P2 was 

added and the tubes were inverted three times. The same was done with buffer P3 (all buffers from 

QIAGEN), then the samples were centrifuged for 10min at maximum speed (18,213×g, 12,7000rpm). 

During the centrifugation 800μl 2-propanol (Carl Roth GmbH + Co. KG) was added to a fresh 1.5ml 

reaction tube per sample. Once the centrifugation was completed, the supernatant of each sample, 

approximately 600μl, was transferred into one of the isopropanol-containing tubes and mixed shortly by 

inverting the tubes 8 times. The samples were centrifuged for 30min at maximum speed and 4°C to 

precipitate the plasmid DNA. The supernatant was discarded by flipping the tube and pellets were 

washed by adding 500μl 70% EtOH (Carl Roth GmbH + Co. KG). After another centrifugation step at 

maximum speed for 15min at 4°C, the supernatant was discarded, all remaining supernatant was 

removed with a pipette and the pellet was air-dried. The dried pellet was resuspended in 50μl 0.1x TE 

(Tris-EDTA) buffer and stored at -20°C. To identify positive clones, a test-digest with 5 units EcoRI 

(NEB) was performed with each Mini-DNA (5µl) at 37°C overnight in EcoRI NEBuffer™ Set (NEB). 
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Buffer and solution recipes are listed in section 10.5.2. For subsequent gel electrophoresis of a 2% 

agarose gel (2.6.6), positive clones were identified by appearance of a second band matching the size of 

the desired PCR product. Positive plasmids were analyzed by Sanger sequencing (2.8.2). 

2.6.16 Determination of the performance of genomic breakpoint-specific PCR 

For each breakpoint sequence given, at least one primer pair was tested and stated to amplify the exact 

breakpoint sequence with the best possible performance. Primer sequences for breakpoint specific PCR 

amplification were previously examined computationally by using Primer-Blast for template specificity 

and useful primer parameters (length, secondary structures and melting temperature)552,575. After PCR 

experiments (see described above), a primer pair for the amplification of a breakpoint sequence was 

considered successful if, 1) the pair amplifies the exact sequence only (one PCR amplicon, correct base 

pair size of product, no unspecific products, no amplification was seen within control DNA), 2) the 

specific PCR product was seen in at least one target cell line or patient sample and in at least one of two 

technical replicates, 3) with the highest sensitivity (among all tested primer pairs for respective 

breakpoint), 4) for the primers with the best PCR performance (endpoint-PCR) and e) for the primers 

with the lowest intra- and inter-assay variance. The breakpoint-specific PCRs were verified using 

agarose gel electrophoresis (2.6.6) or automatic capillary electrophoresis (2.6.8) and Sanger sequencing 

of the PCR products (2.8.2) or of the subcloned PCR product (2.6.10). 

2.6.17 Real-time quantitative PCR  

The RQ-PCR technique was previously described for MRD detection in patients with acute 

lymphoblastic leukemia161,576,577. DNA was isolated from tumors, mononuclear cells or neuroblastoma 

cell lines (2.2.2). For each cell line / patient, at least one MYCN (or ATRX) associated breakpoint with 

best performance (2.6.16) was selected for RQ-PCR analysis. A hydrolyzation probe was applied with 

the two breakpoint flanking primers together in one reaction. A 20 to 25-mer hydrolyzation 

oligonucleotide combined with a FAM reporter dye (TaqMan™ system, 6-carboxyfluorescein amidite) 

located at the 5’ end and combined with a BHQ1 quencher dye (Black Hole Quencher®-1) located at 

the 3’ end was designed (Figure 23A). Annealing location of the probe was chosen preferred >5 bases 

upstream of the breakpoint, or, due to repetitive sequences, downstream of the breakpoint. The probe 

was positioned as not to cover the breakpoint and to anneal at least 5 bp away from any primer. In very 

rare cases, the probe was designed to match a breakpoint-spanning sequence, if upstream and 

downstream sequences neighboring the breakpoint were both repetitive sequences. FAM-BHQ1 probes 

were manufactured by Eurofins Genomics GmbH. Primer and probes designed for this project are listed 

in the appendix Table 13, Table 15, Table 17 and Table 20. Probe stock solutions (100pmol/μl) were 

aliquoted 1:10 with ddH2O for further use. PCR amplified sequences were detected via the FAM tag in 

real-time. 
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Figure 23: Principle of RQ-PCR detection using a TaqMan™ hydrolysis probe. 
(A) Due to the 5´–3´ exonuclease activity of the Taq DNA enzyme, TaqMan probes that are designed to hybridize 
within the target sequence, will be cleaved by Taq during polymerization and release the reporter dye emission578. 
Therefore, an increase in the product targeted by the probe at each PCR cycle causes a proportional increase in 
fluorescence dye. (Figure taken from Yuan et al.579) (B) The measurable point of fluorescence increase is the 
threshold cycle (CT). By creating a dilution series of known DNA, a calibration curve can be generated of log10 

concentration against the CT. The amount of PCR amplicons in an unknown sample can then be calculated from 
the measured CT value of this sample580. (∆Rn = normalization of the fluorescence emission intensity of the 
reporter dye obtained by subtracting the baseline (ΔRn = Rn - baseline); the RQ-PCR plot shows the amplification 
of a part of the ß-globin gene, see as well Table 13). For further explanation see as well qPCR section 2.6.35. 

Using a RQ-PCR mixture (3.1µl ddH2O, 3µl MgCl2 50mM (ThermoFischer Scientific), 2µl 10x Buffer 

(ThermoFischer Scientific), 2µl d-NTPs 2mM (Bio-Budget Technologies GmbH), 1µl forward primer 

10pmol/µl, 1µl reverse primer 10pmol/µl, 0.5µl bovine serum albumin (BSA) 0.20µM sterile filtered 

(Carl Roth GmbH + Co. KG), 0.5µl FAM-BHQ1 probe 10pmol/µl, 0.2µl Platinum™ Taq DNA 

polymerase 5U/µl (Thermo Fischer Scientific)) and the StepOnePlus™ Real-Time PCR System 

supported by StepOnePlus™ software (Thermo Fischer Scientific), RQ-PCR was performed at 94°C for 

5min, 94°C for 8s, 60-65°C (depending on primer annealing temperature) for 23s, repeating step 2-3 for 

50 times, cool-down to 4°C. The choice of detection channel was FAM-NFQMGB (non-fluorescent 

quencher minor groove binder channel). Due to different conditions of each unique breakpoint RQ-PCR 

and quality differences of input DNA, it is mandatory to adjust the protocols of every breakpoint assay 

to reach the highest output581. Cell line or patient samples were tested in an oligonucleotide (primer and 

probe) specificity assay at first. By using a minimal amount of each sample (10ng), the general 

performance of the PCR for breakpoint sequence amplification was evaluated and a specific 

amplification compared to controls was detected. For patients, different samples from the first sampling 

time point were tested (DNA of different tumor areas or snap-frozen versus FFPE derived and bone 
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marrow-derived DNA) within the sensitivity assay. This assay revealed the sample with best PCR 

performance for a subsequent dilution series for breakpoint quantification for each patient. The next step 

was a sensitivity test of the dilution series sample, related to the assay specificity (see above). An MRD 

spike-in dilution series of 100% cancer DNA into DNA from healthy volunteers (Buffy coat DNA161, 

see 2.1.1) up to a dilution step of 10-6 was used to determine assay sensitivity. The total DNA input in 

one PCR reaction was 600 - 670ng, which corresponds to about 100,000 cells (the amount of DNA in 

one cell corresponds to 6.0 - 6.7pg161,582,583). The cancer DNA used for the dilution series was cell line 

DNA (in case of cell lines) or the diagnosis sample with high tumor load for patients (tumor sample 

choice evaluated in specificity test). The sensitivity test revealed the amplification efficacy of the target 

gene in a dilution series and the ideal annealing temperature (Ta; from 60°C to 65°C). Afterwards, 

detection of an invariant endogenous control took place. The analysis of a reference gene is an important 

step in RQ-PCR to normalize target gene results. Intra- and inter-kinetic RQ-PCR variations (sample to 

sample or run-to-run variations) needed to be compensated by normalization of target gene levels. In 

order to analyze, the target gene value was divided by the value from the control, resulting in a 

normalized ratio, which then could be compared to other samples584. For all quantified patient samples, 

the control gene represented a part of the ß-globin (hemoglobin subunit beta585) gene locus (see Table 

13 and Figure 23B). Reference gene assays were conducted using technical duplicates. As a fourth and 

most important step, the MYCN (or ATRX) breakpoint sequence appearance was quantified. 

Quantification assays were conducted using technical triplicates. A sample was quantified for MRD 

detection of neuroblastoma cells by calculation of the standard curve applying tumor DNA and the mean 

CT of the technical triplicates of a bone marrow-derived DNA sample. For RQ-PCR raw data analysis, 

the StepOnePlus™ software (Thermo Fischer Scientific) was used (see 2.10.6). The experimental setup 

for MRD detection and analysis of the RQ-PCR assays was performed regarding the EuroMRD 

Consortium guidelines161,586,587. For neuroblastoma MRD assessment, the “sensitivity” and “quantitative 

Range” MRD calculation method of van der Velden161,582 was applied in accordance (see 2.10.6).  

2.6.18 Allele-specific quantitative real-time PCR  

On the basis of the RQ-PCR161,576,577 and the TaqMAMA technique563, MRD detection of ALK SNV 

c.3824G>A was performed using the ASQ-PCR method564,565. DNA was isolated from tumors, 

mononuclear cells or neuroblastoma cell lines (2.2.2). Similar to the RQ-PCR method (2.6.17), a 

hydrolyzation probe was applied with the two breakpoint flanking primers together in one reaction. A 

20-mer hydrolyzation oligonucleotide combined with a FAM reporter dye or a HEX reporter dye 

(TaqMan™ system, 6-hexachloro-fluorescein) located at the 5’ end and combined with a BHQ1 

quencher dye located at the 3’ end was designed (Figure 23A). FAM/HEX-BHQ1 probes were 

manufactured by Eurofins Genomics GmbH. Primer design is explained in 2.6.3, sequences and 

conditions of primer and probes are listed in Table 21. Probe stock solutions (100pmol/μl) were 

aliquoted 1:10 with ddH2O for further use. PCR amplified sequences were detected via the FAM or the 
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HEX tag in real-time. The ASQ-PCR assay was performed identically to the RQ-PCR assay (2.6.17). 

The experimental setup for MRD detection and analysis of the ASQ-PCR assays was performed 

regarding the EuroMRD Consortium guidelines161,586,587 and Barz et al564,565. For neuroblastoma MRD 

assessment, the “sensitivity” and “quantitative” range MRD calculation method of van der Velden161,582 

was applied in accordance. For quantification of SNVs mutations, the ratio of mutation positive cells to 

wild-type cells in a sample is calculated using standard curve equations (see 2.10.6). 

2.6.19 Breakpoint-specific digital droplet PCR  

The ddPCR188,588 technique was performed using RQ-PCR or ASQ-PCR primer/probe sets (2.6.17 or 

2.6.18) on previously DNA isolated (2.2.2). Primer and probes designed for this project are listed in 

Table 13, Table 15, Table 17 and Table 21. After denaturation for dissociation of DNA double strands 

(95°C for 10min, chill on ice) 600-670ng tumor DNA sample was diluted within spike-in series (as 

described for RQ-PCR, 2.6.17). The diluted DNA and controls were then applied within ddPCR mixture 

(2.1µl ddH2O, 12µl ddPCR Supermix for Probes (no dUTP, Bio-Rad Laboratories, Inc.)), 1.7µl forward 

primer 10pmol/µl, 1.7µl reverse primer 10pmol/µl, 0.5µl FAM/HEX-BHQ1 probe 10pmol/µl. The PCR 

reaction was partitioned into droplets in 70µl Droplet Generation Oil using the QX200™ Droplet 

Generator (both Bio-Rad Laboratories, Inc.), and 40µl manually transferred to 1 well in a 96-well plate 

(twin.tec® PCR Plate 96, Eppendorf AG) for PCR in a T100™ Bio-Rad Thermal Cycler: 95°C for 

10min followed by 40 cycles of 94°C for 30s and 60-70°C (optimized primer annealing temperature) 

for 1min, then ramped up to 98°C (2°C/s) for 10min before cool-down to 4°C. After the classical PCR, 

the droplets were counted using QX200™ Droplet Reader (Bio-Rad Laboratories, Inc.), adjusting for 

the detection of channel-1: FAM-HEX and absolute quantification. For ASQ-ddPCR, a ddPCR 

multiplex approach was employed as well. A specific MYCN breakpoint was measured via a FAM-

BHQ1 probe (channel 1), whereas the ALK SNV was detected on another channel HEX-BHQ1 (channel 

2). PCR amplification of the ß-globin gene for normalization585 was likewise RQ-PCR applied (2.6.17). 

Reference gene assays were conducted using technical duplicates. For analysis, the QuantaSoft™ 

Software (Bio-Rad Laboratories, Inc., version 1.7) was used with MRD level assessment as previously 

published for acute lymphoblastic leukemia203 and in agreement with current ddPCR recommendations 

of the EuroMRD Consortium (unpublished)587,587,589 (see 2.10.6).  

2.6.20 SiRNA mediated knockdown of ASPM: siRNA design 

Basic criteria for siRNA design concerning the DNA target site was the exclusion of SNPs (single 

nucleotide polymorphism) and avoidance of 5’UTR or 3’UTR gene sequences. The target sequence was 

located in a region about 50-100 nucleotides downstream of the start codon in open reading frame and 

the GC-content of this region was between 30-50%. The length of a siRNA was around 20-24 

nucleotides. Repeats, palindromes, hairpins, internal secondary structures and more than three 

AAA/UUU (RNA polymerase II tends to end transcription; U = uracil) were avoided. In case of the 
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nucleotide composition, attention was paid to place GC at the first position, A/U at position 10, >3 A/Us 

at position 13–19 and A/U at position 19 of the siRNA590. For development of siRNA against target 

sequences, web-based tools were used that assist in the design and quality control of siRNAs for RNA 

interference. SiRNA tools utilized in this thesis are: GenScript siRNA Target Finder591 

(http://www.genscript.com/tools/sirna-target-finder), IDT Custom Dicer-Substrate siRNA (DsiRNA)592 

(http://eu.idtdna.com/site/order/designtool/index/DSIRNA_CUSTOM) and siSPOTR siRNA/shRNA593 

Design Tool (http://sispotr.icts.uiowa.edu/ sispotr/tools/sispotr/design.html) applying standard settings. 

ASPM target sequence (62,568bp) was extracted from the human reference genome version 

GRCh38.p12 and either its entire sequence or partial sequences (head/tail), preferably exons, were used 

for siRNA design. For promising candidates, off-target binding was checked with NCBI Nucleotide 

BLAST using the human genomic and transcript sequences as reference (GRCh38.p12)594. Candidate 

siRNAs with less than 78% query coverage with other genes or with more than 14 contiguous 

nucleotides of sequence identity with other known mRNA transcripts were discarded595. The siRNA 

sequence did not carry any known miRNA seed sequence. siRNA sequences were tolerated which match 

≥ 15 nucleotides out of total with respective siRNA590. All self-designed siRNAs were ordered at 

Eurofins Genomics GmbH as siMax siRNA, sequence-duplex with 5’ dTdT overhangs on both strands, 

purification desalted and lyophilized. Furthermore, a ready-to-use siRNA from QIAGEN was obtained 

(FlexiTube siRNA; Hs_ASPM_1). As control, pre-designed, randomized, non-specific sequences were 

carried throughout all experiments (siMAX siRNA controls from Eurofins Genomics GmbH; non-

Specific Control Scramble 1 and Scramble 2 in addition). SiRNAs applied in this thesis are listed in 

Table 24). Five siRNAs against ASPM transcripts were designed in total and tested for knockdown 

efficacy using qPCR analysis (2.6.35) of ASPM expression. Three siRNAs showing best knockdown 

performances were selected for further use in functional assays (Figure 24). 

 

Figure 24: Sequence map of genomic ASPM with target sites of siRNA mediated knockdown.  
Scheme of complete, genomic ASPM sequence, exons are highlighted by grey arrows. SiRNAs (illustrated by 
purple bars) are attacking different exon sites in transcripts of ASPM and lead to ASPM expression silencing. 
SiASPM sequences are listed in Table 24). 
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2.6.21 ShRNA mediated knockdown of ASPM: Origin of vectors 

Short hairpin RNA (shRNA) is used to silence the expression of target genes via the RNA interference 

pathway519. A shRNA sequence insert for a vector was constructed in different parts: The 5’ end and the 

3’ end contained a G/C nucleotide. The shRNA contained the target sense sequence (siRNA sequence, 

design process see 2.6.20) and the siRNA target antisense sequence, connected by a hairpin loop 

sequence (e.g. TTCAAGAGA596). A RNA Pol III terminator sequence (a 5-6 nucleotide poly (T) tract) 

was added to the 3’ end, and closed with the G/C nucleotides597. ShRNA target sequences for lentiviral 

mediated knockdown of ASPM were kindly provided by A.M. Kaindl (Charité)543,544,598. ShRNA 

constructs are listed in Table 25 and locations of siRNA target sequences against ASPM are displayed 

in Figure 25. The virus packaging vector (psPAX2) was kindly provided by K. Ahrens543,544,598 and F. 

Buttgereit (Charité; for vector information see Hahne et al.599). The virus envelope vector (pMD2.G) 

was kindly provided by A. G. Henssen543,544,598 (ECRC of the Charité and MDC; for vector information 

see Henssen et al.600) and A. Kentsis (Molecular Pharmacology Program, Sloan Kettering Institute, 

Memorial Sloan Kettering Cancer Center, New York, NY, USA). The target vector 

pLKO.1_shASPM_Puro-T2A-GFP was modified from the Addgene vector #1864 (“scramble shRNA”; 

Addgene, Cambridge, MA, USA) and vector pLKO.1 by A.Winkler543,544,598 (Charité). The pLKO.1 

puro vector was kindly provided by J.J. Molenaar (Princess Máxima Center for Pediatric Oncology; for 

information see Molenaar et al.322; Vector referring to Stewart et al.601). Detailed vector information is 

shown in the appendix, Table 26. In short, the puromycin (puro) selection cassette of plasmid #1864 

was replaced by a puro-T2A-GFP cassette (generated by overlap extension PCR) by BamHI/Acc65I 

digestion (NEB) and ligation. To allow cloning of any shRNA, the scramble sequence was replaced by 

a linker sequence consisting of three restriction enzyme cutting sites (AgeI, XbaI, EcoRI; NEB), by 

having two complementary oligos (encoding AgeI, XbaI and EcoRI) heating to 95°C for 5min 

subsequent cooling down to room-temperature, and ligation into AgeI/EcoRI digested plasmid #1864.  

 

Figure 25: Sequence map of genomic ASPM with target sites of shRNA sequences for lentiviral mediated knockdown.  
ShRNAs processed into siRNAs attacking different exon sites in transcripts of ASPM and lead to ASPM expression 
silencing. ShASPM sequences are listed in Table 25. 
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For all shRNA experiments, the sequence for the shRNA control scramble 1 (scramble P) originates 

from the Addgene # 1864 vector. The sequence for the shRNA control scramble 2 (scramble W) 

originates from the vector pTer_shscr. The vector pTer_shscr was kindly provided by F. Westermann 

(German Cancer Research Center). For vector information see Muth et al.602. The generation and 

preparations of the plasmids for shASPM knockdown was done in in cooperation with A. Winkler 

(Charité543,544,598,603). 

2.6.22 ShRNA mediated knockdown of ASPM: Cloning of ASPM shRNA oligonucleotides 

in pLKO.1 vector  

ASPM shRNA sequences 967/968/969 (see Table 25) were ordered as custom, single-stranded, 

unmodified DNA oligonucleotides (two complementary oligonucleotides for each shRNA) from 

Eurofins Genomics GmbH. For subsequent ligations, oligonucleotides were dissolved to 50µM and 2µl 

from each primer of the pair was added to 496µl 0.1x TE buffer. The mixture was heated to 95°C for 

5min and then left for cooling to RT. Additionally, the pLKO.1_AXE_PTG plasmid (cloning procedure 

see section 2.6.11, see vector information in appendix Table 26), was digested with 20 units of the AgeI 

and XbaI (NEB) restriction enzymes each at 37°C overnight (see plasmid digestion in section 2.6.10). 

The next day, digests were mixed with 10x loading dye, run on an 1% agarose gel for 90min at 90V (see 

method 2.6.6) and extracted from the gel (see 2.6.7) for ligations. Herein, 1µl of the oligonucleotide 

annealing is mixed with 1µl gel extracted digested vector and 2µl 10x T4 Ligase buffer (NEB), 1µl T4 

DNA Ligase (NEB) and 15µl ddH2O (20µl reaction volume in total, see method 2.6.11). A sample 

without oligonucleotide mix is set up as negative control. Ligations were incubated overnight at 16°C 

and transformed into chemically competent E.coli cells the following day (see methods 2.6.12 and 

2.6.13). Recipes for the buffers and solutions used are described in section 10.5.2. 

2.6.23 ShRNA mediated knockdown of ASPM: Mini- and maxi-preparation scale of 

plasmid isolation and sequence validation 

The method of mini-preparation scale of plasmid isolation and sequence validation is explained in 

section 2.6.15. In arrangement for a plasmid maxi-preparation a validated colony is picked from a replica 

plate (prepared during miniprep setup) with a sterile toothpick and used to inoculate 200ml LB medium 

supplemented with 100µg/ml ampicillin. Cultures were grown at 37°C overnight, shaking at 200rpm. 

Bacteria were harvested, by spinning at 4,000rpm at RT for 20min in the Centrifuge Sorvall® 

Evolution™ RC Superspeed (Thermo Fisher Scientific). Supernatant was discarded and plasmid 

isolation was performed using the NucleoBond™ Xtra Midi kit (Macherey-Nagel GmbH & Co. KG) 

following the manufacturer’s instructions. Recipes for the buffers and solutions used are described in 

section 10.5.2. After performing the isolation, plasmid pellets were resuspended in 500μl 0.1x TE buffer 

and stored at -20°C until further use. DNA concentration was measured using a Nanodrop spectrometer 

(see 2.2.3) and plasmids were sent for Sanger sequencing (2.8.2), before target cells were transfected.  
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2.6.24 CRISPR/Cas9 mediated knockin of 3xFLAG-tag at C-terminal end of ASPM 

The CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/Cas9 nuclease) gene 

editing tool, has become widely used in recent years604–607. The discovery of this mechanism led to the 

proposal that the CRISPR/Cas9 type II system could be used as a genome editing tool outside of its 

original organisms608,609. This was first shown in E.coli610 and later on in eukaryotic cells611. To target a 

gene with CRISPR/Cas9, a single guide RNA (sgRNA612) molecule of 20bp size needs to be designed. 

The only limitation is the required presence of a protospacer adjacent motif (PAM), a short consensus 

DNA sequence (5’-NGG-3’ where N is any nucleobase613) The sgRNA can be delivered into a cell 

encoded on a plasmid together with the cas9 gene. In presence of suitable promotors on the plasmid, 

Cas9 nuclease and sgRNA get expressed by the cell. Cas9 and sgRNA then form a complex which 

migrates to the cell nucleus guided by a nucleus localization sequence (NLS) attached to Cas9611. Cas9 

then scans the genome for PAM sequences and, if successful, unwinds the DNA to pair the sgRNA. 

Upon successful pairing, Cas9 induces a double-strand break, three base pairs upstream of the PAM. In 

eukaryotes, the cell has two options to repair the induced damage614. If a double-strand break is executed 

in presence of a template, which is homologous to the targeted region, the cell can make use of 

homology-directed repair (HDR). Thereby insertion of sequences into the genome can be generated as 

a knockin, by simply introducing a template with homology arms (HA) matching the targeted region 

and the desired sequence for insertion. This template can be introduced as single-stranded donor 

oligonucleotides (ssODN), a PCR product or as a donor plasmid. The versatility of CRISPR/Cas9 makes 

it an interesting tool for cancer research. CRISPR/Cas9 knockins615–617 can be used to introduce specific 

cancer-associated mutations in an isogenic background618. In this subproject, ASPM was endogenously 

tagged with a 3x FLAG-tag, mediated by CRISPR/Cas9 (gene “knockin”). The attachment of a FLAG-

tag peptide to the ASPM protein would allow the detection with a well-established monoclonal anti-

FLAG antibody. The CRISPR/Cas9 knockin, is conducted to target the TAG stop codon in exon 28, 

thereby attaching the FLAG-tag C-terminally. For this purpose, guide RNAs targeting the ASPM locus 

were designed and cloned into a Cas9 containing vector. For insertion of the FLAG-tag a targeting vector 

was generated, which serves as a template for HDR after the Cas9 induced double-strand break. The 

construct was designed as a donor plasmid containing the 3x FLAG sequence, a neomycin resistance 

gene (NeoR) for selection of cells carrying the knockin and 800bp homology arms flanking the stop 

codon. Information about the plasmids used is provided in the appendix Table 26. The CRISPR plasmids 

and the targeting vector were transfected into neuroblastoma cell lines and selected for positive clones. 

Correct insertion of the tag was then confirmed by PCR, Sanger sequencing and ultimately by Western 

blotting and Immunofluorescence using an anti-FLAG antibody. The generation of NGP CRISPR/Cas9 

ASPM 3x FLAG knockin 75/87 cell lines was done in supervision of the biotechnology bachelor student 

M. Overath and in cooperation with A. Winkler (Charité543,544,598,603). 
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2.6.25 CRISPR/Cas9 mediated ASPM 3xFLAG-tag knockin: Selection of single guide 

RNAs  

The knockin was designed targeting the TAG stop codon in exon 28 of ASPM, thereby attaching the 

FLAG-tag C-terminal. For this purpose, guide RNAs targeting the ASPM locus were designed and 

cloned into a Cas9 containing vector. SgRNA sequences targeting the stop codon were designed using 

the Zhang lab CRISPR Guide design tool619 (http://crispr.mit.edu; tool exists no longer). Two sgRNAs 

were selected for cloning into a px459 vector (information is provided in the appendix Table 26; plasmid 

purchased at Addgene) containing the CAS9 gene fused to an NLS site and a puromycin selection 

marker. The two selected sgRNAs presenting with off-target scores 75 and 87 (see for sequence Table 

25).  Their binding sites at the ASPM gene are shown in Figure 26. 

 

Figure 26: SgRNA binding sites are adjacent to the stop codon of ASPM.  
Binding and cleavage sites of the two selected sgRNAs in exon 28 of ASPM with their respective off-target scores 
(75 and 87). The PAM sequence (NGG) is highlighted and the theoretical site of the cleavage three base pairs 
downstream of the PAM sequence is indicated by arrows. The ASPM gene is located on the antisense strand on 
chr.1q31.3 (reference genome version GrCh38). (Scheme was kindly designed by M. Overath (Charité)544,598,603).  

2.6.26 CRISPR/Cas9 mediated ASPM 3xFLAG-tag knockin: Cloning of single guide RNAs 

into px459 

SgRNAs TAG stop 75 and 87 were ordered as DNA oligonucleotides (at Eurofins genomics GmbH; see 

for sequence Table 25) and upon arrival, were dissolved to 50µM in 0.1 x TE-Buffer. A volume of 2µl 

of each corresponding oligo pair were mixed with 496µl 0.1x TE buffer, then the mix was heated at 

95°C for 5min, followed by 30min incubation time at RT for annealing. Recipes for the buffers and 

solutions used are described in section 10.5.2. 

2.6.27 CRISPR/Cas9 mediated ASPM 3xFLAG-tag knockin: Digestion of single guide 

RNAs and px459 CRISPR vector 

In parallel, 5µg of the px459 plasmid was digested with 15 units BbsI (NEB) overnight and was 

subsequently loaded onto a 1% agarose gel (2.6.6). The corresponding linear DNA band was cut and 

isolated from the gel using the QIAGEN QIAquick® Gel extraction kit (2.6.7). The annealed oligos 

were ligated into the digested px459 plasmids at 16°C overnight, using T4 DNA Ligase (NEB; ligation 

method see 2.6.11) and were then ready for transformation (see 2.6.13) into E.coli cells (XL10-Gold 

Ultracompetent Cells, Agilent Technologies; preparation of chemical competent E.coli cells see 2.6.13). 
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Plasmid isolation was done using mini-preparation and maxi-preparation QIAGEN plasmid kits, for 

procedure see section 2.6.15 and 2.6.23. Recipes for the buffers and solutions used are described in 

section 10.5.2. Information about the plasmids used is provided in the appendix Table 26. 

2.6.28 CRISPR/Cas9 mediated ASPM 3xFLAG-tag knockin: Design of 3xFLAG templates 

with homology arms and cloning into pBluescript vector   

For insertion of the FLAG-tag, a construct was generated, which should serve as a template for HDR 

after the Cas9 induced double-strand break. The donor plasmid contained the 3x FLAG sequence, a 

NeoR gene for knockin selection and 800bp long HA oligos flanking the stop codon. Ideally, the stop 

codon region is cleaved by CRISPR/Cas9 and the resulting double-strand break is repaired by HDR 

using the HA. FLAG sequence and NeoR are fused through a 2A self-cleaving peptide (P2A), which 

separates the FLAG-tag and the NeoR after translation. NeoR is cleaved off the ASPM-FLAG protein 

post-translationally, mediated by the P2A peptide. The FLAG-P2A-Neo cassette was amplified from 

pFETCh_Donor vector (EMM0021; see detailed information in Table 26; Addgene), using the Q5® 

High-Fidelity DNA polymerase (NEB).  

A  

B  
 

Figure 27: Cloning strategy for stop codon FLAG knockin at C-terminal end of ASPM guided by a donor plasmid.               
The ASPM gene is located on the antisense strand on chr.1q31.3 (reference genome GrCh38). (A) Showing exon 
28 of ASPM and the donor plasmid with 3x FLAG sequence fused to a NeoR gene by a P2A sequence and two 
800bp HA. The HA 1 site is mutated to avoid cleavage by CRISPR/Cas9. A double-strand break is induced 
adjacent to the TAG stop codon. (B) PCR analysis of designed construct: PCR no. 1 with one primer binding in 
the NeoR sequence and one outside of HA 2. PCR no. 2 with one primer binding in the 3x FLAG sequence and 
one outside HA 1 (schemes were adapted from M. Overath; Charité)544,598,603.  
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As a first step, this part was cloned into pBluescript II KS (+) by EcoRI/BamHI digestion/ligation 

(NEB). The vector was kindly provided by J.H. Schulte (Charité; sequence author is Stratagene, San 

Diego, CA, USA). For the insertion of the 800bp homology arms the WI2-3482I04 fosmid (BACPAC 

Resources Center, Oakland, CA, USA) was used as a PCR template, because it contains parts of the 

genomic ASPM sequence. The 800bp HA were amplified using the Q5® High-Fidelity DNA 

polymerase. Of note, HA 1 is silently mutated in the donor plasmid, avoiding a cleavage by 

CRISPR/Cas9, without disturbing the original amino acid composition. This was accomplished, by 

adding a 50bp overhang to the reverse primer, containing the desired mutated sequence.  All components 

were further cloned into the pBluescript II KS (+) vector (methods see section 2.6.11). The HA 2 site 

was cloned by EcoRI/XhoI (NEB) digestion/ligation and the HA 1 site was cloned by XbaI/BamHI 

(NEB), and subsequently transformed in E.coli cells (for preparation of chemical competent E.coli cells 

see 2.6.13) for plasmid amplification and isolation (methods see section 2.6.15). Recipes for the buffers 

and solutions used are described in section 10.5.2. Information about the plasmids used is provided in 

the appendix Table 26. 

2.6.29 CRISPR/Cas9 mediated ASPM 3xFLAG-tag knockin: Transfection of NGP 

neuroblastoma cells with px459 and 3xFLAG donor plasmid 

NGP cells were transfected with px459_ASPM_Stop 75/87 Cas9 vector and the pBS_ASPM_FLAG-

P2A-Neo_Hom1mutHom2 donor plasmid via electroporation. The px459 empty vector (without sgRNA 

inserts) was introduced as a transfection control. For electroporation, cells were dissociated with trypsin 

and centrifuged to obtain a cell pellet (2.4.3), which was washed twice with 1x Dulbecco's Phosphate-

Buffered Saline (DPBS). 2x106 NGP cells per approach were dissolved in 500µl Opti-MEM™ (Thermo 

Fischer Scientific). 10µg of empty px459 vector or sgRNA 75/87 containing px459 vector and 10µg of 

donor plasmid was mixed with the 500µL of NGP cell suspension in a 4mm electroporation cuvette 

(Bio-Rad Laboratories, Inc.). The cuvette was then placed into a Bio-RAD Gene Pulser Xcell™ CE 

module (Bio-Rad Laboratories, Inc.) and the square wave protocol was applied (using the settings: 

voltage: 200V, pulse length: 20ms, pulse: 1, cuvette: 4mm). Following electroporation, 1ml of RPMI 

1640 medium (supplemented with 1% P/S and 10% FCS) was added to electroporated NGP cells and 

cells were seeded onto a 10cm cell culture dish (Corning, Inc.) immediately. One day after transfection, 

cells containing the px459 plasmid were checked for a GFP expression signal, by fluorescence 

microscopy using a Axio Vert.A1. (see 2.4.2). Cells containing px459 vectors were selected for knockin 

positive cells by addition of 800µg/ml G418 (Geneticin®, Thermo Fischer Scientific), 48h post 

transfection. Bulk cells were cultured in RPMI 1640 medium (supplemented with 1% P/S and 10% FCS) 

under constant addition of G418 for selection and cell pellets were harvested (2.4.3) for DNA isolation 

(2.6.1) in preparation for a T7 assay (2.6.30). Information about the plasmids used is provided in the 

appendix Table 26. 
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2.6.30 CRISPR/Cas9 mediated ASPM 3xFLAG-tag knockin: T7 DNA Endonuclease I assay 

CRISPR/Cas9 evoked mutations were checked by a T7 endonuclease I assay to validate efficacy of the 

designed guide RNAs620,621. In brief, the T7 endonuclease I is an enzyme from the bacteriophage T7 

which recognizes and cuts mismatched DNA generated by the hybridization of wild-type and mutated 

DNA. In preparation for a T7 assay, a PCR with primers flanking the targeted region was performed. 

The PCRs targeted different bindings sites outside and inside of the knockin sequence, with primer pairs 

ASPM_FPN_check3'UTR_r + FPN_check_for and FPN_check_rev + ASPM_FPN_check_5f (primer 

sequences are listed in the appendix Table 23). KAPA2G Fast HotStart DNA polymerase (Hoffmann-

La Roche) was used in a standard PCR reaction569,570 per sample: 7.5µl 2x KAPA2G Fast HotStart 

ReadyMix, 2.5µl forward primer 10pmol/µl (Eurofins Genomics GmbH), 2.5µl reverse primer 

10pmol/µl (Eurofins Genomics GmbH), and DNA depending on concentration with a final volume of 

15µl per reaction (adjust with nuclease-free water). PCR was processed using the calculated mode and 

applying 95°C for 5min, 95°C denaturation for 10s, 60°C annealing for 15s, 72°C elongation for 1min, 

repeating step 2-4 for 40 times, 72°C for 5min, cool-down to 4°C using a C1000 Touch™ Thermal 

Cycler (Bio-Rad Laboratories, Inc.). After the PCR was done, the results were analyzed with a 2% 

agarose gel (2.6.6). The PCR product was processed using the QIAGEN QIAquick® PCR Purification 

Kit (2.6.7). The product was diluted to 200ng in 9µl ddH2O and 1µl NEBuffer™ 2.1 (NEB) and 

hybridized following 95°C for 5min, ramp down to 85°C at -2°C/s, ramp down to 25°C at -0.1°C/s and 

hold at 4°C. Thereby allowing mutated and wild-type DNA to align and consequently form mismatches. 

After the PCR run, 0.5µl T7 DNA Endonuclease I (NEB), 4µl ddH2O and 0.5µl NEBuffer™ 2.1 was 

added and incubated for 30min at 30°C. The generated fragments were then analyzed on a 2% agarose 

gel (2.6.6). Recipes for the buffers and solutions used are described in section 10.5.2. 

2.6.31 CRISPR/Cas9 mediated ASPM 3xFLAG-tag knockin: Generation of single cell 

clones NGP-ASPM-FLAG and PCR analysis 

After confirmation of successful knockins in the bulk of NGP cells, single cell clones were obtained for 

further analysis (2.5.6). Therefore, transfected NGP cells were seeded with a concentration of 0.5 

cells/well onto a 96-well plate to achieve single cell level. Successfully grown NGP single cell 

populations were checked for positive insertion (see methods 2.6.6, 2.6.7, 2.6.9 and 2.8.2) by performing 

the same PCRs mentioned in 2.6.30 with KAPA2G Fast HotStart ReadyMix (Hoffmann-La Roche) plus 

two additional PCRs with binding regions outside the inserted region with primer pairs ASPM-

stop_T7_f1 + ASPM-stop_T7_r1 and ASPM_FPN_check3'UTR_r + ASPM_FPN_check_5f (primer 

sequences are listed in appendix Table 23). Both PCRs used primer pairs binding inside and outside of 

the inserted region, meaning that only a successful knockin would lead to a PCR product. Furthermore, 

PCR products from clones with correct inserts were sent to Sanger sequencing for sequence verification 

(2.8.2; see scheme of 3x FLAG insert at ASPM stop codon in Figure 28 and detailed in Figure 139). 
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Positive NGP-ASPM-FPN (FLAG) clones were grown to 15cm cell culture dish level for harvesting 

cell pellets (2.4.3) for protein isolation. Protein lysates were used for Western blot analysis (2.7.2). 

 

Figure 28: Sequence map of genomic ASPM after CRISPR/Cas9 3x FLAG knockin at TAG stop codon site.  
The genomic ASPM sequence was endogenously tagged with a 3x FLAG-tag, mediated by a CRISPR/Cas9 
knockin. The attachment of a FLAG-tag peptide to the ASPM protein would allow a detection with an anti-FLAG 
antibody. The knockin was conducted targeting the TAG stop codon in exon 28 of ASPM, thereby attaching the 
FLAG-tag C-terminal. The ASPM gene is located on the antisense strand on chr. 1q31.3 (reference genome version 
GrCh38). Detailed sequence displayed in Figure 139. 

2.6.32 Isolation of total RNA 

RNA was isolated from harvested cell line material (2.4.3) for mRNA expression analysis native or after 

functional assays (2.5) using the RNeasy® Kits from QIAGEN. For extraction of up to 45μg RNA from 

small cell samples (e.g. inhibitor treated test series, see 2.5.3, 2.5.4 and 2.5.5), the RNeasy® Micro Kit 

was used. For extraction of up to 100µg RNA from larger cell samples (e.g. untreated test series), the 

RNeasy® Mini Kit was used. The isolation of RNA was performed according to the manufacturer's 

instructions including the optional DNase digestion using the RNase-free DNase set (QIAGEN). The 

concentration of isolated RNA was measured immediately (2.6.33) and RNA was further processed or 

stored at -80°C.  

2.6.33 Measurement of RNA concentration 

RNA concentration (ng/µl) of isolated RNA (2.6.32) have been measured using a NanoDrop™ 2000 

Spectrophotometer (Thermo Fischer Scientific) according to the manufacturer's instructions. RNA 

(1.0µl volume) was measured applying RNA settings with a nucleic acid absorbance wavelength ratio 

of 260/280nm. The detected signal is used by the NanoDrop 2000 software to calculate the amount of 

RNA in a solution. An optical density OD260 of 1 corresponds to 40μg/ml RNA. Baseline correction was 

applied with 340nm. Any Protein contamination was detected at 280nm. The quotient from OD260 and 

OD280 is 2.0 for pure RNA preparations. Only pure RNA preparations were used for synthetization of 

cDNA (2.6.34). 



Methods: 2.6 Molecular biology methods 

105 
 

2.6.34 Production of complimentary DNA 

Previously isolated, total RNA (2.6.32) was transcribed into complimentary DNA (cDNA) by reverse 

transcription using the Transcriptor First Strand cDNA Synthesis Kit (Hoffmann-La Roche). The 

synthesis of cDNA was performed according to the manufacturer's instructions for single reactions and 

further applying random hexamer primer to the synthesis mixture. In general, 1µg RNA (adjusted with 

DEPC (diethyl dicarbonate)-treated water to 11µl input volume; SERVA Electrophoresis GmbH, 

Heidelberg, Germany) was transcribed into cDNA per sample (final cDNA volume 20µl). Synthetized 

cDNA was used for quantitative polymerase chain reaction (qPCR; 2.6.35) or stored at -20°C. 

2.6.35 Quantitative polymerase chain reaction  

The method of qPCR622 based on the principle of conventional PCR is used to analyze the transcription 

of specific genes. In qPCR, the PCR product is measured at every cycle, unlike in traditional (endpoint) 

PCR, were quantification of the product is performed at the very end. In real-time qPCR, the quantity 

of cDNA is measured via a fluorescent dye (SYBR Green I, intercalates with DNA) that yield increasing 

fluorescent signal in direct proportion to the number of PCR product molecules (amplicons) generated. 

The data collected within the exponential phase of the reaction is necessary to calculate the initial 

amount of genetic material by comparison with a known standard (“housekeeping gene”)623. By plotting 

the fluorescence (∆Rn = normalization of the fluorescence emission intensity of the reporter dye 

obtained by subtracting the baseline (ΔRn = Rn - baseline)) against the cycle number, the real-time PCR 

instrument generates an amplification plot that represents the accumulation of product over the duration 

of the entire PCR reaction624. The measureable point of fluorescence increase is named CT. The amount 

of PCR amplicons in an unknown sample can then be calculated from the measured CT value of this 

sample580 (see Figure 23 in NB-MRD section 2.6.17). QPCRs for gene expression analyses were 

performed on the cDNA samples previously synthesized (2.6.34). When possible, 1.5μL cDNA 

(approximately 75ng of transcribed RNA) was used as input template for qPCR. The FastStart Universal 

SYBR® Green Master assay (Hoffmann-La Roche) was applied within clear 96 well FrameStar® PCR 

Platte ABi FAST PCR (4 Titude Ltd, Surrey, UK). The reaction mix contained 10μl of 2x Fast Start 

Essential SYBR® Green Master, 6.5μl RNase-free H2O, 1 μl of respective forward (10pmol/µl; Eurofins 

Genomics GmbH) and 1µl of reverse primer (10pmol/µl; Eurofins Genomics GmbH), and 1.5 μl cDNA 

template. The primer sequences are reported in Table 23. The qPCR ran under temperature conditions: 

2min at 50°C, 10min at 95°C, followed by 40 cycles of 15s at 95°C and 1min at 60°C on a 

StepOnePlus™ Real-Time PCR System supported by StepOnePlus™ software version 2.2.2. (Thermo 

Fischer Scientific). By usage of qPCR, mRNA expression levels of MYCN were analyzed to evaluate 

the effects of rigosertib on gene expression. As internal normalization control, a primer pair was used 

for amplification of the housekeeping gene UBC1 for gene expression profiling. The gene proved to 

maintain stable levels of gene expression in neuroblastoma cells and is therefore well suited for the 
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internal normalization of target gene expression625. QPCR was also performed in order to detect the gene 

expression of ASPM by further usage of the endogenous control B2M. Primers for ASPM and the 

housekeeping gene B2M were obtained from QIAGEN (Hs_ASPM_va.1_SG QuantiTect Primer Assay 

catalogue #QT02449181; Hs_B2M_1_SG QuantiTect Primer Assay catalogue #QT00088935). 

Furthermore, the gene expression of differentiation markers was tested, including MAP2, TUBB3 and 

DCX. After treatment with nocodazole, an NGP ASPM-FPN cell clone was tested for expression of cell 

cycle G2/M-phase markers, CCNB1 which encodes for the Cyclin B1 protein (G2/mitotic-specific 

cyclin-B1) and CDK1 (Cyclin-dependent kinase 1). The CT values of expressed genes to be analyzed 

were compared to the CT values of UBC1 or B2M. The relative gene expression was calculated using 

the 2-ΔΔCT-method to the respective control (2.10.1)626.  

 Biochemical methods 

2.7.1 SDS-PAGE and Western blot analysis using conventional SDS-PAGE and semi-

dry protein transfer 

The expression of proteins were visualized using a Western blot assay, to evaluate the effects of 

rigosertib on neuroblastoma. MYCN-amplified IMR5/75 neuroblastoma cells were seeded onto 6-well 

plates (2.5.1; CELLSTAR®) and treated with their relative IC50 of rigosertib (33nM) for 96h (2.5.3). 

The lysis of harvested cells (2.4.3) was performed with 25μl protein lysis buffer I (amount per ¼ of 

15cm dish) to solve whole cell proteins in an aqueous solution (see 10.5.6), vortexed vigorously and 

incubated on ice for 30min on an orbital shaker with agitation speed of 180rpm. After centrifugation of 

the suspension for 30min at 14,000rpm at 4°C, the supernatant was transferred to a new reaction tube to 

quantify its protein concentration with a BCA (bicinchoninic acid) Protein Assay Kit (Santa Cruz 

Biotechnology, Inc., Dallas, TX, USA) following the manufacturer’s instructions. For calibration, a 

BSA (solved in protein lysis buffer I; Sigma-Aldrich) standard curve was adduced from 0μg/ml to 

2,000μg/ml. For that, 25μl of each BSA standard and 25μl of protein lysates (or respectively 25µl of 

1:10 dilution) was added into wells of a clear 96-well-microplate. The reagent mixture AB was added 

in 200μl to every well containing a sample. Subsequently, the microplate was incubated at 37ºC for 

30min (Incubator Heratherm™ Compact Microbiological, Thermo Fischer Scientific). The plate was 

removed from incubator and equilibrated to RT for 5min. Afterwards, the absorbance was measured at 

λ 562nm with an Epoch™ Microplate Spectrophotometer supported by Gen5™ Data Analysis Software 

version 2.04.11.0 (BioTek Instruments Inc.). Protein concentrations were determined using a four-

parameter curve-fitting algorithm. Protocols were saved as Gen5™ Protocol .prt file and measured 

assays were saved as Gen5™  Experiment .xpt files. Using the sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE) method627, proteins were separated from the sample according to their 

chain length, which is proportional to their molecular weight (kDa). SDS-gels were prepared as handcast 

gels (10% polyacrylamide gel, recipes for separation and stacking gel see 10.5.6), using Mini-

PROTEAN® Tetra Cell Casting Modules and Mini-PROTEAN® cassettes (both Bio-Rad Laboratories, 
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Inc.). Thus, 13.5μg of protein lysate was mixed with 5μl of 4x Laemmli Protein Sample Buffer (Bio-

Rad Laboratories, Inc.). The samples were linearized by heating the sample up to 95°C for 10min, 

whereby secondary and tertiary protein structures broke by the interruption of hydrogen bonds. 

Afterwards, 20μl of each denatured sample was loaded onto the gel using ExactaCruz® Round Gel 

Loading Tips (Santa Cruz Biotechnology). For size comparison, the Precision Plus Protein™ Dual Color 

Standard (Bio-Rad Laboratories, Inc.) was applied. The electrophoresis was performed in the Mini-

PROTEAN® Tetra Cell System with the PowerPac™ Basic Electrophoresis (both Bio-Rad 

Laboratories, Inc.) with SDS-Running Buffer at 70V for 30min following 100V for 60min. The proteins 

were covered by a constant negative charge of the SDS and became anionic. The proteins migrated 

within the SDS gel towards the positively charged anode through the acrylamide mesh of the gel. 

Smaller proteins migrated faster through this mesh, while larger proteins were retained in the electric 

field, which led to their separation. The protein transfer from the SDS gel to a PVDF membrane 

(polyvinylidene difluoride; Hoffmann-La Roche) was performed employing the Western blot method628 

as a semi-dry approach. Therefore, the PVDF membrane was activated by incubation in methanol 

ROTIPURAN® ≥99.9% (Carl Roth GmbH + Co. KG) for 5s, following a wash in dH2O for 1-2min and 

an equilibration step in transfer buffer. Blotting papers ROTILABO® (Carl Roth GmbH + Co. KG) 

were soaked in transfer buffer and assembled with the gel and membrane in a sandwich-like manner. 

The blotting step was performed in a Trans-Blot® Turbo™ Transfer System (Bio-Rad Laboratories, 

Inc.) for 30min at 25V and 1.0A. The proteins migrated in the direction of an electrical field applied 

from the SDS gel to the anode of the membrane on which proteins stuck due to hydrophobic interactions. 

After blotting, the SDS attached to the proteins was washed out, which caused the proteins to resume 

their secondary and tertiary structures. In the following, free non-specific binding sites of the proteins 

were blocked with a solution containing 10% low fat milk powder (Carl Roth GmbH + Co. KG) 

dissolved in TBS-T (phosphate-buffered saline with tween) at RT under constant rotation for 1.5h. The 

detection of proteins was done with specific primary antibodies which bind to their antigen 

(immunoblotting629). The incubation with a primary antibody in 5% milk was done under constant 

overnight rotation. For analysis of the effects of rigosertib on protein expression of MYCN, WEE1 and 

MST1, primary antibodies recognizing the proteins as antigens were used (see Table 36). Antibodies 

against the GAPDH and the ß-actin protein were employed as loading controls. The membrane was then 

washed three times with TBS-T, incubated with a secondary antibody under constant rotation for 1.5h 

and washed again three times (see antibody list in appendix Table 36). The secondary antibody, which 

specifically bound the primary antibody, was conjugated to a reporter enzyme (horseradish peroxidase, 

HRP). The detection of secondary antibodies was done by measuring the chemiluminescent reaction of 

luminol (Santa Cruz Biotechnology) catalyzed by HRP using the Transilluminator Fusion-FX7-826.WL 

Superbright (Vilber Lourmat) supported by VisionCapt™ software (ANALIS, Suarlée, Belgium). 

Photography of chemiluminescence was performed with automatic focus. The prestained marker was 

detected with white light. To combine both signals, the multispectral modus with marker insertion in 
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the VisionCapt™ software was used. Based on a kDa standard, the protein size was estimated. Pictures 

were saved as .tif and .jpg data files. Protein lysates were stored at -80°C and several freeze-thaw cycles 

were avoided. Recipes for the buffers and solutions used are described in section 10.5.6.  

2.7.2 SDS-PAGE and Western blot analysis using a combination of the NuPAGE™ 

system and wet protein transfer 

General procedure of SDS-PAGE and Western blot analysis is described in the section 2.7.1. The 

protocol for the detection of the ASPM protein using the NuPAGE™ SDS-PAGE system and Western 

blotting in a wet approach was kindly provided by C. Hagemann (University Hospital of Würzburg, 

Germany)487. This protocol was adapted in the present work as descripted below. Recipes for all buffers 

used are found in the supplement section 10.5.7. The cells were harvested previously (see 2.4.3) after 

execution of cellular assays (2.5) and cell pellets were then solubilized in protein lysis buffer II. The 

lysate was incubated on ice for 30min on an orbital shaker with agitation speed of 180rpm, and 

subsequently centrifuged at 15,000xg and at 4°C for 30min. The supernatant which contained soluble 

proteins was transferred into a new reaction tube. The protein concentration was measured as described 

in detail in section 2.7.1. An amount of 20-50µg protein lysate was mixed with NuPAGE™ LDS Buffer 

(4x) and NuPAGE™ Reducing Agent (10x) (both Thermo Fischer Scientific) and incubated at 70°C for 

10min to denature secondary protein structures. Afterwards, protein lysates were applied using 

ExactaCruz® Round Gel Loading Tips into precast NuPAGE™ 3-8% Tris-Acetate protein gels (Thermo 

Fisher Scientific). Depending on the experiment questioning, a recombinant Posi-Tag Epitope Protein 

Mix, which contains FLAG™ tag protein (0.3µl, BioLegend) was applied to the gel used as FLAG 

positive control. The gel was then run for 60min at 60V and then 45min at 100-130V in a XCell 

SureLock® Mini-Cell Electrophoresis System (Thermo Fischer Scientific) used together with the 

PowerPac™ 300 Electrophoresis Power Supply (Bio-Rad Laboratories, Inc.). For size comparison, the 

HiMark™ Pre-stained Protein Standard (Thermo Fischer Scientific) was utilized. Separated Proteins 

were blotted onto a 0.45µm nitrocellulose membrane (Bio-Rad Laboratories, Inc.) in a wet approach. 

Therefore, the membrane was moistened with dH2O for 1-2min and afterwards incubated in transfer 

buffer. Blotting papers ROTILABO® (Carl Roth GmbH + Co. KG) were soaked in transfer buffer and 

assembled with the gel and the membrane in a sandwich-like manner. The blotting step was performed 

in a Mini Trans-Blot® Electrophoretic Transfer Cell with PowerPac™ Basic Electrophoresis (Both Bio-

Rad Laboratories, Inc.). Wet blotting was done at 4°C for 90min and at 90V under constant stirring. 

Afterwards, incubation of antibodies and detection of proteins was carried out as described in detail in 

section 2.7.1. For analysis of the protein expression of ASPM and (ASPM)-FLAG, primary antibodies 

recognizing the proteins as antigens were used (see Table 33). Antibodies against the GAPDH protein 

were employed as loading control. 
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 DNA Sequencing 

2.8.1 Hybrid capture-based panel sequencing (NB targeted NGS assay) 

Previously sheared cell line or tumor DNA (2.2.2) was subjected in 100-200ng to the custom NB 

targeted NGS assay (NEO New Oncology GmbH). This NGS panel was designed to detect point 

mutations, small insertions and deletions, copy number alterations and rearrangement/gene fusions and 

to map the MYCN amplicon in a single assay. A detailed list of all targets included in NB targeted NGS 

assay can be found in Table 12 in the appendix section. Regions of interest were used to design target 

specific hybrid-capture biotinylated probes using NEO New Oncology’s proprietary design procedure 

including application of custom SureSelectXT designs (Agilent Technologies, Inc). Adapters were 

ligated to sheared sample DNA, and individual genomic regions of interest were enriched using 

complementary bait sequences (hybrid capture procedure)630. Selected baits ensured optimal coverage 

of all relevant genomic regions. After enrichment, targeted fragments were isolated and amplified 

(clonal amplification) to create the sequencing library. In the following, the fragments were sequenced 

in parallel with an average mean sequencing depth of 1,000-2,500x (unfiltered reads)631. The NB 

targeted NGS assay was performed by NEO New Oncology GmbH or Institute of Hematopathology 

Hamburg. 

2.8.2 Sanger sequencing for PCR product and vector sequence validation 

Purified PCR product (30µl aliquoted into 2x 15µl; see 2.6.9) or vector with PCR product insert (5µl; 

see 2.6.15) was mixed with either the respective forward or reverse primer (2µl with a concentration of 

10pmol/µl). The primer used were equivalent to the previously performed PCR or the vector primer 

M13-24 reverse in case of PCR product subcloning (for pUC18 and pCR™4-TOPO™ TA vector; M13 

reverse (-24mer)632, LGC Genomics GmbH (Berlin, Germany) standard primer, see sequence in Table 

23). Sanger sequencing was performed by TubeSeq Service of Eurofins Genomics GmbH or by Ready2 

Run Service of LGC Genomics GmbH. A correct sequence match was confirmed using the Standard 

Nucleotide BLAST web tool applying the align two sequences nucleotide blastn megablast method594. 

 Analyses of WGS, targeted NGS and Microarray Data 

2.9.1 Re-analysis of WGS tumor data: MYCN breakpoint detection 

Publicly available WGS data43,44,76 were reanalyzed for structural variants in proximity of MYCN 

(genomic location of MYCN chr2:16,080,683-16,087,129 in GRCh37 (hg19); size: 6,447 bases; 

orientation: sense strand66) and to define the boundaries of the MYCN amplicon in each patient, using 

the novoBreak software (v1.1) with default parameter settings633. Variant calls were stringently filtered 

to include only breakpoints which had strong support in the tumor samples and were absent from the 

matching control samples. In detail, breakpoints were required to have a quality score greater than 50, 

at least three high-quality spanning reads (Figure 29) in the tumor (and <1 such reads in the matching 
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control), and at least 10 high-quality discordant reads pairs in the tumor (and <3 in the control). Analysis 

of WGS data for MYCN breakpoint detection was kindly performed by J. Toedling (Charité)634,635. 

 

Figure 29: Schematic of spanning and encompassing sequencing reads supporting a genomic breakpoint.  
When paired-end sequencing is accomplished, two different arrangements of discordant reads can provide 
evidence for a fusion gene or genomic rearrangements. Spanning reads directly match the junction site. Read pairs 
where each mate map on either side of the breakpoint are described encompassing reads. (Figure modified from 
Arsenijevic and Davis-Dusenbery636). 

2.9.2 Analysis of NB targeted NGS assay sequencing tumor data: MYCN breakpoint 

detection 

Computational detection of relevant genomic alterations in a quantitative manner (minor allele 

frequencies ≥5%) was done by NEO New Oncology GmbH, applying a custom-made proprietary 

computational biology analysis pipeline. The steps of the pipeline are outlined in Figure 30.  

 

Figure 30: Flow diagram of the analysis of NB targeted NGS assay sequencing raw data. 
Workflow of breakpoint detection from paired-end genome sequencing data obtained with the NB targeted NGS 
assay. 
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Briefly, the quality of the raw sequencing reads was assessed and the reads were aligned to the human 

reference genome assembly GRCh37 (hg19). Discordantly aligned read pairs were subsequently 

extracted, and the structural variants and their breakpoints were localized. The breakpoint position and 

the supporting data evidence (spanning and encompassing sequencing reads) were recorded for all 

detected alterations (Figure 29). Information about structural rearrangements was either provided by 

NEO New Oncology GmbH directly or located in binary alignment map (BAM) data analysis (see 

2.9.3). For the detection of the ATRX breakpoint (chrX:76,935,121) in the CHLA-90 non-MYCN-

amplified cell line the same procedure was followed as for the detection of the MYCN breakpoints. The 

neuroblastoma-focused NB targeted NGS assay is described in detail in section 3.1.1 (manuscript in 

preparation635). 

2.9.3 Detecting MYCN breakpoints in NB targeted NGS assay sequencing BAM data and 

reconstruction of the rearrangement sequences 

The information about structural rearrangements supplied by the assay provider (NEO New Oncology 

GmbH) was validated and further substantiated by analyzing the aligned reads of each sample. The exact 

breakpoint sequences were either provided by NEO New Oncology GmbH directly or in BAM format. 

BAM data was generated from NB targeted NGS assay sequencing (see 2.9.2). For further MRD 

detection of MYCN related breakpoints within neuroblastoma tumor, bone marrow or cell line DNA 

samples, the breakpoint sequence was re-constructed from NB targeted NGS assay sequencing data. 

Information about breakpoint regions was either provided by NEO New Oncology GmbH directly or 

obtained by analyzing the alignment files. If no breakpoint sequence was provided from (1) NEO New 

Oncology GmbH, the (2) enspan.txt file, a summary of the proceeded enspan.bam file which contained 

possible gene rearrangements in the sample, was reviewed manually. Genomic rearrangements were 

taken into consideration if they occur within a two-Mb window centered at MYCN (explained in more 

detail in 2.9.1), and if they show at least a support of two spanning reads (see Figure 29 and Table 18), 

covering the breakpoint sequence. Using information about the genomic location of breakpoints 

present in the enspan.txt file (2), rearrangements were searched manually within the .bam data 

of a sample (3). Additionally, the area of MYCN was examined for breakpoints manually by 

eye within the .bam data (3) (Figure 31). For the manual search of breakpoints, genomic .bam 

datasets were visualized by the usage of Integrative Genomics Viewer (IGV) (Broad Institute, 

Cambridge, MA, USA)637,638. The sequencing .bam data was loaded into IGV together with a 

matching index file for one respective sample. As reference, the genome version GRCh37 

(hg19) was loaded into IGV and used as described before (see 2.9.2). Alignment settings were 

used in deviation from the default parameters: filter duplicate reads, filter vendor failed reads, 

filter unmapped pairs and show soft-clipped bases.  
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Figure 31: IGV based detection of a MYCN amplicon breakpoint.  
IGV637,638 images displaying sequencing-data evidence for the presence of a specific breakpoint of MYCN in the           
IMR-5 neuroblastoma cell line. Display of breakpoint rearrangement intergenic chr2:67,014,561 to MYCN 
chr2:16,083,742. The breakpoint was located on the basis of a sequencing read depth drop (A) marked by an arrow. 
Overview of the genomic region as (B) squished and (C) expanded feature track showing multicolored parts of 
sequence reads, that are in a complete mismatch compared to the grey read parts which align with the reference 
sequence GRCh37 (hg19). In detail, a part of a MYCN intronic chr2:16,083,742 (multicolor) sequence was fused 
to an intergenic sequence chr2:67,014,561 (grey). The exact breakpoint position is marked by an arrow.  
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A specific breakpoint related to MYCN was found present if a) a typical read depth drop was observed 

at the exact location of a breakpoint pinpointing to a previous breakage (Figure 31A) and b) if the 

sequence after the read depth drop does not match entirely comparing to the reference sequence (Figure 

31B+C). For every breakpoint detected with method number (2) or (3), a spanning read covering the 

exact rearrangement was extracted. Afterwards, two encompassing reads neighboring the breakpoint 

spanning read in upstream and downstream direction were extracted as well. Finally, the breakpoint 

sequence was compiled from those three reads into one sequence. For breakpoint sequences obtained 

with every method (1, 2 and 3), gaps between reads, too short sequences (<80bp) or flanking 

upstream/downstream areas were filled with human reference sequence from GRCh37 (hg19), if 

necessary for NB breakpoint MRD assay design. For the detection of the ATRX breakpoint 

(chrX:76,935,121) in the CHLA-90 non-MYCN-amplified cell line the same procedure was followed as 

for the detection of the MYCN breakpoints. 

2.9.4 Microarray gene expression data analysis 

Preprocessed gene expression data from 25 data sets (n = 3,984 samples in total) comprising three 

categories (adult tumors, pediatric tumors and normal tissue) were downloaded from the R2 Genomics 

Platform496,497 (for sources and details see appendix Table 27). Gene expression data from pan-cancer 

and normal tissue was obtained utilizing Affymetrix HG-U133-Plus2 Microarrays and processed using 

the MAS5.0 method639. MCPH gene expression across data sets was ordered by hierarchical clustering 

and heatmap was generated using the R software (CRAN)640,641 (for MCPH related genes see appendix 

Table 28). Processed data from the SEQC dataset42, which comprises data of 498 primary 

neuroblastomas profiled by RNA-Sequencing, were downloaded from the NCBI GEO database498,499, 

analyzed using hierarchical clustering and visualized in form of a heatmap. On the same dataset, all 

genes whose expression was highly correlated (spearman rank correlation coefficient greater 0.7) with 

ASPM were subjected to a gene set enrichment analysis, using the Gene Ontology (GO) biological 

process gene sets and the R/bioconductor642–644 package topGO645. Hierarchical clustering visualized in 

heatmaps, correlation arrays and GO analyzed were performed in cooperation with J. Toedling543,544,598 

(Charité).  Box-plot diagram of gene expression data from 25 Microarray data sets (as described above) 

was prepared using the R2 Genomics platform496,497. For visualization, the settings across datasets, 

MegaSampler (view a gene in more than 1 dataset, ASPM NM_018136), type of data microarray from 

human samples hs/u133p2/MAS5.0, no preset and displaying in graphtype boxplot were applied. 

Analysis of ASPM expression in neuroblastoma (subgroups) was performed employing the SEQC 

study42 Microarray SEQC-498-RPM-seqcnb1 data set by usage of the R2 Genomics platform496,497. For 

analysis, the settings single data set (SEQC study), view a gene (ASPM NM_018136), sample filter 

parameter group separation (MYCN amplification, low and high risk, INSS stage and death from 

disease annotated with mycn_status, high_risk, inss_stage and death_from_disease) and displaying in 

graphtype boxplot were applied. Kaplan Meier by gene expression survival analysis of neuroblastoma 
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patients using the SEQC study data was performed with the analysis parameters Kaplan scan a single 

gene, ASPM gene, cutoff_modus median, type of survival eventfree or overall and for subgroups sample 

filter subset high_risk/high_risk-1 or mycn_status-1/mycn_status-0.  

 Data processing and analysis 

2.10.1 QPCR raw data processing and calculation of 2-ΔΔCT-method 

The amplification of a target DNA sequence was detected using a fluorescent dye applying the qPCR 

technique (2.6.35). Raw data qPCR results were pre-analyzed using the StepOne Software v2.2.2., 

adjusting for a ΔRn vs cycle amplification plot in linear scale. The threshold was set to a value above 

the background signals (baseline), which ideally included the signals of the controls (gDNA or RNA 

specimen and the no template control (NTC) sample). Moreover, the threshold was positioned below 

the plateau of the target amplification within the early exponential phase of the sigmoidal amplification 

curve (Figure 23B). The number of cycles used to calculate the baseline was reduced if the expression 

level of a target gene was too high646. Adjustments of the threshold and of the baseline were set 

individually for each target gene for every assay run. However, the same settings were used for all 

samples measured for the expression of the same gene on one plate. Based on the results, conclusions 

were drawn about the expression level of a gene. The qPCR results of this work were analyzed using 

the 2-ΔΔCT method626 in a relative quantitative manner. This method determined changes in the target 

gene expression in relation to an additionally measured endogenous reference gene, whose expression 

levels remained relatively stable in response to the applied treatment. As a reference gene, UBC1 was 

used in the rigosertib project and B2M was used within the ASPM project625 (see 2.6.35 as well). The 

calculation of the gene expression was carried out using the obtained threshold cycle (CT) values. With 

respect to the ΔΔ CT of the 2-ΔΔCT method, ΔCT is the difference in the CT between the target and 

reference genes647: 

Δ��  =  �� (������ ����) − �� (��������� ����) 

ΔΔ��  =  Δ�� (�������) − Δ�� (���������) 

2�∆∆�� = ���� ���������� �� ������ ���� �������� �� ��������� 

2.10.2 Dose-response analyses of monotherapies using GraphPad Prism 

Neuroblastoma cells were treated with BET or kinase inhibitors and incubated for three days (2.5.3). 

Afterwards, the cell viability was measured (2.5.13). The cell viability raw data was saved as .csv and 

.xml files and processed for dose-response analyses using Excel. The background luminescence signal 

of the cell culture media, which was measured by a pure media control, was subtracted as the mean of 

the background from all measurements (background filtering). Subsequently, the average of a cell only 
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control (0nM/without inhibitor) was generated, which also was subtracted from all values with treatment 

(relative measurements to control). The viability signal of the untreated cells should therefore be 

subtracted from the measured values of the treated cells. If the inhibitor used could only be dissolved in 

DMSO, the values of cells treated with DMSO only (control without inhibitor) were also taken into 

account. Subsequently, the median was calculated from all measured technical replicates of the treated 

cells (combining technical replicates). The median biological replicate values of an inhibitor 

concentration were then imported into GraphPad Prism®. The data is imported into a XY table, whereas 

the x values are the log-transformed concentrations of the inhibitor (log10) and y values are the number 

of median replicates within the group. The data of x was then transformed using X=Log(X). Using the 

transformed data, the dose-response – inhibition, in detail log(Inhibitor) vs. response – variable Slope 

(four parameters), nonlinear Regression with least squares (ordinary) fit analysis is applied. Dose 

response curves, absolute IC50 values (IC50, 50%, half maximal inhibitory concentration), relative IC50 

values (EC50, 50%, half maximal effective concentration) and Emax (span, maximal effect) values of 

the inhibitor monotherapy were interpolated by GraphPad Prism® (best-fit values). If the Emax was 

specified by GraphPad Prism® as above 100%, this value was manually set to 100%. Additionally, the 

E1000 was calculated manually (defined as inhibition by the drug at a concentration of 1000nM in %). 

The drug potency cut-off was chosen for E = 1000nM because this pharmacodynamic threshold 

decisively characterizes the effectiveness (<1000nM) or non-effectiveness (>1000nM) of a drug 

(according to Drug Target Commons)648,649. The dose-response curves are drawn showing the drug 

concentrations of the inhibitor (10xnM) on the x-axis and the relative luminescence signal (relative light 

units, RLU) scaled to control in percent, on the y axis. 

2.10.3 Dose-response analyses of combinatorial treatments using the R package 

SynergyFinder 

The basic concept of synergism analyses of combinatorial therapies is the comparison of the observed 

drug combination response with the expected effect assuming non-interaction (null hypothesis)650. To 

assess the effect of a combinatorial treatment of the BET inhibitor OTX015 and the kinase inhibitor 

volasertib, neuroblastoma cells were treated and incubated for three days (2.5.4). Afterwards, the 

response of the cell viability to the treatment was measured using the CellTiter-Glo® Assay (2.5.13). 

The cell viability raw data was processed for dose-response analyses using Excel as described above 

(2.10.2). Furthermore, the treatment effect was calculated as fraction affected/inhibition (Fa = (1 - cell 

viability measurement)) and the values were transformed into percentages for singular concentrations 

and in combination651. If the cell viability was ≥ 100% the value was set to an effect of 1.0E-6, if the 

cell viability was ≤ 0% the value was set to an effect of 1.0. In addition, in-depth calculations of a 

possible synergism of OTX015 and volasertib were carried out using R studio (CRAN) statistical 

computing640,641. For this, the R-package SynergyFinder511 was applied and the data was processed based 

on the Bliss Independence Model652,653. The hypothesis of the Bliss Independence Model is the mutual 
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non-exclusivity of the combined drugs, which was the underlying assumption for the cellular target 

structures of the inhibitors OTX015 and volasertib652,653. To perform the analyses, the R package 

bioconductor was installed previously in order to execute the script642–644. SynergyFinder calculations 

are visualized as dose-response matrices, plots of phenotypic responses for single drugs and 3D synergy 

heat maps.  

2.10.4 Comparison and graphical presentation of drug responses using the R package 

nplr 

Neuroblastoma cells were treated with BET or kinase inhibitors and incubated for three days (2.5.3). 

Afterwards, the cell viability was measured (2.5.13). Dose-response analyses were conducted according 

to 2.10.2. The absolute IC50, the relative IC50 (EC50), the Emax and the E1000 drug response values 

were exported from GraphPad Prism® to Excel. The data for the different cell lines and inhibitors was 

then compared using R studio (CRAN) statistical computing640,641. The R package nplr654, which was 

used for fitting the optimal dose-response was installed in order to execute the script, as well as other 

required packages: xlsx655, RcolorBrewer656, extrafont657 and ggplot2658. Drug response data was then 

imported from Excel using read.xlsx2. Aesthetic dot plots were generated as geom_point via ggplot2, 

including the following parameters: absolute IC50 values, relative IC50 values (EC50), MYCN status 

(amplified/non-amplified) and percentage of viability reduction at 1000nM drug concentration (in steps: 

0%, 25%, 50%, 75% reduction after BET inhibition and 50%, 60%, 70% 80%, 90% and 100% after 

kinase inhibition).   

2.10.5 Data presentation of conventional PCR results and Sanger sequencing 

The lengths of the PCR products of the conventional PCR for breakpoint analysis and NB breakpoint 

MRD assay establishment (2.6.4) were verified in a semi-quantitative approach using the QIAxcel® 

advanced automatic capillary electrophoresis device (QIAGEN; see 2.6.8)573,574. For visualization, 

information about the lengths (in bp) of the alignment and size markers, as well as the length of the PCR 

product, were displayed utilizing the QIAxcel® ScreenGel software version 1.4.0. The graphical 

representation of the PCR assays with breakpoint amplicon (target sequence, primer and probe sequence 

binding to this target sequence), was illustrated using the SnapGene software version 5.0.1. (GSL 

Biotech LLC, Chicago, IL, USA). Furthermore, electropherograms of the Sanger sequencing results 

received in .ab1 file format (DNA electropherogram file) were displayed with SnapGene. 

2.10.6 MRD calculation and graphical presentation  

Raw data of RQ-PCR MRD assay was pre-processed using the StepOne Software version 2.2.2., 

adjusting for a ΔRn vs cycle amplification plot on a linear scale. The threshold was set manually using 

the StepOne Software to a value above the background signals (baseline), which included the signals of 
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the controls (ddH2O, buffy coat DNA, DNA of other neuroblastoma cell lines and DNA of non-

neuroblastoma cell lines, as performed in 2.6.4). Moreover, the threshold was positioned below the 

plateau of the target amplification within the early exponential phase of the sigmoidal amplification 

curve (Figure 23B). The number of cycles used to calculate the baseline was reduced if the expression 

level of a target gene was too high646. Adjustments of the threshold and of the baseline were made 

individually for each target gene for every assay run. However, the same settings were used for all 

samples measured for the expression of the same gene on one plate. Pre-analyzed data was visualized 

directly as ΔRn vs cycle amplification plot on a linear scale or raw data vector information was loaded 

into Excel and plotted as a point plot (for example as in Figure 51) with interpolated lines on a linear 

scale. The MRD level was calculated from pre-processed RQ-PCR data imported into Excel. The 

calculation followed the MRD analysis guidelines in adaptation to van der Velden161,582, which is already 

being implemented for clinical relevant MRD diagnostics (EuroMRD Consortium guidelines161,586,587; 

see Figure 32). The principle of MRD calculation is based on a theoretical content of 6.0 - 6.7pg DNA 

per cell161,582. Since a MRD PCR requires a total of 600-670ng DNA per reaction, this amount 

corresponds to a total of about 100,000 cells. The threshold of a signal was set on the background 

fluorescence (as explained above). If a fluorescence signal exceeded the threshold, this corresponded to 

the CT (threshold cycle). The CT value was directly proportional to the amount of the target sequence 

present. An increase in the fluorescence was indicated as ΔRn (see Figure 32A). Within the RQ-PCR 

experiments, two standard curves were generated, one was based on the control DNA (buffy coat) within 

the reference assay and another was based on the target DNA within the quantification assay. Samples 

with unknown cell content were plotted in the standard curve depending on their CT value, from which 

the cell count was calculated based on the fluorescence signal of the target, corresponding to a DNA 

concentration (see Figure 32B). 

�� = ����� � ����� ������������� + ���� ���������  

����� ������������� =  
(�� − ���� ���������)

�����
 

������ �� ������������� ����� =  
100.000 ����� �����

10������ ������������� � 10��������� �������������
 

To include a CT value in the calculation of MRD, the lowest dilution had to show a specific amplification 

above the determined threshold, as supported by the (sigmoid) shape of the amplification curve. The 

lowest dilution of the standard curve showed at least two positive technical replicates and the ΔCT values 

of all technical replicates were diverging around 1.5 CT to each other, showing reproducible 

measurements. Amplifications of the background and controls were in mostly all cases excluded by 

setting the threshold manually to absolute negative amplifications for all controls (see above). In very 

rare cases, a control showed a very low amplification and a manually higher adjusted threshold could 

not assign the control as background. Therefore, an inclusion of the lowest target sample for MRD 
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calculation was performed only for target CT values which were ≥3.0 CT lower than the lowest CT value 

of the background signal. Further, the lowest target dilution had to meet the criteria of <20 CT value 

range from the undiluted sample or, if this undiluted sample was not included in the standard curve, 

from the intercept of the standard curve (representing 1). The resulting standard curve spanned a 

minimum range of three magnitudes and had a correlation coefficient R2 of ≥0.98 between the variables. 

A sample was considered to be MRD positive, if: the CT value of at least one (sensitivity range) or two 

(quantitative range) of the three technical replicates of a sample is ≥1.0 CT lower than the lowest CT of 

the background and is within 4.0 CT from the highest CT value of the standard curve. Positive detections 

calculated above 10-0 were set to 1 (100%), if the follow-up sample showed a higher MRD load than the 

diagnosis sample used to prepare the standard dilution series. Consequently, a sample is considered 

MRD negative, if no amplification is observed at all, if the lowest CT value of the target is within 1 CT 

from the lowest CT of the background, or if all CT values are more than 4.0 CT separated from the highest 

CT value of the standard curve.  

 

Figure 32: Definitions for analysis of RQ-PCR MRD data.  
(A) Amplification plot of RQ-PCR data visualized in log10, showing ideal positions of the CT, the threshold, the 
quantitative range, the sensitivity range and the background. In contrast to this example from leukemia MRD, there 
were no strong signals of background amplification found in the NB MRD RQ-PCR assay. (B) Calculation of the 
standard curve constructed from RQ-PCR data. Based on the mean CT value of technical triplicates, the cancer cell 
load of the follow-up sample relative to the (tumor) diagnostic sample can be determined. (Figure modified from 
van der Velden et al.161). 

Negative results were set to 10-7 (MRD negative) and did not contain any detectable neuroblastoma cells. 

Moreover, the MRD level was corrected according to the DNA quality/quantity of the diagnostic sample 

and the follow-up sample as determined by RQ-PCR of the control gene. For positive MRD samples, 

that could not be quantified (if only one technical replicate was found positive or if only one positive 

technical replicate’s CT value was ≥3.0 lower than the lowest CT value of the background or if the ΔCT 

of the replicates was >1.5), the data is presented as positive, but not quantifiable (p.b.n.q.). Concerning 

the analysis of the ddPCR MRD assay, standardized methods have not been published previous to this 

thesis. Therefore, the MRD analysis of ddPCR data was carried out in agreement with the current ddPCR 

recommendations of the EuroMRD Consortium (unpublished)587,587,589,659, which were kindly provided 

by C. Eckert (Charité)634.  
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Figure 33: Definition of positive, negative and intermediate (“rain”) droplets in ddPCR analysis.  
DdPCR 1D plot showing positive, negative and intermediate clusters of the ß-globin reference gene detection. 
Droplets with intermediate fluorescence values appearing as “rain”, but display a positive passed PCR reaction for 
the specific target660. (Figure modified from J. Hurst661). 

Quantification using ddPCR assay were conducted using technical triplicates. For MRD calculation, a 

total droplet number between ≥10,000 and ≤20,000 per well were accepted, to estimate a general 

performance of the PCR assay and the assay run. To exclude false-positive droplets, the threshold of an 

assay was manually set to absolute negative droplets for all controls (ddH2O, buffy coat DNA, DNA of 

other neuroblastoma cell lines and DNA of non-neuroblastoma cell lines, as performed in 2.6.19). 

Positive droplets of the target DNA were counted if the amplitude of the FAM fluorescence signal was 

located above the (control adjusted) threshold, which included positive droplet clouds as well as 

intermediate rain droplets660 (see Figure 33). The origin for the occurrence of intermediate droplets is 

not clear but several factors are discussed, e.g. (mechanical) damaging662, irregular droplet size663, 

clotting of multiple droplets664, partial PCR inhibition in individual droplets665 or non-full-length 

fragments in individual droplets (PCR not completed)666. A value of the target DNA was defined as 

positive when the value of the target amplitude was at least twice the value from the highest droplet 

count for the buffy coat control DNA (see as well 2.6.19). A value was considered as MRD positive if 

at least one (sensitivity range) or two (quantitative range) of the technical triplicates show >1 positive 

droplet. For positive MRD samples, that could not be quantified (if positive droplets or copies/µl were 

detected in only one technical replicate) the data is presented as positive, but not quantifiable (p.b.n.q.). 
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A sample was defined ass MRD negative, if no droplets or copies/µl are observed at all or if the copies/µl 

value was ≤ the value of the background and controls. Negative results were set to 10-7 (MRD negative) 

and did not contain any neuroblastoma cells detectable. Moreover, the MRD level was corrected 

according to the DNA quality/quantity of the diagnostic sample and the follow-up sample as determined 

by a ddPCR of the control gene. The detected number of (relative) positive droplets was calculated as a 

mean of sample replicates after application of the Poisson correction by the QuantaSoft™ Software. To 

calculate the final tumor load, all samples were quantified with the following ratio587,589,659:  

������ �� ������������� �����

=  
���� ������ ��� �ℎ� ���� ���������� ������ ��� 20m� (600 − 670��)

���� ������ �� �ℎ� ��������� ���� ��� 20m� (300 − 335�� � 2)
 

Calculated MRD sensitivities and proportion of neuroblastoma cells within a sample were illustrated 

using GraphPad Prism® version 7.03. In detail, calculated MRD values were imported from Excel into 

GraphPad Prism® using a column table format. For individual patient MRD courses, data was drawn as 

a connected scatter plot. Raw data of MRD assay ddPCR results were displayed using QuantaSoft 

1.7.4.0917 or QuantaSoft™ Analysis Pro 1.0.596 software in 1D amplitude, showing axis x = total 

droplet event number or well number and y = fluorescence amplitude.  

2.10.7 Image processing with Adobe Photoshop and composition with Adobe Illustrator 

The quality of microscopy images has been enhanced using the image sharpness filter of the software 

Adobe® Photoshop® version CS6 (64 Bit) (Adobe Inc., San José, CA, USA). For processing of the 

immunofluorescence microscopy images with Photoshop®, each image taken was refined with the exact 

same values for a marker. This was initially a color tone correction in the RGB channel using color tone 

spread (shadow/midtone/lights) applying the following parameters to the images of a marker: phalloidin 

0/0.90/229, MAP2 18/1.37/123, ßIII-TUBULIN 23/1.50/200, DCX 25/1.00/200 and FLAG 

25/1.49/218. The range of the color values was set as default with 0/225. Subsequently, only the contrast 

of the DAPI/blue channel was increased by 25% evenly for all images in order to avoid noise in the blue 

channel spilling over to the TRITC/red or the FITC/green channel in the overall picture. The TRITC/red 

or the FITC/green channels were not edited separately. Several images or plots were composed using 

Adobe® Illustrator® version CS6 (Adobe Inc.). Care was taken to preserve the original data and the 

original meaning. To be specific, Illustrator® was only used to enlarge font sizes and the axis description 

of individual plots to make them more visible. In addition, individual images and plots were combined 

into a large figure using Illustrator® and divided into subfigures with recognizable letters. For custom 

schemes designed with Illustrator®, the vector graphics used for the picture were downloaded license-

free from http://www.freepik.com or were self-designed. 
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2.10.8 Counting of (ASPM-)FLAG positive nuclei from immunofluorescence microscopy 

pictures 

Genetically engineered NGP ASPM-FPN 87 cell clones no. #1 and #7 were seeded on coverslips and 

treated with siASPM and/or nocodazole (see section 2.5.6 and 2.5.22). The cells were administered with 

a total of 6 separated treatments: DMSO only, nocodazole only, scramble siRNA 1, siASPM 1, scramble 

siRNA 1 with nocodazole and siASPM 1 with nocodazole. After the incubation, the cells were stained 

using a primary anti-FLAG antibody and a secondary Alexa Fluor™ 488 conjugated antibody, as 

previously described (2.5.22). The pictures were photographed subsequently. For this purpose, only the 

DAPI/blue channel was set with a 20x magnification and care was taken to ensure that there were as 

many, but uniform and separate DAPI signals appearing in the image. A DAPI picture was taken, and 

subsequently a picture of the FITC/green spectrum from the same position was made. Afterwards, the 

two pictures were combined using the cellSens dimension software. In total, 10 pictures of the respective 

treatments were taken. All FLAG positive signals of each image were visually counted and added in a 

calculation for each treatment. A signal was defined as ASPM-FLAG positive if there were two positive/ 

fluorescent signals in one cell or within two connected cells which were still in mitosis. 
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3 Results 

MYCN amplifications drive the disease in 40-50% of high-risk neuroblastomas62. Despite initial 

remission in response to treatment, more than half the patients with high-risk neuroblastomas relapse 

and succumb to their disease14. This implies that some neuroblastoma cells survive the treatment as 

MRD. The central task of this thesis was therefore to improve the diagnosis of MYCN-amplified 

neuroblastoma (part 3.1) and to evaluate small molecule inhibitors as an indirect treatment approach 

towards MYCN-amplified cells (part 3.2).  

  Detection of neuroblastoma-specific mutations using hybrid 
capture-based panel NGS and sensitive monitoring of minimal 
residual tumor cells  

In this section, a hybrid-capture-based NGS method was employed for the detection of neuroblastoma-

specific mutations, including breakpoints of the MYCN amplicon (part 3.1.1). PCR-based detection of 

cell line and patient-specific genomic MYCN amplicon breakpoints allow for highly sensitive and 

specific MRD detection. Furthermore, MRD analysis by RQ-PCR and ddPCR increase the detection 

sensitivity of a tumor cell in a vast pool of normal cells. Lastly, clinical feasibility was investigated by 

applying the MRD method to material of 6 patients, which enabled to distinguish between MRD 

persistence and good response to the first treatment course (part 3.1.2). 

3.1.1 Evaluation of a neuroblastoma hybrid capture-based NGS panel for risk 

assessment, treatment stratification and detection of MYCN amplicon breakpoints 

3.1.1.1 NB targeted NGS assay: “One fits all”, a customized sequencing assay for 

neuroblastoma-relevant oncogenic targets 

Current neuroblastoma risk assessment and therapy stratification is based on the assessment of a 

combination of molecular and clinical covariates. The German Neuroblastoma Registry (NB Registry 

2016) and the GPOH guidelines 201730,135,236,237,495 made use of patient age, INSS staging128,129, presence 

of metastases, and FISH cytogenetic analyses for the detection of MYCN amplifications and loss at chr. 

1p36. Only a few genes are recurrently altered in neuroblastoma (i.e., MYCN, TERT, ATRX, and ALK). 

However, recent publications shed light on additional genomic alterations43,44, which are supposed to 

play a role in high-risk neuroblastoma development and recurrence. Therefore, a targeted cancer 

sequencing panel was investigated as an advanced diagnostics approach in comparison to the current 

routine diagnostics. The NB targeted NGS assay was designed to detect neuroblastoma relevant 

mutations and may be implemented as one single assay into routine diagnostics. Genes of interest were 

previously identified to be of prognostic relevance in high-risk neuroblastoma and defined by M. Fischer 

(University Hospital Cologne) and J.H. Schulte (Charité), including recommendations from the 

international consensus of the 4th Neuroblastoma Research Symposium (London Conferences667).         
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The NB targeted NGS assay covers all essential covariates for initial classification, provides the detailed 

genomic information essential for considering targeted treatment approaches (such as PLK1/PI3K 

inhibition, see section 3.2.2), and is a basis for subsequent disease monitoring (e.g. based on MYCN 

breakpoints, see section 3.1.2).  

 

Figure 34: Circos plot of genomic target regions and sequencing coverage of the NB targeted NGS assay. 
The NB targeted NGS assay identifies SNVs and InDels (insertion or deletion of base) in coding regions of                 
55 selected genes (noted in the outer circle). Furthermore, copy number alterations and structural rearrangements 
can be detected for selected gene loci and chromosomal regions. Middle circle (orange): genomic coverage of the 
sequencing assay, the number of aligned reads per Mb of the neuroblastoma cell line TR-14 is displayed (coverage 
in Mb range and log2 scale). Inner circle (black): hybrid-capture probe coverage of the genes and regions selected 
for the sequencing panel. (Figure was created in cooperation with J. Tödling (Charité)634).  

This setup allows for the sensitive identification of SNV, insertions and deletions in coding regions of 

55 selected genes. Furthermore, copy number alterations and structural rearrangements (including 
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translocation breakpoints) can be detected for selected gene loci (MYCN, ATRX, TERT, NF1) and 

chromosomal regions (chr.1p36, chr.2p24, chr.11q, chr.17q). A detailed list of all targets included in 

NB targeted NGS assay can be found in Table 12 (see section 10 appendix) and an overview of the 

targets, as well as the genomic coverage is shown in Figure 34. Regions of interest were used to design 

hybrid-capture oligos using NEO New Oncology’s proprietary design procedure635. A total of 2486 

probes were designed to cover the genomic regions of interest for the Neuroblastoma panel sequencing. 

Input DNA can be provided from a variety of sources, like snap-frozen tumor biopsies, bone marrow 

samples FFPE and liquid biopsies. Complimentary probes specifically hybridize to fragmented target 

DNA. An ultra-high sequencing coverage (1,500 – 2,000x on average) is achieved in subsequent 

massive parallel sequencing. At the time of submission, 144 complete data sets were available from 

samples examined with the NB targeted NGS assay (Table 3). The DNA for the sequencings was derived 

from established neuroblastoma cell lines and patient samples. The sample material was sent to NEO 

New Oncology for analysis as DNA in 42.4% of cases, as peripheral blood in 1.4% of cases or as FFPE 

in 56.3% of cases, from which DNA was obtained by laser microdissection. In total, 20 neuroblastoma 

cell lines were analyzed and the DNA was obtained exclusively from cultured cells. Among them, 13 

cell lines were MYCN-amplified and further 7 cell lines were not amplified for MYCN. In addition, 124 

patient samples were examined either using DNA or FFPE as input material. The assay was designed to 

reach a sequencing coverage of on average 1,500 - 2,000x. This sequencing depth was achieved in over 

a third of the samples (36.1%), 16 samples showed an even better result with a coverage exceeding 

2,000x. The sample with the highest coverage was measured with 3,593x and the sample with the lowest 

coverage was measured with 53x. From 45 samples the information regarding the occurrence of a MYCN 

amplification was provided. Overall, MYCN amplifications were detected in about a third of the samples 

(31.3%). These MYCN amplifications were most likely results of genomic rearrangements and therefore 

harbor unique MYCN breakpoints. These breakpoint sequences constitute the basis for the establishment 

of MYCN breakpoint MRD assays (see section 3.1.2). In addition to the deep sequencing of the MYCN 

amplicon, it could be shown that the NB targeted NGS assay serves as a robust approach for 

neuroblastoma diagnostics and staging of the patients. Furthermore, this assay also reports on the 

treatable molecular targets. 
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Table 3: Overview of 144 samples processed with the NB targeted NGS assay 

 

 

3.1.1.2 Detecting unique MYCN amplicon breakpoints with a targeted sequencing assay 

Prior to the panel sequencing, the MYCN status in neuroblastoma cell line and tumors was controlled 

using the FISH technique. FISH supported detection of MYCN amplifications is clinical implemented 

as the "gold standard method" for assessment of the MYCN status (example of MYCN FISH detection 

in TR-14 cell line see Figure 35).  

 

Figure 35: FISH based evidence for MYCN amplification found in neuroblastoma cell line TR-14.   
MYCN amplifications (green color) were detected in cell nuclei of neuroblastoma cell line TR-14 (DNA probe at 
chr.2p24). The MYCN amplicon is located on DMs668. As a reference, a CEP2 probe (red color) which binds a 
repetitive sequence in the centrosomal area of chromosome 2, was added. Nuclear counterstaining was conducted 
with DAPI (blue color). (Picture kindly taken by J. Theissen and W. Lorenz (University Hospital Cologne). 

Sample type 
Amount of 

samples 
 Mutation 

Count of 

detection 
 Other mutations found 

DNA 61  MYCN normal 99  NF1 

FFPE 81  MYCN-amplified 45  JAK2 

Blood 2  MYCN CNV mean 60.62  CDKN2A 

      RICTOR 

Cell line 20  ALK normal 101  CMK4 

Patient 124  ALK rearrangement 1  TP53 

   ALK gain 5  MDM4 

Coverage (in x) 
Amount of 

samples 
 ALK loss 7  HRAS/NRAS 

1-500x 20  ALK SNV 30  FGFR1/FGFR3/FGFR4 

501-1,000x 22     PTEN 

1001-1,500x 34  TERT normal 137  ATM/ATR 

1501-2,000x 52  TERT rearrangement 6  MTOR/RPTOR/RICTOR 

>2,000x 16  TERT loss 1  NBAS 

      BRCA1/BRCA2 

   ATRX normal 118  SMO 

   ATRX rearrangement 2  PIK3CA 

   ATRX gain 6  PGFRA 

   ATRX loss 13  TSC2 

   ATRX SNV 5  CCND1 
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The samples of the neuroblastomas (tumor pieces and/or bone marrow spears) included in this study 

were examined for the MYCN status within routine diagnostics of the German neuroblastoma trial 

(NB2004) and the German Neuroblastoma Registry (NB Registry 2016)30,236,237,495 at diagnosis time 

point or in the event of a relapse. FISH analysis was performed in cooperation with the neuroblastoma 

reference laboratory by J. Theissen and W. Lorenz (University Hospital Cologne). To establish a 

targeted sequencing assay for detection of tumor-specific breakpoints of the MYCN amplicon, first the 

largest genomic region in which MYCN breakpoints frequently occur was defined. Based on previously 

published data of whole-genome sequencing of 14 primary MYCN-amplified neuroblastomas43,44,76, i.a. 

focusing on genomic rearrangements that follow telomerase activation, this data was reanalyzed for 

rearrangements within the genomic neighborhood of MYCN. For this, a structural-variant detection 

using the novoBreak software633 was used, which included stringent filtering of the resulting 

breakpoints. The analysis of next-generation sequencing data for MYCN breakpoint detection was kindly 

performed by J. Toedling (Charité)634,635. Within the 1Mb range of MYCN, 376 breakpoints were 

identified (Figure 36). The majority of breakpoints were located within the MYCN gene, upstream to 

MYCN in the intergenic area between MYCN and DDX, or downstream to MYCN in the intergenic region 

between MYCN and FAM49A.  

 

Figure 36: Detection of tumor-specific breakpoints of the MYCN amplicon using next-generation sequencing data.  
GeneRegionTrack plot showing frequency of genomic breakpoints in proximity to MYCN on chr.2p24.3. 
Breakpoints were determined by WGS of 14 primary MYCN-amplified neuroblastomas43,44,76 followed by 
structural-variant detection using the novoBreak software and a stringent filtering of the resulting breakpoints. The 
distribution of breakpoints is displayed both as a histogram showing the absolute number of breakpoints in an 
interval and as a smoothed density function. (Figure was created in cooperation with J. Toedling (Charité)634.) 

This 2Mb genomic region was defined as the target region for MYCN breakpoint detection and was 

subsequently included into the design of the NB targeted NGS assay. The hybrid capture probes, which 

were designed to cover the MYCN amplicon, were distributed in sequence starting within the MYCN 
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gene as a “hotspot” of genomic rearrangement occurrences and decreasing in probe coverage towards 

the up- and downstream amplicon outside. The distribution pattern of the MYCN breakpoints in the 

whole-genome sequencing data of the 14 MYCN-amplified neuroblastoma tumors (Figure 36) was thus 

adopted for the probe design for the NB targeted NGS MYCN breakpoint detection (Figure 37). In 

addition to the designed probes in the 2Mb genomic range of the MYCN amplicon, additional probes 

outside the amplicon area were created downstream in the intergenic region between LINC00276 and 

DDX1 and in the area upstream in the intergenic region between FAM49A and RAD51AP2 (see Figure 

37 A). These areas were covered by hybrid capture probes, since breakpoints in the next-generation 

sequencing data can also be found in these regions (breakpoint count ≤ 10) and a possible, clear 

distinction of the active MYCN amplicon rearrangement area should also be investigated. A total of 112 

MYCN amplicon-related probes, located on chromosome 2 between bases 14,724,671 and 17,527,918, 

were applied within the NB targeted NGS assay. 

 

Figure 37: Genomic regions of sequencing capture probe hybridizations in the MYCN amplicon.  
Coverage of hybrid capture probes in proximity to the MYCN amplicon on chr. 2p24.3-2p24.2. (A) Distribution of 
the hybrid capture probes in the area of the MYCN amplicon between the genomic regions upstream in the 
intergenic region after LINC00276 at position chr2:14,724,67 and downstream in the intergenic region before 
RAD51AP2 at chr2:17,527,918. Starting from MYCN, the probes were distributed in a smaller number and density 
outwardly. (B) Detail image of the probe distribution in the MYCN gene, which was almost completely covered 
by hybrid capture probes.  

The MYCN gene itself was particularly densely covered with hybrid capture probes (Figure 37B). The 

area of exon 1 was not covered (area not covered: chr2:16,080,560 – chr2:16,080,853), but the intronic 

area between exon 1 and exon 2 was entirely covered with probes, as was exon 2 itself. In the area of 

the intronic region between exon 2 and exon 3, almost complete coverage took place (areas not covered: 

chr2:16,083,439 – chr2:16,083,596, chr2:16,084,800 – chr2:16,085,014 and chr2:16,085,194 – 

chr2:16,085,421). Exon 3, is again entirely covered by probes, however, coverage of the 3 'UTR area 
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was almost completely excluded for probe design (area not covered: chr2:16,086,241 – chr2:16,086,662 

and chr2:16,086,782 – chr2:16,087,129). In summary, it can be said that 72.8%. of the 6,276 bp of the 

MYCN gene were covered by hybrid capture probes. The NB targeted NGS assay was used for targeted 

sequencing of the amplified MYCN locus in 7 cell lines and 13 primary high-risk neuroblastoma samples 

at an overall coverage of 513x – 2,075x (Table 14 and Table 16 in appendix section).  

 

Figure 38: Sequencing read depth drop of MYCN amplicon breakpoint in neuroblastoma cell line TR-14.  
IGV image displaying sequencing-data evidence for the presence of a specific breakpoint of MYCN in TR-14 
MYCN-amplified neuroblastoma cell line. Display of breakpoint rearrangement intergenic chr2:16,400,242 - 
intergenic chr2:15,966,854. The breakpoint was located on the basis of a sequencing read depth drop (marked with 
a black arrow at position chr2:15,966,854; In detail, a part of an intergenic region chr2:16,400,242 (multicolor) 
sequence was fused to another intergenic sequence chr2:15,966,854 (grey, aligned to GRCh37 (hg19)).  

Reads covering the MYCN locus in all samples were aligned. The read depth typically showed a steep 

rise or drop at the exact location of the breakpoint in many cases (example in cell line TR-14 see Figure 

38). Discordant read pairs and reads covering a breakpoint were extracted. After the extraction of all 

breakpoints found within a sample, a quality filtering of the breakpoints followed. For this, the unfiltered 

breakpoints are catalogued in order of their genomic localization first. The breakpoints are then sorted 

according to the number and type of supporting sequencing reads. Breakpoints that are supported by 

many covering sequencing reads (>10 encompassing and spanning reads) were estimated to be of high 

quality and a presence is assumed to be very likely. These breakpoints were used later on for the 

neuroblastoma MRD project (see section 3.1.2). Breakpoints supported with a medium number of reads 

(>2 encompassing and spanning reads) or with a small to no number of reads (≤1 encompassing and 

spanning read) were deferred for PCR and Sanger sequencing validation. An example based on the cell 

line TR-14 is displayed in Table 18 (section 10 appendix), which shows all breakpoints found and their 
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categorization. In summary, 20 breakpoints were detected in 7 cell lines (median: 2.86 per cell line, 

Table 4) and 35 breakpoints in 13 tumors (median: 2.7 per tumor; Table 5).  

Table 4: Breakpoints detected in the genomic MYCN amplicon in neuroblastoma cell lines. 

Name of cell line Copy number MYCN 
MYCN associated 

breakpoints 

IMR-5 49.90 2 

SK-N-BE 68.06 3 

LAN-5 59.50 2 

NGP 56.93 3 

KELLY 88.00 3 

TR-14 57.00 2 

SK-N-DZ 43.20 5 

 
Table 5: Breakpoints detected in the genomic MYCN amplicon in primary neuroblastoma tumor samples. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The MYCN copy number did not correlate strongly with the number of breakpoints per cell line or tumor 

(p=0.84 and p=0.67, respectively). The example of the cell line TR-14 shows that the number of 

breakpoints found has no strong correlation with the detected MYCN copy number (detected CNV 57.00, 

breakpoints 2). Out of 20 samples sequenced, 11 samples show a lower copy number than TR-14 and 8 

samples show a higher copy number than TR-14 with a different count of detected breakpoints (see 

MYCN copy number for TR-14 in Figure 39). Of all 55 breakpoints identified, only 4 breakpoints 

occurred within the MYCN gene (Table 14 and Table 16 in appendix section), 2 breakpoints were found 

in the intron between exons 2 and 3 and the other 2 breakpoints were revealed in exons 2 and 3. 

Interestingly, 8 of the 51 breakpoints located adjacent to MYCN occurred within the NBAS gene, while 

3 breakpoints occurred in other genes and 40 breakpoints occurred in intergenic regions (Figure 40). All 

11 breakpoints within genes other than MYCN were detected in intronic and not protein-coding regions. 

 

Patient 

number 

Copy number of 

MYCN 

MYCN associated 

breakpoints 

1 61.02 5 

2 73.27 4 

3 47.90 2 

4 54.63 1 

5 66.11 1 

6 44.50 4 

7 14.53 1 

8 48.25 1 

9 31.15 5 

10 28.21 1 

11 153.57 3 

12 28.75 4 

13 112.53 3 
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A B  

Figure 39: MYCN copy number and focality plot of chromosome 2 from neuroblastoma cell line TR-14.  
(A) Sequencing evidence for a MYCN amplification. Copy number plot displaying a change of the copy number 
within chromosome arm 2p. (B) Focality plot of chromosome 2 shows a copy number change and amplification 
of the 2p24 region. Red dots display the location of a hybrid capture probe which provides information about the 
copy number at this position. Blue dot indicates the genomic location of MYCN at chr2:16,080,683-16,087,129 in 
GRCh37 (hg19). The MYCN copy number information is taken from this position, displaying a copy number           
of 57 for TR-14.  

 

 

Figure 40: Patient-individual detection of breakpoints of the MYCN amplicon using NB targeted NGS assay.  
GeneRegionTrack plot showing frequency of genomic breakpoints in proximity to MYCN on chr.2p24.3. 
Breakpoints were determined within the 1Mb range of MYCN by NB targeted NGS assay followed by structural-
variant detection using the novoBreak software and a stringent filtering of the resulting breakpoints. The NB 
targeted NGS assay detected 35 breakpoints in the amplified MYCN locus in 13 primary high-risk neuroblastoma 
tumor samples. The distribution of breakpoints is displayed both as a histogram showing the absolute number of 
breakpoints in an interval and as a smoothed density function. (Figure created in cooperation with J. Toedling 
(Charité)634.) 
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All mapped MYCN breakpoints were validated orthogonally using Sanger sequencing of PCR amplicons 

(See section 3.1.2) that included each breakpoint (Table 14 and Table 16 in appendix section). These 

data show that a robust and effective pipeline to identify patient-specific breakpoints of the MYCN 

amplicon could be established. The results of the NB targeted NGS assay could now be used to design 

a MYCN breakpoint patient-specific PCR assay and to expand this PCR setup to an NB breakpoint MRD 

assay that recognizes residual tumor cells in a patient sample. 

3.1.1.3 Composition of the genomic sequence of MYCN amplicon breakpoints 

The results of the NB targeted NGS assay show that unique MYCN breakpoints exist within the MYCN-

amplified neuroblastoma samples. These breakpoints are most likely the result of a break in the genomic 

DNA, which is then somehow realigned or repaired afterwards. However, these breakage events do not 

happen at the exact same genomic site, they occur at different genomic locations. This creates unique 

breakpoint “scars”, which differ to the reference sequence and which can be used in MRD PCR assays 

for the detection of minimal residual tumor cells (see section 3.1.2).  

 

Figure 41: IGV based detection of the TR-14 MYCN amplicon breakpoint no.15.  
IGV view displaying NGS-data evidence for the presence of a specific breakpoint within the MYCN amplicon area 
in the TR-14 MYCN-amplified neuroblastoma cell line. Images in the squished feature track display a breakpoint 
rearrangement at the genomic location intergenic chr2:16,400,242 - intergenic chr2:15,966,854. For each of the 
fragments showing multicolored parts of sequence reads in complete mismatch compared to grey read parts which 
align with the reference sequence GRCh37 (hg19). The breakpoint is supported by 14 spanning and                               
65 encompassing reads. The approximate location of the breakpoint is highlighted with a double line. (A) 
Breakpoint site at intergenic chr2:15,966,854. (B) Breakpoint site at intergenic chr2:16,400,242.  
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Regarding the breakpoint composition in general, there are some recurring patterns that are described in 

more detail here. The breakpoint sequences for e.g. the MYCN-amplified cell line TR-14 and all other 

specimens were compiled from two genomic rearrangement sites. Breakpoint sequences are displayed 

using discordant read pairs from the NB targeted NGS assay, which can be spanning and encompassing 

sequencing reads. The consensus sequence of a breakpoint spanning read was extracted without reads 

which are not discordantly aligned. The breakpoint sequence was either provided by NEO New 

Oncology GmbH directly (as in case of TR-14 breakpoints; see breakpoint in sequencing data in Figure 

41) or extracted from alignment data independently (as explained in 2.9.3). The breakpoint no. 15 of 

TR-14 is a rearrangement in the closer genomic region of MYCN, in the area between 15.97Mb to 

16.4Mb, which also includes the amplified MYCN gene. The MYCN copy number focality plot from 

TR-14 (Figure 39 B) shows that the genomic locations chr2:15,966,854 and chr2:16,400,242 are 

involved in the breakpoint composition and could probably display the outer borders of the MYCN 

amplicon. MYCN copy number variations and the MYCN amplification take place in the region between 

the genomic locations chr2:15,966,854 and chr2:16,400,242. The sequencing data further indicates a 

head-to-tail direction of the genomic breakpoint sequence (detailed information in appendix Table 18). 

Comparing the NGS sequence of the TR-14 breakpoint to the reference genome, a series of events are 

suggestable that may have led to the final, mutated TR-14 chromosome 2p. First of all, there should 

have occurred at least two breaks upstream and downstream of MYCN. This fragment then was inverted 

in comparison to the original strand orientation and was re-fused at least twice to the previously broken 

genomic strand (See Figure 42). It is unclear whether this fragment was broken only at these two 

locations, or whether there were further breaks within the area between 15.97Mb and 16.4Mb and there 

were, for example, two small fragments that were broken, inverted and exchanged between the 

breakpoint sites. In addition to a double-strand break, there may also have been (several) single-strand 

breaks that were subsequently annealed or repaired.  

 

Figure 42: Genomic rearrangement events derive MYCN amplicon breakpoint in MYCN-amplified TR-14 cell line.  
Location of a MYCN breakpoint, caused by rearrangement events resulting in an intergenic rearrangement from 
15.97Mb to 16.4Mb in neuroblastoma cell line TR-14.  
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A closer examination of the nucleotide composition shows a GC content of 47%. The sequence also 

includes 19 open reading frames, 28 potential sites for hairpin formations, 41 potential self-annealing 

sites, and no 3' complementarity sites. Furthermore, the breakpoint harbors a 12 bp microhomology with 

the sequence 5’-GAGGTAGGAGTG-3’ at the junction site, which pinpoints towards an occurrence of 

a similar nucleotide sequence in both breakpoint composing strands (Figure 43). Microhomologies are 

shared or additional nucleotides at the junction side of rearranged fragments551. This type of a 

microhomology, which occurs within the TR-14 MYCN breakpoint (breakpoint no. 15), represents a 

junctional microhomology, which occurs directly at the breakpoint junction of the genomic 

rearrangement. The microhomology sequence is identical in each of the genomic strands that composes 

the genomic rearrangement, therefore it is impossible to identify the exact location of the breakpoint85. 

On closer inspection of the microhomology sequence (5’GAGGTAGGAGTG’3), it could be assumed 

that this sequence displays a chiral or mirror repeat DNA sequence669. Excluding the last two 3' end 

nucleotide bases TG, the sequence GAGGTAGGAG is left and if the 5th or 6th base has been replaced 

by a transversion mutation (A <-> T), a copy sequence which mirrors between the 5th or 6th base in 

reverse nucleotide order can be recognized. Equally, the bases GT at the 4th/5th position and bases TG at 

the 11th/12th position themselves could represent a chiral copy. However, the mechanism behind the 

breakpoint microhomology occurrence and structural composition cannot be clarified so far. Overall, 

the existence of the unique MYCN rearrangements in different locations of chromosome 2p and the 

involvement of microhomologies has to be examined in further detail. 

 

Figure 43: Junctional microhomology in MYCN amplicon breakpoint of TR-14 neuroblastoma cell line.  
At least two DNA strand breaks upstream and downstream of MYCN probably led to this rearrangement in the cell 
line TR-14. This fragment then was inverted in reverse order to the original strand sequence and then was re-fused 
at least twice to the previously broken genomic strand. The normal orientation of the DNA strand also remains the 
same for the fragments which is in head to tail direction. When comparing the reference genome GRCh37 (hg19) 
of the sequence of the two segments involved in the breakpoint and the actual breakpoint sequence, it is noticeable 
that the segments share 12bp (“microhomologies”) at the breakpoint junction site. These 12bp are identical in 
sequence in both segments, which is why an affiliation to one of the two segments cannot be determined. This 
picture shows only a 76bp section. 
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3.1.1.4 Stability of genomic MYCN amplicon breakpoints over the course of the disease 

As a prerequisite for using the MYCN amplicon breakpoints as MRD markers, it is necessary to assess 

how stable MYCN amplicon breakpoints were over the course of the disease. A first approach to this 

topic was the sequencing of established neuroblastoma cell lines and their associated sub-clones. The 

process of sub-cloning and sub-cultivation can lead to possible (genetic) changes in the subclone that 

were not present in the parental cell line and/or the selection of a specific clone can lead to improved 

chromosomal stability and a more homogenous population670. Therefore, the parental cell line IMR-32 

with the sub-clones IMR-5 and IMR-5/75 and the parental cell line SK-N-BE with the sub-clone BE(2)-

C were examined in more detail for shared MYCN breakpoint sequences.  

A  B  

C  D  

Figure 44: MYCN copy number and focality plot of chromosome 2 from matching primary and relapse tumor 
samples.  
(A) Sequencing evidence for a MYCN amplification. Copy number plot displaying a change of the copy number 
within chromosome 2p of the primary tumor sample. (B) Focality plot of chromosome 2 shows a copy number 
change and amplification of the 2p24 region of the primary tumor sample. Red dots display locations of hybrid 
capture probes. Blue dot indicates the genomic location of MYCN at chr2:16,080,683-16,087,129 in GRCh37 
(hg19). The MYCN copy number information is taken from this position. (C) Copy number plot displaying a 
change of the copy number within chromosome 2p of the relapse tumor sample. (D) Focality plot of                
chromosome 2 shows a copy number change and amplification of the 2p24 region of the relapse tumor sample.  
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Within a comparison of the breakpoint locations and sequences, it was found that all parental breakpoints 

were also detectable in the sub-clones (see Table 14 in appendix). In total, one breakpoint from the cell 

line IMR-32 could be recovered in the sequencing data of the sub-clones IMR-5 and IMR5/75 and three 

breakpoints from line SK-N-BE could be recovered in the sequencing data of the sub-clone BE(2)C. 

These results were further validated by breakpoint specific PCRs, Sanger sequencing and MRD PCRs 

(see section 3.1.2). In a next step, the NB targeted NGS assay was used to map the MYCN breakpoints 

in paired tumor biopsies taken at diagnosis and relapse. The examination of the breakpoint stability 

through the course of the disease in patient material was a prerequisite to further confirm the 

applicability of MRD detection in patient follow-up samples. The stability of breakpoints was tested in 

tumor material of the patients no. #2 and #5 (see Table 5). As an example, the MYCN amplicon and the 

MYCN breakpoint of patient no. #5 will be described in more detail. The samples from patient no. #5 

show a MYCN copy number of 66.11 or 27.35 and one major breakpoint, which is supported by > 10 

encompassing and spanning reads. Again, the number of breakpoints found displayed no strong 

correlation with the detected MYCN copy number. It should be highlighted that the MYCN copy number 

between primary and relapse tumor sample has been nearly halved, from 66.11 to 27.35. However the 

focality profile displays only minor changes between both copy number patterns within the MYCN 

amplicon (Figure 44). A qualitatively divergent NB targeted NGS is unlikely, since e.g. the coverage for 

the primary tumor sample (1,554x) and for the relapse tumor sample (1,584x) was detected very high 

and very similar. Interestingly, the number of breakpoints found does not change due to the changed 

copy number. The tumor of patient no. #5 shows 5 distinct breakpoints of the MYCN amplicon which 

are supported by many sequencing reads (4 – 498 reads). Moreover, all 5 breakpoints found in the 

primary tumor sample of the patient can be recovered in the relapse tumor material (see Table 19 in 

appendix). One breakpoint (intergenic chr2:16,242,896 – intergenic chr2:16,393,725) stands out among 

the 4 other breakpoints, because this breakpoint has achieved a very high sequencing coverage (477 

encompassing and 19 spanning reads in the primary tumor and 70 encompassing and 16 spanning reads 

in the relapse tumor) and result from a rearrangement in proximity to MYCN on chr.2p24.3. In contrast, 

the other breakpoints are supported with fewer sequencing reads and showed a segment partner that 

links to a similar location further downstream in the chr.2p22.3 region around chr2:33,141,347. 

Therefore, the breakpoint at intergenic chr2:16,242,896 had to be classified qualitatively as a main 

breakpoint and all other 4 breakpoints had to be classified as minor breakpoints. This main breakpoint 

was therefore used for further PCR and NB breakpoint MRD assay detection (see section 3.1.2). 

However, if this breakpoint cannot be detected or validated, or if it is necessary to validate more than 1 

breakpoint, the other breakpoints represent an alternative option. Overall in this work, 4 and 1 MYCN 

breakpoint(s) were mapped in the primary tumor samples from patients no. #2 and #5 (Table 5 and Table 

16). Identical breakpoints were detected in the matched relapsed tumor samples from patients 2 and 5 

using the NB targeted NGS assay, demonstrating a stability of the breakpoints over the course of the 

disease. The breakpoint sequences from both time points were aligned to each other to identify even 
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slight changes, but the aberrant sequences matched exactly. In the matching tumor DNA samples from 

primary and relapse tumors of patient no. #5 the breakpoint at the location intergenic chr2:16,242,896 

could be found at the same genomic position (Figure 45). Furthermore, the sequence for each sample 

showed the identical same sequence at this position, which is why it can be assumed that it is the exact 

same breakpoint. This result is supported by the occurrence of a sequencing read depth drop at the 

precise location of the breakpoint in both samples. Amplification of these breakpoint regions for 

validation with Sanger sequencing produced the same result, that all breakpoints detected in the primary 

samples were perfectly preserved in the corresponding relapsed tumor (see Figure 56). The breakpoint 

(intergenic chr2:16,242,896 – intergenic chr2:16,393,725) of the tumor of patient no. #5 evidences a 

rearrangement downstream of the genomic region of MYCN, in the area between 16.24Mb to 16.39Mb, 

which does not include the MYCN gene directly (Figure 46). 

 

Figure 45: Detection of the same breakpoint of the MYCN amplicon in matching primary and relapse tumor samples.  
IGV image displaying sequencing-data evidence for the presence of a specific genomic breakpoint downstream of 
MYCN at intergenic chr2:16,242,896 in initial tumor material obtained from patient no. #5 (upper panel). In 
subsequent relapse tumor material obtained, the very same breakpoint was detected (lower panel). The sequencing 
data for both samples also show a drop in the sequencing coverage which is typical for detected breakpoints. For 
each of the panels showing multicolored parts of reads in complete mismatch compared to grey read parts which 
align with the reference sequence GRCh37 (hg19). The black rectangle shows the position of the matching flanking 
sequence of the breakpoint. The arrow points towards the exact rearrangement site of the breakpoint.  

The MYCN copy number focality plots from both tumor samples (Figure 44 B+D) show that the 

rearrangement events, which must have led to the creation of this breakpoint, probably took place at the 

downstream end of the MYCN amplicon. This part of the breakpoint may only represent a small part of 

a genomic “cassette”, which is located at the end of the MYCN amplicon. In addition, there may have 

occurred other rearrangement events within the MYCN amplicon or a spanning rearrangement event 
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over the whole MYCN amplicon. The sequencing data further indicates a tail-to-tail direction of the 

genomic breakpoint sequence (see Table 19 in appendix). Comparing the NGS sequence of the tumor 

breakpoint to the sequence of the GRCh37 (hg19) reference genome, a series of events are imaginable 

that may have led to the final, mutated tumor chromosome 2p sequence. First of all, there should have 

occured at least two or probably four breaks downstream of MYCN. The two segments of this breakpoint 

were then inverted in comparison to the original strand orientation and were re-fused at least twice to 

the previously broken genomic strand (see Figure 46). The pattern indicates that there was one break at 

the front end of the first segment of the breakpoint “cassette” and another break at the end of this first 

segment. This segment originated from the sense strand and has turned in addition. The second segment 

at the end of the breakpoint “cassette”, which originated from the antisense strand, was also broken from 

the strand and has turned as well before final refusion. Therefore, both segments of the rearrangement 

have a telomeric directed end. It is unclear whether this fragment was indeed broken only at these two 

locations, whether there were further breaks within the area between 16.24Mb and 16.39Mb and 

wheather there were, for example, two small fragments that were broken, inverted and exchanged 

between the break sites. As an alternative to a double-strand break, there may also have been (several) 

single-strand breaks which may have led to the refusion of the sense and antisense strand. 

 

Figure 46: Genomic rearrangement events derive MYCN amplicon breakpoint in MYCN-amplified tumor of patient no.5.  
Location of a MYCN breakpoint, caused by rearrangement events resulting in an intergenic rearrangement from 
16.24Mb to 16.39Mb in the tumor of patient no. #5.  

In summary, it could be shown that a unique MYCN amplicon breakpoint is present in the paired 

longitudinal tumor samples from patient no. #5. The data demonstrate that the MYCN amplicon 

breakpoints persist through the course of the disease to relapse, and could serve as MRD markers. 

3.1.2 Detection of minimal residual disease based on MYCN amplicon breakpoints and 

other neuroblastoma-relevant mutations 

3.1.2.1 Design of sensitive MRD assays based on individual MYCN breakpoints   

In this part of the work, MRD assays were established based on unique MYCN breakpoints, with which 

residual tumor cells can be detected in the bone marrow. The sequence of these unique MYCN-associated 
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breakpoints was detected using the NB targeted NGS assay which made it possible to design cell line or 

patient-specific PCRs and NB breakpoint MRD assays. Exemplary for PCR and MRD assay design, the 

assay establishment for detection of a MYCN breakpoint of the neuroblastoma cell line TR-14 will be 

discussed in more detail here (no. 15, see Table 14 in appendix). The breakpoint sequences for TR-14 

and other specimens were compiled using a consensus sequence of a breakpoint spanning read from the 

NB targeted NGS assay (3.1.2). PCR and MRD assays were designed by composing this (breakpoint-) 

spanning read, together with one upstream encompassing read and one downstream encompassing read, 

which were located adjacent to the spanning read. Based on the MYCN amplicon breakpoint sequences, 

the PCR assays were then designed, which are fundamental for further MRD detection. Designed PCR 

assays were initially established based on the specific MYCN breakpoints of neuroblastoma MYCN-

amplified cell lines. The usage of cell lines has the advantage that, in contrast to the patient material, 

enough DNA material was available to validate the PCR assays. For each breakpoint for which a PCR 

assay was designed, at least three different PCR assays, i.e. primer pairs, were designed. The primer 

pairs were designed at different distances with respect to the specific breakpoint (see Figure 47). Firstly, 

in a short distance (amplicon length approximately. 60-100bp), secondly in a medium distance 

(amplicon length approximately 100-200bp) and thirdly in a wide distance (amplicon length 

approximately 200-400bp). 

 

Figure 47: Scheme showing different PCR amplicon length approaches with different distances of the primer to the 
breakpoint/microhomology.  
Primer pair in very short distance to the breakpoint with amplicon length of 63bp (blue color), in medium distance 
with amplicon length of 150bp (orange color) and in wide distance with amplicon length of 243bp (dark red color). 
The exact breakpoint sequence and the sequence flanking the breakpoint (rearrangement of two intergenic parts 
of chromosome 2, shown in yellow and green) are supported by a sequence spanning read (grey). This breakpoint 
further shows a microhomology (pink). The sequence outside the spanning read matches the GRCh37 (hg19) 
reference genome. Breakpoint no.15 intergenic chr2:16,400,242 - intergenic chr2:15,966,854 from cell line           
TR-14 is displayed.  

A conventional PCR was then carried out using the primer pairs, and the PCR products were displayed 

by automated DNA electrophoresis. It turned out that the primer pairs, which were located within or 

close to the range of the sequence confirmed by a spanning read, represented a rather successful PCR 

with a single PCR product without or fewer side products. However, a too short PCR amplicon in 
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approximately 70bp often did not show a clear and single band in the electrophoresis. This was 

confirmed in case of the PCR breakpoint assay for the cell line TR-14; the primer pair with the medium 

distance to the breakpoint led to a positive result in DNA electrophoresis. Here, a single PCR product 

could be detected using the TR-14 DNA sample, which also has the correct bp length displayed by the 

electropherogram (Figure 48). If the use of a primer pair at a medium or wide distance to the breakpoint 

was successfully confirmed by electrophoresis, Sanger sequencing was carried out directly from the 

PCR product for further sequence validation. If exclusive or additionally the primer pair in short distance 

to the breakpoint showed a successful PCR product, the sequence of the PCR amplicon was too small 

in bp size to be obtained via Sanger sequencing (up to approximately 100bp). 

 

Figure 48: Automated DNA electrophoresis of conventional PCR assay designed to amplify the TR-14 breakpoint 
no.15 sequence.  
(A)  Validation of TR-14 cell line specific MYCN amplicon breakpoint DNA with conventional PCR and 
automated DNA electrophoresis of PCR products (controls from left to right: NB = CHP-134 cell line DNA,          
non-NB = HeLa cell line DNA, buffy coat = DNA from ten healthy blood donors, NTC = water). (B) 
Electropherogram of PCR amplicons obtained in TR-14 cell material confirmed the correct PCR amplicon size. 
The measured size of the actual PCR amplicon (157bp) approximated the length of the predicted amplicon (150bp).  

Therefore, the PCR amplicon to be detected or rather the breakpoint sequence had to be determined 

from the original DNA sample using conventional or Topo™ TA Cloning™ via a Sanger sequencing of 

the vector. The PCR assay to detect the TR-14 breakpoint was long enough (breakpoint no.15; 150bp) 

to perform a direct Sanger sequencing from the resulting PCR product. The breakpoint sequence for TR-
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14 detected with the NB targeted NGS assay could be confirmed in complete agreement using Sanger 

sequencing of the PCR product. 

 

Figure 49: Electropherogram of Sanger sequencing of the PCR amplicon of TR-14 confirmed the exact MYCN 
breakpoint sequence.  
Sanger sequencing confirmed the exact MYCN amplicon breakpoint sequence and length of the predicted amplicon 
(150bp).  

PCR assays were designed and validated with DNA automated electrophoresis and Sanger sequencing 

for 20 breakpoints found in 7 cell lines (see Figure 128 and Table 15 in appendix). Applying the short, 

medium and wide distance primer approach, at least 60 different primer pairs were designed and tested. 

After the feasibility of establishing PCR assays at MYCN breakpoints of neuroblastoma cell lines could 

be demonstrated, MYCN breakpoints in primary and additional tumor samples from patients with 

neuroblastoma were also validated. Importantly, 35 breakpoints in 13 primary tumor samples could be 

detected with this technique as well (see Figure 129, Figure 130 and Table 17 in appendix). In addition 

to the available primary tumor samples, all other available samples were also tested with the same PCR 

assay for the respective patient. Those include DNA derived from second-look biopsies or whole section 

surgeries within the treatment course, from biopsies of metastases, from bone marrow samples gained 

from different locations of the iliac crest and from peripheral blood. Once a PCR assay was established 

and the sequence from a PCR product or cloning vector was validated using Sanger sequencing, the 

quantitative MRD assay for the sensitive detection of minimal residual cells was established 

subsequently. RQ-PCR assays as clinical use gold standard and ddPCR assays were developed 

according to MRD guidelines followed by the EuroMRD Consortium for leukemia MRD161,587,671. NB 

breakpoint MRD assay design for the detection of the MYCN breakpoint was also performed for the cell 

line TR-14 (see PCR assay in Figure 50). Primers flanking each breakpoint were combined with specific 

dual-labeled fluorescent probes to enable breakpoint detection via fluorescence detection of the 

unquenched FAM tag either during RQ-PCR in real-time PCR or at the endpoint of digitalized and 

single droplet reactions in ddPCR. The hydrolyzation probe, a 20 to 25-mer hydrolyzation 

oligonucleotide with FAM reporter dye at 5’ end and BHQ1 quencher dye at 3’ end was designed with 

preference >5 bases upstream of the breakpoint, or, due to repetitive sequences, downstream of the 

breakpoint. The probe was positioned as not to cover the breakpoint and be at least 5 bp away from any 

primer, otherwise, the results of the RQ-PCR displayed a poor fluorescence signal with less PCR 

efficacy. In very rare cases, the probe was designed to match a breakpoint-spanning sequence, if 

upstream and downstream sequences neighboring the breakpoint were both repetitive sequences. The 

exact breakpoint site was avoided for MRD assay design in mostly all cases, due to the slight possibility 
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that rearranged fragments are not directly attached and contain shared or additional nucleotides at the 

junction side (microhomologies551). The length of the amplicon PCR can also be a problem when 

designing a probe. There had to be enough space between the two primers to place a probe at a suitable 

location. In particular, if the PCR amplicon was a short amplicon (Figure 47), there were only a few 

possibilities for positioning a probe. The three oligonucleotides, forward primer, probe, and reverse 

primer, with an average length of 20 nucleotides in total, already require 60 nucleotides of the amplicon 

length. Therefore, with a small amplicon of 70bp there was only 10 bp space available between the 

individual nucleotides. Consequently, either another breakpoint of the same sample that could be 

detected by a larger PCR amplicon was used for the design of the MRD assays, or a PCR from a 

combination of a short distance amplicon PCR primer and a medium/wide distance amplicon PCR 

primer was used. If neither of the two options mentioned were feasible, a MRD assay was designed as 

a short amplicon MRD PCR. Care was taken, to ensure, that the spacer nucleotides between the 

oligonucleotides were relatively evenly distributed, e.g. with an amplicon length of about 70bp. The 

following assay design was used: forward primer (20 nucleotides) - 4bp empty space - probe (22 

nucleotides) - 4bp empty space (exact breakpoint within this location) - reverse primer (20 nucleotides). 

 
 
Figure 50: Design of MRD assay on specific MYCN breakpoint in MYCN-amplified TR-14 cell line.  
MYCN amplicon breakpoint (No.15) in neuroblastoma cell line TR-14. Detailed picture shows the design of the 
PCR assay, using forward and reverse primer and a fluorescent FAM-BHQ1 probe needed for RQ-PCR and ddPCR 
supported MRD detection. 

After designing a suitable MRD assay employing a hydrolysis FAM-BHQ1 probe, the probe was tested 

together with the PCR assay primers in an RQ-PCR approach and conditions were then optimized for 

breakpoint detection. The sample DNA was spiked-in normal DNA from purified mononuclear blood 

cells pooled from 10 healthy donors in a serial dilution series.  

Table 6: Sensitivity of RQ-PCR and ddPCR assays for detection of MYCN associated breakpoints in neuroblastoma 
cell lines. 

 

 
 
 
 
 
 
 
 
 
 
 

Number of sample 

analyzed with RQ-

PCR/ddPCR 

Name of cell 

line 

Breakpoint 

number 

Result RQ-PCR 

assay sensitivity 

Result ddPCR 

assay sensitivity 

1 IMR-5 2 10-4 10-4 

2 SK-N-BE 3 10-5 10-6 

3 LAN-5 7 10-6 10-6 

4 NGP 10 10-6 10-6 

5 KELLY 12 10-4 10-5 

6 KELLY 13 10-4 10-6 

7 TR-14 16 10-6 10-6 

8 SK-N-DZ 17 10-4 10-6 
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With this standard series, a dilution of the tumor cells within the normal healthy cells of the body could 

be simulated. The standard series for a cell line or patient tumor sample functioned also as a tool to 

adjust the annealing temperature of the MRD assay (in 1°C steps from 60-70°C), which is crucial to 

figure out the highest detection sensitivity. NB breakpoint MRD assay sensitivity detection limits were 

first assessed for selected MYCN breakpoints identified in neuroblastoma cell lines using NB targeted 

NGS assay. From 20 validated MYCN breakpoints found in cell lines (see Table 14 in appendix), eight 

breakpoints (numbered 1-8 for clarity; see Table 6) in seven cell lines underwent further MRD analysis 

by RQ-PCR and ddPCR, with amplicons detectable in single tumor cells among up to 106 total cells. An 

optimized RQ-PCR and ddPCR assay for breakpoint number 15 robustly detected TR-14 neuroblastoma 

cells among up to 106 total cells (Figure 51).  

A   B  

Figure 51:  Results of MRD assay on a specific MYCN associated breakpoint in the MYCN-amplified TR-14 cell line. 
 (A)  Amplification plot of RQ-PCR analysis, highlighting a detection sensitivity of the TR-14 specific breakpoint 
of 10-6 within a spike-in dilution series experiment (controls: neuroblastoma cell line DNA, non-neuroblastoma 
cell line DNA, DNA from 10 healthy blood donors, water). (B) Amplification plot of ddPCR, displaying                      
a detection sensitivity of the TR-14 specific breakpoint of 10-6 within a spike-in dilution series experiment 
(controls: non-neuroblastoma cell line DNA, DNA from 10 healthy blood donors, water).  

Based on all 8 MRD MYCN breakpoint assays in cell lines (Table 6), RQ-PCR sensitivity detection 

ranged from 10-4 to 10-6. For comparison of RQ-PCR and ddPCR techniques, the same MRD assays 

with primer/probe pairs and PCR conditions were used to analyze breakpoints no. 1-8 in ddPCR assays 

on DNA from the cell lines with the serially diluted spike-in pool of mononuclear reference cells from 

10 healthy donors. Even without individually optimizing ddPCR assay conditions, benchmarking using 

the 8 selected MYCN amplicon breakpoints confirmed a higher sensitivity across all breakpoints for 

ddPCR (Figure 52A and Table 6). Breakpoints 2-4 and 6-8 were detected at a sensitivity of 10-6, and 

breakpoint 5 was detectable with a sensitivity of 10-6. Subsequently, NB breakpoint MRD assays were 

developed for 14 of 35 MYCN amplicon breakpoints identified in 13 primary neuroblastoma samples 

(see Table 7). Sensitivity was also tested in these assays using the serially diluted spike-in pool of 

mononuclear reference cells, and assays were conducted using both RQ-PCR and ddPCR. 
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Table 7: Sensitivity of RQ-PCR and ddPCR assays for the detection of MYCN associated breakpoints in neuroblastoma 
tumors. 

 

 

 
For these 14 breakpoint assays, sensitivity ranged from 10-4 to 10-6 using ddPCR and 10-3 to 10-6 using 

RQ-PCR (Figure 52B and Table 7). Altogether, ddPCR detected MYCN amplicon breakpoints more 

sensitively in both cell lines and tumor samples. These benchmarking results define a framework for 

establishing sensitive MRD assays using either RQ-PCR or ddPCR and based on patient-individual 

MYCN amplicon breakpoints.  

A           B   

Figure 52: Comparison of detection sensitivity from RQ-PCR and ddPCR NB breakpoint MRD assays.  
A higher sensitivity of MYCN breakpoint detection could be confirmed for ddPCR over RQ-PCR technique.                      
(A) MRD assays designed for detection of 8 MYCN breakpoints in 7 neuroblastoma cell lines (B) MRD assays 
designed for detection of 14 MYCN breakpoints in 13 neuroblastoma tumor samples.  

3.1.2.2 Stable MYCN breakpoints can be detected with designed PCR and MRD assays over 

the course of the disease 

As a prerequisite for using the breakpoints as MRD markers, initially the clonal and sequence stability 

of the MYCN amplicon breakpoints was assessed using NB targeted NGS assay.  

Number of samples 

analyzed with RQ-

PCR/ddPCR 

Patient 

number 

Breakpoint 

number 

Result RQ-PCR 

assay sensitivity 

Result ddPCR 

assay sensitivity 

1 1 4 10-5 10-5 

2 2 7 10-6 10-6 

3 2 8 10-3 10-6 

4 3 10 10-6 10-6 

5 4 12 10-6 10-6 

6 5 13 10-6 10-6 

7 6 14 10-5 10-5 

8 7 18 10-4 10-6 

9 8 19 10-6 10-6 

10 9 24 10-5 10-5 

11 10 25 10-4 10-4 

12 11 27 10-5 10-6 

13 12 29 10-5 10-6 

14 13 33 10-4 10-4 
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Figure 53: Validation of a MYCN breakpoint within parental cell line IMR-32 and sub-clones 
IMR-5 and IMR5/75 with conventional PCR. 
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A first approach to this topic was the NGS panel examination of neuroblastoma cell lines and their 

associated sub-clones (3.1.1). Therefore, the parental cell line IMR-32 with the subclones IMR-5 and 

IMR-5/75 and the parental cell line SK-N-BE with the subclone BE(2)-C were examined in more detail 

for shared MYCN breakpoint sequences. With reference to the NB targeted NGS assay results (Table 14 

in appendix and 3.1.1.4), it can be assumed that all parental breakpoints of IMR-32 and SK-N-BE can 

be recovered applying a PCR assay to the subclone DNA. As an example for these groups, the PCR 

detection of the recurrent MYCN chr2:16,083,742 – intergenic chr2:67,014,561 breakpoint found with 

the NB targeted NGS assay (no. 1 in Table 14 in appendix section) will be shown below on the IMR-32 

group. An exact same PCR assay was designed and applied to detect the MYCN breakpoint in the DNA 

of the cell lines IMR-32, IMR-5 and IMR5/75. The PCR products were then resolved using automated 

DNA electrophoresis and the size of the PCR product was displayed in addition using an 

electropherogram plot (see Figure 53). Within the DNA electrophoresis, the parental cell line IMR-32 

and the subclones IMR-5 and IMR5/75 showed the same PCR product in run height and almost identical 

bp size. It should also be emphasized that the size of the product in the electropherogram only deviates 

by 1bp (+1bp for IMR-5). These results strongly suggest that the displayed product is the same PCR 

amplicon with an identical MYCN breakpoint. To further validate the breakpoint and to check sequence 

similarities, Sanger sequencing of the PCR products was carried out (see Figure 54). 

A  B  C   

Figure 54: Validation of the MYCN breakpoint sequence within parental cell line IMR-32 and sub-clones IMR-5 and 
IMR5/75 using Sanger sequencing.  
Sanger sequencing electropherograms of PCR amplicons obtained in IMR-32 cell line DNA (A), IMR-5 cell line 
DNA (B) and IMR5/75 cell line DNA (C), confirmed the exact breakpoint sequence. The explicit location of the 
chr2:16,083,742 – intergenic chr2:67,014,561 breakpoint is highlighted in blue shade.  

The results of the Sanger sequencing and the alignment of the detected breakpoint sequences showed an 

exact sequence homology in all three PCR product samples. The MYCN breakpoint located at position 

MYCN chr2:16,083,742 – intergenic chr2:67,014,561 consists of the same sequence in the parent cell 

line IMR-32 and in the two associated sub-clones, IMR-32 and IMR5/75.  

 

       Figure 53: Validation of a MYCN breakpoint within parental cell line IMR-32 and sub-clones IMR-5 and IMR5/75 
with conventional PCR.  
Automated DNA electrophoresis and associated electropherogram from conventional PCR (A) PCR based MYCN 
breakpoint detection in the cell line IMR-32. (B) PCR assay shows a similar product with almost identical size in 
cell line IMR-5 as seen in IMR-32. (C) PCR assay shows as well a similar product at the same size in cell line 
IMR5/75 as seen in IMR-32. The measured size of the actual PCR amplicon (129/130bp) approximated the length 
of the predicted amplicon (124bp; see Table 15 in appendix section, chr2:16,083,742 – intergenic 
chr2:67,014,561). (Controls from left to right: neuroblastoma cell line DNA = CHP-134, non-neuroblastoma cell 
line DNA = HeLa , non-neuroblastoma cell line DNA = DNA from ten healthy blood donors, NTC = water).  

< 
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Likewise, all three MYCN breakpoints of the parental SK-N-BE cell line detected with the NB targeted 

NGS assay were validated using conventional PCR and Sanger sequencing and could also be verified in 

the sub-clone BE(2)-C (data not shown). Therefore, the possibility of the detection of a stable, conserved 

MYCN breakpoint in two different tumor samples from the same patient is given. For paired tumor 

biopsies at primary diagnosis and relapse time points of patient no. #2 and no. #5 (Table 16 in appendix 

section) it could be shown (3.1.1) that the two paired samples contain the same MYCN breakpoints with 

the very same sequence. Therefore, a PCR assay was designed based on the MYCN breakpoint sequences 

from the primary disease tumor material. As an example for these two patients, the PCR and MRD 

detection of the MYCN breakpoint no. 13 will be shown below on patient no. #5. The PCR assay was 

designed utilizing an alignment of a (breakpoint-) spanning read, one upstream encompassing read and 

one downstream encompassing read, which were located adjacent to the spanning read (see Figure 55). 

 

Figure 55: Scheme showing MYCN breakpoint PCR assay design and predicted PCR amplicon for neuroblastoma 
patient number 5.  
PCR primer pair (dark red color) was arranged at a wide distance to each other with a predicted PCR amplicon 
length of 292bp. The breakpoint consists of a rearrangement of two intergenic parts of chromosome 2 (intergenic 
chr2:16,242,896 – intergenic chr2:16,393,725), shown in yellow and green. This breakpoint further shows a 
microhomology (5’-TT-3’; pink color). The sequence outside the spanning read matches the GRCh37 (hg19) 
reference genome. Breakpoint no.13 is displayed (see Table 17 in appendix section).  

Amplification of these breakpoint regions with a PCR assay and validation with Sanger sequencing 

resulted in the exact same sequence, which means that all breakpoints detected in the primary tumor 

samples were perfectly preserved in the corresponding relapsed tumor. The data shows from both points 

in time the confirmatory PCR and the alignment from Sanger product sequencing exemplarily for the 

breakpoint no. 13 present in the paired longitudinal tumor samples from patient no. #5 (Figure 56). After 

validation of the PCR assay, it was possible to use the primers from this assay for the design of an MRD 

assay, or rather to extend the PCR assay to an NB breakpoint MRD assay. For this purpose, a FAM-

BHQ1 probe was designed and added, which binds in front of the breakpoint to be detected in the 

upstream area of the intergenic chr2:16,242,896 breakpoint fragment site (see for probe sequence Table 

17 in appendix). The DNA of both tumor samples, from primary and relapse material, was then spiked-

in buffy coat DNA for each sample individually. The samples were then measured using the custom-

designed MRD assay applying the RQ-PCR and ddPCR technique (Figure 57). 
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A   

B  C  

D  

E  

Figure 56: Validation of the patient-specific MYCN associated breakpoint in the initial and relapse tumor DNA of 
patient no. 5 with conventional PCR and Sanger sequencing.  
(A) Automated DNA electrophoresis shows a PCR product band at the same level in both the primary and relapse 
tumor material (controls from left to right: neuroblastoma cell line DNA = KELLY, non-neuroblastoma cell line 
DNA = HeLa, non-neuroblastoma DNA = Buffy coat from ten healthy blood donors, NTC = water). DNA gel 
electropherograms of PCR amplicons obtained in initial tumor material (B) and relapse tumor material                          
(C) confirmed the very same amplicon bp size. The measured size of actual PCR amplicon (304bp) approximated 
the length of the predicted amplicon (292bp). Sanger sequencing electropherograms of PCR amplicons obtained 
in initial tumor material (D) and relapse tumor material (E) confirmed the exact breakpoint sequence. The explicit 
location of the breakpoint is highlighted in blue shade (intergenic chr2:16,242,896 – intergenic chr2:16,393,725). 

Afterwards, amplification signals, MRD PCR performance and the archived sensitivity of the results 

were evaluated. The unique MYCN breakpoint could be detected with the MRD assay as done before 

with the PCR assay without the probe and sequence validation using Sanger sequencing. Overall, the 

same sensitivity depth of 106 could be achieved when using primary and relapse DNA material and 

applying both methods, RQ-PCR and ddPCR. 
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Figure 57: Results of MYCN associated breakpoint MRD detection in patient primary and relapse neuroblastoma tumor 
material.  
Amplification plot of RQ-PCR analysis of primary (A) and relapse (B) tumor DNA samples, showing PCR 
amplification fluorescence signals of the exact breakpoint (controls: DNA from 10 healthy blood donors, water). 
Amplification plot of ddPCR, displaying analysis of primary (C) and relapse (D) tumor DNA samples, showing 
PCR amplification fluorescence signals of the exact breakpoint (controls: DNA from 10 healthy blood donors, 
water). Furthermore, this NB breakpoint MRD assay shows a sensitivity of 106 within a spike-in dilution series 
using both techniques, RQ-PCR and ddPCR.  

These data demonstrate that the MYCN amplicon breakpoints persist through the course of the disease 

up to a relapse. The results point towards the possibility, that an exclusive breakpoint sequence could 

not only be found in a biopsy of a primary and associated relapse tumor, but could also be detected in 

tumor cells that were distributed in the body. This makes the unique MYCN breakpoint sequences 

applicable, biological MRD markers, which are patient-specific and consistent in their sequence through 

the disease. 

3.1.2.3 NB MYCN breakpoint MRD assays reveal dynamic changes in a pilot patient cohort 

The development and application of unique NB MYCN breakpoint MRD assays on neuroblastoma cell 

line and patient DNA has already been achieved. It could also be shown that the MYCN breakpoint is 

stable over the course of the disease. In preparation for clinical use, patient-specific MYCN MRD assays 

were used for the detection of residual cells in bone marrow samples. The framework for the MYCN 

breakpoint MRD assay development was applied to a pilot cohort of 6 patients with MYCN-amplified 

high-risk neuroblastoma (patients #8-13 in Table 16 in appendix section). Patients were treated 
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according to the German neuroblastoma trial (NB2004) or the German Neuroblastoma Registry (NB 

Registry 2016)30,236,237,495. Diagnostic biopsies were prospectively collected from the primary and 

relapsed neuroblastomas in addition to bone marrow aspirates collected at initial diagnosis, early during 

treatment or at relapse and at subsequent time points during therapy to support MRD monitoring over 

the course of disease. At least one specific MYCN breakpoint was selected for each patient, for which a 

personalized NB breakpoint MRD assay using the MRD pipeline was developed and validated. More 

detailed information on the individual MRD assays can be found in Table 17 in the appendix section. 

MRD levels were assessed in DNA isolated from purified mononuclear cells from the bone marrow 

aspirates using the patient's personalized assay. Neuroblastoma was classified as high-risk in all 6 

patients based on the presence of the MYCN amplification in the primary tumor detected with FISH and 

the NB targeted NGS assay. In addition, nuclear medical images of the sympathetic nervous system 

using 123I-mIBG scintigraphy combined with SPECT/low-dose-CT were collected throughout a patient's 

disease. The images were preferably compiled from the same time point as the bone marrow puncture 

was carried out. (These two examinations are often carried out under the same anesthesia). MRD 

detection from bone marrow samples added precise quantification of tumor cell burden, revealed 

persistence of MRD in samples in which no neuroblastoma cells were detectable by cytology and GD2 

immunohistochemistry, mirrored the patient's response to therapy, and showed different patterns among 

the patients (Figure 58 to Figure 63). Considering the clinical and MRD courses of the cohort overall, 

two different groups can be identified, which show a different response to the cancer therapies and thus 

also a different MRD level. In patients #8, #10 and #13, initially high MRD levels were observed that 

dropped early (patients #8 and #10) or late (patient #13) in therapy, mirroring the good response to 

therapy observed in routine bone marrow analysis as well as clinical assessment (Figure 58, Figure 60 

and Figure 63). Patient no. #8 (Figure 58) showed no detectable neuroblastoma cells within initial and 

subsequent bone marrow smears in routine diagnostics applying cytology. However, the patient-

individual MRD assay, a significant level of neuroblastoma cells within the sample at the time point of 

diagnosis was detected. The MRD level subsequently decreases to a negative MRD in the follow-up 

samples. In line with these data, patient #8 is in long-term remission at the time of writing (Figure 58). 

In patient no. #10 (Figure 60), cytology and GD2 immunohistochemistry revealed the presence of 

neuroblastoma cells in the initial bone marrow smears. However, a second bone marrow smear after 

chemotherapy revealed no neuroblastoma cell infiltration, based on cytology and GD2 

immunohistochemistry, indicating treatment response. In line with cytology and GD2 

immunohistochemistry, we could detect a very high level of neuroblastoma cells within the initial bone 

marrow aspirate using the patient-individual MRD assay. Although this MRD level decreased 

significantly in the subsequent bone marrow sample, MRD was still detectable at a level of 10-3, 

demonstrating only partial response in contrast to cytology and GD2 immunohistochemistry. No 

subsequent samples could be obtained, as the patient unfortunately died of veno-occlusive disease. 

Patient no. #13 (Figure 63) had fluctuating diagnostic results for conventional and breakpoint MRD 
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diagnostics at presentation. First, the bone marrow was massive infiltrated, detected by cytology, GD2 

immunohistochemistry and breakpoint MRD. During therapy, the infiltration went down. 

Cytomorphology was not detecting neuroblastoma cells after 24 days, whereas GD2 

immunohistochemistry and MYCN breakpoint MRD were positive for tumor cells still. No subsequent 

samples could be obtained, as the patient unfortunately died due to therapy toxicity, veno-occlusive 

disease and pulmonary hemorrhage. The remaining three patients presented a more varied response to 

treatment. Patient no. #9 (Figure 59) showed no detectable neuroblastoma cells within therapy and 

subsequent bone marrow smears in routine diagnostics applying cytology, but nests of GD2-positive 

cells in the third bone marrow smear occurred. The MRD assay, however, revealed positive MRD levels 

at time of relapse, and MRD persisted during subsequent salvage therapy. This was in line with clinical 

presentation and imaging, which showed an increase of the tumor burden and local expansion within 

the abdomen after initial response to the treatment. This patient finally succumbed to the disease. Two 

other patients showed increased MRD levels after initial diagnosis in patient #11 (Figure 61) or 

increased following an initial eradication in patient #12 (Figure 62). For patient no. #11 (Figure 61) 

cytology and GD2 immunohistochemistry showed a low infiltration of neuroblastoma cells in bone 

marrow samples within initiation of chemotherapy. In line with the standard diagnostics, MRD 

assessment revealed a presence of tumor cells within the bone marrow of the patient, but with a higher 

proportion. Almost a year later, the patient bone marrow samples present a vast infiltration with MYCN 

amplification positive tumor cells. Although the treatment was prolonged using radiation therapy, the 

patient died from high tumor burden. Patient no. #12 (Figure 62) showed a very low tumor cell 

infiltration of bone marrow using cytology and GD2 immunohistochemistry techniques, which 

disappeared after 47 days of treatment. Until the last sampling, the patient showed no neuroblastoma 

cells detectable with conventional methods. However, neuroblastoma MRD based on MYCN breakpoint 

detection reveals a small number of tumor cells, which start to rise again after 159 days, but subsequently 

dropped after 305 days. The patient is still in remission at time of writing after an experimental therapy 

comprised of HSCT and continuing treatment with an ALK inhibitor.  

The diagnostic pipeline for personalized MRD monitoring based on MYCN amplicon breakpoints was 

feasible within the clinical treatment schedule and reliably represented the disease course in our pilot 

patient cohort. Taken together, these data show that MYCN amplicon breakpoints can serve as highly 

sensitive and stable surrogates for neuroblastoma cells to monitor MRD. 
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Figure 58: MYCN amplicon breakpoint MRD detection in comparison to established diagnostics for patient no. 8. 
123I-mIBG scintigraphy taken at diagnosis showed only localized tumors at right adrenal gland with right kidney 
infiltration. FISH detection of tumor cells showed positive MYCN amplification (green color). MYCN 
amplification with CNV of 48.25 was confirmed by NB targeted NGS assay. Neuroblastoma cells were not 
detected in bone marrow smears at diagnosis, after N5 CTX block (day 38) or before N6 CTX block (day 56) by 
conventional cytology or GD2 immunohistochemistry. The NB MYCN breakpoint assay revealed residual 
neuroblastoma cells in bone marrow at diagnosis using RQ-PCR and ddPCR, and a negative MRD level during 
follow-up. Today, the patient is in long-term remission. (R=right, V=ventral, L=left, D=dorsal). 
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Figure 59: MYCN amplicon breakpoint MRD detection in comparison to established diagnostics for patient no. 9. 
Pictures of 123I-mIBG scintigraphy showed abdominal tumor and extensive, metabolically active metastases. Later, 
progressive tumor development in the lateral abdominal wall and at metastatic sites. MYCN DNA FISH detection 
could not be performed due to lack of material; however, MYCN amplification with CNV of 31.15 was confirmed 
by NB targeted NGS assay. Neuroblastoma cells are not detected in bone marrow smears from any time point, and 
GD2 immunohistochemistry could only be performed within the last sample, showing a positive signal for 
neuroblastoma cells. MRD analysis revealed a constantly moderate level of the detected MYCN breakpoint. 
Unfortunately, this patient finally succumbed to the disease. (R=right, V=ventral, L=left, D=dorsal). 
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Figure 60: MYCN amplicon breakpoint MRD detection in comparison to established diagnostics for patient no. 10. 
The patient showed a tumor in both adrenal glands and metastasis in 123I-mIBG scintigraphy. FISH detection of 
tumor cells showed positive MYCN amplification (green color). MYCN amplification with CNV of 28.21 was 
confirmed by NB targeted NGS assay. Neuroblastoma cells were seen in bone marrow smears at diagnosis by 
conventional cytology and GD2 immunohistochemistry, but were absent in a follow-up smear after the N4 CTX 
time point at day 23. The NB MYCN breakpoint assay revealed residual neuroblastoma cells and a high MRD level 
in bone marrow after N4 CTX. Follow-up samples could not be obtained as unfortunately the patient died of veno-
occlusive disease. (R=right, V=ventral, L=left, D=dorsal). 
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Figure 61: MYCN amplicon breakpoint MRD detection in comparison to established diagnostics for patient no. 11. 
Radiological findings displayed tumor appearance in the left adrenal gland and metastasis of the lymph nodes 
(pictures not available). FISH detection of tumor cells showed positive MYCN amplification (green color). A high 
MYCN amplification within the tumor of CNV of 153.57 was confirmed by NB targeted NGS assay. Conventional 
cytology and GD2 immunohistochemistry showed a low infiltration of neuroblastoma cells in bone marrow within 
initiation of chemotherapy at Charité. NB breakpoint MRD assay reveals residual cells during the therapy, as seen 
by cytology. Later, the cells outgrow to a very high MRD level. Follow-up samples could not be obtained as the 
patient responded only moderately to therapy and later succumbed to the disease. (R=right, V=ventral, L=left, 
D=dorsal). 
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Figure 62: MYCN amplicon breakpoint MRD detection in comparison to established diagnostics for patient no. 12. 
123I-mIBG scintigraphy taken at diagnosis showed a mass in the abdomen and suspected bone marrow 
involvement. Later, no evidence of a lesion could be seen. FISH detection of tumor cells showed positive MYCN 
amplification (green color). MYCN amplification of the tumor with CNV of 28.75 was confirmed by NB targeted 
NGS assay. Patient showed a very low tumor cell infiltration of bone marrow using cytology and GD2 
immunohistochemistry techniques, which disappeared after 47 days of treatment. NB breakpoint MRD assay 
reveals a small number of tumor cells, which start to rise again after 159 days. The patient still is in remission after 
HSCT and continuing treatment with an ALK inhibitor. (R=right, V=ventral, L=left, D=dorsal, p.b.n.q.=positive 
but not quantifiable). 



Results: 3.1.2 Detection of minimal residual disease based on MYCN amplicon breakpoints and other 
neuroblastoma-relevant mutations 

156 
 

 

Figure 63: MYCN amplicon breakpoint MRD detection in comparison to established diagnostics for patient no. 13. 
123I-mIBG scintigraphy showed a positive mass in the abdomen, with disseminated bone metastases. In the course, 
the tumor burden is decreasing. FISH detection of tumor cells showed positive MYCN amplification (green color). 
MYCN amplification of the tumor with CNV of 112.53 was confirmed by NB targeted NGS assay. Patient 
presenting with fluctuate diagnostic results for conventional and breakpoint MRD diagnostics. First, the bone 
marrow was massively infiltrated, detected by cytology, GD2 immunohistochemistry and breakpoint MRD. 
During therapy, the infiltration went down. Unfortunately, the patient finally died due to complications of therapy. 
(R=right, V=ventral, L=left, D=dorsal, p.b.n.q.=positive but not quantifiable). 
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3.1.2.4 Practical, clinical implementation of NB breakpoint MRD detection 

The NB breakpoint MRD assay could successfully be established and has already demonstrated the 

detection of stable MYCN breakpoints within the cell line and patient samples. The practical application 

of the assay to bone marrow aspirate samples was confirmed in a small, clinical retrospective cohort. 

The complete protocol was outlined, starting from the primary tumor biopsy going to MRD detection in 

follow-up samples using the latest, most sensitive RQ-PCR and ddPCR technology. For a practical 

application of the NB breakpoint MRD assay in a clinical environment, both the infrastructures in the 

clinical area and in the laboratory have to be taken into consideration. First of all, a piece of the 

neuroblastoma tumor must be taken at best directly from a tumor biopsy or section from a very early 

stage of the disease. The tumor should be collected as a snap-frozen sample (i.e. if it was cooled to −196 

° C in liquid nitrogen immediately or shortly after it was removed). This piece is then slowly thawed 

again on ice for DNA preparation or frozen sections are made. However, often there is no snap-frozen 

sample available, e.g. because the tumor biopsy or operation was performed long time ago, or there was 

no possibility in the clinic to store and transport a snap-frozen piece, or because it was simply used up 

for other diagnostic analyses. In this case, tumor pieces in FFPE or FFPE cuts are also suitable for tumor 

DNA isolation. Not only recent tumor sections can be examined, but also primary tumors in the case of 

a recurrent disease, or for example, if the relapse tumor is difficult to reach operatively to take a fresh 

biopsy. The DNA preparation from a piece of tumor only takes about 3h (taken into account the DNA 

isolation kit and possibly laser microdissection). The NB targeted NGS assay then is performed to 

analyze the tumor DNA for neuroblastoma specific mutations and rearrangements. If the patient is in 

outpatient medical treatment and was examined in the same quarter of the year, the costs for the 

sequencing can be covered by the German statutory health insurance companies. For this purpose, an 

"outpatient treatment referral form" is filled in, in which the diagnosis, the findings and the order for NB 

targeted NGS assay are noted. The tumor DNA is then send to NEO New Oncology GmbH or Institute 

of Hematopathology Hamburg together with the referral form, the submission document for molecular 

pathological examinations and, if necessary, a patient consent (if the patient is not included in a study 

trial including a consent for molecular genetically examinations). The DNA is processed for the NB 

targeted NGS assay within 5-7 days and a short report and the raw data of the sequencing (see 2.9.3) is 

provided by the company. Afterwards, the sequencing data can be examined for the presence of the 

patient-specific MYCN breakpoints and a summary list of the breakpoints can be generated (ranking of 

breakpoints is based on the number of reads supported), which takes around half a day to a day. The 

PCR assays are then designed based on the 2-4 most promising breakpoints and the primer for the PCR 

assays are ordered. The PCR assay design takes about half a day and the synthesis and delivery of the 

primer takes about two days. The PCR assays are then tested for each breakpoint, which is at least three 

PCR experiments for each breakpoint (see Figure 47). The PCR assays are validated using conventional 

PCR and visualized through an automated electrophoresis. The PCR was successful, i.e. there was a 
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clear band at the correct base pair size (height), without by-products or bands in the controls. The PCR 

products are then send for Sanger sequencing. The performance of PCRs and electrophoresis takes about 

1-2 days. If the PCRs were unsuccessful, other PCR assays have to be established again for the same 

breakpoints. The subsequent Sanger sequencing takes half a day to a whole day. If only a short PCR 

assay is successful with a small base pair distance between the primers (amplicon length approximately 

60-100bp, see Figure 47), an additional PCR product subcloning is necessary in advance of the Sanger 

sequencing. The subcloning of the PCR product takes about a week. If the PCR assay is successfully 

validated using classical PCR, automated electrophoresis and Sanger sequencing, then this assay is 

expanded to an MRD assay. For this purpose, a double-fluorescent probe (FAM-BHQ1) is designed 

within the PCR amplicon and is ordered. The probe design only takes about 1-2h, but the production of 

this probe takes about 7-10 days.  

 

Figure 64: Outline of the clinical implementation of NB breakpoint MRD assay detection. 
From the tumor biopsy obtained at diagnosis, breakpoints are mapped using the NB targeted NGS assay. The entire 
process to establish the patient-specific MRD assay takes 14 working days. MRD analysis of any additional bone 
marrow sample takes 2 working days, once the MRD assay has been established.  

The MRD assay is then checked by a probe specificity test and a sensitivity test using RQ-PCR. If the 

RQ-PCRs are successful, i.e. an increasing fluorescence/amplification in low PCR cycles numbers and 

an overall high fluorescence is visible, the MRD assay is established. In addition, the RQ-PCR product 

can also be validated using the automated electrophoresis and Sanger sequencing. If there is no 

successful amplification of the product using RQ-PCR, and there is no improvement even after changing 
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the PCR parameters (e.g. changing the melting temperature or MgCl2 content), a new probe must be 

designed and ordered. The DNA isolated from mononuclear cells purified from bone marrow aspirates 

is then examined with this NB breakpoint MRD assay. The mononuclear cells were obtained using the 

Ficoll technique from the bone marrow aspirates drawn in EDTA vials, which had been taken in the 

clinic and processed in advance. The MRD sensitivity and quantification analysis is carried out using 

RQ-PCR and ddPCR and each assay takes approximately one day to process. Since the MRD assays of 

the MYCN breakpoints also can have different melting temperatures than the RQ/ddPCR assay of the 

internal reference, two different experiments are usually need to be performed for each technique (i.e. a 

total of four experiments). The raw data is then processed and the MRD level is calculated. This takes 

about one day and provides an estimation of the remaining tumor cells in the bone marrow of 

neuroblastoma patients. With this strategy, a patient-specific breakpoint NB breakpoint MRD assay can 

be established at a reasonable cost within 14 working days, including validation and determining 

sensitivity and specificity (Figure 64). The peculiarity however is, that once the NB breakpoint MRD 

assay is established based on the NB targeted NGS assay, this MRD assay can be used to determine 

residual cells in bone marrow aspirates from the respective patient within only two working days (Figure 

64) at the cost of a regular RQ/ddPCR assay. The feasibility of the personalized MRD assay 

development was shown to be ready for implementation in future (prospective) clinical trials and 

subsequently clinical routine. 

3.1.2.5 The neuroblastoma breakpoint MRD assay is extendable to other neuroblastoma-

associated mutations 

As already known for leukemia MRD diagnostics, there is usually not only one biomarker for the cancer 

that can be examined161,672,673. The MYCN NB breakpoint MRD assay works for breakpoints that are 

related with the MYCN oncogene, yet this procedure could be reached out to other neuroblastoma-

pertinent breakpoints, for example, those known to be in (the proximity of) TERT, ATRX, chromosome 

1p or at 17q, and likewise to SNV in neuroblastoma-important genes, for example, ALK. 

Alterations in ATRX would be suitable for an extension of neuroblastoma MRD detection method. 

Regarding all neuroblastoma cases, deletions or SNVs in the ARTX gene are found in up to 10% of all 

patients45. ATRX breakpoints are most likely caused by genomic deletions. Since the ATRX deletions are 

less common in neuroblastoma than MYCN amplifications, a possible test cohort includes fewer sample 

numbers. For the establishment of the assay a neuroblastoma cell line with an ATRX deletion, CHLA-

90, was used (Figure 65). Similar to the MYCN MRD assay, CHLA-90 was examined using the NB 

targeted NGS assay and the exact genomic breakpoint in the X chromosome was processed from the 

sequencing data. A breakpoint was found between the rearrangement segments chrX:76,935,121 - 

chrX:76,959,029, which is located directly within the ATRX gene (see Table 20 in appendix). The NGS 

detection of this breakpoint was achieved with a total of 190 spanning and 21 encompassing reads, 

which indicates a reliable breakpoint sequence.  
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The orientation of the two breakpoint flanking segments has not changed, the read direction has 

maintained “head-to-tail” on the minus strand of chromosome X. The chromosomal alteration led to a 

deletion of the exons 3-8, in the area of the ADD domain - which is most frequently affected by deletions 

in neuroblastoma58,107,674. The sequence of the ATRX deletion in CHLA-90 was used to design a 

breakpoint specific PCR assay. The results of the PCR experiment and the Sanger sequencing showed 

a specific amplification of the target, but in not in the control DNA. The measured size of the actual 

PCR amplicon (224bp) approximated the length of the predicted amplicon (214bp). An RQ-PCR 

analysis based on this PCR assay using a FAM-BHQ1 TaqMan probe achieved an ATRX breakpoint 

MRD assay sensitivity of 10-5. Thus, a specific ATRX breakpoint MRD assay could be established on a 

neuroblastoma cell line, but a potential application of the method has yet to be evaluated using patient 

material (tumor or bone marrow aspirates). Further genomic alterations which constitute suitable 

markers for MRD detection are ALK kinase domain SNVs detected in about 9.2% of all 

neuroblastomas50,51. The TaqMAMA technique is already applied for sensitive RQ-PCR detection of 

biological-relevant point mutations in research approaches in leukemia diagnostics563,675. Targeting 

point mutations is challenging within fundamentally important genes for cancer development with RQ-

PCR, because of the specific detection of an affected sequence in the presence of a wild-type allele. An 

extension of this TaqMAMA technique, the ASQ-PCR method, is published by Barz et al564,565. In the 

ASQ-PCR, similar as in the TaqMAMA method, the 3' end of the designed primer is placed on the SNV. 

The base before it is not changed (different from TaqMAMA) and the third base from the 3' end is 

designed with a mismatch. For quantification of SNVs mutations, the ratio of mutation positive cells to 

wild-type cells in a sample is calculated using standard curve equations. Within this doctoral thesis, a 

first attempt towards an NB ALK ASQ-PCR assay was made. The main focus was set on the ALK SNV 

c.3824G>A (R1275Q), as patient material with this specific mutation was available for this mutation. 

Other ASQ-PCRs for ALK SNVs were also designed (e.g. c.3522C>A/F1174L), but have not been used 

for the detection of the mutation in patient material so far (data not shown). The GRCh37 (hg19) publicly 

available reference sequence was used to design an ALK SNV c.3824G>A (R1275Q) specific ASQ-

PCR assay. Similar to the MYCN MRD assay, LAN-5 and tumor material of patient no. #8 was examined 

using the NB targeted NGS assay (Figure 66).  

 
     Figure 65: ATRX (deletion) breakpoint neuroblastoma MRD assay in CHLA-90 non-MYCN-amplified cell line. 
(A) Evidence for an ATRX breakpoint (chrX:76,935,121) in NB targeted NGS assay data of cell line CHLA-90.                 
(B) ATRX breakpoint sequence was extracted and conventional PCR assay was designed in breakpoint flanking 
segments. (C) Automated DNA electrophoresis shows PCR amplicons of ATRX breakpoint PCR (controls from 
left to right: NB = SK-N-BE ATRX normal cell line DNA, non-NB = HeLa cell line DNA, buffy coat = DNA from 
ten healthy blood donors, NTC = water). (D)  Electropherogram of PCR amplicons obtained in CHLA-90 cell 
material confirmed the correct PCR amplicon size. (E) Sequencing chromatogram of the ATRX breakpoint region 
in PCR amplicon. The sequence rearrangement partners are indicated in yellow and white. (F) Amplification plot 
of RQ-PCR analysis, with a detection sensitivity of the breakpoint of 10-5 within a spike-in dilution series 
experiment (controls: neuroblastoma cell line DNA, non-neuroblastoma cell line DNA, DNA from 10 healthy 
blood donors, water).  

< 
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The NGS detection of this SNV was achieved with a total coverage of 962 reads and an allelic frequency 

of 47.8% for LAN-5 and 2026 reads, and an allelic frequency of 38.4% for patient no. #8, which 

indicates a reliable point mutation detection. For PCR validation of the assay, the LAN-5 neuroblastoma 

cell line with an ALK SNV c.3824G>A was utilized. Moreover, the assay was also tested on tumor and 

bone marrow material of the patient with neuroblastoma no. #8 (see also Table 16). The ASQ-PCR assay 

for ALK SNV c.3824G>A could show an amplification of the mutated SNV sequence in ALK SNV 

positive DNA of LAN-5, and patient derived samples applying automated DNA electrophoresis. The 

measured size of the actual PCR amplicon (282bp) approximated the length of the predicted amplicon 

(277bp). Interestingly, a PCR amplicon for the ALK SNV c.3824G>A was revealed as well in DNA of 

PBMCs derived from the patients’ bone marrow, but in a very small proportion only. Presumably, the 

ASQ-PCR target was not amplified on a large scale because either the proportion of tumor cells in the 

bone marrow sample was very low, and/or the proportion of ALK SNV positive cells was low, and/or 

the detection method of automated DNA electrophoresis for ASQ-PCR was not sensitive enough. In 

addition to the ASQ-PCR assay, a HEX-BHQ1 probe for the detection of the ALK SNV c.3824G>A was 

designed, which enables a sensitive fluorophore-based detection of the PCR amplicon. In a ddPCR 

multiplex approach, a specific MYCN breakpoint was measured via a FAM-BHQ1 probe, whereas the 

ALK SNV was detected on another channel HEX-BHQ1. In the first analysis it was detected that in the 

DNA of PBMCs derived from the patients' bone marrow both single MYCN breakpoint and single ALK 

SNV fluorescent signals, as well as signals of both attributes (double-positive) are present in the same 

cell population. It cannot be concluded that one cell carries both the MYCN breakpoint and ALK SNV 

c.3824G>A mutations, however, they are present in the same sample or rather in the same ddPCR 

droplet. This data showed a first approach for the usage of ALK SNVs in neuroblastoma diagnostics as 

MRD specific markers. In theory, a combination of several pathogenic alterations can be detected in one 

neuroblastoma tumor (cell)676. The various neuroblastoma-relevant mutations (e.g. TERT, ATRX, ALK) 

could therefore also be used for the development of MRD assays. In addition, other recurrent structural 

chromosomal alterations also occur in neuroblastoma which would be suitable for MRD detection. 

These are deletions of the chromosomal arms 1p677, 3p678, 4p679 and 11q680, or gains of 1q681,682, 2p683 or 

17q41. This thesis could demonstrate in a first approach, that ATRX and ALK mutations are suitable for 

MRD detection and that they can also be combined with the detection of other mutations (e.g. MYCN) 

in a multiplex assay. 
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 Influence of the MYCN regulatory network and its targeted therapy  

MYCN is the major driver of neuroblastoma development. However, the MYCN protein is not suitable 

for a targeted drug therapy because it is too small and the surface is inaccessible. Through a therapy of 

the biological MYCN network, MYCN-amplified neuroblastomas can be treated indirectly. In this work, 

several functional areas of MYCN were investigated for an indirect targeted treatment. Treatment 

against the transcription of MYCN and its activity as transcription factor was investigated using BET 

inhibitors (part 3.2.1) as well as PLK1/RAS, PI3K and dual-kinase inhibitors (part 3.2.2). In an 

additional step, a combination therapy of two inhibitors of each of these classes was administered to 

counteract the resistance formation of individual inhibitors (part 3.2.3). Additionally, the spindle protein 

ASPM and its functional role in neuroblastoma was evaluated and investigated as a potential small 

molecule target (part 3.2.4). 

3.2.1 Monotherapy with BET inhibitors reduce neuroblastoma cell viability in vitro 

Previous research already revealed antitumor effects of treatment with BET inhibitors in 

neuroblastoma282,285,684,685 and this result was verified in several publications. Individual reports on other 

pediatric tumor entities686–689 have also been able to demonstrate the effectiveness of BET inhibitors 

against tumor cells. However, the efficacy of BET inhibitors was never tested in a larger, cellular in 

vitro screening cohort or in a comparison of several structural similar BET inhibitors. In order to 

consolidate first clinical pharmaceutical studies with a general biological validity of the BET inhibitors, 

it was necessary to find out whether the inhibition of BET is applicable for neuroblastoma with different 

traits and whether there are differences in the effectiveness of the individual compounds, especially in 

individual cell lines. To assess tumor cell inhibitory effects of BET drugs in neuroblastoma, 12-14 

neuroblastoma cell lines were administered with one of the BET inhibitors (+)- JQ1, OTX-015 or TEN-

010. In addition, putative effects on cell viability of JQ1, OTX015 and TEN-010 on nonmalignant 

primary human cells were measured in one or two human fibroblasts after BET treatment. Previously 

published data282 shows that BET inhibition is particularly effective against human MYCN-driven tumor 

cells because BRD4 occupies MYCN target gene enhancers. For this reason, several MYCN-amplified 

cells (7-9 cell lines) were tested, but also non-MYCN-amplified cells (5 cell lines).  

 
 
      Figure 66: ALK SNV c.3824G>A neuroblastoma MRD ASQ-PCR in LAN-5 cell line and samples of patient no. #8. 
Evidence for ALK SNV c.3824G>A in NB targeted NGS assay data of (A) neuroblastoma cell line LAN-5 and   
(B) in tumor material of patient no. #8. (C) Conventional PCR assay was designed as specific ASQ-PCR (ALK 
SNV is located on the anti-sense strand of chromosome 2). (D) Automated DNA electrophoresis shows PCR 
amplicons of ALK SNV (controls from left to right: NB = CHP-134 ALK normal cell line DNA, non-NB = HeLa 
cell line DNA, buffy coat = DNA from ten healthy blood donors, NTC = water). (E) Electropherogram of PCR 
amplicons obtained in LAN-5, CHP-134, tumor and bone marrow material. The ALK SNV c.3824G>A was 
detected in ALK SNV positive tumor and LAN-5 DNA, but not in ALK normal CHP-134 cells. (F) Amplification 
dot plot of multiplex ASQ-ddPCR analysis, highlighting the simultaneous detection of a MYCN specific breakpoint 
(chr2:13,490,249 – chr2:15,815,066) in the FAM channel and the ALK SNV c.3824G>A in the HEX channel using 
DNA of PBMCs derived from the patients’ bone marrow.  

< 
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Since 75% of the neuroblastomas are non-MYCN-amplified60, the question had to be answered if BET 

inhibition is only specifically attacking MYCN-amplified tumors or in general applicable. The BET 

inhibitors tested were selected according to chemical criteria, putative patient administration and 

beneficial previous reports282,305,314,690,691. Applied concentrations of BET inhibitors ranged from 2.5nM 

up to 100,000nM, tested in technical triplicates and in two to three biological replicates. The original 

tool compound JQ1 showed distinct similar shapes of dose-response curves when neuroblastoma cells 

are inhibited, regardless of whether they are MYCN-amplified or non-MYCN-amplified (Figure 67A). 

The fibroblast cell lines showed a less strongly inhibitory dose-response relationship from JQ1 to cell 

viability. This dose-response curve reached a plateau with remaining cell viability around 34%, and the 

threshold to overcome a total inhibition has not been reached. The relative IC50 (EC50, effective half 

inhibitory concentration) concentration is also remarkable similar for MYCN-amplified (283nM) and 

non-MYCN-amplified cell lines (224nM). The lowest relative IC50 was measured for MYCN-amplified 

cell lines in the IMR5/75 cell line (107nM) and the highest in the SK-N-BE(2) cell line (748nM). For 

non-MYCN-amplified cells, the lowest relative IC50 was detected in NBL-S (172nM) and the highest 

value was measured in the GI-ME-N cell line (830nM). The non-malignant fibroblast cell lines display 

a similar relative IC50 in comparison to each other (VH7 cell line 161nM and PLF cell line 199nM). 

However, the relative IC50 for the fibroblast cell lines is much lower than for the neuroblastoma cell 

lines (55nM lower compared to MYCN-amplified and 41nM lower compared to non-MYCN-amplified 

neuroblastoma cells in relation to fibroblasts). Furthermore, an almost total inhibition of neuroblastoma 

cell viability is achieved. Regarding the maximum inhibitory effect (Emax), this was highest in the 

MYCN-amplified cell lines (94.84%). For non-MYCN-amplified neuroblastoma cells (75.16%) and 

fibroblast cells (78.51%) this value was comparatively similar. In a statistical analysis using the non-

parametric Mann-Whitney test, a significance of the difference between MYCN-amplified and non 

amplified cells could be demonstrated (p = 0.06187; Figure 67B). The lowest maximal inhibitory effect 

was measured for MYCN-amplified cell lines in the SK-N-BE(2) cell line (79.58%) and the highest in 

the NGP, KELLY, IMR5/75 and LAN-1 cell lines (100%). For non-MYCN-amplified cells, the lowest 

maximal inhibitory effect was detected in SK-N-AS (46.17%) and the highest value was measured in 

SH-SY5Y cells (96.90%). For fibroblast cell lines, PLF cells displayed a lower maximal inhibitory effect 

(67.80%) as VH7 cells (88.42%). The BET inhibitor JQ1 has an improved effect on MYCN-amplified 

cell lines because it almost completely inhibited their cell viability (Figure 67C). With regard to the 

concentrations used, an effective treatment concentration seems to be nearly analogous in all 

neuroblastoma cell lines (Figure 67C+D). However, JQ1 also inhibited the cell viability of fibroblast 

cells in lower nanomolar concentrations, although no complete inhibition of the cell viability found even 

with higher concentrations. In a further screening, the effect of OTX015 was examined on 

neuroblastoma cells. Cells administered with OTX015 showed similar shapes of dose-response curves 

when neuroblastoma cells are inhibited, however, MYCN-amplified cells displayed a more declining cell 

viability after OTX015 treatment as compared to other cells (Figure 68A). 
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Figure 67: (+)-JQ1 dose to cell viability response relationship in neuroblastoma and fibroblast cell lines. 
BET inhibitor JQ1 was applied to 14 different cell lines in vitro and effect on cell viability was measured three 
days after treatment. (A) Relative IC50 (E50) is displayed. Emax in mean interpolated by GraphPad Prism®.          
(B) Comparison of the Emax of JQ1. The median and range of the Emax value of all respective cell lines is shown. 
(C) 7 MYCN-amplified cell lines were tested for their effect of JQ1 on cell viability, the dose-response curve shows 
median with range for each concentration tested in a cell line. (D) Five non-MYCN-amplified cell lines and two 
fibroblast cell lines were administered with JQ1. For each cell line, two to three biological replicates are shown 
with their respective median and range.  
 
The fibroblast cell lines showed a much weaker inhibitory dose-response relationship from OTX015 to 

cell viability. This dose-response curve reached a plateau with remaining cell viability around 75% and 

a total inhibition is not reached. Contrasting the slightly difference of the sigmoid curve shapes between 

MYCN-amplified and non-MYCN-amplified neuroblastoma cells, the relative IC50 (E50) concentration 

was profound similar for MYCN-amplified (328nM) and non-MYCN-amplified cell lines (300nM). The 

lowest relative IC50 was measured for MYCN-amplified cell lines in the IMR5/75 cell line (129nM) and 

the highest in the SK-N-BE(2) cell line (1053nM). For non-MYCN-amplified cells, the lowest relative 

IC50 was detected in NBL-S (147nM) and the highest value was measured in the SK-N-AS cell line (~ 

500nM). The fibroblast cell lines displayed a similar relative IC50 in comparison to each other (VH7 

cell line 216nM and PLF cell line 350nM). These rather low relative IC50 values of the fibroblasts are 

also notable in comparison with the neuroblastoma cells. The relative IC50 for the fibroblast cell lines 

hardly differs from the IC50 of the neuroblastoma cells (2nM lower for MYCN-amplified and 30nM 
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lower for non-MYCN-amplified neuroblastoma cells compared to fibroblasts). An almost total inhibition 

of neuroblastoma cell viability was achieved overall for the MYCN-amplified cell lines rather than for 

the non-MYCN-amplified cell lines, whereby an almost total inhibition can also be seen in individual 

cell lines rather than in a group depending on the MYCN status.  

 
Figure 68: OTX015 dose to cell viability response relationship in neuroblastoma and fibroblast cell lines. 
BRD4 inhibitor OTX015 was applied to 14 different cell lines in vitro and effect on cell viability was measured 
three days after treatment. (A) Relative IC50 (E50) is displayed. Emax in mean interpolated by GraphPad Prism®. 
(B) Comparison of the Emax of OTX015. The median and range of the Emax value of all respective cell lines is 
shown. (C) 7 MYCN-amplified cell lines were tested for their effect of OTX015 on cell viability, the dose-response 
curve shows median with range. All cell lines displayed a maximum effect with more than 50%. (D) Five non-
MYCN-amplified cell lines and two fibroblast cell lines were administered with OTX015. For each cell line, two 
to three biological replicates are shown with their respective median and range. 
 
Regarding the maximum inhibitory effect (Emax), this was highest in the MYCN-amplified cell lines 

(92%). The Emax for non-MYCN-amplified neuroblastoma cells (70.62%) was less than for MYCN-

amplified cells, for fibroblast cell lines (41.85%) this value was more than halved. In a statistical analysis 

using the non-parametric Mann-Whitney test, only a slight significance of the difference between 

MYCN-amplified and non-amplified cells could be demonstrated (p = 0.197; Figure 68B). The lowest 

maximal inhibitory effect was measured for MYCN-amplified cell lines in the SK-N-BE(2) cell line 

(77.57%) and the highest in the NGP and CHP-134 cell lines (100%). For non-MYCN-amplified cells, 

the lowest maximal inhibitory effect was detected in SK-N-AS (52.21%) and the highest value was 
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measured in SH-SY5Y cells (100%). For fibroblast cell lines, PLF cells displayed a lower maximal 

inhibitory effect (34.24%) as VH7 cells (54.57%). For the BET inhibitor OTX015 it was possible to 

show the same inhibition profile that was already published in previous research. The cell viability of 

MYCN-amplified neuroblastoma cells (Figure 68C) is more strongly inhibited by OTX015 than the 

viability of non-MYCN-amplified cells (Figure 68D). This inhibitory potential of OTX015 can also be 

seen in the maximum inhibitory effect, which is higher for MYCN-amplified cells than for non-MYCN-

amplified cells. Fibroblasts appear to be by far less affected by the inhibitor and although these show a 

low relative IC50, less than half of the cell viability of the fibroblasts is inhibited displayed in maximum 

inhibitory effects. The same cell panel that was tested with the inhibitors JQ1 and OTX015 was then 

tested with the new BET inhibitor TEN-010 from Roche. Two additional MYCN-amplified cell lines 

were added to this panel (BE(2)C and SK-N-DZ) to represent an even wider range of MYCN-amplified 

cell lines. The dose-response curve of inhibition of cell viability to TEN-010 showed a similar curve 

shape for all cell lines, regardless of whether they are MYCN-amplified or not. A slightly stronger 

response of the MYCN-amplified neuroblastoma cell lines can be seen. The results underline that a 

higher dose of the inhibitor is needed over all cells, but also a higher maximum inhibition was reached 

(Figure 69A). The fibroblast cell lines showed a similar inhibitory dose-response relationship as 

neuroblastoma cells from TEN-010 to cell viability. This dose-response curve reached no clear plateau 

but displayed remaining cell viability around 27.25% at a maximum TEN-010 concentration of 

100,000nM and a total inhibition is not reached. Relative IC50 (EC50) concentrations strongly differed 

between MYCN-amplified (1645nM) and non-MYCN-amplified (215nM) neuroblastoma cells, however, 

this difference only seems to occur due to the weaker response of individual MYCN-amplified cell lines. 

The lowest relative IC50 was measured for MYCN-amplified cell lines in the IMR5/75 cell line (94nM) 

and the highest in the SK-N-BE(2) cell line (3737nM). For non-MYCN-amplified cells, the lowest 

relative IC50 was detected in SH-SY5Y (332nM) and the highest value was measured in the GI-ME-N 

cell line (309nM). The inhibitory response of cell viability of the fibroblasts was also significantly 

different; While the cell line VH7 showed a low relative IC50 (83nM), cell viability of the cell line PLF 

was detected with an almost absolute resistance to TEN-010 (20,821nM). A stronger maximal inhibition 

of neuroblastoma cell viability was achieved overall for the MYCN-amplified cell lines rather than for 

the non-MYCN-amplified cell lines, whereby an almost total inhibition was detected for CHP-134 and 

IMR5/75. Regarding the maximum inhibitory effect, this was highest in the MYCN-amplified cell lines 

(97.08%). The maximum inhibitory effect for non-MYCN-amplified neuroblastoma cells (58.12%) was 

by far less than for MYCN-amplified cells, as for fibroblast cell lines (72.15%) this value was only 

slightly lower. In a statistical analysis using the non-parametric Mann-Whitney test, a slight significance 

of the difference between MYCN-amplified and non-amplified cells could be demonstrated (p = 0.1469; 

Figure 69B). The lowest maximal inhibitory effect was measured for MYCN-amplified cell lines in the 

SK-N-BE(2) cell line (37.03%) and the highest in the NGP cell line (100%). For non-MYCN-amplified 

cells, the lowest maximal inhibitory effect was detected in SK-N-AS (34.24%) and the highest value 
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was measured in NBL-S cells (88.58%). For fibroblast cell lines, the maximal inhibitory effect was 

comparable in PLF cells (70%) and in VH7 cells (74.50%). The dose-response profile of TEN-010 

administered on various cell lines is very broad. Overall, TEN-010 shows a good inhibition of the cell 

viability in all neuroblastoma cells, and additionally a very good maximal inhibition effect in the MYCN-

amplified neuroblastoma cells (Figure 69C+D). However, a dose response is very different for the 

individual cell lines, either the cells react with a strong response in cell viability inhibition or with a very 

low to no response.  

 
Figure 69: TEN-010 dose to cell viability response relationship in neuroblastoma and fibroblast cell lines. 
BET inhibitor TEN-010 was applied to 16 different cell lines in vitro and effect on cell viability was measured 
three days after treatment. (A) Relative IC50 (E50) is displayed. Emax in mean interpolated by GraphPad Prism®. 
(B) Comparison of the Emax of TEN-010. The median and range of the Emax value of all respective cell lines is 
shown. (C) 9 MYCN-amplified cell lines were tested for their effect of TEN-010 on cell viability, dose-response 
curve shows median with range. All cell lines displayed a maximum effect with more than 50%, except for           
SK-N-BE(2). (D) Five non-MYCN-amplified cell lines and two fibroblast cell lines were administered with             
TEN-010. Only two cell lines, SK-N-AS and GI-ME-N, showed less than 50% maximum effect of TEN-010. For 
each cell line, two to three biological replicates are shown with their respective median and range. 

Following the individual cellular screenings of the BET inhibitors, the three data sets of the dose-

response profiles were evaluated and compared with each other. For this purpose, the absolute IC50 

values and the relative IC50 (EC50, effective IC50) values were combined with the reduction of cell 

viability when 1,000nM inhibitor is applied (E1000) or with the maximum inhibition (Emax; see Figure 
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70). In this comparison, it was found with respect to the absolute IC50 and the E1000 that the inhibitors 

JQ1 and OTX015 had a similar dose-response profile (Figure 70A). The detected absolute IC50 values 

were similar for the MYCN-amplified neuroblastoma cells. CHP-212 and NGP cells displayed an 

exception, in which OTX015 showed a lower, absolute IC50. For SK-N-BE(2), JQ1 showed the lowest 

absolute IC50 value compared to all BET inhibitors. Regarding the non-MYCN-amplified cells, JQ1 was 

able to show an improved effect in the SH-SY5Y cell line. The E1000 inhibition was similar with the 

JQ1 or OTX015 drugs in all tested cells. Only SK-N-BE(2) showed a 25% stronger inhibition of cell 

viability using OTX015, this potency was also applicable to SH-SY5Y using JQ1. The compound TEN-

010 displayed a different profile compared to JQ1 and OTX015. Some cell lines, regardless of whether 

they are MYCN-amplified or non-amplified, showed a much lower absolute IC50 than with JQ1 or 

OTX015 (KELLY, SK-N-BE(2), GI-ME-N, SK-N-AS and PLF). Almost all of these cell lines 

highlighted a lower response in relation to the absolute IC50 values even with inhibition with JQ1 or 

OTX015. A low response for the fibroblast cells is clearly also desirable for clinical use (PLF EC50 

TEN-010 = 20,821nM, JQ1 = 199nM, OTX015 = 350nM). In addition, TEN-010 showed lower absolute 

IC50 values in MYCN-amplified cell lines, e.g. in IMR5/75. A closer look at the relative IC50 values 

(effective IC50 concentration, EC50) in combination with the E1000 inhibition, revealed two strongly 

different potency profiles in comparison with all three BET inhibitors (Figure 70B). Cells that were 

treated with the BET inhibitor JQ1 all showed a low relative IC50 and are at least 50% inhibited when 

treated with 1,000nM compound. With administration of OTX015, a low relative IC50 was detectable 

in the majority of the cell lines. However, these relative IC50 values and the cell viability were partly 

higher with E1000 OTX015 administration than when using JQ1 (e.g. in SH-SY5Y). The screening of 

TEN-010 showed that this compound has a high activity and reveals low relative IC50 values. This is 

especially the case in cells which already showed a response to JQ1 and OTX015. However, there were 

also some cell lines that showed a clearly higher IC50 value (e.g. KELLY or PLF) and/or a low cell 

viability reduction when using 1,000nM inhibitor (e.g. SK-N-BE(2)). In a comparative analysis of the 

absolute IC50 values and the maximum reduction in cell viability, all three BET inhibitors showed a 

different dose-response profile (Figure 70C). The tool compound JQ1 showed very good to medium 

absolute IC50 values and about 60-100% of cell viability reduction of after maximum inhibition for 

almost all cell lines. The cell line SK-N-AS stood out, which had a remarkable high, absolute IC50 value 

and additionally showed a low maximum inhibition of around 40%. When cell viability was inhibited 

with OTX015, a higher absolute IC50 could be shown in some cell lines compared to JQ1 (e.g. SK-N-

BE(2)), but on the other hand also lower absolute IC50 values (e.g. NGP). It is noteworthy that the 

fibroblast cell lines revealed an extraordinarily high absolute IC50 with a low maximum inhibition of 

up to 60% after OTX015 treatment. In comparison of all BET inhibitors, a very wide dose-response 

profile was detected for an application of TEN-010. In general, the neuroblastoma cells showed different 

absolute IC50 values, but always an increased maximum reduction of 60% and more. Only three cell 

lines fell out of this pattern, SK-N-BE(2), GI-ME-N and SK-N-AS. These had far higher absolute IC50 
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values and showed a low viability reduction of below 40% within maximum inhibition. In an analysis 

of the relative IC50 values (concentration of the effective half maximal inhibition) combined with the 

maximal inhibition of the three BET inhibitors with each other, the dose-response effects were clearly 

differentiated (Figure 70D). Using the BET inhibitor JQ1, all cell lines showed low relative IC50 values 

under 1,000nM. In addition, the maximum reduction in cell viability was increased to 80-100%, only 

the cell line SK-N-AS was distinctive of the cell panel with a maximum reduction of 40%. However, 

this good response to JQ1 could also be seen in fibroblasts. Applying OTX015, the relative IC50 values 

were detected as low as those found under JQ1 treatment, but the relative IC50 was higher for individual 

cell lines. With regard to the maximum inhibition, the cells under OTX015 showed a cell viability 

reduction of 40-100%. The fibroblast cell line PLF had clearly less than 40% cell viability with a 

maximum inhibitor concentration. For cells that were treated with TEN-010, an effect of a wide range 

of response was observed as well. While the relative IC50 was very low for some cells like IMR5/75, 

even lower than using JQ1 and OTX015, this level of inhibition for other cell lines like KELLY was 

greatly increased. A similar pattern was also seen when considering the maximum inhibition, which was 

above 60% for almost all cell lines. However, for SK-N-BE(2), GI-ME-N and SK-N-AS this cell 

viability inhibition was below 40%. In summary, the results of the cell viability screening indicate an 

anti-neuroblastoma activity of all BET inhibitors, JQ1, OTX015, and TEN-010. The inhibitor JQ1 shows 

a high, potent effect with low IC50 values and a high cell viability reduction. A preference for a stronger 

inhibition in MYCN-amplified cell lines could only be shown with regard to a stronger maximum 

inhibition. This strong inhibitory effect was not only observed in neuroblastoma cell lines, but also in 

fibroblast cell lines, which show at least a 50% reduction after application of JQ1. Using OTX015, in 

particular the MYCN-amplified cell lines, responded well. The IC50 values were moderately increased 

for some neuroblastoma cells. With regard to the inhibition of cell viability of fibroblasts, the maximum 

value did not raise over 50%, so that the response clearly differs from the neuroblastoma cells. For 

testing the novel compound TEN-010, the effect profile showed the greatest differences in relation to 

the utilized cell lines. Some cell lines reacted poorly or very poorly to an application with TEN-010 

compared to the other BET inhibitors. However, it also appears that some cell lines, for example MYCN-

amplified SK-N-BE(2) or non-MYCN-amplified SK-N-AS, respond poorly or not at all to BET 

inhibitors. Other cell lines in turn showed an increased and improved response under TEN-010 

treatment. It is also outstanding that the inhibitor TEN-010 could produce almost no effect with respect 

to IC50 or maximum inhibition in the non-malignant PLF fibroblast cell line. An increased potential is 

therefore attributed to the BET inhibitor TEN-010, since this inhibitor does not show an unspecific mode 

of action like JQ1, but only inhibits specific cells in the sense of a targeted therapy.  
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Figure 70: Comparison of inhibitory effects of BET inhibitors (+)-JQ1, OTX-015 and TEN-010 on cell viability. 
Aesthetic dot plots show variables of BET inhibitor effects mapped to visual properties. BET inhibitors JQ1, OTX-
015 and TEN-010 were applied on 12-14 neuroblastoma cell lines and 2 fibroblast cell lines for three days. 
Combined mapping of the inhibitor effect parameters (A) absolute half inhibitory concentration IC50 and effect at 
1,000nM inhibitor concentration, (B) relative half inhibitory concentration IC50 (EC50) and effect at 1,000nM 
inhibitor concentration, (C) absolute half inhibitory concentration IC50 and Emax and (D) relative half inhibitory 
concentration IC50 (EC50) and Emax. For each cell line, two to three biological replicates are shown with their 
respective median and range. Due to the lack of 1,000nM concentration values, these could not be mapped for 
some cell lines. 
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The experiments indicate that sensitivity to BET inhibition could be partially dependent on the MYC(N) 

status. Cell lines, which are MYCN-amplified show stronger effects on cell viability, growth, apoptosis 

and targets after administration of a BET inhibitor. But also non-MYCN-amplified cell lines, 

demonstrate a response to BET inhibition However, the inhibitor response was much more moderate 

than the response of the MYCN-amplified cell lines. In order to compare the characteristics of the cell 

lines with a good or bad response to a BET inhibitor, the genetic traits of the cell lines were opposed 

(see Table 8). First of all, it is noticeable that all cell lines show either a MYCN gain, a MYCN 

amplification, a MYCN-involving translocation or a c-MYC alteration (e.g. translocation). This could 

indicate a general increased MYCN/c-MYC expression. According to the hypothesis of previous 

publications, these traits should rather be favorable for an anti-tumor effect of the BET inhibition, but 

this does not seem to be the case for three cell lines. When comparing other genetic characteristics, 

namely chromosome 1p loss, 11q loss, ALK, ATRX, TERT, TP53, CDK4/MDM2 and CDKN2A, a 

common feature of the BET inhibitor resistant cell lines becomes apparent. All of them exhibit a 

mutation of the CDKN2A gene, which encodes for two proteins, the p14ARF and the p16INKa protein692,693. 

Both proteins are tumor suppressors and are involved in the regulation of the cell cycle. p14ARF activates 

the p53 tumor suppressor, while p16INKa inhibits the cyclin dependent kinases CDK4/6, which leads to 

a reduction in cellular G1 to the S cell cycle phase transition693. The BET inhibitor resistant cells either 

show a methylation (of the P14ARF gene694,695, GI-ME-N), a heterozygous deletion (SK-N-AS) or a 

copy number loss with an additional SNV mutation of the CDKN2A gene (SK-N-BE(2)), which is 

located on chromosome 9p635,696. Furthermore, two of the three BET inhibitor resistant cell lines show 

a mutation in the TP53 gene. Additionally, an enhanced frequency of aberrations in the 

P53/MDM2/p14ARF pathway was found in neuroblastoma cell lines. On closer examination, it is 

noticeable that the BET inhibitor sensitive cell line NGP shows the highest possible maximum response 

(100%), but also an increased relative IC50 value (876nM). In the genetic background of this cell line, 

the MDM2 gene is mutated several times (SNV, CNV and a rearrangement), which could indicate a 

correlation between an increased dose of BET compounds needed for the inhibition and MDM2 

mutations. In addition to these factors, other genetic alterations could also be related to BET inhibitor 

resistance, such as a rearrangement of the TERT gene or an activation of TERT expression. The 

connection between the sensitivity or resistance of neuroblastoma cells to BET inhibition should 

therefore be investigated more closely in other experimental models and in sequencing data of patient 

tumors.
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Table 8: Summary of cell line features possibly contributing to BET inhibitor sensitivity or resistance. 

 

For calculation of the median EC50 (relative IC50) and Emax, the dose-response data of the BET inhibitors JQ1, OTX015 and TEN-010 were combined.  
Abbreviations: MNA = MYCN amplification; t = translocation; CN = copy number; del = deletion; TERT-r = rearrangement; SNV = single-nucleotide variant;  
active = activated; express = expression; mut = mutated; methyl = methylated, HTZ = heterozygous

Cell line 

name 

Median 

EC50 of 

BETi (nM) 

Median 

Emax of 

BETi (%) 

designated 

sensitive / 

resistant to 

BETi 

MYCN 

c-MYC 

status 

Chr. 

1p loss 

CN>1 

Chr. 

11q loss 

CN>1 

ALK ATRX TERT TP53 
CDK4 / 

MDM2 

CDKN2A 

p16 (INK4a) 

p14 (ARF) 

IMR 5/75 106.8 92.55 sensitive MNA x x rearr x 
high 
express 

x x x 

NGP 876.2 100 sensitive MNA 
t(1p) 
chr. 
1p36 del 

del 
CN: 0.93 

x CN: 1.17 
high 
express 

x 

MDM2 
SNV: 
c.682C>T, 
rearr, 
CN: 10.98 
CDK4 
CN:14 

x 

NBL-S 172 84 sensitive 
MYCN 
(t(2; 4)) 

t(1p) 
del 

x x x 
high 
express 

x x x 

SH-SY5Y 332.3 96.9 sensitive 

MYCN 
gain 
CN: 3.04 
c-MYC 
(t(7; 8)) 

x x 
SNV: 
c.3522C<A 

CN: 2.80 
high 
express 

x x x 

SK-N-BE(2) 1053 77.57 resistant MNA 
t(1p) 
chr. 
1p36 del 

x x 
SNV: 
c.2265T>G 

high 
express 

SNV: 
c.404G>T
CN: 0.89 

x 
SNV: 
c.249C>A 
CN: 0.75 

GI-ME-N 415.3 64.73 resistant 

super en-
hancer 
amp 
down-
stream  
c-MYC 

del x x x 
TERT-r,  
high 
express 

x x methyl 

SK-N-AS 500 46.17 resistant 
c-MYC 
(t(4; 8)) 

del x x x 
high 
express 

mut x HTZ del 
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3.2.2  PLK1 and PI3K dual inhibition shows therapeutic potential in high-risk 

neuroblastoma models 

3.2.2.1 Inhibition of PLK1 and PI3K reduces cell viability of neuroblastoma cells 

PLK1 is highly expressed in unfavorable neuroblastomas, stabilizes the MYCN protein and in turn 

MYCN activates the transcription of PLK1377,378. The inhibition of PLK1 has been shown to be a 

successful treatment against neuroblastoma cells in previous work379. Especially the inhibitor volasertib 

showed significant anti-tumor potential and high selectivity upon single drug application in 

neuroblastoma and rhabdomyosarcoma models382,383. However, problems with PLK1 inhibitors have 

already been reported in research studies, arguing that PLK1 inhibitors only show their therapeutic effect 

when the dose is exceeded in the toxic range697,698. Another stabilizer of the MYCN protein, PI3K, is an 

essential node for cellular signal transduction, cell survival and cell metabolism340. The small molecule 

alpelisib showed promising results for the therapy of breast cancer, and could therefore also be a suitable 

drug against neuroblastoma344. PI3K inhibitors applied in neuroblastoma research so far are generally 

considered to be non-selective, and in the case of the drug wortmannin, the effects of inhibition are even 

irreversible343,351. For this reason, the focus of this work was shifted to PLK1/PI3K combinatorial drugs, 

which should avoid the disadvantages of single inhibitor application. The small molecule rigosertib is a 

suitable, dual drug that is worth testing in neuroblastoma cell lines. Rigosertib prevents the activation 

of RAS, thereby blocking the action of multiple kinases. 

PLK1/PI3K inhibitors were tested in vitro on several neuroblastoma cell lines. For this purpose, the 

respective drug was administered to the neuroblastoma cells and after an incubation of three days, the 

change in cell viability was measured. The dose-response relationship was analyzed in a smaller cohort 

using the neuroblastoma cell lines IMR5/75, CHP-134, SK-N-AS, GI-ME-N and the non-malignant 

fibroblast cell line VH7. The PLK1 inhibitor volasertib, the PI3K inhibitor alpelisib, as well as with the 

dual PLK1 (RAS) and PI3K inhibitor rigosertib were applied to the cells. This series of experiments 

should reveal whether an inhibition of the cell viability under the dual compound rigosertib is equivalent 

to the respective individual medication against PLK1 and PI3K (Figure 71). Relative IC50 (E50) was 

displayed with comparable concentrations for rigosertib and volasertib, whereas the PI3K inhibitor 

alpelisib shows only a weak inhibitory effect. The relative IC50 values for rigosertib and volasertib 

either hardly differed at all (0.83nM difference in the cell line SK-N-BE), or only slightly (14.96nM 

difference in the cell line IMR5/75) or moderately (65.83nM difference in the cell line GI-ME-N) within 

the same neuroblastoma cell line. Further behind was the PI3K inhibitor alpelisib, which showed high 

relative IC50 values in neuroblastoma cell lines (e.g. 900nM in CHP-134). This pattern points towards 

to a slight resistance of the neuroblastoma cell lines to the single PI3K inhibitor, especially because the 

relative IC50 values were highly increased in single cell lines (104533nM in IMR5/75). Compared to 

rigosertib, the usage of alpelisib lead to higher relative IC50 values up from 871.62nM (SK-N-AS) or 
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104501.76nM (IMR5/75). A broad distinct effect on MYCN-amplified neuroblastoma cells could not be 

proven, rather the results show that the PLK1 inhibitors have a specific effect on certain cell lines, e.g. 

IMR5/75 or SK-N-AS. Fibroblast cell line VH7 displayed a weaker response to all inhibitors as 

compared to neuroblastoma cells. The maximum inhibitory effect of all three inhibitors always exceeded 

50%, but all cells seem to respond less well to alpelisib. All inhibitors also showed a reduced potency 

in GI-ME-N cells and in the fibroblast cell line VH7.  

 

Figure 71: Single treatment inhibitory effects of PLK1 / PI3K inhibitors rigosertib, volasertib and alpelisib on cell 
viability. 
The drugs were applied to 5 different cell lines in vitro and effect on cell viability was measured three days after 
treatment. The EC50 value represents the relative IC50 concentration. For each cell line, two to three biological 
replicates are shown with their respective median and range. 
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A closer analysis of the viability reduction when using a inhibitor concentration of 1000nM showed that 

the dose-response potency results are comparatively similar for volasertib and rigosertib. In contrast, the 

inhibitory potential of alpelisatib was slightly weaker as compared to volasertib and rigosertib. The 

inhibitors volasertib and rigosertib reached the highest reduction rate of 50-75% of the cell viability of 

all cell lines (Figure 72A). After usage of the PI3K inhibitor alpelisib, a cell viability reduction of 50-

75% and more only occurred in the cell lines CHP-134, SK-N-AS and VH7. In contrast, the cell lines 

IMR5/75 and GI-ME-N showed higher relative IC50 values with a low maximum reduction of 25% and 

less. The maximum inhibitory response in the tested cell lines was found different for all three inhibitors 

(Figure 72B). A comparison of rigosertib and volasertib showed a high maximum response of 90-100% 

of the MYCN-amplified cell lines IMR5/75 and CHP-134. The cell viability of the non-MYCN-amplified 

cell line GI-ME-N was not completely inhibited by either rigosertib or volasertib. The non-MYCN-

amplified cell line SK-N-AS only achieved a maximum inhibitory response of 98.4% by utilization of 

volasertib. The cells CHP-134 and SK-N-AS, which were treated with the PI3K inhibitor alpelisib, 

showed an almost complete maximum response to the drug inhibition (97.41% in CHP-134 and 99.11% 

in SK-N-AS). However, the cell lines IMR5/75 and GI-ME-N were not completely affected by alpelisib 

in terms of maximum dose response (60% for IMR5/75 and 77.50% for GI-ME-N). With regard to the 

non-malignant fibroblast cell line VH7, the cell viability was least affected by the inhibitor alpelisib. 

The inhibitory potential of volasertib and rigosertib on the VH7 cell line was roughly equivalent. The 

relative IC50 was quite low when rigosertib was applied (198nM) compared to volasertib (~ 1000nM), 

but volasertib showed a completely maximum response (100%) compared to rigosertib (91%). Based 

on this first comparison of the PI3K, PLK1 and dual inhibitors, the compound rigosertib was assigned 

an increased inhibitory effect on neuroblastoma cells equivalent to the inhibitor volasertib. Therefore, 

the dual PLK1 and PI3K inhibitor rigosertib was applied to several MYCN-amplified and non-MYCN-

amplified cell lines as part of a broader in vitro screening. Rigosertib was tested on a total of 15 cell 

lines, including 9 MYCN-amplified neuroblastoma cell lines, five non-MYCN-amplified cell lines and 

one fibroblast cell line (Figure 73). Cells administered with rigosertib showed similar shapes of dose-

response curves for MYCN-amplified cells and non-MYCN-amplified cells (Figure 73A). The fibroblast 

cell line VH7 showed a less strongly inhibitory dose-response relationship from rigosertib to cell 

viability compared to neuroblastoma cells. This dose-response curve reached a plateau with remaining 

cell viability around 18% and a total inhibition was not achieved. The relative IC50 (E50) concentration 

was very similar for MYCN-amplified (65nM) and non-MYCN-amplified cell lines (53nM). In addition, 

it is noticable that these IC50 values are very low and that the neuroblastoma cells responded very well 

to rigosertib. The lowest relative IC50 was measured for MYCN-amplified cell lines in the IMR5/75 cell 

line (33nM) and the highest in the SK-N-BE(2) cell line (238nM). For non-MYCN-amplified cells, the 

lowest relative IC50 was detected in SH-SY5Y (42nM) and the highest value was measured in the GI-

ME-N cell line (90nM). The fibroblast cell line VH7 displayed a median IC50 value of 207nM, which 

is comparable high to neuroblastoma cell lines. 
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Figure 72: Comparison of inhibitory effects of alpelisib (PI3Ki), volasertib (PLK1i) and rigosertib (PLK1i + PI3Ki) on 
cell viability. 
Aesthetic dot plots shows variables of PI3K and PLK1 inhibitor effects mapped to visual properties. Effects on 
cell viability after 3 days of treatment are shown. Combined mapping of the inhibitor effect parameters (A) relative 
half inhibitory concentration IC50 (EC50, effective half inhibitory concentration) and effect at 1,000nM inhibitor 
concentration and (B) relative half inhibitory concentration IC50 (EC50) and maximal inhibitory effect Emax. For 
each cell line, two to three biological replicates are shown with their respective median and range.  

The relative IC50 for the fibroblast cell line differs from the IC50 of the neuroblastoma cells (142nM 

lower relative IC50 for MYCN-amplified and 154nM lower for non-MYCN-amplified neuroblastoma 

cells as compared to fibroblasts). An almost total inhibition of neuroblastoma cell viability was achieved 

overall for the MYCN-amplified cell lines rather than for the non-MYCN-amplified cell lines. Regarding 

the maximum inhibitory effect (Emax), this was highest in the MYCN-amplified cell lines (98%). The 

maximum inhibitory effect for non-MYCN-amplified neuroblastoma cells (88%) was less than for 

MYCN-amplified cells and comparable to the effect in fibroblast cell lines (91%). In a statistical analysis 

using the non-parametric Mann-Whitney test, only a slight significance of the difference between 

MYCN-amplified and non-amplified cells could be demonstrated (p = 0.1469; Figure 73B). The lowest 

maximal inhibitory effect was measured for MYCN-amplified cell lines in the SK-N-BE(2) cell line 

(86.69%) and the highest in the CHP-134 cell line (100%). For non-MYCN-amplified cells, the lowest 

maximal inhibitory effect was detected in GI-ME-N (67.61%) and the highest value was measured in 

NBL-S cells (98.36%). The fibroblast cell line VH7 displayed a maximal inhibitory effect of 91%.            
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The dual PLK1/PI3K inhibitor rigosertib showed a good response in all cell lines tested and highlights 

it’s potential due to low active relative IC50 values below 100nM. MYCN-amplified and non-MYCN-

amplified neuroblastoma cells responded equally well to the drug, with low relative IC50 values and an 

almost complete, maximum inhibition (Figure 73C+D). Only a slightly improved effect in MYCN-

amplified neuroblastoma cells was seen. However, this result is consistent with the biological mode of 

action of rigosertib, which inhibits kinases and only connect to MYCN amplification through the 

increased proliferation of MYCN-mutated neuroblastoma cells. An inhibition of the cell viability of the 

non-malignant fibroblast cell line VH7 was also detected, but less than in comparison to the 

neuroblastoma cells.  

 

Figure 73: Rigosertib dose to cell viability response relationship in neuroblastoma cell lines and VH7 fibroblast cell 
line. 
Dual PLK1 and PI3K inhibitor rigosertib was applied to 15 different cell lines in vitro and effect on cell viability 
was measured three days after treatment. (A) Relative IC50 (E50) is displayed. Emax in mean interpolated by 
GraphPad Prism®. (B) A comparision of the Emax of rigosertib, the median and range of the Emax value of all 
respective cell lines is shown. (C) In total, 9 MYCN-amplified cell lines were tested, the dose-response curve shows 
median with range for each concentration tested in a cell line. All cell lines displayed a maximum effect with more 
than 50%. (D) Five non-MYCN-amplified cell lines and one fibroblast cell line were treated and showed a 
maximum effect with more than 50%. The EC50 value represents the relative IC50 concentration. For each cell 
line, two to three biological replicates are shown with their respective median and range. 
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The response of individual cell lines to rigosertib was further examined in more detail (Figure 74). A 

closer investigation of the relative IC50 values of the cell lines showed that a very good response to 

rigosertib was detected (Figure 74A). Rigosertib relative IC50 (EC50) concentrations range from 22 – 

240nM in MYCN-amplified neuroblastoma cells, from 21 – 163nM in non-MYCN-amplified 

neuroblastoma cells and from 136 – 258nM in fibroblast cell line VH7. Some cell lines responded 

equally well to rigosertib and showed similar IC50 values in lower ranges of up to 75nM. Interestingly, 

this effect was observed across neuroblastoma cells, both MYCN-amplified cell lines (CHP-134, CHP-

212, IMR5/75 and LAN-1) and non-MYCN-amplified cells (SK-N-AS, SH- SY5Y and SK-N-SH) 

showed a good response. In addition, in some cell lines were less high relative IC50 values measured, 

e.g. NGP, SK-N-BE(2) or NBL-S. The fibroblast cell line VH7 showed on average high IC50 values. 

Overall, the cells responded very well to rigosertib treatment, since the cell viability of all lines was far 

below the cut-off of 1000nM (according to Drug Target Commons648,649, see for explanation 3.2.1) and 

thus showed a clear potential for targeted treatments of neuroblastomas.  

 

Figure 74: Rigosertib shows inhibitory effectiveness in low concentrations and high maximum response to cell 
viability . 
(A) Rigosertib relative IC50 (EC50) concentrations in neuroblastoma cells and in fibroblast cell line VH7.                                    
(B) Rigosertib Emax responses in neuroblastoma cells and in fibroblast cell line VH7. The EC50 value represents 
the relative IC50 concentration. For each cell line, two to three biological replicates are shown with their respective 
median and range. Red bars indicate MYCN-amplified cell lines, and blue bars indicate non-MYCN-amplified cell 
lines. 

A comparison of the maximum response (Emax) between all cell lines that received rigosertib also 

showed a very good response of the cell viability (Figure 74B). The rigosertib Emax responses range 

from 81 – 100% in MYCN-amplified neuroblastoma cells, from 64 – 100% in non-MYCN-amplified 

neuroblastoma cells and from 85 – 92% in fibroblast cell line VH7. There was a slight difference in the 

maximum response identified between the MYCN-amplified cell lines and the non-MYCN-amplified cell 

lines. MYCN-amplified cell lines showed an increased maximum response in contrast to the non-MYCN-

amplified cells. A lower maximum inhibition could only be detected for the cell line SK-N-BE(2). Of 

the non-MYCN-amplified cells, only two cell lines, SH-SY5Y and NBL-S, showed an equally good 

maximum response as most of the MYCN-amplified cell lines. In particular, the cell line GI-ME-N 



Results: 3.2.2 PLK1 and PI3K dual inhibition shows therapeutic potential in high-risk neuroblastoma 
models 

181 
 

showed the lowest maximum response to rigosertib in the detection of cell viabilities. Finally, it can be 

said that the compound rigosertib shows a strong inhibition of neuroblastoma cell viability in the lower 

nanomolecular range of the drug concentration. The maximum inhibitory response of cell viability was 

always detected over 50%. MYCN-amplified and non-MYCN-amplified cells are inhibited almost 

equally. In summary, the rigosertib dual PLK1/PI3K inhibitor compares with the PLK1 inhibitor 

volasertib and also showed a superiority over the PI3K inhibitor alpelisib in terms of neuroblastoma cell 

viability reduction. 

3.2.2.2 Simultaneous inhibition of PLK1 and PI3K reduces clonogenicity, suppresses 

migration and induces apoptosis in neuroblastoma cells 

Based on previous reports and own research (3.2.2), the dual inhibition of PLK1 and PI3K with 

rigosertib was suspected to have an antitumor effect on tumor cells398,405,699,700. Therefore, the following 

functional experiments were carried out in order to investigate the altered cellular processes in 

neuroblastoma cells after rigosertib inhibition. An effect of rigosertib on neuroblastoma cells was 

initially be determined visually (Figure 75). After rigosertib was applied to the cell media, the 

neuroblastoma cells grew less and the cells detached from the ground. The treated cells all had a much 

more rounded morphology and overall a smaller cell body than in comparison to the cells treated with 

ddH2O. One day after the treatment with rigosertib, MYCN-amplified neuroblastoma cells IMR5/75 

showed a rounded appearance starting from a concentration of 100nM (Figure 75A). With higher doses 

of rigosertib (as seen with 500nM and especially 1000nM rigosertib), fewer cells were visible on the 

surface of the dish compared to the control. In addition, the cells showed an even more distinct, rounded 

appearance. After a total of 48h, the cells that were treated with the vehicle were already widely spread 

in cell density and in the area offered to them. Upon visual assessment, approximately 90% of the dish 

surface was covered with cells. When treated with 100nM rigosertib, which corresponds to a relative 

IC75 of the IMR5/75 cells, the neuroblastoma cells detached from the ground and had a very rounded 

appearance. It is suspected that these cells may have been apoptotic. Even with a treatment using 500nM 

rigosertib, the morphology of the neuroblastoma cells was changed. They showed a strongly rounded 

and less space-consuming cell body. From a concentration of 1000nM rigosertib onwards, only a few 

neuroblastoma cells were visually recognizable in relation to the control (approximately 30%). GI-ME-

N non-MYCN-amplified neuroblastoma cells reacted less to rigosertib treatment, which in comparison 

to IMR5/75 was more attributable to drug resistance (Figure 75A). While the GI-ME-N cells with the 

control treatment showed no influence in spread or confluence one day after experiment start, the 

greatest visual difference to the control was only seen from a dose of 1000nM rigosertib. Although a 

concentration of 500nM meant an inhibition rate of about the relative IC80-90 for the GI-ME-N cells, 

they visually displayed a similar shape as compared to the control. From a dose of 1000nM, which was 

far above the relative IC90, significantly fewer cells and a lower cell density was visible on the dish 

surface. After 48 h, the control was already strongly confluent (approximately 90%), while the treated 
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GI-ME-N cells showed a less confluence population. In addition, the cell population was less numerous 

grown on the plate. In terms of morphology, GI-ME-N cells were less branched with increasing 

concentration and showed fewer neurite-like sprouts. On visual observation, the cells were also less 

connected to each other by these outgrowths. The higher the concentration of rigosertib and the longer 

the incubation time, the less branched and elongated was the morphology of the GI-ME-N cells. It could 

be confirmed that the cell confluence decreases after the application of rigosertib, neuroblastoma cells 

also showed a more rounded morphology and detached from their growth surface. 

 

Figure 75: Treatment with rigosertib inhibits cell growth and diminishes the cell population 24 and 48h after 
application.  
After treatment with rigosertib, smaller cell populations were observed as compared to the control treatment. The 
cells were treated either with rigosertib or with ddH2O as a control. Comparison of the MYCN-amplified                               
(A) IMR5/75 cell line with the non-MYCN-amplified (B) GI-ME-N cell line. 

With the help of a clonogenic 2D assay, the visual observations of the reduction in cell confluence after 

rigosertib treatment should be examined in more detail. Four neuroblastoma cell lines, IMR5/75, CHP-

134, SK-N-AS and GI-ME-N were treated with rigosertib and their cell colonies were stained with 1% 

crystal violet 7 days after the treatment (Figure 76). In comparison, the cell lines showed a different 

potential of reproductive survival. After treatment with its relative IC50 (EC50) of 4nM, the cell line 
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IMR5/75 already showed fewer cell colonies and a less expanded growth area. Upon treatment with the 

relative IC50 (22nM), IMR5/75 colonies were hardly recognizable, they became very narrow and few. 

After treatment with their relative IC50 (33nM), almost no colonies were visible. In comparison, the 

CHP-134 cell line reacted even more strongly to rigosertib than the IMR5/75 line. Subsequently of 

rigosertib application with their relative IC30 of 23nM, only a few cell colonies of CHP-134 were 

visible. In addition, a change in the shape of the colonies was seen starting from the relative IC20 of 

13nM.  

 

Figure 76: Neuroblastoma cells display reduced reproductive survival and decreased ability to form colonies after 
rigosertib treatment. 
Clonongenic 2D assay shows neuroblastoma cell colonies stained with 1% crystal violet after 7 days of rigosertib 
treatment. The neuroblastoma cells were treated with their relative IC10 to IC50 (effective EC10-50) concentration 
of rigosertib. Only a fraction of seeded cells, which did not die due to the treatment, retained the capability to 
produce colonies.  

These CHP-134 colonies were no longer spread out over a large area with a flat appearance, they became 

narrow and less numerous. The neuroblastoma cell lines IMR5/75 and CHP-134 could thus be assigned 

as “responders” to rigosertib treatment. The SK-N-AS cell line still shows the ability to form colonies, 

despite treatment with its relative IC50 from rigosertib (38nM). However, with increasing inhibitor 

concentration the colonies appeared very narrow and fewer numbers were visible. Overall, the density 

of colonies decreases with increasing rigosertib concentration for the SK-N-AS cell line. It can therefore 

be concluded that the SK-N-AS cell line displayed a moderate response to rigosertib. The GI-ME-N cell 

line shows high cell confluence despite treatment with rigosertib. Even if their relative IC50 
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corresponding to 90nM rigosertib is added, small and narrow colonies are still visible on the surface of 

the well. It is therefore assumed that this cell line is a low or non-responder to PLK1/PI3K inhibition by 

rigosertib. In summary, it was observed that neuroblastoma cells respond differently in their colony 

formation to the inhibitor rigosertib. While some cells stopped growing and the formation of colonies 

after rigosertib treatment (e.g. CHP-134), other cells in turn retained their capability of their reproductive 

survival (GI-ME-N). Nevertheless, there is a clear reduction visible in colony density after rigosertib 

treatment as compared to control. After it could be shown that the cell confluence and the ability to form 

colonies decreased upon treatment with rigosertib, further evidences for an influence of the drug on the 

neuroblastoma cell biology were carried out. Using Ibidi cell culture chambers a gap was created 

between two populations of IMR5/75 cells and changes in cell motility after treatment with rigosertib 

was analyzed (Figure 77).  

 

Figure 77: IMR5/75 neuroblastoma cell migration and wound healing is disrupted after administration of rigosertib. 
Neuroblastoma cells were seeded in Ibidi chambers to create a gap between two cell populations. After treatment 
with 100nM rigosertib, fewer IMR5/75 cells migrated into the gap compared to the ddH2O control. Futher,                      
a delayed wound closure or gap closure could be seen after application of rigosertib.  

At the beginning, the gap area between the two cell populations was around 26% in relation to the total 

photo (100%) which was detected utilizing transmitted light microscopy. Two days after the treatment 

with rigosertib, it was clearly visible that the wound between the two cell fronts closed less well than 

compared to the ddH2O control. Furthermore, the borders of the two cell population come into contact 

within the control well which could not be detected in the rigosertib sample. The wound size of the 
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rigosertib treated cells still accounted for 14% of the total image, whereas the ddH2O control displayed 

gap size with about 5%. After 72h, the wound in the control well was already completely closed. The 

IMR5/75 cells had all migrated into the gap between the two population fronts and had closed the wound. 

The cells treated with rigosertib showed a progressive wound closure compared to the previous day (gap 

size of around 7% compared to the total picture after 72h), but the gap could not be completely closed. 

Thus, the migratory potential of rigosertib administered IMR5/75 neuroblastoma cells was reduced 

compared to untreated cells. Because cell migration is a key ability when it comes to tissue formation 

or cancer progression, rigosertib shows the potential to disrupt cell migration. In the broadest sense, it 

could therefore be possible to prevent migration of neuroblastoma cells into other non-infiltrated areas 

using rigosertib. In the microscopic examination of the cells, in the clonogenic assay and in the wound 

healing assay, an increased detachment of the cells from the ground and a probable induced cell death 

could be observed after treatment with rigosertib. In order to test this hypothesis whether neuroblastoma 

cells die after administration with the dual PLK1/PI3K inhibitor, IMR5/75 cells were stained 24 h and 

72h after treatment with rigosertib using Annexin V-FITC/PI and were measured applying flow 

cytometry (Figure 78). After the neuroblastoma cells were short-treated with rigosertib for 24 h, there 

was no difference in the proportion in apoptotic cells between the cells treated with the relative IC50 

(EC50, 33nM) and the control cells treated with ddH2O. However, if a higher dose of rigosertib was 

administered (EC80, 132nM), the effects of the inhibition became visible even after 24 h. A proportion 

of 8.8% of the cells treated with the relative IC80 showed a positive Annexin V signal, which is 

representative for early apoptosis, compared to 4.24% of the population measured in the control. With 

regard to the detection of late apoptotic/necrotic cells, the difference between the control and the treated 

sample was even greater. A positive Annexin-V/PI signal was detected in 10.9% of the rigosertib 

administered cells, compared to 1.91% in the control. In an analysis of IMR5/75 cells, which were 

incubated for 72h with the relative IC80 from rigosertib, the proportion of late apoptotic/necrotic cells 

increased further. This fraction was 30.3% in the treated sample and only 0.3% in the control sample. Is 

was an increase of 19.4% in the population as compared to the 24h treatment. In contrast, the proportion 

of early apoptotic cells in the 72h relative IC80 treatment (0.78%) decreased compared to the 24h 

treatment (8.8%). This could indicate that the Annexin V positive cells could probably additionally 

become PI positive over the duration of the treatment, which means that not only the inner membrane 

phospholipids were exposed to the outside, but also the DNA was stained. The reason for this could 

have been a shift in the population from early apoptosis to late apoptosis or necrosis. Nevertheless, about 

10.9% of the late apoptosis/necrosis population was found in addition in the 72h IC80 treated sample 

compared to the 24h sample. The effect of cell apoptosis is thus even stronger after a longer treatment 

than a short-term treatment. IMR5/75 neuroblastoma cells respond to treatment with rigosertib with an 

induction of apoptotic/necrotic processes, and this effect is intensified by the duration of the treatment. 

Furthermore, a shift from early apoptosis to cell death or necrosis was detected after prolonged treatment 

with rigosertib. 
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Figure 78: Treatment with the dual PLK1/PI3K inhibitor rigosertib leads to programmed cell death in IMR5/75 cells. 
Flow cytometry dot-plots of Annexin V-FITC/PI dual staining analysis of neuroblastoma cell apoptosis after 
administration of rigosertib (relative IC50 (EC50): 33nM and IC80: 132nM) for 24 and 72h. The rate of early 
apoptosis was higher in relative IC80 treated cells as compared to IC50 treated cells. In addition, late apoptotic or 
dead cell levels were higher in relative IC80 treated cells as compared to IC50 treated cells. Further, cells harvested 
after 72 h treatment showed an increased level of late apoptotic or dead cells as compared to cells harvested after 
24 h treatment. As control, ddH2O was applied. One biological replica is shown.  

It further was to examined whether the treatment with rigosertib not only inhibits their direct targets 

PLK1 and PI3K, but whether an application of the drug also leads to a reduction in MYCN transcript 

levels. For this purpose, the RNA transcript levels were checked in a small test experiment using qPCR 

(Figure 79A). MYCN-amplified SK-N-BE(2) cells were treated for 24h with their relative IC50 (EC50, 

238nM) concentration of rigosertib and the MYCN transcript levels were then measured. After treatment 

with the inhibitor, the transcript levels of MYCN in the SK-N-BE(2) cell line were reduced by 57.73% 

compared to the cells treated with ddH2O. This result indicates a decrease of the MYCN RNA levels 

potentially following lower tumorigenicity. In addition, a reduced proliferative behavior of the cells 

could also have been reduced the MYCN levels. To confirm the target activity of rigosertib to kinases in 

the in vitro experiments, the expression of PLK1 and PI3K downstream proteins was assessed applying 

Western immunoblotting analysis (Figure 79B). MYCN-amplified IMR5/75 cells were treated with their 

relative IC50 (EC50) of 33nM rigosertib for 96h and were subsequently analyzed for their protein 

expression. Rigosertib treatment led to a significant repression of the MYCN protein. These results are 
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in line with the observations seen in qPCR analysis. Furthermore, the expression of the PLK1 

downstream target WEE1 was reduced, as well as the MST1 protein, which is also found in indirect 

order downstream in the PI3K signaling pathway. A negative effect of rigosertib on the protein 

expression of MST1 as well as on the target protein mTOR could also be observed in IMR5/75 cells 

treated with their relative IC80. In addition, a reduction in the protein expression of WEE1, MST1 and 

AKT1 was detected after a relative IC50 treatment of SK-N-AS cells (data not shown). The results of 

these small-scale protein expression experiments are a first indication that a treatment with the dual 

PLK1/PI3K inhibitor leads to repression of PLK1 and PI3K activity in neuroblastoma cells. 

 

Figure 79: Rigosertib treatment induces reduction of MYCN mRNA and protein levels, and leads to repression of PLK1 
and PI3K functions in neuroblastoma cell. 
(A) After 24h of treatment with rigosertib (relative IC50: 238nM), a reduction of MYCN RNA transcript levels 
was seen in SK-N-BE(2) neuroblastoma cells. As control, ddH2O was applied. One biological replica is shown 
with their respective median and range of three technical replicates. (B) Western immunoblotting of PLK1 and 
PI3K downstream targets after incubation of IMR5/75 neuroblastoma cells with rigosertib (relative IC50: 33nM) 
for 96h. As control, ddH2O was applied.  

Taken together, treatment with the dual PLK1/PI3K inhibitor rigosertib led to a reduction in cell growth, 

cell spread and to a decreased ability to form cell colonies and migration. Further, the induction of cell 

apoptosis and necrosis was detectable upon rigosertib treatment. In a preliminary experiment, the 

inhibitor was able to reduce the MYCN RNA transcript levels. In addition, a decline in the protein 

expression of PLK1 and PI3K downstream targets was observed, this reduction particularly affected the 

proteins WEE1, MST1 and MYCN in further distance.  

3.2.2.3 Rigosertib-mediated dual PLK1 and PI3K inhibition has antitumoral activity against 

neuroblastoma xenografts 

Rigosertib is currently being tested in clinical trials as a single agent, and in combination with 

azacitidine, in patients with myelodysplastic syndromes701. To investigate the efficacy of rigosertib on 

its anti-tumor potential in vivo, a high-risk neuroblastoma PDX was subcutaneously grown in mice.          
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The mouse experiments were carried out in three independent test series. In the first round, a total of 10 

immunodeficient NOG female mice were subcutaneously engrafted with a high-risk MYCN-amplified 

neuroblastoma tumor (Figure 80). The NOG mice with subcutaneously engrafted MYCN-amplified 

neuroblastoma xenografts exhibited significant tumor growth for randomization within the third week 

after PDX transplantation. The experiment was started at a tumor size of 0.2 – 0.25cm³, mimicking a 

clinical relapse or therapy-refractory situations at which rigosertib would be administered. The group of 

10 mice was then randomized into two groups (n=5), a treatment group and a vehicle group, and the 

treatment started on day 19 after transplantation. At day 26, a very slightly reduced tumor growth 

compared to untreated controls was observed. In terms of the tumor volume, the median range was found 

0.51cm³ for the vehicle group and 0.461cm³ for the treatment group (Figure 80A).  

 

Figure 80: Rigosertib shows antitumor effects against a PDX mice model of a high-risk MYCN-amplified 
neuroblastoma. 
After starting the treatment with rigosertib, a slight difference of the (A) tumor volume and the (B) relative tumor 
volume between the PBS vehicle and the dual PLK1/PI3K inhibitor group was evident from day 26. By day 29, 
the difference between the tumor volume of the treatment group was significantly increased. In a last measurement 
on day 33, the tumor volume was detected with nearly equally values in both treatment groups, but still a difference 
between the two groups in relation to the relative tumor volume was visible. (C) Results of the individual tumor 
volume showed a generally slightly increased tumor volume in the vehicle control group compared to the rigosertib 
treatment group. However, tumor growth was poor in individual animals, regardless of treatment. (D) The body 
weight of the animals was not or only slightly influenced during the treatment, which indicates the absence of side 
effects of the inhibitor. In plot A, B and D, the median with the range of the measurements of 2-5 individual 
animals are shown.  
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However, the relative tumor volume already showed a difference of 2.4cm³ to 2cm³ between PBS and 

rigosertib treatments on day 26 (Figure 80B). Pronounced difference in tumor volume between 

rigosertib and vehicle treated mice become evident on day 29 after transplantation with a tumor/vehicle 

ratio of 48% and a tumor growth inhibition index of 63%. Detailed values of tumor volume and relative 

tumor volume was detected for the vehicle group with medians of 1.607cm³ and 5.6cm³ in contrast to 

the treatment group which showed a tumor volume of 0.688cm³ and a relative tumor volume of 2.5cm². 

In a comparison of the individual tumor volume cm³ of the respective animals the tumors showed a 

generally slightly increased tumor volume in the vehicle control group compared to the rigosertib 

treatment group (Figure 80C). However, it could be seen that regardless of an administered placebo or 

active treatment, tumor growth in individual animals was worse than in comparison to other animals. 

For example, the tumor of the mouse no. #B1 of the inhibitor treatment group reached a volume of 

1.796cm³ and the tumor of mouse no. #B2 had a tumor volume of 0.395cm³ on the last measurement 

day 33. It is therefore unclear for these animals whether the transplanted neuroblastoma tumor initially 

grew poorly or whether the tumor volume was very low due to an extremely good response to rigosertib. 

Individual vehicle animals had to be terminated prior to study end due to maximal tolerable tumor size 

of 1.5cm³. Body weight values and a good general health condition of all animals indicated absence of 

compound dependent side effects in this study (Figure 80D). Within a second rigosertib efficacy in vivo 

study, a total of 10 mice were subcutaneously engrafted with a high-risk non-MYCN-amplified 

neuroblastoma tumor (Figure 81). The immundeficient NOG female mice with subcutaneously 

engrafted neuroblastoma xenografts were randomized in two groups (n=5) on day 25 after PDX 

fragment transplantation. From day three until the end of the study delayed and less pronounced tumor 

growth was observed in rigosertib treated animals compared to vehicle controls. Differences in the tumor 

volume were detected starting from day 28, were the median range was found 0.16cm³ for the vehicle 

group and 0.134cm³ for the treatment group (Figure 81A). However, the relative tumor volume already 

showed a difference of 1.7cm³ to 1.1cm³ between PBS and rigosertib treatments (Figure 81B). An 

optimal ratio of tumor/vehicle (49%) was calculated on day 32 after transplantation with a tumor growth 

inhibition value of 74%. Detailed values of tumor volume and relative tumor volume was detected for 

the vehicle group with medians of 0.398cm³ and 3.6cm³ in contrast to the treatment group which showed 

a tumor volume of 0.193cm³ and a relative tumor volume of 1.5cm². In a comparison of the individual 

tumor volume of the respective animals the tumors showed an increased tumor volume in the vehicle 

control group compared to the rigosertib treatment group (Figure 81C). The greatest differences in the 

measured values of the individual tumor volumes was found in the tumor of mouse no. #A3 in the 

vehicle group which displayed a final size of 1.036cm³ compared to the tumor of mouse no. #B4 in the 

rigosertib treatment group with a final size of 0.304cm³. Both study groups (n=5) completed the study. 

Body weight values and good general health condition was monitored for all animals throughout the 

study indicating good compound tolerability without adverse side effects (Figure 81D). 
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Figure 81: Rigosertib shows antitumor effects against a PDX mice model of a high-risk non-MYCN-amplified 
neuroblastoma. 
The effects of treatment with rigosertib or with the PBS vehicle control on the (A) tumor volume and the                   
(B) relative tumor volume were slightly visible from day 28. By day 32, the difference between the tumor volume 
of the treatment group was significantly increased. The difference between the measured tumor volumes of the 
rigosertib treatment group and the vehicle control group increased every day until the last day of the experimental 
series, day 39. (C) Results of the individual tumor volume showed an increased tumor volume in the vehicle 
control group compared to the rigosertib treatment group. (D) The body weight of the animals was not or only 
slightly influenced during the treatment, which indicates the absence of side effects of the inhibitor. In plot               
A, B and D, the median with the range of the measurements of 5 individual animals are shown.  

Within a third rigosertib efficacy in vivo study, a total of 18 mice were subcutaneously engrafted with 

the MYCN-amplified neuroblastoma cell line IMR5/75. Starting from day 2-4 of rigosertib 

administration, less pronounced tumor growth was observed in rigosertib treated animals compared to 

vehicle controls. After a treatment of 14 days, the vehicle control showed a median tumor volume of 

1.32cm³ whereas the rigosertib treated mice showed a median tumor volume of 0.81cm³. This means 

that tumor growth was effectively stopped with application of rigosertib (Figure 82A+B). In a 

comparison of the individual tumor volume of the respective animals the tumors showed an increased 

tumor volume in the vehicle control group compared to the rigosertib treatment group (Figure 82C). The 

greatest differences in the measured values of the individual tumor volumes was found in the tumor of 

mouse no. #A3 in the vehicle group which displayed a final size of 2.128cm³ compared to the tumor of 

mouse no. #B1 in the rigosertib treatment group with a final size of 0.399cm³. The vehicle control group 

completed the study (n=8) and in the rigosertib group one animal was treated incorrectly and had to be 
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excluded (n=7). The body weight of NMRI nude mice is greater than that of NOG mice used in the 

previous experiments and this is reflected in the body weight measurements. In general, similar body 

weights were found in the control and treatment groups. The animals were in good physical condition 

and did not show any adverse side effects after treatment with rigosertib (Figure 82D). 

 

Figure 82: Rigosertib shows antitumor effects against a PDX mice model of the MYCN-amplified IMR5/75 cell line. 
The effects of treatment with rigosertib or with the PBS vehicle control on the (A) tumor volume and the                         
(B) relative tumor volume were slightly visible after 4 days of application. After 10 days, a greater difference 
between the durg treatment and the vehicle control could be seen. (C) Results of the individual tumor volume 
showed an increased tumor volume in the vehicle control group compared to the rigosertib treatment group.            
(D) The body weight of the animals was only slightly influenced during the treatment, which indicates the absence 
of side effects of the inhibitor. In plot A, B and D, the median with the range of the measurements of 7-8 individual 
animals are shown.  

In summary, based on the promising in vitro anti-tumor activity of the dual PLK1/PI3K inhibitor 

rigosertib, it was hypothesized that this drug may show clinically relevant therapeutic activity in vivo. 

The in vivo data demonstrated that rigosertib treatment suppresses growth of xenografts derived from 

neuroblastoma patient tumors with high-risk characteristics. The effect of rigosertib showed no 

significant difference in tumor volume reduction between MYCN-amplified or non-MYCN-amplified 

patient derived xenografts. It remains to be seen whether a reduced growth of the tumor in individual 

mice is due to the biological characteristics of the unique patient tumor transplanted, the MYCN 

amplification or the rigosertib treatment. Together, treatment with rigosertib significantly repressed 
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tumor cell growth and cell spread. Inhibitor application leads to induction of cell apoptosis, and to a 

decline in protein expression of WEE1, MST1 and MYCN. This suggests that dual PLK1/PI3K 

inhibitors like rigosertib have the potential to show clinically relevant therapeutic activity in patients 

suffering from high-risk neuroblastomas. In vivo rigosertib experiments using PDX mice models was 

performed in cooperation with Experimental Pharmacology & Oncology Berlin-Buch GmbH (EPO, 

Berlin, Germany). 

3.2.3 Combination of BRD4 and PLK1 inhibition has synergistic anti-tumoral effects in 

neuroblastoma cell lines 

Previous cell viability experiments of this work compared the potential efficacy of the BET inhibitors 

JQ1, OTX015 and TEN-010. The BET inhibitor OTX015 in particular showed an interesting efficacy 

profile. After application of OTX015, the cell viability of all neuroblastoma and fibroblast cells was not 

severely restricted overall, as for example in contrast using the tool compound JQ1. The outstanding 

effect of OTX015 was reflected in the significant reduction in the cell viability of many different 

neuroblastoma cells. As BRD4 proteins act as "readers" of the epigenome and control the expression of 

many signal transduction pathways by initiating the transcription of several factors, a combination 

therapy is considered. The combination of a BET inhibitor and a PLK1 inhibitor is a possible approach, 

which allows an intervention on the cellular transcription and on the cell cycle. Previously published 

data demonstrated that a combination of a BET inhibitor (BI 894999) and a PLK1 inhibitor (volasertib) 

can prolong the downregulation of MYC expression through synergistic effects702. Thus, MYCN-

amplified high-risk neuroblastoma can be treated at different biological targets, including the 

transcription of MYCN and the stabilization of the MYCN protein.  

In this part of the work, the BET inhibitor OTX015 and the PLK1 inhibitor volasertib were therefore 

combined for an anti-tumor treatment against neuroblastoma cells. Both MYCN-amplified (IMR5/75 

and CHP-134) and non-MYCN-amplified cell lines (SK-N-AS and GI-ME-N) were selected to observe 

the influence of MYCN on treatment effects. A fibroblast cell line (VH7) was also used to test for a 

possible (negative) effect on normal body cells. Initially, the range of action of volasertib on 

neuroblastoma cells was tested as described in section 3.2.2. The effect of volasertib on cell viability 

was measured three days after treatment. Reduction of cell viability upon volasertib treatment was found 

similar in MYCN-amplified cell lines IMR5/75, CHP-134 and the non-MYCN-amplified cell line SK-N-

AS (Figure 83). The non-MYCN-amplified cell line GI-ME-N showed a moderate response to volasertib 

inhibition. The fibroblast cell line VH7 displayed a weaker response to volsertib as compared to 

neuroblastoma cells. The relative IC50 (E50) values ranged in low nanomolar concentrations from 

16nM to 31nM for neuroblastoma cell lines, while the fibroblast cell viability is reduced with a higher 

concentration (~ 1000nM). All cell lines tested showed an increased maximum effect (98.14% in MYCN-

amplified, 88.1% in non-MYCN-amplified and 90.65% in fibroblast cell lines). All cell lines displayed 

a maximum effect to volasertib with more than 80%.  
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Figure 83: Volasertib dose to cell viability response relationship in neuroblastoma and fibroblast cell lines. 
The PLK1 inhibitor volasertib was applied to 5 different cell lines in vitro and effect on cell viability was measured 
three days after treatment. Decrease of cell viability after volasertib treatment was discovered comparative in 
MYCN-amplified cell lines IMR5/75, CHP-134 and the non-MYCN-amplified cell line SK-N-AS. The                         
non-MYCN-amplified cell lines GI-ME-N and VH7 indicated a moderate to weak reaction after volasertib 
administration. (Emax in mean interpolated by GraphPad Prism® PRSIM). For each cell line, two to three 
biological replicates are shown with their respective median and range. 

Subsequently, the PLK1 inhibitor volasertib was combined with the BET inhibitor OTX015. The two 

inhibitors were applied to the neuroblastoma cells in columns and rows and then analyzed with the R 

package SynergyFinder. A synergistic effect of the combination of OTX015 and volasertib could be 

demonstrated for all cell lines (Figure 84). The strength of the synergism does not depend largely on the 

MYCN status, but rather on the individual cell lines. The MYCN-amplified cell lines IMR5/75 and CHP-

134 showed a good response to the combination treatment, with an increased average synergy score of 

2,518-4,036. Especially at a higher dose of 100nM OTX015 and 10-15nM volasertib, the results showed 

that there existed a 97.3-99.6% inhibition of the cell viability (Figure 84A+B). But also the non-MYCN-

amplified cell line SK-N-AS achieved an average synergy score of 5,681 and a 97.3% inhibition of cell 

viability using 125nM OXT015 and 15nM volasertib (Figure 84C). Thus, this cell line achieved even a 

higher synergy score than the MYCN-amplified cell lines. The non-MYCN-amplified cell line GI-ME-N 

showed the worst response to the combination treatment (Figure 84D). In this case, even with a high 

dose of the inhibitors of 6,250nM OTX015 and 50nM volasertib, an average synergy score of 1,934 

with an inhibition of 75.8% was only achieved. Overall, 100% inhibition in the single drug dose response 

was demonstrated using volasertib for all cell lines except GI-ME-N. For GI-ME-N the inhibition was 

about 70%. The results for a single treatment with OTX015 were slightly poorer, reaching only 40-80% 

inhibition. The synergistic effect is therefore more likely attributable to the administration of volasertib, 

which is also reflected in the amount of concentration required for inhibition. The cell line VH7 was 

tested additionally with the combination treatment.  
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Although VH7 also showed a synergistic effect of OTX015 and volasertib (average synergy score 

1.838), only a maximum inhibition of 38.3% could be observed when using a high concentration of 

1,000nM OTX015 and 50nM volasertib (Figure 84E). This effect is also reflected in the single drug 

dose response curves, which show a maximum inhibition for OTX015 of about 20% and for volasertib 

of about 30%. If the combination is administered hypothetically against a neuroblastoma cell line or 

tumor, a concentration of only 100nM OTX015 and 10nM volasertib is required for almost complete 

inhibition, which would result in a maximum inhibition against fibroblasts of 18.8%. Compared to a 

single treatment with OTX015 or volasertib, the combination treatment is an improvement, as smaller 

amounts of OTX015 or volasertib have to be used (100nM OTX015 in the combination compared to up 

to 327.6nM in the single treatment and 10nM volasertib in the combination compared to up to 30.65nM 

in the single treatment). In addition, up to 99.6% inhibition is achieved when using the combination 

treatment (compared up to 92% for the single treatment with OTX015 and to up to 98.4% for the single 

treatment with volasertib). The data therefore clearly shows that OTX015 can be combined with 

volasertib. A synergistic effect of the inhibition using the two drugs could be demonstrated and an 

improved response of the cell lines was detected with simultaneous reduced inhibitor concentration. 

This is a first example of indirect MYCN inhibition involving different pathways being combined and 

harmonized. 

3.2.4 High expression of ASPM is related to an aggressive neuroblastoma  

3.2.4.1 MCPH genes are highly expressed in pediatric tumors 

While an increased proliferation of neuronal progenitor cells is central in the tumor biology of the 

embryonal tumors including neuroblastoma, a reduced proliferation of neuronal progenitor cells is a 

cause of congenital microcephaly423–425. The MCPH gene family is known to play important roles in 

determining the brain size in early development481,703–705. To evaluate the expression rate of MCPH genes 

in normal neuronal tissues, pediatric and adult cancers, 25 publicly available Microarray datasets (see 

Table 27 in appendix section) were analyzed for gene expression from 3,984 samples. For this purpose, 

22 different MCPH genes were selected in advance from biomedical literature, which according to the 

status in 2019 are supposed to be related to Autosomal recessive primary microcephaly. MCPH genes 

no. 1-16 represent the group of "classical" MCPH genes, for which several clinical cases have already 

been identified and (basic) research has been published.  

 

      Figure 84: Analysis of cell viability dose-response after OTX015 and volasertib drug combination in 
neuroblastoma cells. 
In a combination treatment with OTX015 and volasertib, four different neuroblastoma cell lines, including two 
MYCN-amplified and two non-MYCN-amplified cell lines were investigated. In addition, the combination therapy 
was also tested on a non-tumor cell line. Panel (A) MYCN-amplified IMR5/75 cells, panel (B) MYCN-amplified 
CHP-134 cells, panel (C) non-MYCN-amplified SK-N-AS cells, panel (D) non-MYCN-amplified GI-ME-N cells 
and panel (E) fibroblast cell line VH7. Displayed from left to right are the respective drug interaction landscape, 
the drug combination dose-response matrix and the plots for single drug dose-response curves. Synergism analyses 
were calculated using SynergyFinder511 (CRAN). For each cell line, one biological replica is shown with their 
respective median and range. 

< 
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MCPH genes no. 17-23 represent the group of more recently known MCPH mutations, for which there 

have so far been individual cases reported and rarely basic research published. The expression of the 22 

selected genes of the MCPH gene family was examined using hierarchical clustering analysis in adult 

tumors (12 datasets), and pediatric tumors (9 datasets, including 4 neuroblastoma datasets) and normal 

healthy tissue (4 datasets, mostly neuronal tissues). While a strong expression of MCPH genes was 

detected in most tumor entities, the expression of MCPH was higher in pediatric than in adult tumors 

(Figure 85A). Among pediatric tumors, expression levels of MCPH genes were highest in 

neuroblastoma. Interestingly, it can be seen that several neural tumor types cluster together with an 

increased expression of the MCPH genes. As said, these are neuroblastomas, but also glioblastomas, 

atypical teratoid rhabdoid tumors (ATRT) and medulloblastomas. Tumors of the adulthood and normal 

tissues cluster together with a lower expression of the MCPH genes at a greater distance from the 

pediatric neuronal tumors. The MCPH expressions in normal tissue even cluster on a different branch 

than the group of neuroblastomas and pediatric tumors. Correlation array analysis of all 25 Microarray 

datasets could also show that the expression of the individual MCPH genes strongly correlated to each 

other across different cancer types (Figure 85B). In particular, a strong correlation of the gene expression 

of the microtubule associated proteins ASPM and KIF14 could be demonstrated.  

 

Figure 85: Primary-microcephaly associated MCPH genes are highly expressed in pediatric tumors. 
(A) Heatmap of Microarray data showing expression of 22 MCPH genes across datasets from 12 adult tumor data 
sets, 9 pediatric tumor data sets (including 4 neuroblastoma data sets) and 4 data sets of normal tissue. MCPH 
genes are highly expressed in pediatric tumors, especially in neuroblastomas. (B) Correlation array from                      
25 Microarray datasets of different origin (adult, pediatric and normal, as stated above) across different MCPH 
genes. The expression of the ASPM gene correlates high with other MCPH genes involved in the Mitosis process, 
as for example KIF14, CENPE and NCAPH. (Affymetrix HG-U133-Plus2 Microarrays processed using the 
MAS5.0 method639; Figures were kindly prepared by J. Toedling (Charité)544). 
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To further focus on the expression of MCPH genes in neuroblastoma, a dataset was applied comprising 

mRNA sequencing data obtained from a representative cohort of 498 primary neuroblastomas (SEQC 

study42). Expression levels of the MCPH genes were found to be higher in high-risk neuroblastoma and 

in particular in MYCN-amplified neuroblastoma and neuroblastomas of high INSS stage128,129 (Figure 

86A). This result shows that the high expression of the MCPH genes is clustered together with the 

clinical characteristics of aggressive neuroblastoma and indicates a correlation of high MCPH gene 

expression and an adverse outcome. The ASPM gene in particular shows the highest expression in 

connection with high-risk neuroblastomas. Further, the expression of most MCPH genes was found to 

be highly correlated to each other within the neuroblastoma cohort (Figure 86B). In particular, a strong 

correlation of the expression of the microtubule and mitotic spindle associated proteins ASPM and 

CENPE could be displayed. These genes even show a negative correlation compared to the expression 

of the other MCPH genes involved in cell division and cell cycle processes. Taken together, expression 

of MCPH genes is high in cancer, with highest expression in pediatric cancers and in particular high-

risk neuroblastoma. The microtubule-associated protein ASPM shows the highest expression in high-

risk neuroblastomas and its expression is highly correlated with MCPH and other genes involved in cell 

division and cell cycle processes. 

 
 

Figure 86: Primary-microcephaly associated MCPH genes are highly expressed in high-risk neuroblastoma. 
(A) Heatmap of RNA-Sequencing data (SEQC study42) of neuroblastoma patients pinpoint towards a correlation 
between high expression of MCPH genes and adverse outcome (MYCN amplification, high risk group and higher 

INSS stage128,129). Considering the genes which cluster at highest together with clinical characteristics of 

aggressive neuroblastoma, the MCPH gene ASPM is remarkable high. (B) Correlation array from                             
RNA-Sequencing data42 across different MCPH genes expressed in neuroblastoma patient tumors. The expression 
of the ASPM gene correlates high with other MCPH genes involved in the Mitosis process, as for example CENPE, 
KIF14 and NCAPH. (Affymetrix HG-U133-Plus2 Microarrays processed using the MAS5.0 method639; Figures 
were kindly prepared by J. Toedling (Charité)544). 
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3.2.4.2 High ASPM expression is associated with aggressiveness and adverse outcome of 

neuroblastoma 

Previously published work could already highlight that the expression of the MCPH gene ASPM can be 

linked to the development of cancer483,485,706–708. In combination with this thesis’ work (see 3.2.4), 

observations were made regarding the highly-expressed nature of ASPM in neural-tissue cancers as well 

as its association with aggressive high-risk neuroblastomas. Therefore, the analyses were further aimed 

on elucidating the role of ASPM in neuroblastoma. Within a detailed analysis of the ASPM gene 

expression across 25 multiple Microarray datasets (see Table 27 in appendix section) originating form 

normal tissues, pediatric and adult tumors, high ASPM expression could be identified in pediatric tumors 

(Figure 87).  

 
 
Figure 87: The microtubule-associated protein ASPM is distinct in neuro-pediatric tumors. 
Box-plot diagram of Microarray data showing the ASPM gene expression profiles in three different sample type 
groups (adult tumors, pediatric tumors and normal tissue). This reveals that a high RNA expression of ASPM 
accompany together with fast proliferating, neuro-pediatric tumors like neuroblastomas, ATRT tumors or 
medulloblastomas. (Affymetrix HG-U133-Plus2 Microarrays processed using the MAS5.0 method639;                       
25 Microarray datasets of different origin as stated above; figure was created using the R2 Genomics 
platform496,497).  

The highest ASPM levels were detected in neuroblastoma (p<3.7x10-114), ATRT (p<4.3x10-105) and 

medulloblastoma (p<1.6x10-192, one-way ANOVA (analysis of variance), each cancer entity compared 

to normal tissue), all of which are quickly proliferating pediatric tumors of neuronal origin. In contrast, 

adult tumors displayed a lower level of ASPM expression, and even less ASPM expression was detected 
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in normal tissue. Focusing on neuroblastoma, in an analysis of 24 different neuroblastoma cell lines an 

increased and similar expression of ASPM could be demonstrated for all cell lines (see Figure 88). 

 
 
Figure 88: High expression of the microtubule-associated gene ASPM in neuroblastoma cell lines. 
The expression of the ASPM gene is increased in neuroblastoma cell lines (24 cell lines), regardless of whether 
these are MYCN-amplified (15 cell lines, MNA) or non-MYCN-amplified (9 cell lines, non-MNA). Expression 
analyzed from data set: Cellline Neuroblastoma - Versteeg - 24 - MAS5.0 - u133p2 (GEO ID: gse28019).                 
(Figure was created using an R software (CRAN)640,641 Shiny app709,710 provided by J.Toedling (Charité)). 
 
Focusing on patients with neuroblastoma, the mRNA sequencing data obtained from a representative 

cohort of 498 primary neuroblastomas (SEQC study42) was applied again. In subsequent analyses, the 

expression level of ASPM was examined in connection with clinical and other molecular markers of 

neuroblastomas (Figure 89). A significant correlation between high ASPM expression and MYCN 

oncogene amplification could be detected (Figure 89A, p<7.67x10-21, student's t-test). Moreover, a 

correlation was found between a higher ASPM expression in high-risk neuroblastomas compared to a 

lower ASPM expression found in low or intermediate risk neuroblastomas (Figure 89B, p<7.20x10-31, 

student's t-test). Another connection could also be displayed between high ASPM expression and an 

aggressive stage 4 high-risk neuroblastoma (INSS128,129) (Figure 89C, p<9.73x10-26, student's t-test). 

Within clinical presentation, patients with high-risk neuroblastomas show primary tumors with 

dissemination to distant lymph nodes, bone, bone marrow, liver, skin, and / or other organs. 

Interestingly, the level of ASPM expression raises with an increase in the INSS tumor stage. In the 

special stage 4s neuroblastoma, which shows spontaneous regression without any treatment, a lower 

ASPM expression (compared to the intermediate risk stage 3 or high-risk stage 4) was seen. With regard 

to the outcome of neuroblastomas, a connection between an increased ASPM expression and a death 

from disease can also be revealed here. Patients with neuroblastomas showing a high ASPM expression 

elevated in the tumor die more frequently from this cancer than patients with neuroblastomas showing 

a lower ASPM expression (Figure 89D, p<2.74x10-20, student's t-test). Based on the results that a high 

ASPM expression correlates more strongly with a death from disease event than lower ASPM expression, 

the influence of the ASPM expression levels on the survival of the patients with a neuroblastoma was 

examined (Figure 90). 
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Figure 89: High expression of the microtubule-associated ASPM protein correlates with aggressive neuroblastomas. 
Box-plot diagrams of RNA-Sequencing data of neuroblastoma tumors (SEQC study42) showing (A) a correlation 
between high ASPM expression and MYCN oncogene amplification (0=non-MYCN-amplified,                      
1=MYCN-amplified), (B) a correlation between high ASPM expression and high-risk neuroblastoma 
(0=low/medium risk, 1=high risk), (C) a correlation between high ASPM expression and advanced tumor stage 

(high INSS score128,129, low risk=1 and 4s, medium risk=2 and 3, high-risk=4) and (D) a correlation between high 

ASPM expression and death from disease (overall survival, 0=no death event, 1=death from disease). (Microarray 
SEQC-498-RPM-seqcnb1 data set; figure was created using the R2 Genomics platform496,497). 

Kaplan-Meier survival analyses revealed a significantly diminished event-free survival (p<1.0x10-13, 

Figure 90A) and overall survival (p<2.9x10-16, Figure 90B) of neuroblastoma patients with tumors 

showing high ASPM expression as compared to patients with tumors showing lower ASPM expression 

(cutoff modus: median, cutoff: 249 neuroblastoma tumors with high expression of ASPM from 

expression cutoff  22.631, see Figure 131 and Figure 132 in appendix section). In event free survival 

curves, the event of interest is e.g. relapses, because patients may have relapsed but not yet died. In 

overall survival curves, the event of interest is death from any cause711. This shows that patients with 

neuroblastoma expressing high ASPM levels in their tumors have a higher mortality. Even stronger 

assumptions could be made when comparing the survival probabilities in a subgroup of the total cohort 

in which only patients harboring a MYCN-amplified tumor were selected. Within a comparison of ASPM 

expression levels in an only MYCN-amplified tumor subgroup against an only non-MYCN-amplified 

tumor subgroup, it was found that the patients with a MYCN amplification and high ASPM expression 

levels showed the worst event-free survival and overall survival probabilities (see Figure 133, Figure 
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134, Figure 135 and Figure 136 in appendix section). Interestingly, the survival probabilites of the 

subgroup of non-MYCN-amplified patients in combination with a high ASPM expression (p<1.8x10-7, 

see Figure 134 and p<9.7x10-8, see Figure 136 in appendix) only worsens slightly compared to the results 

from the total neuroblastoma cohort (Figure 90). In contrast, the subgroup of MYCN-amplified 

neuroblastomas with high ASPM expression shows lower survival probabilities (p<0.061, see Figure 

133 and p<0.069, see Figure 135 in appendix) compared to the results from the total neuroblastoma 

cohort (Figure 90). In a further analysis within a subgroup of high-risk neuroblastomas comparing low 

versus high ASPM expression, greatly reduced event-free survival (p<0.015) and overall survival 

(p<2.0x10-3) probabilities were found in high-risk neuroblastomas showing high ASPM expression in 

addition (see Figure 137 and Figure 138 in appendix section).  

 

Figure 90: High expression of ASPM correlates with adverse outcome and is linked to cell cycle, cell division and DNA 
replication. 
Survival analysis of RNA-Sequencing data of neuroblastoma patients (SEQC study42). (A) Correlation between 
event-free survival probability and ASPM expression. Low ASPM expression follows a high event-free survival 
probability, whereas a high expression of ASPM lead to a lower event-free survival probability. (B) Correlation 
between overall survival probability and ASPM expression. Low ASPM expression follows a high overall survival 
probability, whereas a high expression of ASPM lead to a lower overall survival probability. (Microarray SEQC-
498-RPM-seqcnb1 data set; Figure was created using the R2 Genomics platform496,497). 

To further study the role of ASPM in neuroblastoma biology, a list of 324 genes whose expression was 

highly correlated with ASPM was compiled (Spearman correlation coefficient CC≥0.7) from mRNA 

sequencing data of 498 primary neuroblastomas (SEQC study42). The result shows a strong correlation 

of the expression of ASPM together with other MCPH genes displaying a correlation coefficient from 

CENPE to ASPM of 0.96, KIF14 to ASPM of 0.95 and NCAPH to ASPM of 0.93 (Table 29 in appendix 

section). In addition to a strong correlation of ASPM to other MCPH genes, it was also possible to show 

a correlation to the expression of genes that have not previously been associated with a primary 

microcephaly. These genes include a high correlation coefficient of 0.94 within the expression analysis 

of ASPM to CDCA2 (regulator of chromosome structure), BUB1 (mitotic checkpoint kinase associated 
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with the kinetochores) and NUF2 (kinetochore protein involved in chromosome segregation). In 

additional investigations, a Gene Ontology term enrichment analysis was performed to identify 

biological processes linked to ASPM in neuroblastoma. The strongest-enriched GO terms were mostly 

related to cell cycle, cell division and DNA replication (Figure 91).  

 

Figure 91: Expression of ASPM is linked to cell cycle, cell division and DNA replication. 
GO term enrichment analysis of RNA-Sequencing data of neuroblastoma tumors (SEQC study42) characterizes 
ASPMs connection to biological process of the cell cycle, cell division and DNA replication. (Microarray SEQC-
498-RPM-seqcnb1 data set; figure was kindly prepared by J. Toedling (Charité)). 

In line, ASPM expression was highly correlated with the expression of the cell cycle regulator PLK1 

(Spearman CC=0.89), the transcriptional activator involved in regulation of the expression of cell cycle 

genes FOXM1 (Spearman CC=0.90) and the chromosome collapsing protectant and chromatin organizer 

MKI67 (Spearman CC=0.92, Figure 92). In summary, ASPM is overexpressed in high-risk 

neuroblastoma, its expression correlates with adverse outcome of neuroblastoma, and co-expressed 

proteins of ASPM are fundamentally involved in neuroblastoma cell-cycle and cell-division 

mechanisms and, consequently, tumor proliferation and aggressiveness. 
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Figure 92: Expression of ASPM is highly correlated with the expression of PLK1, FOXM1 and MKI67. 
The expression of the microtubule-associated protein ASPM is highly correlated with the expression of                        
(A) PLK1, (B) FOXM1 and (C) MKI67. High-risk neuroblastomas (INSS tumor staging128,129) are highlighted with 
red dots (Microarray SEQC-498-RPM-seqcnb1 data set; figure was created using an R software (CRAN)640,641 
Shiny app709,710 provided by J.Toedling (Charité)). 

3.2.4.3 ASPM is highly expressed in neuroblastoma cell lines but is no surrogate marker of 

proliferation 

As a prerequisite for subsequent functional studies, the expression levels of ASPM were assessed in 

various neuroblastoma cell lines. ASPM RNA levels were first evaluated applying qPCR in 16 

neuroblastoma and 7 control cell lines, the latter comprising fibroblasts and cell lines from other tumor 

entities (Figure 93). A significant difference of ASPM expression comparing all three groups within a 

variance analysis could be shown (Figure 93B, MYCN-amplified and non-MYCN-amplified 

neuroblastoma cell lines and control cell lines, FC, p=0.0007484, Kruskal-Wallis test). The ASPM 

expression was significantly higher in MYCN-amplified neuroblastoma cell lines as compared to non-

MYCN-amplified neuroblastoma cell lines (FC, p=0.004, Kolmogorov-Smirnov test) and in MYCN-

amplified neuroblastoma cell lines as compared to control cell lines (FC, p=0.001, Kolmogorov-

Smirnov test, both Figure 93B). In a comparison of non-MYCN-amplified neuroblastoma cell lines to 
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control cell lines, the ASPM expression was only slightly different (FC, p=0.5280, Kolmogorov-

Smirnov test, Figure 93B). Further analyses confirmed high ASPM expression in all neuroblastoma cell 

lines as compared to fibroblast cell lines as well as cell lines from other tumor entities (Figure 93C, FC, 

p=0.02004, Kolmogorov-Smirnov test). Another examination of the data indicates that MYCN 

amplification is associated with high ASPM expression. In a comparison of the MYCN-amplified 

neuroblastoma cell lines with all non-MYCN-amplified cell lines including control cell lines, ASPM 

expression was found significantly higher in MYCN-amplified cell lines (Figure 93D, FC, p=0.0001312, 

Kolmogorov-Smirnov test).  

 

Figure 93: Expression of ASPM is raised in neuroblastoma cell lines. 
(A) Bar plot diagram showing evaluated ASPM RNA levels applying qPCR of different neuroblastoma (red and 
blue) and other cell lines (grey). A higher gene expression in MYCN oncogene amplified neuroblastoma cell lines 
(red) is found compared to non-MYCN-amplified neuroblastoma cell lines (blue). For each cell line, three 
biological replicates are shown with their respective median and range. (B) Scatter dot plot diagram of qPCR data 
revealing a significant high expression of ASPM within a comparison of all three groups. (C) Scatter dot plot 
diagram of qPCR data showing high expression of ASPM within a comparison between neuroblastoma cell lines 
(black) and control cell lines (grey). (D) Scatter dot plot diagram of qPCR data showing a significant high 
expression of ASPM within a comparison between MYCN-amplified neuroblastoma cell lines (red) and                      
non-MYCN-amplified cell lines (neuroblastoma and control cell lines, black).  
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Although the proliferation rate of the control cell lines was comparable to the proliferation rate of 

neuroblastoma cell lines (data not shown), there is still the possibility of whether ASPM expression in 

neuroblastoma cells lines was just a surrogate marker of cell proliferation. If this is the case, a reduction 

of neuroblastoma cell proliferation would simultaneously result in a reduced ASPM expression. To 

address this question, neuroblastoma cells were grown at variable levels of cell density and serum 

concentration (see cell pictures in Figure 94; 20 or 70 or 100% cell confluence and 10 or 20% serum).  

 

Figure 94: Culturing of NGP neuroblastoma cell line under different serum concentrations and cell densities. 
Neuroblastoma NGP cells were grew at variable levels of cell density and serum concentration (20 or 70 or 100% 
cell confluence and 10 or 20% FCS). These external factors should modulate the cell proliferation and cell cycle. 
NGP cells were harvested after four days of incubation and analyzed subsequently for changes in ASPM expression 
using qPCR.  

These external factors can modulate the cell proliferation and the cell cycle. The cells were subsequently 

analyzed for changes in cell proliferation and ASPM expression. The proliferation rate of NGP 

neuroblastoma cells were equally dependent on seeded cell numbers and on 2% and 10% FCS in 

comparison and did not show an excessive proliferation independent of external factors. Thus, the 

response to different cell densities on neuroblastoma cell proliferation was only minor (not significant, 

p=>0.9999-0.3333, Kolmogorov-Smirnov test), and as expected, cell proliferation of neuroblastoma 

cells cultured at 2% serum was significantly lower than proliferation of neuroblastoma cells cultured at 

10% serum (p=0.0022, Kolmogorov-Smirnov test), as revealed by Cell Proliferation ELISA, BrdU 

(colorimetric) assay (Figure 95A). Even though the neuroblastoma cells were treated with serum 

starvation media of 2% instead of 10% FCS, inducing cellular stress, and were exposed to different 

levels of cell confluences, the mRNA expression of ASPM do not fluctuate strongly between the 

different conditions. The examination of the mRNA levels of ASPM using qPCR showed that the 



Results: 3.2.4 High expression of ASPM is related to an aggressive neuroblastoma 

206 
 

expression of ASPM was neither significantly affected by cell confluence (FC, not significant, 

p=>0.9999-0.3333, Kolmogorov-Smirnov test) nor by serum concentration levels (FC, not significant, 

p=0.9307, Kolmogorov-Smirnov test; Figure 95B).  

 

Figure 95: Expression of ASPM is largely autonomous of serum and cell density factors in NGP neuroblastoma cell 
line. 
Neuroblastoma NGP cells were exposed to different cell confluence (20-100%) and  different serum concentrations 
(2 and 10%). (A) Bar plot diagram of Cell Proliferation ELISA, BrdU (colorimetric) assay. For confluency and 
FCS content data points, two biological replicates are shown with their respective median and range. (B) Bar plot 
diagram of ASPM qPCR data. Two biological replicates are shown with their respective median and range.  

In an additional analysis of the effects of confluence and serum differences on NGP cells, the cells were 

checked in a flow cytometric analysis for changes in the cell cycle (Figure 96). The neuroblastoma cells 

were growing at variable levels of cell density and serum concentration (20 or 70 or 100% cell 

confluence and 10 or 20% FCS). These external factors should modulate the cell proliferation and cell 

cycle. NGP cells were harvested after two days of incubation. The results also show that there was no 

major change or shift in the cell cycle phases of NGP after exposure to different densities or serum.  
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Figure 96: Different serum concentrations and cell densities have no influence on the cell cycle of NGP neuroblastoma 
cells. 
Flow cytometric histograms displaying cell cycle analysis of neuroblastoma NGP cells. Cells were growing at 
variable levels of cell density and serum concentration (20 or 70 or 100% cell confluence and 10 or 20% FCS). 
For cell cycle assessment, the cell count was plotted over the area of the PI dye. Unstained cells served as negative 
control. One biological replica is shown.  

These findings could also be demonstrated in smaller experiments in other neuroblastoma cell lines 

(Figure 97), using LAN-5 (MYCN-amplified) and GI-ME-N (non-MYCN-amplified) cells. The 

proliferation rate of GI-ME-N neuroblastoma cells were equally dependent on seeded cell numbers and 

on 2% and 10% FCS in comparison and did not show an excessive proliferation independent of external 

factors (Figure 97A). LAN-5 neuroblastoma cells were exposed to different levels on cell density and 

serum concentrations (Figure 97B). Even though the neuroblastoma cells were treated with serum 

starvation media of 2% instead of 10% FCS, inducing cellular stress, and were exposed to different 

levels of cell confluences, the mRNA expression of ASPM do not fluctuate strongly between the 

different conditions. These results are equally to the findings using NGP cells. Taken together, ASPM is 

significantly overexpressed in (MYCN-amplified) neuroblastoma cell lines, and reduction of 

neuroblastoma cell proliferation by altered culture conditions does not strongly affect ASPM expression 

levels. 
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Figure 97: Cell proliferation and expression of ASPM is largely autonomous of serum and cell density factors in           
GI-ME-N and LAN-5 neuroblastoma cell lines. 
Neuroblastoma cells were exposed to different cell confluence (20-100%) and different serum concentrations                   
(2 and 10% FCS). (A) Bar plot diagram of Cell Proliferation ELISA, BrdU (colorimetric) assay. For confluency 
and FCS content data points, two biological replicates are shown with their respective median and range.                
(B) Bar plot diagram of ASPM qPCR data. Three technical replicates of one biological experiment are shown with 
their respective median and range. 

3.2.4.4 Downregulation of ASPM suppresses neuroblastoma cell viability and induces 

differentiation 

To analyze the biological function of ASPM in neuroblastoma cells, ASPM mRNA was downregulated 

in neuroblastoma cells using siASPM and subsequently investigated regarding changes on cell viability, 

proliferation, cell death and neuronal differentiation. Two different siRNAs were used for the 

knockdown of ASPM, one siRNA attacks exon 3 (siASPM 2) and another siRNA attacks exon 6 

(siASPM 1). In all experiments, 1-2 scrambled control siRNAs were carried along in addition 

(siScramble 1). The NGP MYCN-amplified cell line was chosen as neuroblastoma model for the siRNA 

knockdown experiments, since it had exhibited the highest expression of ASPM in the qPCR screening 

experiments (Figure 93B) shown above. Knockdown of ASPM mRNA expression was verified using 

qPCR after four days, which revealed a downregulation of 64.3% for siASPM 1 and 63.3% for siRNA 

2, as compared to scrambled siRNA control (Figure 98A). Assessment of cell viability after treatment 

with siASPM revealed a strong decrease, showing a lower cell viability of 94.5% for siASPM 1 and 

62.7% for siASPM 2, normalized to scrambled siRNA control (Figure 98B). Furthermore, the cell 

proliferation rate decreased as well after applying siASPM with 95.3% for siASPM 1 and 76.1% for 

siASPM 2, normalized to scrambled siRNA control (Figure 98C). In contrast, the rate of cell death was 

strongly enhanced in 122.6% for siASPM 1 and 52% for siASPM 2, as compared to the control          

(Figure 98D).  
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Figure 98: SiRNA knockdown of ASPM in NGP neuroblastoma cell line results in decrease of cell viability and 
proliferation and increase in cell death four days after treatment. 
(A) Bar plot diagram of qPCR data of ASPM expression levels of NGP cells after knockdown via siRNA.                  
(B) Bar plot diagram of Cell Titer Glo cell viability assay, showing a lower cell viability after siASPM treatment. 
(C) Bar plot diagram of Cell Proliferation ELISA, BrdU assay, displaying a lower cell proliferation rate after 
knockdown of ASPM. (D) Bar plot diagram of Cell Death ELISAplus assay, showing a higher rate of cell death 
after treatment with siASPM. Detection four days after treatment with siRNA against ASPM. All values were 
normalized to control (scramble siRNA 1) and transformed into percentages. Three biological replicates are shown 
with their respective median and range.  

These experiments were also carried out after a longer treatment with siASPM (read-out after 10 days 

of siRNA treatment, see Figure 99). The results also showed a reduced expression of ASPM in relation 

to the control when analyzing the cells with qPCR (Figure 99A). In line with the shorter treatment time 

with siASPM of four days, the knockdown rate for application of siASPM 1 was similar (64%) and for 

siASPM 2 the decreased expression of ASPM was even more pronounced (90.7%). Measurement of cell 

viability after prolonged treatment with siASPM showed an almost complete diminished cell viablity in 

relation to the control (Figure 99B). Compared to the shorter treatment time, cell viability was reduced 

even more and almost came to a standstill (siASPM 1: 99.6% and siASPM 2: 97.2%). It can be assumed 

that there is no more turnover of ATP in the cell metabolism. Similarly, a comparable to lower cell 

proliferation of the NGP cells can be measured after siASPM treatment (Figure 99C), this also comes 

to a complete standstill. In particular, the cell lines which showed remaining proliferative potential after 



Results: 3.2.4 High expression of ASPM is related to an aggressive neuroblastoma 

210 
 

short-term treatment with siASPM 2 displayed diminished cell proliferation after long-term treatment. 

Concerning cell death detection after prolonged siASPM treatment, the results shows increased cell 

death rates for the respective siASPMs applied (Figure 99D). Compared to the shorter siASPM 

treatment, cells treated with the siASPM 1 no longer show any detectable cell death (-72.2% lower rate 

of cell death as compared to control); the cell death products may no longer be detectable in a population 

that has been dead for a long time. Cells treated with siASPM 2 showed a stronger cell death effect than 

in the shorter treatment (134.8%); this cell death enhancement probably only occurs after a longer 

treatment with the siASPM 2. 

 
 
Figure 99: SiRNA knockdown of ASPM in NGP cells results in decrease of cell viability and proliferation and increase 
in cell death after 10 days of treatment. 
(A) Bar plot diagram of qPCR data of decreased ASPM expression levels in NGP cells after knockdown via siRNA. 
(B) Bar plot diagram of the cell viability assay, showing diminished cell viability after siASPM treatment.              
(C) Bar plot diagram of Cell Proliferation ELISA, BrdU assay, displaying very low cell proliferation rate after 
knockdown of ASPM. (D) Bar plot diagram of Cell Death ELISAplus assay, showing a higher rate of cell death 
after treatment with siASPM. Detection 10 days after treatment with siRNA against ASPM. All values were 
normalized to control (scramble siRNA 1) and transformed into percentages. Three biological replicates are shown 
with their respective median and range.  

To evaluate the long-term effects and the dynamics of ASPM siRNA treatment on neuroblastoma cell 

proliferation, the NGP cells were observed in live cell imaging. Therefore, the cells were seeded in 

siRNA containing media only at the beginning of the experiment. The results show a distinctly reduced 
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cell proliferation of the siASPM treated cells compared to the siScramble treated cells over time (see 

Figure 100). The cell confluence was lower (see Figure 100A+C) and the number of cells was also 

reduced after siASPM treatment (see Figure 100B). The siASPM 1 showed a long-term effect, as the 

cells were permanently impaired in their proliferation. In contrast, the cells treated with siASPM 2 

displayed an upturn in proliferation after approximately 125h, which was nevertheless about 20-40% 

lower than the cells treated with the siScramble control. To maintain the ASPM knockdown effect, the 

cells would therefore have to be treated a second time with the siASPM after 125h at the latest. 

 

Figure 100: SiRNA knockdown of ASPM in NGP cells leads to a reduction of proliferation represented by a lower cell 
confluence and fewer cell numbers. 
Neuroblastoma NGP cells were seeded in medium containing scramble siRNA or siASPM, and occupied area (cell 
confluence in%) and cell counts (per image) was detected through an IncuCyte® Live-Cell Analysis System.                    
(A) Point graph shows NGP cell confluence over time (in h). (B) Point graph shows NGP cell count over time       
(in h). For 0-96h, 7 biological replicates and for 108-324h 1-5 biological replicates are displayed with their 
respective median and range. (C) Cell confluency mask of the IncuCyte® live cell imaging basic analyzer of 
photos taken 96h after treatment. Each central square covers 1x96-well, in which four images were acquired. 

However, it was questionable whether only the neuroblastoma cell line NGP shows a reduced cell 

viability after ASPM siRNA driven knockdown or whether this effect can also be seen in other cell lines. 

To test the hypothesis, four further neuroblastoma cell lines were selected, two other MYCN-amplified 

cell lines such as the NGP cell line and two non-MYCN-amplified cell lines. As a control, the                  
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non-MYCN-amplified fibroblast cell line BJ was carried out in the experiments. A decrease in cell 

viability was observed for all neuroblastoma cell lines over all experiments (Figure 101).  

 

Figure 101: SiRNA knockdown of ASPM in neuroblastoma cells results in a decrease of cell viability after four and 10 
days of treatment, in contrast only a slight decrease was seen in a fibroblast cell line. 
Bar plot diagram of the cell viability assay, showing diminished cell viability (A) four days and (B) 10 days after 
siASPM treatment. Detection four or 10 days after treatment with siRNA against ASPM. All values were 
normalized to control (scramble siRNA 1) and transformed into percentages. Three biological replicates are shown 
with their respective median and range.  

Four days after ASPM knockdown, the cell viability was found 63% (siASPM 1) and 53.7% (siASPM 

2) lower than in comparison to the scrambled siRNA control. In the fibroblast cell line, the reduction in 

cell viability was only 5.7% (siASPM 1) and 7.2% (siASPM 2), see Figure 101A. After siRNA treatment 

of the cells over a period of 10 days, the cell viability was again significantly reduced, here the reduction 

was 99.4% for siASPM 1 and 91.1% for siASPM 2 treated cells. A longer application of the siASPM 

also had a slight impact on the cell viability of the fibroblast cells, but here the reduction in cell viability 

was only 41% for siRNA 1 and 9.5% for siRNA 2 treated cells (Figure 101B). Interestingly, when 

comparing the cell viability values of the MYCN-amplified cell lines (NGP, CHP134 and SK-N-BE2) 

in contrast to the non-MYCN-amplified cell lines (GI-ME-N, SH-SY5Y and BJ fibroblasts), it becomes 

apparent that the groups respond differently to treatment with siASPM. After a short-term treatment, the 

knockdown rate for MYCN-amplified cell lines is 94.2% for siASPM 1 and 62.7% for siASPM 2. For 

non-MYCN-amplified cell lines, however, the knockdown rate is only 43.7% for siASPM 1 and 24.37 

for siASPM 2 administered cells (51.9% for siRNA 1 and 31.5% for siRNA 2 without BJ cells). If the 

cells are subjected to a longer treatment, the evaluation of the cell viability assays results in a knockdown 

rate of 99.5% using siASPM 1 and 94.7% using siASPM 2 for MYCN-amplified cell lines. For non-

MYCN-amplified cell lines, the knockdown rate is 99.3% applying siASPM 1 and 81.9% applying 

siASPM 2 (99.5% for siRNA 1 and 91.1% for siRNA 1 without BJ cells). In summary, MYCN-amplified 

cell lines administered with a short-term treatment of siASPM show a greater reduction in cell viability 

and thus a higher knockdown rate than the non-MYCN-amplified cell lines, regardless of an inclusion of 

BJ fibroblast cells. Applying siASPM long-term treatment, there is no detectable difference between 

MYCN-amplified and non-MYCN-amplified cell lines, these cells all have a greatly reduced cell 
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viability. These experiments also highlight the reproducibility of the down-regulation of ASPM by 

siRNA in different neuroblastoma cell lines showing effects on cell viability. In smaller additional 

analyses, the SH-SY5Y neuroblastoma cell line also displayed a knockdown effect on ASPM mRNA 

expression and cell proliferation after four days of short-term siRNA treatment (see Figure 102). 

 

Figure 102: SiRNA knockdown of ASPM in SH-SY5Y cells results in decrease of cell proliferation after four days of 
treatment. 
(A) Bar plot diagram of qPCR data of ASPM expression levels of SH-SY5Y cells after knockdown via siRNA.          
(B) Bar plot diagram of Cell Proliferation ELISA, BrdU assay, displaying low cell proliferation rate after 
knockdown of ASPM. Detection four days after treatment with siRNA against ASPM. All values were normalized 
to control (scramble siRNA 1) and transformed into percentages. Two to three technical replicates of one biological 
experiment are shown with their respective median and range.  

In further examinations, ASPM siRNA treated NGP cells were analyzed via flow cytometry for effects 

of the downregulation that affect the cell cycle. The Click-iT™ Plus Assay revealed a strong reduction 

of EdU positive neuroblastoma cells after treatment with siASPM (Figure 103A+C). From the detected 

cells, 37.1% (siASPM 1, median 3.2% EdU positive cells) and 35.5% (siASPM 2, median 4.8% EdU 

positive cells) were fewer detected as EdU positive, accounting for fewer proliferating cells after the 

knockdown, than in the comparison to the scramble siRNA (median 40.3% EdU positive cells). In the 

reverse observation, the EdU negative flow cytometric detection displayed that the scramble siRNA 

treated cells only showed a 59.7% EdU negative fractions, accounting for non-proliferating cells. The 

siASPM 1 treated cells showed a 96.8% EdU negative fraction and siASPM 2 treated cells showed 

95.3% EdU negative cells. Taking a closer look at the cell cycle differences (Figure 103B+D), the flow 

cytometry results highlighted a decline of siASPM administered cells which are in the S-phase. In detail, 

G1/S transient cells were decreased 9.7% for siASPM 1 (median 0.4%) and 9.5% for siASPM 2 (median 

0.7%) treated cells as compared to the control (median 10.1%). Similar results are seen for S/G2 

transient cells which were reduced by 21.3% for siASPM 1 (median 2.5%) and 19.9% for siASPM 2 

(Median 3.9%) treated cells as compared to the control (median 23.8%). Further, an increase of 38.2% 

G2/M transient cell populations could be detected for siASPM 1 (median 51.7%) and 35.1% for siASPM 

2 (Median 48.6%) treated cells as compared to the control (median 13.4%). No strong difference was 
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observed in the fraction of cells in G1-phase, where cells were reduced by 9.5% for siASPM 1 (median 

35.3%) and 13.4% for siASPM 2 (median 31.4%) treated cells as compared to the control (median 

44.8%).  

 

Figure 103: Click-iT™ Plus Assay after siRNA mediated knockdown of ASPM in NGP neuroblastoma cell line shows 
reduction of S-phase, increase in G2/M-phase and increased sub-G1 apoptotic cell fractions. 
(A) Flow cytrometric dot plot of NGP cells displays loss of EdU positive cells after siASPM treatment. (B) Flow 
cytrometric dot-plot of NGP cells after treatment with siASPM show significant increase in the sub-G1 fraction of 
apoptotic cells with further decreasing S phase in siASPM treated cells. (C) Bar-plot of flow cytrometric data 
highlight a loss of EdU positive cells. (D) Bar-plot data shows an increase of G2/M phase positive cells after 
siASPM treatment. For assessment of EdU positive cells and 7-AAD positive cells, EdU (APC channel) was 
plotted over the area of 7-AAD (PerCP-Cy5-5 channel). Non-siRNA transfected and unstained cells served as 
negative controls. For (A) and (B), one biological replica is shown; For (C) and (D) three biological replicates are 
shown with their respective median and range.  
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Of note, flow cytometry revealed an increase in the sub-G1 fraction of apoptotic cells in siASPM treated 

cells (6.5% for siASPM 1 (median 10.2%) and 11.7% for siASPM 2 (median 15.3%) treated cells as 

compared to the control (median 3.7%)), which was in line with the results obtained with Cell Death 

ELISA (Figure 98D). In summary, it can be shown that the amount of siASPM-treated cells decreases 

in the cell cycle phases G1 to S and S to G2 and further accumulates higher in the G2 to M phase 

transition and/or are also found in the sub-G1 apoptotic population. During the siASPM knockdown 

experiments, it was noticeable that the neuroblastoma cells changed their morphological appearance, 

especially during a long treatment. To analyze the effect of ASPM knockdown on neuronal 

differentiation, siASPM-treated and scrambled siRNA control NGP neuroblastoma cells were inspected 

four and 10 days after treatment using transmitted light microscopy, which revealed a more 

differentiated appearance of siASPM cells, in particular the outgrowth of neurite-like structures was 

displayed (four days see Figure 104, 10 days see Figure 105). Staining with Alexa Fluor™ 555 labelled 

phalloidin, which binds actin filaments, revealed a stronger fluorescence signal in siASPM treated cells 

and confirmed the more differentiated shape with outgrowth of neurite-like structures in comparison to 

control cells. In addition, immunofluorescence supported microscopy revealed a strong induction of the 

neuronal differentiation markers MAP2, ßII-TUBULIN and DCX.  

 

Figure 104: Neuroblastoma NGP cells present with neurite-like shapes and express markers of neuronal 
differentiation four days after siASPM treatment. 
Morphological examination of NGP neuroblastoma cells treated with siASPM for four days. With help of 
transmitted light microscopy, a reduction in cell population and an appearance of a neurite-like shape of the treated 
cells became visible. Immunofluorescence supported microscopy confirmed the morphological transition using 
phalloidin Alexa Fluor™ 555 staining and further revealed positive fluorescence signals of the neuronal 
differentiation markers MAP2 and ßIII-TUBULIN using Alexa Fluor™ 488. (ßIII-TUBULIN displayed in lower 
resolution). 
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Figure 105: Neuroblastoma NGP cells present with neurite-like shapes and express markers of neuronal 
differentiation 10 days after siASPM treatment. 
Morphological examination of NGP neuroblastoma cells treated for 10 days with siASPM. With help of 
transmitted light microscopy, a reduction in cell population and an appearance of a neurite-like shape of the treated 
cells became visible. Immunofluorescence supported microscopy confirmed the morphological transition using 
phalloidin Alexa Fluor™ 555 staining and further revealed stronger, positive fluorescence signals of the neuronal 
differentiation markers MAP2, ßIII-TUBULIN and DCX using Alexa Fluor™ 488.  

In order to more precisely observe the changes in neuroblastoma cell morphology after treatment with 

siASPM, the NGP cells were observed in live cell imaging. Therefore, the cells were seeded in siRNA 

containing media at the beginning of the experiment and pictures were taken automatically every 12h 

for a total of 12 days. The results show a distinctly reduced cell proliferation of the siASPM treated cells 

compared to the siScramble treated cells over time (see Figure 107). The siASPM treated cells also 

achieved a much lower confluence than the cells treated with the siRNA control. These cells did not 

grow completely to their full area extent and the proliferation was permanently disrupted. The remaining 

cells, which did not have died, developed long, neurite-like extensions. These neurites became visible 

after about one week of siASPM treatment and with increasing duration the neurites became longer. The 

reaction was not reversed within 12 days, the neurite extensions remained intact and did not regress. 
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Figure 106: Prolonged siRNA knockdown of ASPM in NGP cells leads to a visable reduction of 
proliferation and a higher cell body eccentricity. 
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A transition of the undifferentiated neuroblastoma cells towards to a more neurite-like shape including 

expression of neuronal markers could also be reproduced in other neuroblastoma cells treated with 

siASPM for ten days (Figure 107). 

 

Figure 107: Neuroblastoma CHP-134 cells present with neurite-like shapes and express markers of neuronal 
differentiation 10 days after siASPM treatment. 
Morphological examination of CHP-134 neuroblastoma cells treated with siASPM for 10 days. With help of 
transmitted light microscopy, a reduction in cell population and an appearance of a neurite-like shape of the 
transient cells became visible. Immunofluorescence supported microscopy confirmed the morphological transition 
using phalloidin Alexa Fluor™ 555 staining.  

This process of differentiation into neuron-like cells is already known from neuroblastoma cells upon 

ATRA treatment, which was also used in the past as a possible form of treatment for neuroblastoma 

tumors712. To check the ability of the utilized established neuroblastoma cells to differentiate into 

neuron-like cells, the neuroblastoma cell line NGP was treated in a control experiment with 1 or 2µM 

ATRA (DMSO was administered as vehicle; Figure 108). The results showed that the NGP cell line 

changed its morphology into a neurite-like shape after ATRA treatment of four days, similar to a 

treatment with siASPM, and also expressed the neuronal markers MAP2 and ßIII-TUBULIN. 

 
        Figure 106: Prolonged siRNA knockdown of ASPM in NGP cells leads to a visible reduction of proliferation and 
a higher cell body eccentricity. 
Neuroblastoma NGP cells were seeded in medium containing scramble siRNA or siASPM, and cell growth was 
tracked with an IncuCyte® Live-Cell Analysis System. A reduction in the cell population and an appearance of a 
neurite-like shape of the treated cells became apparent, especially through the visualization with the basic analyzer 
cell confluency mask (enlarged pictures, 11.5h time point). Each image is one of four images taken per treated 
1x96-well. The images show the approximate same recording position of a well. 

< 
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Figure 108: Neuroblastoma NGP cells present with neurite-like shapes and express markers of neuronal 
differentiation four days after ATRA treatment. 
Morphological examination of NGP neuroblastoma cells treated with 1 or 2µM ATRA (DMSO was administered 
as control) for four days. With help of transmitted light microscopy, an appearance of a neurite-like shape of the 
transient cells became visible. Immunofluorescence supported microscopy further revealed positive fluorescence 
signals of the neuronal differentiation markers MAP2 and ßIII-TUBULIN using Alexa Fluor™ 488.  

Consistent with the microscopy studies, qPCR assays confirmed a significantly higher expression of 

neuronal differentiation markers MAP2, TUBB3 and DCX in siASPM-treated NGP neuroblastoma cells 

as compared to controls (Figure 109). The expression of the markers for neuronal differentiation was  

measured after a four day short-term siASPM treatment (Figure 109A, B and C). For the siASPM 

application of four days, only a slight effect on the expression of the markers MAP2, TUBB3 and DCX 

could be shown. For the early positive markers MAP2 and TUBB3, an increase in the expression was 

detected after 10 days of treatment (Figure 109D and E). In detail, expression of MAP2 was increased 

by 379.9% using siASPM 1 and 139.7% using siASPM 2 compared to scrambled siRNA (Figure 109D). 

For TUBB3, the expression was increased by 85.5% using siASPM 1 and 25.1% using siASPM 2 

compared to scrambled siRNA (Figure 109E). For the late positive marker DCX, an increase of 72.6% 

for siASPM 1 and a decrease of 7.8% for siASPM 2 compared to scrambled siRNA was measured after 

10 days (Figure 109F). The strong increase in the expression of the markers compared to the scramble 

siRNA control displayed after a long term treatment could not be demonstrated for the short term 

treatment. 
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Figure 109: Neuroblastoma NGP cells show low expression of early and late positive markers for neuronal 
differentiation four and 10 days after siASPM treatment. 
Bar plot diagrams of qPCR data of neuronal marker expression of NGP cells after knockdown via siRNA.                   
(A) MAP2 expression, (B) TUBB3 expression and (C) DCX expression, detection four days after treatment with 
siRNA against ASPM. (D) MAP2 expression, (E) TUBB3 expression and (F) DCX expression, detection 10 days 
after treatment with siRNA against ASPM. All values were normalized to control (scramble siRNA 1) and 
transformed into percentages. Three technical replicates are shown with their respective median and range.  

Further, a change in expression of a neuronal differentiation marker was detected in other neuroblastoma 

cell lines after treatment with siASPM for 10 days (Figure 110). The non-MYCN-amplified cell lines 

SH-SY5Y and GI-ME-N showed as well an increase of the late positive marker DCX, but not as strong 

as the MYCN-amplified neuroblastoma cell line NGP. Rise of the DCX expression of 23.8% using 

siASPM 1 and 28.6% using siASPM 2 compared to scramble siRNA was detected for the cell line SH-

SY5Y (Figure 110A). An increase in DCX was found with 38.1% using siASPM 1 and 12.2% using 

siASPM 2 compared to scramble siRNA for the cell line GI-ME-N (Figure 110B).  
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Figure 110: Neuroblastoma SH-SY5Y and GI-ME-N cells show increased expression of late positive marker DCX for 
neuronal differentiation 10 days after siASPM treatment. 
Bar plot diagrams of qPCR data of neuronal marker expression of NGP cells after knockdown via siRNA.              
(A) DCX expression in SH-SY5Y cells and (B) in GI-ME-N cells. Detection 10 days after treatment with siRNA 
against ASPM. All values were normalized to control (scramble siRNA 1) and transformed into percentages. Two 
technical replicates are shown with their respective median and range.  

The expression was increased by 254.6% compared to the DMSO control for treatment with 1µM ATRA 

and by 203.7% for treatment with 2µM ATRA. In conclusion, it could be shown that NGP and other 

neuroblastoma cells undergo a transition towards neuronal differentiation under treatment with siASPM 

and the effects are similar to a treatment with ATRA. A change in the morphology towards a neurite-

like shape and the enhanced expression of differentiation markers seems to increase with additional 

siASPM treatment days. 

 

Figure 111: Neuroblastoma NGP cells show variable expression of early and late positive markers for neuronal 
differentiation 10 days after ATRA treatment. 
Bar plot diagrams of qPCR data of neuronal marker expression of NGP cells after treatment with 1 or 2µM ATRA 
(DMSO was administered as control) for 10 days. (A) MAP2 expression, (B) TUBB3 expression and (C) DCX 
expression. All values were normalized to control (DMSO) and transformed into percentages. Three technical 
replicates are shown with their respective median and range.  

To analyze the long term duration of the effects observed in siASPM-treated cells, lentiviral shRNAs 

(shASPM) were established to stable knockdown ASPM (Figure 112A). As with the administration of 

siASPM, a decrease in cell proliferation was recorded after the cells were treated with shASPM lentiviral 
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particles (Figure 112B). Furthermore, a stable reduction in cell viability of shASPM-transfected NGP 

cells was observed at time points 2 days, 4 days, 6 days and 8 days (Figure 112C).  

 

Figure 112: ShRNA lentiviral knockdown of ASPM in NGP cells results in decrease of cell viability and proliferation. 
(A) Bar plot diagram of qPCR data of decreasing ASPM expression levels in NGP cells four days after knockdown 
using shRNA. (B) Bar plot diagram of Cell Proliferation ELISA, BrdU assay, displaying a lower cell proliferation 
rate after lentiviral knockdown of ASPM. (C) Bar plot diagram of cell viability assay, showing diminished cell 
viability after shASPM treatment. Detection was carried out 2, 4, 6 and 8 days after treatment with shASPM. Each 
measurement day represents its own biological replica. All values were normalized to control (scramble shRNA 
P) and transformed into percentages. Three technical replicates are shown with their respective median and range.  

When the shASPM-transfected NGP cells were cultivated for a longer period of 10 days, they developed 

neurite-like outgrows and transformed their morphology from small, compact cells to longer, 

differentiated-type cells (Figure 113).  
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Figure 113: Neuroblastoma NGP cells present with neurite-like shapes and display neuronal differentiation 10 days 
after shASPM treatment. 
Morphological examination of NGP neuroblastoma cells 10 days after treatment with lentiviral shASPM. With 
help of transmitted light microscopy, a reduction in cell population and an appearance of a neurite-like shape of 
the transient cells became visible. Immunofluorescence supported microscopy confirmed the morphological 
transition using phalloidin Alexa Fluor™ 555 staining.  

In addition, an increase in the mRNA level of the early neuronal differentiation markers MAP2 and 

TUBB3 were found also in cells administered with shASPM 10 days before (see Figure 114). 

 
Figure 114: Neuroblastoma NGP cells show increased expression of early positive markers for neuronal 
differentiation 10 days after shASPM treatment. 
Scatter dot plot diagrams of qPCR data of neuronal marker expression of NGP cells 10 days after treatment with 
lentiviral shASPM. (A) Scatter dot plot diagram of MAP2 expression and (B) Scatter dot plot diagram of TUBB3 
expression. All values were normalized to control (scramble shRNA P) and transformed into percentages. Two 
technical replicates are shown with their respective median and range.  
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In overall conclusion, downregulation of ASPM in neuroblastoma cells with siRNA or shRNA resulted 

in reduced cell viability and cell proliferation, induction of cell death, G2/M arrest and neuronal 

differentiation.  

3.2.4.5 CRISPR/Cas9 mediated knockin of 3xFLAG to ASPM supports validation of siASPM 

knockdown via detection of ASPM-FPN protein 

Effects and altered biological processes after siASPM or shASPM knockdown is conventionally 

displayed not only with detection of reduced ASPM expression in the mRNA level, but also with 

detection of ASPM protein levels. Determination of a protein lack in the cell is an evidence which 

demonstrates a direct impact on cellular processes. Detection of ASPM protein levels using the Western 

blot method was not successful, as various commercial antibodies against ASPM were not found to be 

functional despite repeated investigations. One possible explanation for this might be that the ASPM 

protein has a calculated high molecular mass of 410kD and, due to its size, the ASPM protein can only 

be detected using a gradient Tris-Acetate protein gel. Therefore, ASPM was endogenously labeled with 

a 3x FLAG-tag, mediated by CRISPR/Cas9 (knockin). The attachment of a 3xFLAG-tag peptides to the 

ASPM protein would allow the detection with a well-established monoclonal anti-FLAG antibody.  

The generation of NGP CRISPR/Cas9 ASPM 3x FLAG knockin 75/87 cell lines was done in supervision 

of the biotechnology bachelor student M. Overath and in cooperation with A. Winkler 

(Charité543,544,598,603). The CRISPR/Cas9 knockin was conducted to target the TAG stop codon in exon 

28, thereby attaching the FLAG-tag C-terminally. Two sgRNAs with off-target scores 75 and 87 were 

selected and cloned into the px459 CRISPR/Cas9 vector (see genomic location of sgRNAs in Figure 

26). NGP cells transfected with sgRNA 75 or sgRNA 87 displayed the expected fragments generated by 

the T7 endonuclease upon mismatch between mutated and wildtype. Within a PCR analysis of the 

successful insertion of the 3xFLAG-tag and NeoR gene into the ASPM stop codon site within NGP cells, 

all px459 sgRNA 75/87 transfected cells showed the expected PCR product. The sgRNA 87 has 

achieved the best results, especially considering that the sgRNA presenting with a lower off-target score 

of 87 in the design. Therefore, only NGP ASPM-FPN-sgRNA 87 cells were used for further 

experiments. The bulk population of NGP ASPM-FPN-sgRNA 87 cells was used to generate single cell 

clones. Several NGP single cell clones showed the expected PCR product with the size shift and were 

confirmed for the correct insertion of the ASPM-FLAG-P2A-NeoR (ASPM-FPN-sgRNA87) sequence 

and the presence of the 3xFLAG sequence. In detail, 6 out of 12 tested NGP ASPM-FPN-sgRNA87 

clones were tested positive for ASPM-FLAG-P2A-NeoR insertion, numbered with NGP ASPM-FPN 

#1, #4, #5, #7, #9 and #11. The clones #1 and #7 in particular showed strong and stand-alone PCR 

product signals without by-products of the correct insert in gel electrophoresis and are therefore found 

to be outstanding compared to the other clones. Furthermore, correct insertion of the ASPM-PFN 

cassette was then confirmed by Sanger sequencing (see final ASPM-FLAG-P2A-NeoR construct in 

Figure 139 in appendix section). The results of the creation of the NGP ASPM-FPN-sgRNA87 clones 
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are described in detail elsewhere (manuscript in preparation544 and Overath 2019603). Subsequently, 

positive NGP ASPM-FPN-sgRNA87 clones were analyzed for FLAG protein expression applying an 

established monoclonal FLAG antibody within Western blotting protein immunodetection. FLAG 

protein was detectable in the protein lysates of the NGP ASPM-FPN clones between a molecular mass 

of 268 and 460kDa (ASPM-FLAG = 413kDa), whereas the NGP wildtype shows no product (Figure 

115). To test the specificity of the applied FLAG antibody, a recombinant posi epitope tag was blotted 

alongside as a control. Detection with the anti-FLAG antibody showed a product at the expected 

molecular mass of 45kDa.  

 

Figure 115: NGP ASPM-FPN single cell clones showed positive detection for FLAG protein at expected weight for 
ASPM-FPN. 
NGP ASPM-FPN clones show a weak protein band between 268 and 460kDa after incubation with an anti-FLAG 
antibody, while the lysate of NGP wildtype (wt) cells shows no FLAG signal. The anti-GAPDH endogenous 
control antibody detected a signal at the expected molecular mass of 37kDa and reveals a similar signal intensity 
for all cells. The recombinant posi epitope tag used as positive control for anti-FLAG antibody detection shows a 
signal at the expected molecular mass of 45kDa. Figure was kindly prepared by M. Overath (Charité)543,544.   

To amplify the signal of the ASPM-FLAG protein, neuroblastoma NGP cells and related NGP ASPM-

FPN clone #1 or #7 were treated with nocodazole and induced a cell cycle arrest and cell 

synchronization. Treatment with nocodazole further leaded to an accumulation of the ASPM protein, 

which localizes at the spindle poles during mitotic cell division. Compared to Western blot protein 

detection without previous nocodazole treatment (Figure 115), the Western blot with nocodazole 

administration on NGP cells for 20h showed stronger signals and clear bands of the ASPM-FLAG 

immunodetection (Figure 116). The FLAG protein could be detected in the Recombinant Posi Tag which 

was applied as positive control, whereas the examined cell lysates of the NGP ASPM-FPN clone #7 

without nocodazole treatment showed only a slight signal and the NGP wildtype cells showed no band. 

It can also be seen that treatment with a small amount of 20ng/ml nocodazole produces a relatively weak 

protein immunodetection signal, which indicates a low expression of the ASPM-FLAG protein. In 

contrast, treatment with 30-50ng/ml nocodazole seems to be sufficient to cause an increased 

accumulation of the ASPM-FLAG protein. QPCR data also provided evidence for increased expression 

of the ASPM mRNA after treatment with nocodazole (Figure 117A). Similar to the Western immunoblot 

detection (Figure 116), no significant increase in ASPM mRNA expression could be detected after a 

treatment with a small amount of 20ng/ml nocodazole (10.0% higher expression). 
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Figure 116: Detection of ASPM-FLAG protein signal increases upon application of nocodazole which blocks 
polymerization of microtubules. 
NGP ASPM-FPN clone #7, which was treated with different concentrations of the antineoplastic agent nocodazole, 
shows a stronger signal for the ASPM-FLAG protein in Western immunoblotting than comparatively without 
nocodazole treatment (see Figure 115). The protein lysate of NGP wildtype cells shows no FLAG signal. The anti-
GAPDH endogenous control antibody detected a signal at the expected molecular mass of 37kDa and reveals a 
similar signal intensity for all samples. The Recombinant Posi Epitope Tag used as positive control for anti-FLAG 
antibody detection shows a signal at the expected molecular mass of 45kDa.  

However, if NGP ASPM-FPN cells are treated with 30ng/ml nocodazole or 50ng/ml nocodazole 

compared to a control treatment with DMSO, an increase of 139.1% (30ng/ml) and 71.5% (50ng/ml) of 

the ASPM mRNA concentration could be measured. In another qPCR analysis it was also checked 

whether the NGP ASPM-FPN cells were accumulated within the G2/M-phase of the cell cycle after 

treatment with nocodazole (Figure 117B+C). Indeed, nocodazole treated cells showed higher mRNA 

expression for CCNB1 (Figure 117B), which encodes for the Cyclin B1 protein. Cyclin B1 is a 

controlling molecule at the S/G2 checkpoint whose expression begins to increase during the G2 phase, 

is most present in mitosis, and is rapidly degraded before completion of the cell cycle.  

 

Figure 117: After treatment with nocodazole, NGP ASPM-FPN cell line expresses higher levels of ASPM and cell cycle 
G2/M-phase markers. 
Bar plot diagrams show qPCR data of expression levels of ASPM and cell cycle G2/M-phase markers in NGP 
ASPM-FPN clone #7 cells after treatment with nocodazole for 20 h. (A) ASPM expression, (B) CCNB1 expression 
and (C) CDK1 expression, detection 20 h after treatment with nocodazole or DMSO. All values were normalized 
to control (DMSO) and transformed into percentages. Three technical replicates are shown with their respective 
median and range.  
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In a detailed examination, it could be shown that the CCNB1 expression is 135.9% (20ng/ml), 47.3% 

(30ng/ml) and 63.8% (50ng/ml) higher after administration of nocodazole than without treatment with 

nocodazole. Cyclin B1 interacts with CDK1 to form a complex known as the M-phase promoting factor, 

which is essential for G2/M phase cell cycle transitions. In a qPCR analysis of the CDK1 level within 

NGP ASPM-FPN cells, it was found that the mRNA expression level of CDK1 are also increased after 

nocodazole treatment (Figure 117C). Raised mRNA expression of CDK1 is identified with 116.7% 

(20ng/ml) and 47.1% (30ng/ml) higher levels after administration of nocodazole than compared to 

DMSO application. However, CDK1 mRNA levels of 50ng/ml nocodazole treatment are found do be 

similar as compared to the DMSO control. It could now be assumed that treatment of the NGP ASPM-

FPN cells with nocodazole increased the mRNA and protein levels of ASPM(-FLAG) and thus enabled 

detection of the tagged ASPM protein. In order to determine whether the siASPM knockdown can be 

detected not only via mRNA expression analysis (Figure 98) but also at the protein level, NGP ASPM-

FPN cells were treated with siRNAs against ASPM and nocodazole simultaneously. During the 

treatment of the cells and prior to the cell harvest, it was already possible to determine that siASPM 

administered cells changed their morphology and reduced the number of cells using transmitted light 

microscopy (Figure 119). In contrast, the cells administered with nocodazole and/or control treatments 

(DMSO, nocodazole and scramble siRNA) showed no changes in morphology or number of cells. Four 

days after the treatment of the NGP ASPM-FPN cells with siASPM and optional treatment with 30ng/ml 

nocodazole for 20h, the cells were fixed and immuno-stained for detection of the FLAG protein.  

 

Figure 118: NGP ASPM-FPN cells treated with nocodazole show increased ASPM-FLAG positive signals. 
Immunofluorescence microscopy pictures show NGP ASPM-FPN clone #7 cells after 30ng/ml nocodazole 
treatment for 20h. Immunofluorescence supported microscopy highlights increased Alexa Fluor™ 488 mediated 
FLAG signals for ASPM-FLAG within cell nuclei of cells which were treated with nocodazole.  
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ASPM-FLAG positive signals were seen at the approximate spindle pole in the cell nuclei within the 

DAPI positive area of condensed DNA or very close to the edge of the DAPI positive area (see Figure 

118). These ASPM-FLAG signals were part of two spindle apparatuses that were very close to each 

other in one cell, introducing mitosis, or gradually in up to two almost separate cells, each with one 

spindle apparatus. From these immunofluorescent images it was evident that cells without nocodazole 

treatment showed less positive Alexa Fluor™ 488 mediated FLAG signals than cells with nocodazole 

treatment. In addition, it was shown that under application of siASPM fewer cells displayed a positive 

signal for ASPM-FLAG than in control treatments with DMSO or scramble siRNA 1 (Figure 119). 

 

Figure 119: NGP ASPM-FPN cells treated with siASPM and nocodazole exhibit less ASPM-FLAG positive signals as 
compared to nocodazole treatment alone. 
Transmitted light microscopy and immunofluorescence microscopy pictures show NGP ASPM-FPN clone #1 cells 
after four days of siScramble 1/siASPM 1 treatment and/or 20h of nocodazole treatment. DMSO was applied as a 
control in comparison to nocodazole. Immunofluorescence supported microscopy highlights increased Alexa 
Fluor™ 488 mediated FLAG signals for the ASPM-FLAG tagged protein within cell nuclei for nocodazole treated 
cells. 

A reduction of the amount of the positive ASPM-FLAG signals after administration of siASPM to NGP 

ASPM-FPN cells was further clarified by numerical quantification of the positive signals in 

immunofluorescent photographs. Using a visually counting method, all positive ASPM-FLAG signals 

from 10 randomly DAPI/blue channel picked immunofluorescent images with the same resolution from 

all six different treatments were analyzed. The results could confirm a reduction in the FLAG signal 

after siASPM treatment (Figure 120A). On application of DMSO or scramble siRNA 1, only 5 and 4 

ASPM-FLAG positive signals could be counted, respectively. If the cells were treated with 30ng/ml 

nocodazole only or in combination with scramble siRNA 1, the signal counts raised to 26 for nocodazole 

treated cells only and 22 for nocodazole and scramble siRNA 1. However, if siASPM was administered 

to the NGP ASPM-FPN cells, ASPM-FLAG signal counts were rarely detectable with only 1 positive 
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signal and was poorly extended to 10 signals upon additional administration of nocodazole. Comparable 

observations were made in the investigation of the ASPM-FLAG protein using nocodazole and siASPM 

by Western blotting (Figure 120B). Following a similar procedure as for the immunnofluorescence 

experiments, the cells were treated with siScramble 1 or siASPM and nocodazole. Cells treated with 

nocodazole and mock (Opti-MEM™) or scramble siRNA 1 showed a distinct band at the level of the 

ASPM-FLAG protein at 413kDa, whereas cells without nocodazole showed a much weaker signal. After 

application of siASPM 1 or siASPM 2, the 413kDa signal of the ASPM-FLAG protein disappeared, 

independent of nocodazole treatment. In summary, a CRISPR/Cas9 mediated knockin of a FLAG-tag 

represents an elaborate, but nevertheless great method to allow the detection of a protein with a high 

molecular mass or a difficult to detect protein. After introduction of an ASPM-FLAG-tag modification 

in NGP cells, ASPM could be co-detected with the help of FLAG antibodies finally. Thus determining 

the ASPM protein level in NGP neuroblastoma cells was made possible and functional effects of 

treatments, eg. siRNAs knockdowns, could be analyzed in more detail. 

 

Figure 120: NGP ASPM-FPN cells treated with siASPM and nocodazole exhibit a lower ASPM-FLAG signal as 
compared to treatment without siASPM. 
(A) Scatter dot plot diagrams show summarized count of positive ASPM-FLAG Alexa Fluor™ 488 signals within 
cell nuclei of one immunofluorescence picture (20x magnification). A total of 10 immunofluorescence supported 
microscopy images were evaluated for each treatment form applied to the NGP ASPM-FPN clone #1 cells and 
were checked for one or more positive ASPM-FLAG signals. The results of ten analyzed microscopy pictures are 
shown with their respective median and range. (B) The NGP ASPM-FPN clone #1 was treated with siRNA and 
with or without nocodazole. The results show a stronger signal for the ASPM-FLAG protein in Western 
immunoblotting than comparatively without nocodazole treatment, but the signal disappeared if siASPM was 
applied to the cells in addition. The anti-GAPDH endogenous control antibody detected a signal at the expected 
molecular mass of 37kDa and reveals a similar signal intensity for all samples. The Recombinant Posi Epitope 
Tag used as positive control for anti-FLAG antibody detection shows a signal at the expected molecular mass of 
45kDa. 
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4 Discussion 

Understanding the patient-specific cancer biology is important in order to make predictions about the 

tumor behavior and to provide patients with the most effective treatment. An amplification of the MYCN 

gene is the most common mutation in neuroblastoma and a direct treatment of MYCN has not been 

available to date due to the inaccessible protein structure. With the NB targeted NGS assay presented in 

this thesis a detailed mutation profile of neuroblastomas can be obtained, from which a more accurate 

risk stratification is possible (see section 4.1). Base-exact sequences of MYCN amplicon breakpoints 

serve as a template for a sensitive NB breakpoint MRD assay, which allows the observation of the cancer 

process during treatment (see section 4.1). In addition, the therapy may be adjusted individually to the 

patient's neuroblastoma biology. Thus, the small molecule inhibitors described in this work can be 

selected to treat the aberrant cell physiological MYCN network in addition to conventional 

chemotherapeutics (see section 4.2). 

 Detection of neuroblastoma relevant mutations using a customized 
hybrid capture-based NGS panel and sensitive monitoring of 
minimal residual tumor cells  

Diagnosis of a neuroblastoma is often challenging, as the clinical presentation in each child is highly 

distinctive, ranging from spontaneous regression of the disease to patients with an aggressive UHR 

tumor and particularly poor outcome. The neuroblastoma-specific hybrid-capture-based NB targeted 

NGS assay was found to constitute a clinically applicable technique for the detection of relevant 

diagnostically and targetable genomic alterations employing a high sequencing depth (see sections 4.1.1, 

4.1.3, 4.1.4 and 4.1.6). The base-pair exact resolution of the NB targeted NGS assay provided the 

sequences of specific mutations, e.g. of breakpoints in the MYCN amplicon. These unique gene patterns 

could then be recovered by neuroblastoma MRD PCR in bone marrow derived patient samples. Thus, 

accumulated minimal residual cells in the bone marrow, which can favor a recurrence, were detected 

and the molecular response of the neuroblastoma to the treatment was visualized (see sections 4.1.2, 

4.1.3, 4.1.5 and 4.1.6).  

4.1.1 Mapping of the complex MYCN amplicon structure and its unique breakpoints 

using a neuroblastoma hybrid capture-based NGS panel 

The NB targeted NGS assay was applied to measure 144 samples in total, including a large number of 

samples in which a MYCN amplification could be detected. A detailed assessment of the MYCN 

amplicon sequence was archived by a distribution of 112 sequencing probes ranging from 

chr2:14,724,671-17,527,918. The MYCN gene itself was entirely covered with probes, but also many 

parts of the MYCNOS gene. Beyond the MYCN gen the probes were located upstream starting near 
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LINC00276 and downstream to the RAD51AP2 gen. Within the set probes, the MYCN amplicon could 

be detected with base precision, and thus the MYCN CNV and genomic breakpoints could be 

successfully determined. Thus, the NB targeted NGS assay is comparable to the classical procedures of 

routine diagnostics such as MYCN FISH analysis, since a MYCN amplification and the level of the CNV 

can be reliably determined. In contrast to FISH diagnostics, not only an approximate range of CNV can 

be detected, but also a specific value can be assessed. In addition, the NB targeted NGS assay provides 

information about rearrangements and breakpoints, which traditional diagnostic methods applied for 

neuroblastoma diagnostics are not capable of. In addition, the NB targeted NGS assay provided several 

interesting results with respect to the detected number of MYCN copies, the number of MYCN 

breakpoints and first preliminary results on the genomic rearrangement events within the MYCN 

amplicon. This makes the NB targeted NGS assay not only a robust and reliable tool to stratify a patient 

with a neuroblastoma, but also provides information that can be used for MRD diagnostics. Additionally, 

the results of the assay can support neuroblastoma research and contribute to a better understanding of 

the disease. However, the NGS panel should always be updated and further refined based on new 

findings from research studies and clinical practice. Therefore, the following section discusses the 

improvements that could be implemented in a new version of the NB targeted NGS assay. 

4.1.1.1 The MYCN amplicon possibly extends over large regions of chromosome 2p 

By analyzing the total extent of the MYCN amplicon and the distribution of related breakpoints on 

chromosome 2 by WGS and panel NGS, it is noticeable that the MYCN amplicon was partially 

insufficiently covered in the current NB targeted NGS assay. The design of the probes mainly focused 

on the genomic region of the normal (reference) MYCN gene and the density of the coverage rapidly 

decreased upstream and downstream of MYCN in the number of probes. From previous reports it can be 

concluded that the extension of the amplified MYCN gene over chromosome 2 can be very extensive. A 

maximum number of additional MYCN copies of up to 700 times higher than in normal tissue has been 

observed and thus the MYCN amplicon can be expected to be very large scaled64. In addition, it was 

published that the size of the MYCN amplicon can be variable starting from 350kb up to 8Mb90,91,713. 

Previous findings highlighted as well the existence of a 130kb core region of the MYCN amplicon, as 

well as a possible co-amplification of the upstream located DDX1 gene (in about 50%) and the NBAS 

gene (in about 54.2%)92–98,106–108. In line with those preliminary observations, the results of the NB 

targeted NGS assay could reveal cases of a MYCN amplification with an additional co-amplification of 

NBAS. However, the DDX1 gene was not covered by sequencing probes and therefore an expansion of 

the MYCN amplicon or the occurrence of additional breakpoints could not be detected using the NB 

targeted NGS assay. WGS and panel NGS data also showed that the MYCN amplicon extended the 

defined (probe) detection range from around 15Mb to 17Mb of chromosome 2, and reveals that 

additional MYCN breakpoints maybe have been missed as well in the outer range by the NB targeted 

NGS assay (see Figure 36). Combined with the findings reported earlier, which suggests a large MYCN 
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amplicon in selected neuroblastoma samples, the conclusion is that MYCN should be more widely and 

densely covered with hybrid-capture probes in a new NB targeted NGS assay (see Figure 121). Previous 

descriptions of the MYCN amplicon related genomic neighborhood hypothesized an even larger MYCN 

amplicon which exceeds NBAS, starting in proximity to the FAM84A gene upstream of MYCN and 

ending behind the KCNS3 gene downstream of MYCN714,715. In comparison with the results of the NB 

targeted NGS assay, a MYCN amplicon related co-amplification up to the MYCN upstream located 

FAM84A gene could also be demonstrated. However, this region was covered insufficiently and the 

detection of involved genes and breakpoints is probably missing. In other studies, it was confirmed that 

around 33.3% of all MYCN amplicons detected also included the downstream located FAM49A gene106. 

A further theory mentioned that complex genomic rearrangements such as the MYCN amplicon are 

flanked by common fragile sites that are involved in the formation of extensive rearrangements, either 

by DNA breakage or by additional DNA replication106,716. Studies report that fragile sites are AT-

nucleotide-rich, giving the DNA a greater flexibility717–720. During DNA replication, stable DNA 

secondary structures are formed at these sites717,721,722. This may impair perturbation of DNA replication 

and/or progression of the replication fork, which in turn may lead to increased chromosomal 

breakage719,723. Therefore, the MYCN amplicon can perhaps be defined much larger than assumed using 

FRA2C common fragile sites located at great distances upstream and downstream of MYCN (747 kb 

FRA2Ctel and 746 kb FRA2Ccen at chr.2p24.3 and chr.2p24.2, respectively; see Figure 121)106,716,724–

726. In addition to the oncogene MYCN, the sequences of other, possibly neuroblastoma-relevant genes 

are also located within the FRA2C sites. Within the fragile sites of chr.2p there are several genes whose 

deregulation could also be of importance for the development of an aggressive neuroblastoma. The gene 

products control for example the genome stability727–733, the secondary structure of RNA102, the cellular 

metabolism734,735, the plasticity of protrusions and movements736,737, the synaptic plasticity738,739, 

differentiation740,741, retinoic acid signaling742,743 and the cell death744,745. About the further expansion of 

the MYCN amplicon it has even been reported that the neuroblastoma-relevant ALK gene, which is 

located far downstream of the MYCN gene (13.2Mb), can be MYCN amplicon co-amplified in around 

2% of all cases110,746. However, this observation has only been confirmed in this thesis referring to the 

established neuroblastoma cell line Kelly, which shows a MYCN-ALK co-amplification. A previous 

publication states that the MYCN gene is the primary target of genomic amplification, since all 

investigated amplicons containing other genes always contained MYCN101. It is therefore believed that 

the growth advantage of the MYCN-amplified cells constitutes a clonal selection benefit of chromosome 

2p amplifications. In the present work it was also found that all chr.2p amplifications mainly involve 

the MYCN gene or alternatively the ALK gene. In summary, if a minimum size of the MYCN amplicon 

is to be defined, this would be at least the MYCN oncogene itself (chr2:16,080,683-16,087,129 

(GRCh37/hg19)). A partial expansion of the MYCN amplicon into the neighborhood of the MYCN gene 

would then additionally include the DDX1 and the NBAS gene (chr2:15,307,032-16,087,129). With an 

enlarged definition of the MYCN amplicon, the range could be expanded from the FRA2Ctel region to 
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the FRA2Ccen region (chr2:14,931,569-19,270,431, see Figure 121). Upon an extensively broad 

definition of the MYCN amplicon including the ALK gene, a larger portion of the chr.2p arm would be 

affected by an amplification (chr2:14,931,569-30,144,477). Since little is known about the MYCN 

amplicon composition and the causing events, further work is needed to determine the relevance of 

changes in chr. 2p24.3-2p24.2 beyond the classical MYCN gene amplification. For these reasons it is 

important to improve the probe coverage in a new NB targeted NGS assay with further regional 

extension upstream and downstream of MYCN including an additional increase in the probe density.  

 

Figure 121: Definition of the MYCN amplicon considering FRA2C common fragile sites of chromosome 2p as 
boundaries. 
GeneRegionTrack plot showing FRA2C sites on chromosome 2p, MYCN and surrounding genes. Two FRA2C 
common fragile sites may serve as definition for the MYCN amplicon extension. The FRA2C sites are located 
flanking the MYCN amplicon (extended FRA2Ctel region located on chr2:14,931,569-15,681,340 and FRA2Ccen 
on chr2:18,526,759-19,270,431)725.  

4.1.1.2 The MYCN amplicon is stable over the course of the disease 

In this thesis it was further found that the MYCN-related rearrangements and breakpoints on 

chromosome 2 are stable across various established cell culture subclones and in patient material over 

the course of the disease. In line with the present data, the stability of the MYCN amplicon was already 

indicated Oberthuer et al., highlighting the exclusivity and the recurrence of MYCN rearrangements in 

the neuroblastoma cell line IMR-32 and its subclones IMR-5 and IMR-5/75508. In an investigation of 32 

neuroblastoma tumors by Weber et al., the MYCN amplicon structure showed no changes within the 

course of the disease60. The assumption should therefore be excluded that an already detected MYCN 
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related breakpoint is shifted to another, possibly not covered, position in chromosome 2 

(interchromosomal rearrangement). A mandatory prerequisite for application in the clinical diagnostic 

setting is the stability of the marker used to detect MRD. Breakpoint-based MRD detection for 

neuroblastoma is based on the idea that the stability and clonality of MYCN breakpoints make these 

reliable disease markers, whose sequence and composition remains constant up to relapse. There are 

reports from previous studies though, showing that the MYCN status of neuroblastoma can also be 

heterogeneous, i.e. a simultaneous occurrence of MYCN-amplified and non-MYCN-amplified tumor 

cells. This does not necessarily conflict with the stability of MYCN rearrangements and breakpoints over 

the course of the disease. The MYCN amplification of the tumor cells is very likely to remain intact, 

since a loss of the major cancer driver would be a disadvantage for the tumor cell. Regarding the spatial 

heterogeneity of neuroblastoma cells, a new publication of the Children's Oncology Group (COG) found 

that of 5,975 patients examined, only 1% of the patients had a heterogeneous MYCN amplification status 

(only <20% of tumor cells per sample were MYCN-amplified). Reports with participation from the 

SIOPEN biology study group highlight that a MYCN amplification was not found in all samples taken 

from a patient68,747–749. The MYCN amplifications could be detected in some, but not in all of the sampled 

biopsies using Affymetrix arrays747. These data are supported by the MYCN-FISH diagnostics, which 

also shows a heterogeneous MYCN status for these neuroblastoma tumor samples. Either MYCN 

amplifications were reported to be detectable in some sampled tumor pieces but not in all samples of the 

same tumor, or not in the tumor biopsy but in the bone marrow biopsy, or in primary tumor samples but 

not in sampled metastasis68,747. In a closer examination of all studies, however, only four patients with 

neuroblastoma were described, whose samples showed a primary heterogeneous MYCN status, which 

was then found to be non-MYCN-amplified in further temporal samples68,748,749. All other patients 

described in these studies maintained heterogeneous MYCN status during the course of the disease 

(detected by multiple sampling), or grew into a full MYCN amplification from a heterogeneous MYCN 

status, or grew into a full MYCN amplification after initial detection of a MYCN gain716,748–750. It can 

therefore be assumed that sampling plays a very decisive role in the detection of MYCN amplifications 

and further relevant mutations. A panel NGS examination should therefore be performed with a highly 

infiltrated tumor sample containing vital cells and, if necessary, multiple samples should be taken if 

tumor necrosis is suspected. A pooling of isolated tumor DNA from several pieces of the tumor or 

including different spatial samples could also be performed. In particular, the NB targeted NGS assay 

should include observations from performed MYCN-FISH diagnostics on the tumor sample upfront. If 

a co-existence of MYCN-amplified and non-MYCN-amplified cells has been detected by MYCN-FISH, 

multisampling for the panel NGS analysis should be considered. It is further very important to adapt the 

therapy of the heterogeneous MYCN patient group. In current treatment protocols, these patients with 

neuroblastoma were either categorized as having a non-MYCN amplification or a MYCN-amplified 

tumor748. For safety reasons, the heterogeneous MYCN-amplified neuroblastomas are generally 

upgraded to high-risk diseases after double verification. 
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4.1.1.3 Rearrangement events of the MYCN amplicon and appearance of double minutes 

In general, intratumoral heterogeneity in neuroblastoma was described in several publications which 

was detected in neuroblastoma cell lines676, PDX751,752 or patient derived material38,231,751. The 

neuroblastoma is therefore described both genetically and clinically as a heterogeneous disease. 

However, the development of MYCN heterogeneity or the co-existence of MYCN-amplified and non-

MYCN-amplified clones is not completely understood yet. Some reports have hypothesized that MYCN 

amplification, and perhaps MYCN heterogeneity, may be the result of a series of events such as 

chromothripsis and breakage-fusion bridges78–84.This may result in the formation of additional 

micronuclei in later stages. In these micronuclei are intermingled with chromothripsis of the damaged, 

misregulated DNA and leads to a variety of genomic rearrangements and a subsequent re-assembly of a 

single chromatid753. The presence of mitotic segregation errors could be one of the reasons for the 

appearance of extrachromosomal DMs in neuroblastoma, which are very likely to be involved in the 

progression of neuroblastoma heterogeneity72,73. DMs can also contain several MYCN amplicon related 

genes, such as DDX1 or parts within the FRA2Ctel and FRA2Ccen region105,106. In previous work it was 

shown that several clones of an established cell line displayed the exclusive presence of DMs in one 

subclone and homogenously staining regions in the other subclone75. This variation is likely caused by 

the random and non-binomial distribution of the DMs passed to the daughter cells within 

mitosis107,754,755. Compared to linear chromosomes, DMs have a different mechanism of multiplication 

and mitotic separation. This circular extrachromosomal DNA does not separate at the anaphase, but later 

in the G1 phase and its DNA is replicated in the S phase754,756–759. Defects in the mitosis processes could 

support the development of DMs and unequal mitotic distribution of the genetic material. 

Extrachromosomal circular DNA were recently reported to be a common substrate of high-level 

oncogene amplification in a variety of solid tumors, including neuroblastoma74,76. As such, DMs harbor 

unique and specific breakpoints at high copy number, that are not present in non-malignant cells. Cell 

culture experiments have already shown that neuroblastoma cells with MYCN DMs have a growth 

advantage over cells without linear and extrachromosomal MYCN754. The biology of the DMs makes it 

difficult to interpret a possible correlation between the MYCN CNV and the number of MYCN-related 

breakpoints found, as this could be subject to numerical variations of DMs due to the unequal 

distribution within a cell population76,754. In this work, therefore, a correlation between the MYCN CNVs 

and the number of breakpoints found could not be demonstrated. To determine whether the MYCN 

amplicon is located on chr.2 or on DMs, a MYCN-FISH analysis of the cells to be sequenced would first 

have to be performed. An advanced method for the detection of DMs, which was published recently, is 

the purification of extrachromosomal circular DNA within the Circle-Seq method760. The method 

includes column purification of circular DNA, exonuclease digestion of linear chromosomal DNA, 

rolling-circle amplification of extrachromosomal circular DNA, deep sequencing, and mapping760. For 

the TR-14 cell line, FISH-supported analyses could show that the MYCN amplicon is located on DMs668. 



Discussion: 4.1.1 Mapping of the complex MYCN amplicon structure and its unique breakpoints using 
a neuroblastoma hybrid capture-based NGS panel 

236 
 

Therefore, similar findings may also be observed for other cell lines or neuroblastoma tumors. The NB 

targeted NGS assay performed in this work therefore most likely shows a mixed HSR/DM ratio of 

MYCN amplification and its breakpoints, which is why an additional analysis employing Circle-seq is 

necessary to prove the existence of DMs in a given sample. 

4.1.1.4 Junctional microhomologies were found between both genomic segments of a 

breakpoint 

In addition to the localization of the MYCN amplicon on chr.2 or on DMs, a sequence pattern of 

junctional microhomologies at the MYCN breakpoint site was frequently observed when using the NB 

targeted NGS assay. These short DNA sequences are identical in each of the genomic segments involved 

in the rearrangement, so it is not possible to assign the exact breakpoint location within the junction site 

or the origin of nucleotides to a segment85. The type and length of the microhomology sequences refers 

to the repair mechanism of the rearrangement that likely have occurred. In this work, in short, around 2-

15 bp long microhomologies were found at the junction sites between the segments of the MYCN 

rearrangements. Referring to the work of Kidd et al.87 and Yang et al.88, this structural variation indicates 

the formation of the rearrangement after a double-strand break repair using the alternative end joining 

mechanism (alt-EJ), also called microhomology-mediated end joining (MMEJ)85,86. To perform a MMEJ 

repair of a double-strand break, individual DNA strands are brought together using microhomology-

mediated base-pairing and protruded DNA pieces are cut off761,762. This repair mechanism can lead to 

blunt ends, small sequence insertions and sequence microhomologies at the junction side85,86,763. It was 

further reported, that this repair mechanism is very prone to sequence errors and is associated with the 

origin of CNVs85,761,764. Studies on multiple myeloma and lymphomas have already shown that the 

MMEJ mechanism is repairing MYC rearrangements765. These genomic rearrangements also shuffle the 

MYC locus close to super-enhancers, e.g. to super-enhancers of the FOXO3 gene. For neuroblastoma, 

too, it has already been highlighted that microhomologies occur at rearrangement junctions with a size 

of 1-28bp79. However, the authors hypothesize that these could be microhomologies created by non-

homologous end joining-mediated repair and replicative processes. According to Kidd et al.87 and Yang 

et al.88, a MMEJ mediated repair mechanism is suggested, since the non-homologous end joining-

mediated repair does not leave nucleotide insertions or homologies at the junction sites. In a work on 

MYCN rearrangements by Kryh et al.89, microhomologies at junctions were discovered in all tumors and 

cell lines examined, ranging from 1-9bp. The authors hypothesize that the microhomology-mediated 

break-induced replication85 (MMBIR) is responsible for the repair of the MYCN rearrangement 

junctions. With regard to the publications of Kidd et al.87 and Yang et al.88 the characteristic for an 

MMBIR is defined as a >10 bp insertion at the junction side, which could not be detected in this thesis. 

Interestingly, in agreement with Kryh et al.89 an apparently random distribution of the breakpoints 

without repeating patterns in the same genomic regions could be confirmed in the present work. 

Moreover, the two papers have described that the majority of MYCN rearrangements show a head-to-
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tail tandem orientation within the amplicon79,89. In the work for this thesis, it was discovered that the 

MYCN rearrangement fragments within the amplicon are not only present in head-to-tail orientation (as 

for example found in the cell line TR-14), but also in other directions, e.g. tail-to-tail. The rearrangement 

fragment orientations were rather diverse and there was no evidence of a single orientation type 

following a specific mechanism. In addition, Kryh et al.89 discovered that distal MYCN breakpoints are 

located near the FRA2Ctel region105,106. As this region is not covered by the current NB targeted NGS 

assay, no statement can be made in regard to this present work. Another study describes a similar 

common fragile site in neuroblastoma, FRA2H, which is located on chr. 2q32.1 at a far distance from 

MYCN766. The rearrangements in this region show short microhomologies at junction sites, which 

according to the authors are caused by nonhomologous recombination repair766. This observation is in 

line with the findings made for the MYCN amplicon in this thesis. Moreover, a publication by Coquelle 

et al. indicates that intrachromosomal gene amplification is developed thought the breakage-fusion-

bridge cycle mechanism which is initially triggered though the induction of fragile site expression767,768. 

Interestingly, the microhomologies in the rearrangements of the FRA2H region also contain LTR (long 

terminal repeat) and L1 (LINE, long interspersed nuclear elements) retrotransposon elements766, which 

were noticed for FRA2C regions in proximity to MYCN amplicons correspondingly769. For other fragile 

sites (e.g. FRAXB, FRA3B, FRA7G), several reports highlight that these regions are preferred locations 

for (oncogenic) viral genome integration770–773. 

However, a comprehensive assessment of the impact of breakage repair mechanisms, fragile sites and 

especially retroviral elements in the formation of the MYCN amplicon and thus a possible connection 

with the development of high-risk neuroblastomas has not yet been shown. For translation of the 

biological findings concerning the processes of the development of the MYCN amplicon into a clinical 

environment (“from bench-to-bedside” concept), further studies are required that will also show whether 

other factors might be of relevance.  

4.1.2 Quantitative and highly sensitive detection of neuroblastoma minimal residual 

disease based on MYCN amplicon breakpoints 

MRD detection is highly relevant to accurately track the dynamics of the malignancy from primary 

diagnosis through treatment and follow-up and, in particular, the infiltration of tumor cells in the bone 

marrow. Within this thesis, a diagnostic assay to assess MRD was presented, specifically tailored to the 

individual cancer of each patient with high-risk, MYCN-amplified neuroblastoma. The patient-specific 

MYCN breakpoints detected by this assay are employed for PCR-based disease follow-up monitoring 

using RQ-PCR and ddPCR applications. This approach successfully validated and tracked all MYCN 

breakpoints in cell lines and patient samples, and presents itself as a robust neuroblastoma minimal 

residual disease assay suitable for application in a clinical routine environment. 
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4.1.2.1 The detection of MYCN amplicon breakpoints for neuroblastoma MRD assessment is 

highly specific and sensitive 

The estimation of a bone marrow infiltration is critical for initial disease staging and evaluating the 

response to treatment in patients with neuroblastoma. In the past, visualization methods have been used 

primarily to detect neuroblastoma cells in bone marrow samples, such as skeletal scans and bone marrow 

histocytology192,193. With the development of molecular probes, more sophisticated techniques have 

been introduced to neuroblastoma diagnostics, using the FISH or PCR method (in combination with 

Southern blotting). In particular, diagnostics focused on the determination of a MYCN           

amplification229–234. PCR based assays utilizing SYBR green dyes or TaqMan probes have been 

developed to detect genomic MYCN CNVs or MYCN mRNA transcripts in patient-derived material98,219–

222,235,239–242. However, these applications failed either because the assays were too unwieldy to perform 

on a large scale, not robust enough to be applied in clinical routine or the expression of markers was 

altered on treatment at relapse (no stability of markers)227. In addition, challenges remain with the 

stability of RNA, which is not as stable as DNA and does not necessarily reflect the number of gene 

copies223–226. RNA has to be handled with care in diagnostics, when it comes to time delays between 

collection and detection, temperature fluctuations and isolation methods. Furthermore, the usage of a 

specialized tube including RNA stabilizing agents for sample collection is recommended228. It is 

therefore beneficial to use stable genetic material and a stable, patient-specific marker for MRD 

detection. All these limitations can be overcome by a DNA breakpoint-based MRD assay, as has been 

demonstrated for leukemia before. For long-term observation of patients with leukemia, PCR-based 

MRD detection is a well-established diagnostics method which has long been applied in clinical 

environments. Genomic fusion sites have been used as markers before, especially in hematological and 

mesenchymal malignancies164,165,167.  The detection of known recurrent distinct genomic alterations, 

such as BCR-ABL164 fusions, AML1-ETO165 and ETV6-RUNX1168 rearrangements, TCR and Ig VDJ 

rearrangements169,774, are standardized approaches for highly sensitive detection of leukemic residual 

cells. The high medical relevance of bone marrow infiltration and isolated bone marrow relapses of 

high-risk neuroblastoma cases justifies the use of MYCN breakpoints as MRD markers. Referring to the 

MYCN breakpoint MRD assay compiled in this thesis, five previous studies have suggested using 

genomic breakpoints, e.g. of MYCN, to detect neuroblastoma cells in patient samples60,89,245–247. In 

particular, the publication by Ponchel et al. has taken a first step in the development of neuroblastoma 

MRD assays using genomic rearrangements246. Previous experience with TCR rearrangement detection 

in leukemia samples led to the development of a PCR assay which can measure CNVs, gene 

rearrangements (T-cell receptor excision circles (TREC) in peripheral blood mononuclear cells) and 

MYCN gene amplifications. Similarly to the results of Ponchel et al., the five previous neuroblastoma 

MRD studies aimed to present a proof-of-concept assay and not a complete work-flow which can be 

applied in a clinical setting. The rearrangement sequences of these studies were either assessed using 
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microarray platforms, which lack the single-base resolution of NGS, or on WGS which remains too 

cost- and time-intensive to be of practical use for routine diagnostics60,89,245,247. Furthermore, the 

respective downstream PCR assays for the actual MRD detection in patient samples exhibit different 

strengths in their target specificity. Four of the five published approaches to MRD detection made use 

of an RQ-PCR system in combination with a SYBR Green dye60,89,243,247. In fact, those assays are not 

suitable for sensitive MRD detection and for precise target amplification due to the application of the 

unspecific DNA binding dye SYBR-Green I. Only one previously published approach by Van Wenzel 

et al. employed a more modern StepOnePlus Real-Time PCR device in combination with target-specific 

TaqMan probes245. This approach corresponds to the clinical standards of MRD detection from leukemia 

diagnostic laboratories161. However, they excluded MYCN and chromotripsis regions for MRD 

assessment, because of the complexity of these regions. In contrast, the NB breakpoint MRD assay 

demonstrated in this thesis is very robust and target specific, combining nucleotide-precise detection of 

MYCN breakpoint sequences using hybrid-capture panel NGS and TaqMan reagent-based RQ-PCR 

detection of MRD cells via the unique MYCN breakpoint. Furthermore, future assays in leukemia MRD 

diagnostics aim to implement the ddPCR technique, which has more recently been introduced for 

clinical diagnostics158,188. Within this thesis, the two techniques were compared for the neuroblastoma 

breakpoint-based MRD assay and the guidelines were compiled for both applications. The ddPCR 

technique outperforms the RQ-PCR technique with higher sensitivity across samples and a more 

straightforward optimization procedure. This observation is line with the comparison of RQ-PCR and 

ddPCR for leukemia and lymphoma MRD applications189,775. For future clinical neuroblastoma MRD 

diagnostics, the usage of ddPCR is thus highly recommend. The RQ-PCR can reach similarly high 

sensitivities in some cases, and can also be employed if the hardware or reagents for ddPCR applications 

are not available within the diagnostic laboratory. In summary, the MYCN breakpoint MRD assay 

reached even higher sensitivities (up to 10-6) than similar methods routinely applied for acute leukemia 

and lymphoma in the clinical setting (e.g. BCR-ABL, sensitivity described up to 10-5)189,776. Comparing 

to the sensitivity depths in MRD assessment of VDJ-rearrangements in leukemia, detection is 

complicated by an elevated background signal from normally occurring rearrangement events in healthy 

hematopoietic cells. This is why this marker type can lead to a reduced detection sensitivity and/or false 

positive results. A set of several VDJ-rearrangements is usually employed for MRD detection in 

leukemia to diminish this problem161. In contrast, the patient-specific MYCN amplicon breakpoints 

present a marker whose sequence is completely described and is connected to pathological cell function 

and particular preliminary cancerous rearrangements events6. These characteristics make MYCN 

amplicon breakpoints clear tumor cell markers, which will most likely not occur in healthy cells and 

makes the use of this single breakpoint sufficient as an MRD marker. As a similar example, single 

genomic BCR-ABL1 breakpoints are exclusively used for MRD assessment in pediatric chronic myeloid 

leukemia777–781. Furthermore, the archived sensitivity of the MYCN breakpoint MRD assay (up to 10-6) 

was comparable to the five other neuroblastoma MRD assays in research approaches (sensitivity 
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described from 10-4-10-6)60,89,245–247. Of note, the MYCN breakpoint neuroblastoma MRD assay reaches 

the theoretical maximum sensitivity range of up to 10-6 for MRD analyses, which is limited by the total 

amount of assay input DNA in MRD detection (up to 670ng per well/2,010ng in total, referring to up to 

6.7pg DNA per single human cell161,582,782,783). This result also demonstrates that additional technical 

optimization of the patient-individual neuroblastoma MRD assay has no potential nor clinical 

reasonability to increase its sensitivity. In line with the results presented in this thesis, two of the 

published studies are showing MRD assays based on MYCN amplicon rearrangements and reported a 

high detection sensitivity of up to 10-6 89,247 and in one case even higher at 8x10-6 247. This raises the 

question whether similar or identical rearrangement sequences occur more often within the MYCN 

amplicon which could be related to the high CNV of MYCN. In this study, no correlation could be found 

between the CNVs and the number of breakpoints detected by the panel NGS. Moreover, the uneven 

distribution of MYCN CNVs per cell can perhaps influence the sensitivity depth, for example through 

an uneven distribution of DMs754. Consequently, any clinical intervention should probably not be 

considered after a detection of a MRD in the 10-6 range within a patient sample.  

4.1.2.2 Refinement of the neuroblastoma MYCN breakpoint MRD methodology 

In order to better analyze the extent of the MYCN amplicon, the pattern of breakpoints and the CNV 

through the amplicon for the translation of the findings into the MRD methodology, it should therefore 

be considered whether the MYCN amplicon requires an investigation applying long-read sequencing, 

e.g. using the Oxford Nanopore technology. Although this sequencing method would not provide the 

necessary depth for a reliable detection of the specific MYCN breakpoint sequences, but it would aid to 

reveal identical rearrangements and the general structure of the MYCN amplicon784,785. Furthermore, 

already in the pioneering PCR methods for the diagnosis of neuroblastoma, reference genes were used 

to normalize the MYCN amplicon or the MYCN mRNA signals. In addition, normal leukocyte DNA 

samples were carried along as controls233,242,786, similar to procedures applied for leukemia MRD 

diagnostics. In the current neuroblastoma MYCN breakpoint MRD assay (MYCN, chr.2p24.3) the 

primer/probe used for the detection of a control gene represents a part of the ß-globin gene locus585 

(chr.11p15.4), as employed in leukemia MRD diagnostics. Although ß-globin has also been used in 

neuroblastoma research as an internal control in MYCN Southern blot and first PCR analyses before787–

789, a neuroblastoma specific control gene could be introduced as a second reference gene to improve 

the robustness of the RQ-PCR against the occurrence of large chromosomal aberrations or 

chromothripsis, which may be present in neuroblastomas. A possible reference gene candidate is 

CEP250 (chr.20q11.22)68, because the sequence is used as a target for MYCN-FISH reference probes 

(Vysis, Abbott Laboratories). Moreover, other neuroblastoma diagnostic research approaches utilize the 

ß-actin gene (ACTB, chr.7p22.1)239,790 or the RNAseP gene (RPPH1, chr.14q11.2)791. However, in 

general, it is recommended to detect a control gene which located on the same chromosome as the target 

gene. Especially current MYCN CNV liquid biopsy attempts make use of the control genes NAGK 
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(chr.2p13.3)792–794 or AFF3 (chr.2q11.2)792. However, the use of NAGK as an endogenous control should 

be viewed critically, considering this gene is located on the chromosome arm 2p, which can be affected 

by sequential MYCN amplicon gains in neuroblastoma. As well as the inclusion of control genes, the 

MRD calculation should constantly evaluated and adapted to the latest standards. While the previously 

published neuroblastoma-specific MRD assays developed their own calculation methods or adapted 

calculation models used in the qPCR methodology89,98,245,247, the approach of van der Velden's leukemia 

MRD calculation model161,795 was used for the RQ-PCR analysis of the NB MYCN breakpoint assay 

established in this work. With regard to the analysis of the ddPCR results, there are no determined 

guidelines available yet and various calculation models are under consideration at the moment. For the 

analysis of the ddPCR results in this work, the official preliminary recommendations of the EuroMRD 

group for ddPCR analysis were therefore applied587,589,659. The main principle of the analysis is the 

calculation of the ratio between the mean target gene copies against the mean control gene copies which 

were quantified. Further adjustments of the ddPCR assays is provided in the latest instructions of the 

EuroMRD group (expected 2020/2021). In the preparation of the ddPCR, different volumes and DNA 

concentrations shall be used, as well as the single use of consumables being advised, moreover, technical 

replicates shall be divided into several droplet cartridges and the PCR temperature profile will be 

different to the current protocol. For the subsequent analysis, a lower number of total droplets is defined 

as crucial, the threshold should be set based on a positive control and events spilling into other channels 

should be excluded. The number of copies is further analyzed as mean of copies/µl under additional 

considering of a housekeeper gene. It is also assumed that one event per well is equivalent to one copy 

of the target. A sample is confirmed positive if three or more events have been detected in all technical 

replicates. In addition to these new protocols and analysis methods of the MRD results, the infiltration 

of the bone marrow sample which is analyzed should be considered additionally. The bone marrow is 

considered an important diagnostic source of disseminated tumor cells (DTCs), under the assumption 

that tumor cells from the primary tumor establish a metastatic spread in the bone marrow153.  As for the 

NB MRD MYCN breakpoint assay presented in this thesis, the number of detectable cells is also limited 

by the number of cells that can be obtained by bone marrow aspiration. For the accurate detection of a 

bone marrow infiltration it is recommended to puncture several different localities and each of which is 

then analyzed for MRD individually129. This is also adopted in the new neuroblastoma HR-

NBL2/SIOPEN study, in which at least two punctures are recommended, one at the right side of the 

liliac crest and one at the left side52. In comparison, in leukemia studies, such as the IntReALL HR 2010 

study, it is recommended to perform even four punctures in right/left and front/back orientation796. As 

early as 1999, Cheung et al. questioned whether GD2 examination of a single bone marrow sample 

would be sufficient for a reliable diagnosis of a neuroblastoma and proposed a pooling of samples from 

several punctured sites797. In contrast, it has already been shown in leukemia research that spatial 

heterogeneity is present for anatomically distinct bone marrow samples798. Therefore, these samples 

should not be pooled but individually isolated and analyzed. Beyond the separate collection and isolation 
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of sample it sould also be considered for prospective MRD studies whether the results from individual 

bone marrow analyses should be evaluated independently or whether they should be combined (via 

calculation of the mean). This for, example may, cause an overall positive MRD result whenever each 

sample alone does not exceed the relevant threshold. In neuroblastoma, no study has been published so 

far on the sampling and analysis addressing the spatial heterogeneity between different bone marrow 

punctures, but there are already several research reports available describing spatial heterogeneity 

between the solid tumor material and bone marrow samples748,799–802. In contrast, one study stated that 

MYCN-amplified neuroblastoma DTC clones do not preferentially disseminate from the primary tumor 

to the bone marrow748. This could not be confirmed in the present work, as MYCN breakpoint carrying 

cells were clearly detected in bone marrow specimens, and specifically in selected patient samples in a 

very high proportion. In this work it was also found that MYCN-amplified clones aggressively infiltrate 

the bone marrow and might be predominant, as they were often found in several distinct bone marrow 

aspirates taken from the same time point. This observation could be linked to reports stating that high 

expression levels of the MYCN protein were found to correlate with invasive and metastatic behavior 

of neuroblastoma154–156. In addition, in one case, MYCN amplification and ALK SNV clones were found 

exclusive in the separate bone marrow aspirates at one point in time (data not shown due to limited 

patient samples). The clonality between the different bone marrow samples in neuroblastoma has been 

poorly studied so far and therefore represents an interesting aspect of the tumor biology of 

neuroblastoma which should be investigated in further detail. 

4.1.3 Detection of other neuroblastoma-associated mutations using the NB targeted NGS 

assay and recovery with the neuroblastoma breakpoint PCR or ASQ-PCR MRD assay   

In addition to the in-depth detection of the MYCN amplicon, the NB targeted NGS assay also allows the 

detection of other neuroblastoma-related mutations. In addition to large chromosomal aberrations such 

as a gain of 17q which is present in about 47% of all neuroblastoma cases41, a loss of 1p677 and 11q680 

found in 20-30% or gene mutations as in TERT (~12.9%)43,44, ALK (~9.2%)47–52 and ATRX (~7.1%)45 

are important for the risk stratification of neuroblastoma. These different mutations were largely 

recovered by the NB targeted NGS assay, making it an appropriate tool for risk stratification of patients 

with neuroblastoma. However, the following section describes the improvements that can be made with 

regard to a new version of the NB targeted NGS assay. Since the individual gene mutations are of greater 

importance for the stratification of high-risk neuroblastoma than large chromosomal aberrations, this 

will be discussed in more detail. Furthermore, the exemplary development and establishment of MRD 

assays on other neuroblastoma-relevant gene markers beside MYCN will be addressed as well. Based on 

the experience from leukemia studies161,672,673, consideration could be given for further inclusion of 

several MRD markers within a patient-tailored, diagnostic MRD panel. This approach would even more 

improve the reliability of diagnostic MRD reports and regards the possibly of disproportionate 

distributed DNA fragments and tumor heterogeneity. The MYCN breakpoint neuroblastoma MRD assay 
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can detect the unique MYCN oncogene, but this work also provided a first insight that this technique 

could easily be extended to other genetic mutations, such as those known to be in (the proximity of) 

TERT, ATRX, 1p or at 17q, and most likely also to SNV in neuroblastoma-relevant genes such as ALK. 

4.1.3.1 Guidance for a neuroblastoma TERT breakpoint MRD detection 

Similar to the findings for the oncogene MYCN, the sequencing coverage of the TERT gene is missing 

decisive probes in the NB targeted NGS assay as well. A detailed resolution of the TERT region shows 

that the sequencing coverage before the genomic sequence of TERT is decreasing sharp, because only a 

few probes have been placed outside the actual TERT gene on the genomic minus strand (Figure 122). 

The underlying mutation of TERT overexpression is a promotor rearrangement juxtaposing the gene to 

strong enhancer elements43,803,804, similar to the MYCN amplicon74, which probably was triggered by 

double-strand breaks leading to a re-organization of the DNA. The NB targeted NGS assay sequence of 

chromosome 5 of the non-MYCN-amplified cell line GI-ME-N reveals that a genomic rearrangement 

event must have taken place directly in the promotor region or before the TERT sequence. Since the 

region is not covered by the assay, the rearrangement sequence and the region flanking the breakpoint 

are not sufficiently resolved. This could be due to the fact that the TERT target sequence represents a 

GC rich nucleotide region. Moreover, it was also problematic to identify the matching partner of a TERT 

rearrangement, this was usually not possible to resolve with the NB targeted NGS assay. In case of the 

GI-ME-N cell line, the chromosome 5 TERT rearrangement partner could be identified employing WGS. 

A detailed bioinformatic analysis of the WGS data showed that GI-ME-N contains a translocation of 

chromosome 5 to chromosome 19, but the sequence around the translocation site was widely repetitive 

in chromosome 19 (about 1-2kb, unpublished data). These repetitive and GC rich regions are difficult 

to capture with the NB targeted NGS assay, which is based on short-read sequencing, and furthermore 

it is difficult to map these regions in the subsequent bioinformatic analysis. It is also unclear whether 

very large fragments (>1kb) can be (hybrid-)captured by the TERT probe, which could provide 

information about the translocation partner. This is why probably only long-read sequencing is suitable 

at reasonable costs for the detection of TERT rearrangements, e.g. through the use of Oxford Nanopore 

technology805. Results from previous studies also show that rearrangements and breakpoints associated 

with TERT occur more often outside of the actual TERT sequence (e.g. associated with the CLPTM1L 

gene)43,44,804,806,807. These results are also in line with the neuroblastoma causality that a functional TERT 

gene is required for the production of telomerase, which of course is not destroyed by genomic 

rearrangements808. Additionally, it could be shown that TERT rearrangements juxtapose the coding 

sequence to super-enhancer elements43. The probe coverage of the NB targeted NGS assay should 

therefore be adapted to these studies. More probes could thus be placed in the upstream region of the 

TERT gene (before chr5:1,253,262 minus strand) and also downstream (from chr5:1,295,184 to 

1,345,214 minus strand; GRCh37/hg19). In addition, consideration should be given to the performance 

of a long-read sequencing if the short-read sequencing resolution of the translocation partners is poor.  
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Figure 122: Results of NB targeted NGS assay showing sequencing coverage of the 5’ end of TERT in GI-ME-N. 
IGV screenshot displaying the NB targeted NGS assay sequencing results for TERT (which is located on the minus 
stand). In detail, the 5’ centromeric end region in the non-MYCN-amplified cell line GI-ME-N is shown. At TERTs 
furthest 5’ end, a breakpoint highlighting an occurred rearrangement (at location chr5:1,295,172) could be 
detected. However, for a more accurate resolution of the rearrangement a better probe coverage of the targeted 
NGS assay upstream from TERT is missing to fully cover its promotor and rearranged enhancer regions. 

Diagnostic MRD analyses of TERT have been published extensively for other cancer entities. The 

detection of MRD is mainly aimed at SNVs within the TERT promoter region (chr5:1,295,228 C>T and 

chr5:1,295,250 C>T). These mutations are associated with increased TERT expression and have already 

been described in basal cell carcinoma809, glioblastoma multiforme810, bladder cancer811, hepatocellular 

carcinoma812, cutaneous squamous cell carcinoma809 and thyroid cancers813. For the detection of these 

SNVs, a variety of PCR analysis methods have been evaluated, including ddPCR814–820. With regard to 

neuroblastoma, an MRD analysis of TERT would also be conceivable. However, MRD investigation 

would focus on the detection of TERT rearrangements around the genomic region of this gene (e.g. 

associated with the CLPTM1L gene) rather than the detection of SNVs. In addition to the endogenous 

control gene ß-globin which is already employed in the MYCN breakpoint MRD assay, other controls 

adapted to a TERT MRD assay are also indicated. A control for the PCR normalization applying a TERT 

(chr.5p15.33) assay could be in the range of 5q31, similar to the TERT FISH approach (ZytoLight SPEC 

TERT/5q31 dual color probe), which also includes the EGR1 gene821. A TERT related breakpoint MRD 

assay similar to the MYCN breakpoint assay is currently being developed in cooperation with the 

research group of M. Fischer (University Hospital Cologne). 

4.1.3.2 A first approach to neuroblastoma ATRX breakpoint MRD detection 

Identical to the genes MYCN and TERT, the tumor suppressor gene ATRX was also investigated applying 

the NB targeted NGS assay. An ATRX mutation in neuroblastomas initiates the alternative lengthening 

of telomeres, a telomerase-independent pathway to preserve the length of chromosomal telomeres and 
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to escape senescence and cell death. With regard to the probe coverage of ATRX within the NB targeted 

NGS assay, the probes were placed at the important genomic locations. The ATRX gene encodes for two 

functionally relevant domains of the protein: An N-terminal ADD domain (ATRX-DNMT3-DNMT3L) 

and a C-terminal ATPase/Helicase domain822,823. Neuroblastoma-specific mutations in ATRX are, 

besides rare complete losses of ATRX674, long-range deletions of the N-terminal side or SNVs within the 

C-terminal side (frequently affecting exon 2-11 within a total of 36 exons)58,107,674. The NB targeted NGS 

assay covers all exons of the ATRX gene. Preferably the probes should be placed more densely and as 

well in intron areas of the ATRX gene to ensure the detection of the whole diversity of ATRX deletions. 

Regarding the C-terminal domain, individual probes of the NB targeted NGS assay have been placed 

within exons and introns. In the same way as for the TERT gene, alterations in ATRX would be suitable 

for an extension of neuroblastoma MRD detection method. A need for a sensitive ATRX mutation 

detection was recently found beneficial, since immunohistochemistry guided diagnostics for ATRX can 

miss ATRX mutations824. So far there are no published research results on the use of ATRX (deletion) 

rearrangements in MRD detection assays, but indications that a ddPCR approach would be an advantage 

for neuroblastoma diagnostics825. Following the success of the NB MYCN breakpoint MRD assay, a first 

proof-of-concept towards an NB ATRX breakpoint assay was made in the framework of this doctoral 

thesis (breakpoint region in chrX:76,935,121). This data proves the possibility to use breakpoints 

developed by ATRX rearrangements / deletions mechanisms in neuroblastoma diagnostics as MRD 

specific markers. Detection of ATRX deletions in tumor and bone marrow samples of patients with a 

neuroblastoma could enable the detection of MRD cells, and therefore as well the adaptation of the 

therapy. As there are no diagnostic PCR based (MRD) assays for the detection of ATRX (chr.Xq21.1) 

deletions existing, there are also no recommendations for a control gene to normalize a PCR at present. 

However, from X chromosomal gene expression detection (e.g. by qPCR) it is known that this 

chromosome lacks genes for basic cell functions or more precisely housekeeping genes826. One 

possibility to create a control on the X chromosome is therefore to employ a so-called X inactivation 

escape gene827. For the MRD genomic gene detection, such a control is not as important as for the 

detection of gene expression, but a control gene might be used variably in different techniques on the 

samples or with the same laboratory. A possible X inactivation escape gene is the TXLNG gene 

(chr.Xp22.2), which has been described in several datasets as an escape gene828. Moreover, TXLNG is 

not in close distance to ATRX, therefore a co-deletion can be not assumed. In addition, when evaluating 

ATRX deletion signals and TXLNG signals, the human XY/XX diversity (or even more numerical 

aberrations in the cancer genome) should be taken into account. 

4.1.3.3 A first approach to neuroblastoma ALK SNV ASQ-PCR MRD detection 

A detection of the ALK sequence, which is frequently mutated in neuroblastoma829, is also included in 

the NB targeted NGS assay. The NB targeted NGS assay covers several functionally important SNVs in 

ALK (including c.3824G>A, c.3522C<A, c.2750C>A, c.3733T>G and c.3271G>A in the kinase 
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domain). However, a recent publication found that low frequency ALK SNV mutations in neuroblastoma 

tumors can only be identified using ultra-deep sequencing (>5,000x). This applies only to a very small 

proportion of patients (>5,000x, one case with 2.7% ALK I1171 and one case with 8% ALK F1174I 

allele frequency)830. In addition to the occurrence of SNVs and rearrangements of ALK, co-

amplifications in combination with MYCN were detected, but this rare event was only found in this 

thesis in the cell line KELLY, as reported previously in other studies (found in around 2% of all 

neuroblastoma cases)716,831–833. Therefore, a wide and dense probe coverage of the ALK gene is not 

recommended, but these reports indicate that it is generally advisable to target chromosome 2p more 

widely and densely with hybrid-capture probes. In summary, for the detection of ALK mutations in 

neuroblastoma the NB targeted NGS assay is ideally suited. Mutations in the ALK gene also have 

relevance in the context of MRD detection. For this purpose, SNVs as well as the rarely found 

rearrangements can be considered as target sequences. Two different MRD assays for the detection of 

ALK mutations from bone marrow and liquid biopsy material from patients with a neuroblastoma have 

been published so far. These two analyses included the ALK SNV mutations F1174 (c.3520T>C), L1174 

(c.3522C>A), R1275Q (c.3824G>A) and the detection of CNV 834 792,835,836. The mutations were 

previously recovered from tumor samples using e.g. Arrax-CGH (CytoScan). In contrast, the NB 

targeted NGS assay provides even more information about additional SNVs in the ALK gene encoding 

for the kinase domain, namely c.2750C>A, c.3733T>G and c.3271G>A.  However, it is noticeable, that 

the mutation c.3520T>C is missing in the NB targeted NGS assay and should therefore be included in 

future versions. The specific ALK SNV primers from previous published neuroblastoma MRD projects 

introduce an exchange of the mutated base at the 3' end of the forward primer792,834–836. An improvement 

of this conventional primer design is known as the TaqMAMA method which ensures that the wild-type 

allele will not be amplified, since the penultimate 3'-base is changed as well563. An extension of this 

technique is the ASQ-PCR, in which the third base from the 3' end is designed with a mismatch instead 

of the second base, as highlighted by M.J. Barz,…,A.Szymansky et al. 2020564,565. The ASQ-PCR 

method could achieve an even higher detection specificity and sensitivity than conventional primer 

designing methods or the TaqMAMA technique. The evaluation and comparison of the three different 

primer design methods was performed on the NT5C2 gene, which can harbor a specific SNV p.R39Q 

(c.116G>A) mutation found in acute lymphoblastic leukemia. The superior performance of the ASQ-

PCR assays employing the third base mismatch approach of the SNV primer design could be 

determined564,565. With regard to an ALK SNV specific neuroblastoma MRD assay, this thesis presented 

an ASQ-PCR based ALK SNV detection technique, which was exemplary shown for the frequently 

found c.3824G>A mutation. By using the ASQ-PCR technique with 3’ allele-specific primers with an 

additional third base mismatch as a highly sensitive and robust tool, the ALK SNV c.3824G>A could be 

sensitively detected in neuroblastoma cells within a pool of other cells as shown previously for the 

NT5C2 p.R39Q (c.116G>A) mutation. Interestingly, a PCR amplicon for the ALK SNV c.3824G>A was 

revealed as well in DNA of PBMCs derived from the patient with neuroblastomas’ bone marrow, but in 
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a very small proportion only. Presumably, the ASQ-PCR target was not amplified on a large scale 

because either the proportion of tumor cells in the bone marrow sample was very low, and/or the 

proportion of ALK SNV positive cells was low, and/or the automated DNA electrophoresis was not 

sensitive enough for the detection of the mutation. Therefore, it cannot be said with certainty that in this 

case PCR amplification of ALK SNV has been achieved, but the possibility is given. The ASQ-PCR was 

further combined in a ddPCR multiplex assay with a MYCN rearrangement based breakpoint assay 

detecting a specific breakpoint at chr2:13,490,249 – chr2:15,815,066. Multiplexing is a recent 

application within the ddPCR technology and is becoming more popular for diagnostics because it 

allows the simultaneous measurement of multiple target and reference sequences in one PCR 

reaction837,838. However,  these special adaptations of the original MYCN MRD assay require further 

investigation. For example, it is recommended according to the latest findings, that the more difficult or 

less detectable mutation be identified with a FAM-BHQ1 probe (the ALK SNV) while large structural 

genetic changes are detected with a HEX-BHQ1 probe (the MYCN breakpoint)839,840. This data proves 

the possibility to use ALK SNVs in neuroblastoma diagnostics as MRD specific markers. Detection of 

ALK SNVs in tumor and bone marrow samples of neuroblastoma patients could not only enable the 

detection of MRD cells, but also evaluate possible treatment options. In vitro and in vivo studies could 

already show that ALK SNV mutation driven neuroblastoma tumors respond with reduced growth to the 

ALK inhibitors repotrectinib841, ceritinib842 or alectinib843,844. For future ALK MRD assay applications, 

the design of a proper ALK SNV control probe should be questioned. For the TaqMAMA, ASQ-PCR 

and ddPCR approaches, the use of a wild-type primer in contrast to the SNV primer as a mutation control 

is considered. Moreover, the ß-globin gene was used for PCR normalization within the NT5C2 p.R39Q 

(c.116G>A) ASQ-PCR564,565. In latest diagnostic studies, a normalization of the ALK SNV target signal 

takes place applying PCR amplification of separate control genes, e.g. NAGK or AFF3792,845. The AFF3 

gene sequence has been used before to position a FISH control probe in an ALK amplification/deletion 

detection assay846. However, a classical PCR amplification of a control gene is not expected to mirror 

the SNV PCR amplification of an ASQ-PCR. Therefore, the inclusion of an (additional) analysis of a 

common human SNV should be taken into consideration, e.g. in the NAGK gene (chr2:71,294,483, C>T 

847), in order to transfer the sequence and assay conditions of the target ASQ-PCR into the control ASQ-

PCR in the best possible way. 

In theory, a combination of several pathogenic alterations can be detected in one neuroblastoma tumor 

(cell)676. Especially the simultaneous identification of MYCN amplification breakpoints and ALK SNVs 

could provide further evidence on prognostic aspects and biological correlations between ALK and 

MYCN848. Nevertheless, MYCN amplifications848, TERT rearrangements and ATRX mutations have been 

found mutually exclusive43,58. In addition to the detection of mutations in relevant genes, other recurrent 

structural chromosomal alterations also occur in neuroblastoma. These are deletions of the chromosomal 

arms 1p677, 3p678, 4p679 and 11q680, or gains of 1q681,682, 2p683 or 17q41. Accurate MRD monitoring is 

especially relevant for patients with UHR neuroblastoma and disseminated disease, displaying a 
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mutation in at least one of those genetic markers of oncogenic risk. MRD PCR assays with flexible 

marker combinations and the additional development of multiplex PCRs enable a detailed longitudinal 

detection of neuroblastoma.  

4.1.4 The NB targeted NGS assay is preferred to WGS or WES sequencing and 

applicable for routine diagnostics of neuroblastoma  

The NB targeted NGS assay is a novelty in neuroblastoma diagnostics with regard to the combination 

of numerous included chromosome and gene targets. Previous publications have presented cancer, 

pediatric and even neuroblastoma specific panel NGS assays, but these have never been as 

comprehensive as the NB targeted NGS assay. Either the assays were only specialized for the detection 

of non-MYCN-amplified neuroblastomas148, or other genes relevant for risk stratification and diagnosis 

of neuroblastoma such as TERT and ATRX were not included in the panel147, or the resolution of the 

assay was insufficient to detect large chromosomal aberrations, chromosomal rearrangements and 

breakpoint regions146,149. 

4.1.4.1 A targeted NGS assay is the preferred sequencing method to analyze clinical samples 

Since a targeted NGS assay like the NB assay is a reduced version of large-scale WGS and WES 

sequencing, the question of whether the use of a targeted assay has advantages in the detection of 

pathogenic neuroblastoma genomes compared to available techniques arises. The NB targeted NGS 

assay was designed to detect only specific chromosomal segments and genes that were selected in 

advance based on their biological relevance. This assay includes the detection of 55 selected genes, 

chromosomal abbreviation (chr.1p36, chr.2p25, chr.11q, chr.17q), nucleotide changes, structural 

rearrangements and copy number alterations. The preselection process of relevant sequencing probes 

also reduced the cost of the targeted assay that would otherwise be incurred by WES or WGS139,143,145. 

A great advantage of the the NB targeted NGS assay is that the sequencing costs for patients in Germany 

are covered by the health insurance companies. In addition, the time of sample processing and pre-

analysis is reduced compared to WGS and WES sequencing. The analysis with the NB targeted NGS 

assay was possible within one week. For the selected targets, the NB targeted NGS assay achieved a 

very high sequencing coverage (1,500 – 2,000x on average), revealing even base-exact breakpoint 

sequences. Preliminary studies also show that, a mean coverage of 300-500x in targeted sequencing is 

sufficient for an accurate diagnosis and guidance of targeted therapies142. A high coverage which is 

shown with the NB targeted NGS assay suggests a high specificity of the probes and good preselection 

selection of the genes which influence the coverage139. Thus an reduction of the genetic background and 

noise was achieved which is normally found in sample data analyzed with WGS and WES 

techniques144,145. This makes the NB targeted NGS assay particularly suitable for the sequencing of 

clinical samples. In line with the observations made in this thesis, in a comparison of the different 

sequencing techniques targeted NGS, WES and WGS in clinical questions139,143,144, the targeted NGS 
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was also found to be the best application due to these properties. However, the additional application of 

WGS or WES sequencing should be considered if a genetic diagnosis could not be made using the NB 

targeted NGS assay. Presumably, the mutations for the development of the disease are located outside 

the genomic regions covered by the NB targeted NGS assay or the disease is dependent on multiple, 

possibly novel, genetic factors143. In general, targeted NGS panels are clinically best suited for patients 

who have already received an initial diagnosis based on other criteria (e.g. the clinical appearance), 

providing a more in-depth diagnosis and detection of possible drug targets143. Since the NB targeted 

NGS assay is a customized panel which is ready for the clinical application, the sequencing results 

should always be questioned and compared with WGS and WES data available. A comprehensive 

review of the NB targeted NGS assay in comparison with clinical standard diagnostics, WGS and WES 

is performed in collaboration with F. Hertwig635 (Figure 123).  

 

Figure 123: Comparison of matching results in neuroblastoma FISH routine diagnostics, WGS/WES and NB targeted 
NGS assay. 
A high concordance for risk markers identified in routine cytogenetic diagnostics and NB targeted NGS assay was 
observed. In detail, panel sequencing detected all 9 MYCN amplifications and 7 of the 8 chromosomal changes 
involving chr.1p36 loss. Additionally, neuroblastoma-relevant SNVs (e.g., mutations in ALK, HRAS, NRAS, in         
5 patients) and structural rearrangements involving the TERT locus (in 4 patients) were identified with the              
NB targeted NGS assay and was further confirmed by WGS and WES data. (Figure was kindly created by                    
F. Hertwig635) 

4.1.4.2 The NB targeted NGS assay covers all mutations relevant for risk stratification of 

neuroblastoma 

In addition, clinically relevant, treatment-critical mutations which were detected using a targeted NGS 

panel should be double-checked using Sanger sequencing. A study by Ambry Genetics showed that 

98.7% of NGS results could be re-found applying Sanger sequencing, whereas 1.3% of the results were 

detected as false positives, mainly located in complex genomic regions (A/T-rich regions, G/C-rich 

regions, homopolymer stretches, and pseudogene regions)849. A combination of the NB targeted NGS 

assay and the MRD breakpoint analysis as highlighted in this thesis would therefore also provide a 
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control examination of the diagnostically important targeted NGS results utilizing Sanger sequencing. 

In turn, due to the high sequencing coverage of the previously determined genomic regions, targeted 

sequencing is able to determine subclonal mutations and therefore supports MRD monitoring, e.g. by 

detecting breakpoints142. This makes the NB targeted NGS assay a useful tool to study the evolution of 

neuroblastoma, clonal fluctuations and drug resistances. However, a recent report highlights the 

detection of low frequency ALK SNV mutations in neuroblastoma which where only uncovered using 

ultra-deep sequencing (>5,000x, one case with 2.7% ALK I1171 and one case with 8% ALK F1174I 

allele frequency). For the detection of smaller cancer cell populations, targeted sequencing results should 

therefore be strengthen using additional techniques, such as the NB breakpoint MRD assay. In addition, 

other genes that have only recently been identified as being involved in neuroblastoma development 

could be included in an updated version of the NB targeted NGS assay. These are for instance the genes 

ARID1A/B850–852, YAP155,853, LIN28B854,855, KANK1856, DOCK8856, BARD1149, SHANK2857 and 

RASSF1A52,858. The ability to dynamically adapt a clinically relevant NGS panel assay to current 

scientific findings is of particular importance. 

4.1.4.3 Inclusion of (virtual) normal controls to differentiate between tumor and germline 

mutations 

The additional sequencing of a matching normal control, e.g. DNA isolated from peripheral blood of 

the patient, was not performed within the NB targeted NGS assay cohort. Thus, the additional blood 

sampling of the patient, additional time and cost for sequencing and a possible detection of circulating 

tumor cells at high tumor load was prevented. However, there are also advantages in the sequencing of 

matching normal controls. During the simultaneous sequencing of a bulk containing tumor and normal 

cells this process can lead to the detection of germline mutations in the given tissue sample.                                   

A comparison of the tumor sample with a normal control and a further comparison with a human 

reference genome therefore reveals germline mutations present in the patient’s DNA. The sequencing 

costs of double sampling could be reduced by aiming for a lower sequencing coverage of the normal 

controls. For example, fewer lanes of a flow cell could be used for sequencing. Nevertheless, matching 

normal controls are not available for every patient in a clinical setting. Especially when retrospective 

FFPE samples are examined, no control examination is possible. Moreover, special human genetic 

consultations and ethical considerations are also a prerequisite for the analysis of germline mutations. 

In this case, two possible methods are applicable to the tumor sequencing results. First, in regions with 

many variations, the reads could be reassembled (e.g. by HaplotypeCaller859) without the existing 

mapping information and then low-significant calls could be removed142. Another method would be to 

create a dataset of matching normals (e.g. from existing normal samples or non-patient normal samples), 

which is comparable in characteristics to the study cohort, creating similar normals860–862. Furthermore, 

data from non-neuroblastoma and previous studies can also be used to create a “virtual normal” 

control863. The advantage of the non-patient normal and virtual normal control datasets is that 
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(cancerous) mutations, which can occur both in germline and somatic samples (e.g. NF1864), will 

separate the tumor exclusive and primary germline mutations. In addition, the use of datasets with 

anonymized samples would have the advantage of avoiding the ethical dilemma of simultaneous 

detection of unexpected findings in genes unrelated to the primary treatment questions143.  

4.1.4.4 The NB targeted NGS assay would be applicable to liquid biopsy samples 

Furthermore, targeted NGS panels such as the NB targeted NGS assay could be applied not only to solid 

tumor samples but also to liquid biopsy samples825. The use of liquid biopsies should be considered if, 

for example, the tumor is not easily accessible by surgery, the tumor samples (especially FFPE) taken 

contain less than 10% infiltration of vital cells142 or if conventional tumor sampling cannot be performed 

due to the patient's state of health or concomitant diseases (e.g. bleeding tendency). First studies have 

already shown that targeted NGS panel sequencing is also feasible for liquid biopsies865–868. In particular, 

NeoOncology, which also performs the NB targeted NGS assay sequencing, has shown that the panel 

NGS method provides results in concordance between solid tumor material (FFPE) and whole blood 

samples866. However, care should be taken when interpreting the data, as there are indications that not 

all mutations found in the solid material could be detected in the blood. Therefore, the sensitivity of 

these NGS-assisted liquid biopsy diagnostics is highly dependent on the tumor burden of the patient865. 

In the worst case, resistant, hiding cell populations could not be detected by a liquid biopsy NGS. In 

several research projects, sequencing costs and background detection raised due to "oversequencing", 

as the coverage depth ranged from 10,000x to 37,150x865,866,869. A mean coverage similar to the NB 

targeted NGS assay of 1,500 – 2,000x on average seems to be sufficient to also examine liquid biopsies 

of early-stage and post-treatment patients. Nevertheless, a parallel examination of the solid tumor 

sample and the blood could be advantageous for the detection of heterogeneous tumor cell 

populations870. A combination of a liquid biopsy targeted NGS and ddPCR detection of mutations is 

possible as well, but mutations are only detectable at an allele frequency of more than 0.1%868,871,872. 

The detection of liquid biopsies using targeted NGS panels are overall a clinically applicable and a non-

invasive method to determine tumor development, tumor heterogeneity and emerging drug resistance.  

4.1.5 Utilizing latest MRD techniques to improve the detection of the neuroblastoma 

cells with the NB MYCN breakpoint MRD assay 

4.1.5.1 Transferring the NB MYCN breakpoint MRD assay to liquid biopsy applications 

Initial studies have already shown that whole cells (circulating tumor cells, CTCs) or ctDNA (circulating 

tumor DNA) in the blood can be identified as neuroblastoma-specific and that blood samples also exhibit 

a genetic variety compared to bone marrow samples137,873–876. The CTCs are tumor cells that have 

detached from the primary tumor or metastasis, circulate in the blood stream and can cause metastatic 

growth at their arrest site (e.g. DTCs within the bone marrow)877,878. The presence of CTCs in patients 

with neuroblastoma has been established by culturing peripheral blood in vitro, leading to the 
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establishment of new neuroblastoma cell lines879,880. In recent MRD approaches, DTCs are increasingly 

being detected using immunology and flow cytometry of cell surface markers instead of genetic 

markers881. The occurrence of cfDNA (cell-free DNA) in blood has been known for a long time882, but 

only later it was discovered that the cfDNA bulk also consists of tumor-derived cfDNA, which is 

therefore now called ctDNA883,884. The emergence of ctDNA is caused by a combination of active 

secretion, solid tumor lesions, apoptosis and necrosis885–888. It has already been shown that ctDNA in 

patients with neuroblastoma reflects the tumor disease and is therefore suitable as a compartment for 

diagnosis and monitoring806,889. Especially MYCN CNVs could be detected in ctDNA 

sequences794,825,836,890–892, but also ALK mutations835,836,890, ATRX deletions825, LIN28B amplifications825, 

11q deletions806,825,876,893 and 17q gains806,876,894. Likewise as in the case of ctDNA, in which individual, 

linear pieces can be detected in liquid body fluids, it might also be possible to detect circular DNA in 

liquid biopsies. Regarding MYCN, it has already been shown that the MYCN amplicon can also be found 

on circular DNA (DMs)74. These linear (ctDNA) or circular (DMs) fragments of chromosomes could 

circulate as free units within a liquid body compartment or inside of extracellular vesicles, the exosomes. 

Exosomes, which are secreted by tumor cells, are used for intracellular communication895–897 and can 

carry DNA fragments898. First approaches in neuroblastoma research could already demonstrate that 

exosomes are used as cargo transporters for the MYCN protein and that the genetic MYCN amplification 

also plays a role in exosome presence and adaptation of biological functions899–901. Several studies have 

already shown the relevance of exosomes for cancer diagnosis, monitoring and prognosis902,903. The 

neuroblastoma breakpoint-based NB breakpoint MRD assay could therefore further be applied to 

recover MYCN breakpoints in other (non-invasive) sample materials including blood (plasma), liquor or 

other liquid or solid biopsies. Applying MRD detection on liquid biopsies, the therapy response 

monitoring and a possible molecular recurrences could be detected early. The extension of the 

neuroblastoma (MYCN) breakpoint MRD detection assay from bone marrow aspirates to additional 

blood samples could also help to understand the heterogeneity of this cancer904,905. In this context, 

neuroblastoma CTCs in the peripheral blood of patients could represent advanced or more aggressive 

types of cells displaying a migratory potential. In a leukemia study it is suggested that CTCs must have 

lost their homing signal and probably developed further traits, such as improved infiltration features for 

other tissues906. Especially liquid biopsies specimens like urine or saliva are non-invasive sampled, but 

also drainage of peripheral blood is sampled only minimally invasive and easy to obtain in contrast to a 

bone marrow aspiration907. As the new chronic myeloid leukemia guidelines for clinical diagnostics state 

that the bone marrow MRD monitoring is terminated and that the MRD detection in blood specimen is 

to be continued, this could be a perspective for other cancer entities908,909. In addition, the neuroblastoma 

(MYCN) breakpoint MRD assay may help to detect tumor (cell) contaminations in stem cell harvests 

from peripheral blood202,910. However, a challenge of liquid biopsies is the stability of the target to be 

measured, which does not necessarily reflect the number of gene copies. CfDNA has to be handled with 

care in diagnostics, when it comes to time delays between collection and detection, temperature 
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fluctuations and isolation methods911–915. In addition, in many cases a usage of a specialized tube for 

collection is needed, including stabilizing agents916. Likewise, the detection of the various markers and 

different subsequent analysis methods causing inter-study variability917. The PCR assays must also be 

specially adapted for the detection of small DNA fragments, such as ctDNA. CfDNAs/ctDNAs have a 

size of only 90-250bp, thus a PCR assay should not exceed this size898,918–920. The NB MYCN breakpoint 

MRD assay established in this work has an optimal size of 150bp, exceeding a small ctDNA size of 

90bp. It has to be considered to what extent a lower assay performance can be accepted for a shorter 

PCR amplicon length. A technical minimum of a NB MRD PCR amplicon size of 60bp (20 bp size of 

forward/reverse primer and probe each) would only allow about 30 additional spacer nucleotides, which 

would be a tight fit with regard to the structure of the breakpoint harboring additional microhomologies 

that need to be excluded from the oligonucleotide annealing. Furthermore, the very low level of CTCs 

and cfDNA concentrations in the blood is a major challenge for successful MRD analysis. These liquid 

biopsy compartments are usually only present in low concentrations in the blood (CTCs: up to 10 

CTCs/ml in whole blood921; cfDNA: up to 100ng/ml in healthy humans, ctDNA: up to >1,000ng/ml in 

cancer patients922–924). A large volume of blood is therefore required, which is particularly problematic 

in case of very young patients. Concentration and purification methods have to be capable of isolating 

as many tumor-specific CTCs/ctDNAs as possible, and some analyses could not be carried out all at or 

only in simple technical replicates due to the small amount of material (e.g. multiplex assays). The 

robustness and reliability of the results must therefore be critically evaluated and questioned. Likewise, 

the concentration of CTCs/ctDNA in the blood may vary independently of any increase in the tumor 

burden. CTCs/ctDNAs are also released into the blood of patients that received transplantations925,926, 

during surgeries888, after physiological exercise927, in inflammation processes and sepsis928,929. In 

addition, it is important to note that MRD levels investigated in liquid biopsies are 10 times lower than 

MRD levels detected in bone marrow aspirates, which leads to a decrease in the assay sensitivity161,930. 

Although there are technical hurdles in the utilization of liquid biopsies, several research studies 

successfully report on the sensitive detection of chromosomal rearrangements in CTC/ctDNA sequences 

derived from cancer patients blood931–933. Therefore the application of liquid biopsies for neuroblastoma 

diagnostics would need to be determined in future research and clinical trials to unfold their value.  

4.1.5.2 Latest technological improvements for the NB MYCN breakpoint MRD assay 

In addition, latest technical possibilities could expand the NB MYCN breakpoint MRD assay’s 

practicability and scope within neuroblastoma diagnostics. In diagnostics of hematological 

malignancies, flow cytometric methods are increasingly used in addition to the PCR based detection of 

tumor cells. Interestingly, even intracellular fusion proteins can be detected at a single cell level by usage 

of flow cytometry934. Sample preparation and analysis methods become increasingly standardized 

(EuroFlow935). For the diagnosis of neuroblastoma, flow cytometric assessment of tumor markers (e.g. 

GD2 (+), CD45 (-), CD56 (NCAM; +), CD81 (+) and CD90 (Thy-1)) in bone marrow or blood material 
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was investigated so far936–940. The latest flow cytometric methods in neuroblastoma research make use 

of the multi-parametric / multi-color or ImageStream techniques881,941,942. A detection of MYCN via flow 

cytometry was performed in research projects only942,943, and analysis of possible fusion-gene derived 

proteins has not been considered so far. In addition to flow cytometric MRD methods, there are other 

systems as well that utilize the cell size, outer surface texture or protein markers to aid in the detection 

of tumor cells. By means of enrichment and enumeration of CTCs in advance of a downstream molecular 

genetic assay, efforts are made to further increase the sensitivity of these assays for a specific tumor 

marker. These new technologies are often based on conventional flow cytometry methods combined 

with fluorescence activated cell sorting. Frequently, these new cell collectors are coupled with a 

subsequent analysis of the cells using fluorescence labeling (DEPArray; Menarini - Silicon 

Biosystems)944 or nucleotide isolation compartments (VTX-1 Liquid Biopsy System System)945. The 

cell solution to be analyzed is applied to a chip, on which the cells are scanned for cell-specific markers 

using automated fluorescence microscopy (DEPArray; Menarini - Silicon Biosystems). Some devices 

attract CTCs within the blood by their specific surface markers (e.g. CD45-, EpCAM+, and cytokeratin 

8, 18+, and/or 19+), such as the CELLSEARCH® system (in vitro, magnetic enrichment, Janssen 

Diagnostics)946 or the GILUPI CellCollector medical wire (in vivo, GILUPI GmbH)947. Other 

technologies make use of the physical attributes (size and stiffness) of CTCs, comparable to a mesh or 

applying centrifugal forces or flow-cycles, e.g. in the CTChip® FR + ClearCell (ClearBridge 

BioMedics)948, Parsortix (Angle PLC)949 or VTX-1 Liquid Biopsy System (Vortex Biosciences). 

However, the detection and/or enrichment of tumor cells by means of surface markers is difficult for 

neuroblastoma, because the cells lack a universal and tumor specific marker. Due to their cellular origin, 

markers known for other tumor entities are expressed in a limited number of neuroblastomas only, such 

as the neuronal or epithelial cell adhesion molecule (NCAM, EpCAM)950,951. An EpCAM based cell 

enrichment, which is successfully employed e.g. for lung cancer952, could be transferred to 

neuroblastoma only in one study953. Although there are GD2 molecules located on the surface of 

neuroblastomas198,954, GD2 is not a universal marker for a detection or enrichment of neuroblastoma 

cells. This is because it could already be shown that the GD2 expression is partially or completely absent 

in some cases (already from diagnosis stage) or GD2-positive clones are lost under chemotherapeutic 

treatment258,955,956. Likewise, bone marrow mesenchymal stromal cells can also express GD2 or even 

NCAM957,958. This makes the detection, enrichment and enumeration of (residual) neuroblastoma cells 

using surface markers an inaccurate method. Improved PCR systems may therefore represent an 

important alternative to enhance the detection of minimal residual cells. Centrifugal-microfluidic 

LabDisk player systems have been released more recently, which integrate an automatic DNA extraction 

with a classical PCR and with a multiplex RQ-PCR959. Due to the centrifugal force and usage of 

temperature changes, dead volumes and bubbles can be avoided which influence the performance of the 

PCR960. The handling is also more extensively automated, which both leads to an increased robustness 

and sensitivity of the assay. The LabDisk player is currently being tested in a diagnostic MRD study on 
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acute lymphoblastic leukemia samples961,962. Besides the development of new PCR devices, existing 

PCR technologies are also being improved, e.g. the droplet digital detection (IC3D) PCR system, which 

combines droplet partitioning, fluorescent multiplex PCR and 3D droplet counting963. In terms of the 

molecular genetic detection of single cells, a PCR assay was developed for single cell multiplex analysis 

of predefined DNA or RNA sequences in liquid biopsy derived samples964,965. Moreover, latest 

improvements in PCR chemistries may support the detection of residual cells. For example, the mediator 

probe PCR (MP-PCR) technique is utilizing a classical RQ-PCR detection system with label-free 

primary probes and standardized secondary fluorogenic reporters966. Mediator probes might be 

interesting to be used instead of hydrolysis probes in order to reduce costs and promote a higher target 

specificity and sensitivity. The non-fluorescent marked probe binds to the target sequence during the 

annealing phase of the PCR. Though the exonuclease activity of the Taq polymerase a 5’ overhang of 

the mediator probe is cleaved and attaches to a secondary fluorogenic reporter, the universal reporter. 

The subsequent elongation between the mediator to the quencher releases the fluorophore, which 

represent a detectable signal (Figure 124).  

 

Figure 124: Schematic principle of the Mediator Probe PCR (MP-PCR). 
(A) Structure of the oligonucleotide mediator probe, which is used in the MP-PCR assay together with (B) the 
fluorescent universal reporter. (C) During the PCR, the mediator probe anneals to the target sequence equally to 
chosen primer. (D) After elongation, the mediator is cleaved from the probe. (E) The mediator anneals to the 
universal reporter. (F) The elongation of the mediator releases the fluorophore of the universal reporter via              
(G) sequential degradation of the 5’ terminus or (H) by displacement of the 5’ terminus and unfolding of a hairpin 
(modified after Faltin et al. 2012966). 
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The greatest advantage is the standardized universal reporter, which is a target-sequence independent 

oligonucleotide labeled with a fluorophore and can be used to guide the detection of every desired 

mutation967,968. In addition, the amplicon specific mediator probes enable the same target specificity as 

classical hydrolysis-fluorescent probes but with lower costs due to the missing label (in detail: 3€ for a 

mediator probe compared to around 100€ for a FAM-BHQ1 probe) The MP-PCR saves costs, reduces 

intra and inter assay fluorescence deviations and the laboratory handling is simplified. Furthermore, an 

easier and a more rapid combination of several primers/probes for a multiplex PCR using various 

fluorophores would be possible. The MP-PCR is currently being developed and tested in a diagnostic 

study on MRD detection of acute lymphoblastic leukemias961,969.  Future adjustments to the NB MYCN 

breakpoint assay can therefore include the latest generation of detection devices and may use other 

sample types, for example CTCs. In summary, patient-tailored MRD detection has the potential to 

become a valuable and flexible technique in addition to the diagnostic routines used for neuroblastoma 

so far. 

4.1.6 Clinical implementation of the NB targeted NGS assay and the NB MYCN 

breakpoint assay into the routine diagnostics of the HR-NBL2/SIOPEN study 

4.1.6.1 Translation of the NB targeted NGS assay into neuroblastoma study protocols 

The NB targeted NGS assay is designed to provide the complete molecular diagnostic information 

required for clinical risk stratification and application of targeted therapies. The success of published 

hybrid capture based NGS panels that are already in clinical use proves that this approach is feasible for 

a daily clinical practice970–972. Unlike other neuroblastoma risk staging approaches, the NB targeted NGS 

assay is independent of imaging or surgery-based reports. This NGP panel may be implemented into 

routine diagnostics as a single assay which covers all essential covariates for initial classification. In 

addition, the assay includes recently for neuroblastoma discovered risk factors (e.g. telomere length 

measurement, RAS/p53 pathway genes). A turn-around time of about a week quickly provides the 

molecular information required for considering alternative treatment options (see Figure 64). Another 

advantage is that the costs for the sequencing can be covered by the German statutory health insurance 

companies. The promising results of the NB targeted NGS assay which were made in connection with 

this work warrant further evaluation in a prospective study. The SIOPEN MMG/Biology group (liquid 

biopsy) recently stated a recommendation that an NGS panel with a minimal consensus of 13 genes (e.g. 

MYCN, ALK, TERT, ATRX, RASSF1A) should be utilized in addition to classical techniques to diagnose 

and characterize neuroblastomas973. This guideline will also be adopted within the new HR-NBL2 study 

protocol52. The NB targeted NGS assay therefore fulfills the criteria for clinical application in 

neuroblastoma diagnostics. In addition, the assay provides detailed genomic information for setting up 

PCR-based monitoring of MRD (e.g. based on MYCN breakpoints). 
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4.1.6.2 Translation of the NB MYCN breakpoint assay into neuroblastoma study protocols 

As part of the new HR-NBL2/SIOPEN study, MRD research approaches are encouraged to be applied 

in parallel to the study to investigate the disease and the response to treatment52. Bone marrow derived 

samples will be subjected to immunohistochemical, immunocytological and cytomorphological 

investigations in order to maintain the gold standard diagnostic. The study committee strongly 

recommends to obtain bone marrow aspirates in EDTA tubes at 7 fixed time points in the course of the 

treatment for all patients (i.e. at diagnosis, end of induction and prior to maintenance therapy). The NB 

MYCN breakpoint assay could therefore be ideally implemented in the new neuroblastoma study as an 

accompanying diagnostic research tool. Within this thesis, a complete protocol was outlined starting 

from the detection of biomarkers within tumor material up to the MRD assessment in follow-up samples, 

using the latest routine diagnostic and most sensitive RQ-PCR and ddPCR technology. With this 

strategy, a NB breakpoint MRD assay can be designed at a reasonable cost within 14 working days, 

including validation and determining sensitivity and specificity (Figure 64). An established assay can 

be used to determine MRD levels in follow-up bone marrow aspirates from the respective patient within 

only two working days (Figure 64) at the cost of a regular ddPCR assay. Therefore, the framework for 

personalized NB breakpoint MRD assay development is ready to be implemented in future (prospective) 

clinical trials and subsequently clinical routine. Once the assay is thoroughly clinically tested, an 

accurate and specific detection of residual neuroblastoma cells could become a valuable tool for adapting 

therapy regimen to the MRD level. In patients with acute and myeloid leukemia, the MRD level is used 

to determine whether allogenic stem cell transplantation should be performed. The NB MYCN 

breakpoint assay could therefore aim to raise the acceptance of autologous stem cells for a 

transplantation (or promote the alternative use of an allogenic graft) as well as the indication for 

immunotherapy or to judge the duration of maintenance therapy. In addition, MRD levels could be 

applied as inclusion criteria or endpoints for future trials testing immunotherapies or the incorporation 

of targeting agents into current therapy regimens as a precise measure of therapy effectiveness.   

 Aiming neuroblastoma at the “untargetable” MYCN oncogenic driver 

The MYC family proteins MYCN and c-MYC are major drivers of high-risk neuroblastoma. However, 

direct targeting of MYC proteins has not yet been implemented for clinical use, as the featureless surface 

of proteins in particular does not provide a specific target site for small molecules263. To circumvent this 

problem, research is focused on indirect contributors within the cellular network of MYCN. In this 

thesis, several inhibitor approaches for indirect targeting of MYCN were addressed. This included the 

inhibition of the transcription of MYCN itself as well as the stimulation of the transcription of MYCN 

targets. Another approach involved the prevention of MYCN protein stabilization and the blockage of 

subsequent cellular signal transduction. Additionally, limitation of the MYCN-driven cell proliferation 

was investigated by targeting of a mitotic spindle assembly protein. 
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4.2.1 Targeting the transcription of MYCN using BET inhibitors 

The MYCN amplicon frequently shows a chimeric structure which enabled reshuffling of ectopic 

enhancers or formation of neo-enhancers which is in line with the observation that the MYCN amplicon 

contains super-enhancers74,76,117. The transcriptional regulation of MYCN expression is directly regulated 

by BET proteins, especially in BRD4285. Moreover, the MYCN binds to strong canonical E-box 

enhancers and a loss of MYCN leads to a global reduction of transcription116. These biological 

conclusions led to the idea of inhibiting the transcription factors binding to MYCN (super-) enhancers 

or the inhibition of their recruitment to avoid an overexpression of the MYCN protein and its target 

genes. Previous studies have shown that small-molecule inhibitors against BET proteins cause a 

downregulation of MYCN expression in vitro and in vivo282,285,684,685. The treated neuroblastomas showed 

reduced growth, increased apoptotic signals and downregulation of MYCN protein-regulated 

transcription285. However, these findings are based on the application of first and second generation BET 

inhibitors with a JQ1 lead structure. A comparison of different BET inhibitors regarding cellular 

processes has not yet been performed. In this thesis the aim was therefore to find out whether the 

inhibition of BET is applicable for diverse neuroblastoma cell lines and whether there are effect 

variations of the individual compounds and in individual cell lines.  

4.2.1.1 Neuroblastoma cells treated with a BET inhibitor exhibit a reduction in cell viability 

The substances JQ1, OTX015 and TEN-010 were selected for this comparison of the BET inhibitors. 

JQ1 was as the first tool compound with the potency to downregulate MYC gene expression298, OTX015 

was the first BET inhibitor to have shown clinical efficacy314,974 and TEN-010 is a new substance which 

is related to JQ1 but has preferable structural chemical and biological properties305. In line with 

previously published data282,285,684,685, the BET inhibitors showed a good performance in the reduction 

of cell viability of neuroblastoma cells. Utilizing the BET inhibitor JQ1, the tested cell lines indicated 

low relative IC50 values under 1,000nM and in addition a maximum reduction in cell viability from 80 

to 100%. Applying OTX015, the relative IC50 values were identified as low as those found under JQ1 

treatment, however the relative IC50 was higher for singular cell lines. For the maximum inhibition of 

cell viability, the cells treated with OTX015 indicated a viability decrease of 40-100%. Similar to JQ1 

and OTX015, the cells that were administered with TEN-010 showed effects on cell viability ranged 

from sensitive to inhibition up a to resistance to inhibition. While the relative IC50 was extremely low 

for certain cells, the IC50 values were significantly expanded for other cell lines. A comparative 

observation was likewise detected for the maximum inhibitory effect, which was above 60% for nearly 

all cell lines. In summary, the results of the cell viability screening indicate an anti-neuroblastoma 

activity of all BET inhibitors, JQ1, OTX015, and TEN-010. The comparison of the cell viability analyses 

upon treatment with JQ1, OTX015 and TEN-010 revealed the highest efficacy in terms of a combination 

of the parameters lowest IC50, lowest Emax and lowest effect on fibroblast cells of the inhibitor 
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OTX015. However, it also appears that some cell lines, for example the MYCN-amplified SK-N-BE(2) 

or the non-MYCN-amplified SK-N-AS, respond poorly or not at all to the BET inhibitors applied in this 

thesis. To investigate the differences of the BET inhibitor response of various neuroblastoma cell lines, 

preclinical functional assays were performed. For the conduction of these assays the newly developed 

inhibitor TEN-010 was used, which showed promising effects on the reduction of the neuroblastoma 

cell viability similar to JQ1 and OTX015. Additionally, TEN-010 stands out from the other inhibitors 

because the inhibitor caused almost no effect with respect to IC50 or maximum inhibition in the non-

malignant PLF fibroblast cell line. An increased potential is therefore attributed to the BET inhibitor 

TEN-010, since this inhibitor is not reported to show an unspecific mode of action like JQ1, but only 

inhibits specific cells in the sense of a targeted therapy. In addition, the compound TEN-010 can be 

administered by subcutaneous injection, which makes the inhibitor attractive for application in pediatric 

oncology. In order to determine whether the administration of TEN-010 also leads to biological changes 

in the function of neuroblastoma cells, selected in vitro methods were carried out to reveal individual 

response effects. The experiments of the functional TEN-010 testing on neuroblastoma cell lines were 

performed by the medical doctoral student K.A. Firle (Charité) in cooperation with and under 

supervision of A. Krienelke-Szymansky674,675. A submission of this work in form of a shared peer-

reviewed publication is currently under preparation975. The following data represent an excerpt of this 

joint project. 

4.2.1.2 The BET inhibitor TEN-010 shows antitumoral efficacy against neuroblastoma cells 

First, the effects of TEN-010 BET inhibition on neuroblastoma cell growth and density were assessed 

in a visual manner (Figure 125). Treatment with 100, 500 and 1000nM TEN-010 resulted in an altered 

cell morphology of MYCN-amplified IMR5/75 cells compared to the control ddH2O treated cells (Figure 

125A). The TEN-010 treated cells uniformly showed a rounder cell morphology than the untreated cells 

which kept their long and stretched cell appearance. The cell population of the treated cells was found 

less densely spread and start to detach from their surface. The change in the morphology and the 

detachment from the ground could be the signs of diminished cell viability and apoptosis in the broadest 

sense. In addition, non-MYCN-amplified GI-ME-N cells were treated with the same TEN-010 inhibitor 

concentrations (Figure 125B). The cell density between the TEN-010 and the control ddH2O treated 

cells was almost comparable. Only narrower, less spread-out cell bodies and fewer cell-cell contacts of 

GI-ME-N could be found upon TEN-010 treatment. The microscopic evaluation confirmed that a 

treatment with TEN-010 greatly limits the growth and cell confluence of MYCN-amplified 

neuroblastoma cells. This effect was hardly visible in non-MYCN-amplified neuroblastoma cells, which 

indicates a connection between the MYCN amplification and the sensitivity to BET inhibition. Moreover, 

these observations on growth inhibition upon BET treatment are in line with other reports of 

neuroblastoma cells treated with JQ1 or I-BET726285,976. 



Discussion: 4.2.1 Targeting the transcription of MYCN using BET inhibitors 

260 
 

 

Figure 125: Treatment with TEN-010 inhibits cell growth and reduces the population of MYCN-amplified cells 24 and 
48h after application.  
After treatment of MYCN-amplified neuroblastoma cells with TEN-010, smaller cell populations were observed 
compared to the control treatment. In contrast, the growth and population size of non-MYCN-amplified cells is not 
restricted by administration of TEN-010. (A) IMR5/75 MYCN-amplified cells and (B) GI-ME-N                              
non-MYCN-amplified cells. (Picture by A.Krienelke-Szymansky). 

In the microscopic examination of TEN-010 treated neuroblastoma cells, a shift to a more rounded cell 

morphology and an increased detachment of the cells was most likely followed by an induction of cell 

death. It has already been shown for acute myeloid leukemia cells that a treatment with JQ1 has an effect 

on the interaction of the BRD4-p53 protein complex, causing cell cycle arrest and programmed cell 

death977. Applying flow cytometry, this hypothesis whether neuroblastoma cells undergo apoptosis after 

TEN-010 administration was tested. Selected neuroblastoma cell lines were stained 72h after treatment 

with 500nM TEN-010 using Annexin V-APC/PI dual staining and apoptotic signals were measured 

(Figure 126, performed in cooperation with K.A. Firle (Charité)975). In order to relate the TEN-010 

performance to the MYCN status, two MYCN-amplified cell lines (IMR5/75 and CHP-134) and two non-

MYCN-amplified cell lines (NBL-S and SK-N-AS) were analyzed. The fibroblast cell line (BJ) was 

utilized as a non-malignant control. The results of the flow cytometric data presented a higher proportion 
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in apoptotic signals in TEN-010 treated MYCN-amplified cell lines than non-MYCN-amplified cell lines 

(Figure 126, comparison of upper and lower panel). In particular, the Annexin-V/PI positive signals 

which constituted the late apoptotic/necrotic cell fraction (Q2) is increased in the treated MYCN-

amplified cell group (1351% increase in MYCN-amplified and 236% increase in non-MYCN-amplified 

cells, normalized to ddH2O treated cells).  

 

Figure 126: Treatment with the BET inhibitor TEN-010 leads to apoptosis and cell death in neuroblastoma cells. 
Flow cytrometric Annexin V-APC/PI dual staining analysis of neuroblastoma cell apoptosis after administration 
of 500nM TEN-010 for 72 h. In a comparison of MYCN-amplified and non-MYCN-amplified neuroblastoma cells, 
the increase in apoptotic signals after TEN-010 treatment in MYCN-amplified cells was significantly higher than 
compared to non-MYCN-amplified cells. (A) MYCN-amplified cells IMR5/75 and CHP-134 (B) non-MYCN-
amplified cells NBL-S and SK-N-AS (C) BJ fibroblast cells which were utilized as a non-malignant control.                  
(D) Summary of the results, normalized to ddH2O control. One to two biological replicates are shown with their 
respective median and range. (Picture by A.Krienelke-Szymansky). 
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In addition, the Annexin-V positive signals for the early apoptotic cell fraction (Q3) are higher in MYCN-

amplified cells (423% increase in MYCN-amplified and 167% increase in non-MYCN-amplified cells, 

normalized to ddH2O treated cells). A comparison of the individual cell lines in the two groups showed 

a further difference in the rise of apoptotic signals (Figure 126A). In the group of MYCN-amplified cell 

lines, the IMR5/75 cells showed a greater increase in the late apoptotic cell fraction than the CHP-134 

cells (2,021% increase in IMR5/75 and 1123% increase in CHP-134 cells, normalized to ddH2O treated 

cells). In addition, the cell line IMR5/75 exhibited a positive signal for the early apoptotic cells after 

treatment, whereas this cell fraction in CHP-134 was only slightly increased compared to the control 

(1,855% increase in IMR5/75 and 159% increase in CHP-134 cells, normalized to ddH2O treated cells). 

In a detailed analysis of the non-MYCN-amplified cells, these cell lines showed a similar proportion in 

apoptotic cells after treatment (Figure 126B). NBL-S and SK-N-AS neuroblastoma cells displayed only 

a slight shift of the vital cells towards late apoptosis (186% increase in NBL-S and 236% increase in 

SK-N-AS cells, normalized to ddH2O treated cells). Likewise, early apoptosis was not strongly increased 

in both cell lines and was relatively comparable in this group (74% increase in NBL-S and 167% 

increase in SK-N-AS cells normalized to ddH2O treated cells). In addition to the neuroblastoma cell 

lines, the proportion of apoptotic signals was also measured in a TEN-010 treated fibroblast cell line 

(BJ; Figure 126C). Comparing the untreated and the treated sample, there was hardly any difference 

detectable in the two apoptotic fractions. The early apoptotic fraction was measured 217% higher than 

the ddH2O control and the late apoptotic / necrotic fraction was found 158% higher than the ddH2O 

treatment. The treated non-MYCN-amplified neuroblastoma cells thus showed similarly weak apoptotic 

signals after treatment with TEN-010 as the fibroblast cell line BJ. It could therefore indicated that the 

induction of apoptosis in MYCN-amplified neuroblastoma cells using TEN-010 was stronger than 

compared to non-MYCN-amplified neuroblastoma cells. These results are further summarized in a 

comparison of both apoptotic cell fractions in all cell lines tested (Figure 126D). It further was to be 

examined whether the treatment with TEN-010 has an impact on the expression of its targets, not only 

on BRD4 as its direct target, but also if an application of the drug leads to a reduction in MYCN transcript 

levels. For this purpose, MYCN-amplified SK-N-BE(2) cells were treated for 24h with 100nM of TEN-

010 and BRD4 and MYCN transcript levels were measured using qPCR (Figure 127A). After treatment 

with the BET inhibitor, the transcript levels of MYCN in the SK-N-BE(2) cell line were reduced by 

65.41% compared to the cells treated with ddH2O. Furthermore, a treatment with TEN-010 leads to a 

negative feedback loop in the transcription, which reduced the BRD4 transcript levels by 36.73% in SK-

N-BE(2). This result indicates a potentially lower tumorigenicity and a reduced proliferation of the cells. 

These findings should also be confirmed in a large-scale experiment in the future. To confirm the target 

activity of TEN-010, the expression of proteins involved in the transcription of MYC(N) was assessed 

applying Western immunoblotting analysis (Figure 127B, kindly performed by K.A. Firle (Charité)975). 

Two MYCN-amplified cell lines (IMR5/75 and CHP-134) and two non-MYCN-amplified cell lines 

(NBL-S and SK-N-AS) were treated with 100nM TEN-010 for 72h and were subsequently analyzed for 
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their protein expression. The cell lines IMR5/75 and NBL-S show lower BRD4 levels as compared to 

the ddH2O treated control samples. It was also evaluated that application of TEN-010 increased the 

protein level of HEXIM1. These increasing protein levels were found especially in the MYCN-amplified 

cell lines IMR5/75 and CHP-134, but also in the non-MYCN-amplified cell line SK-N-AS. In previous 

reports, upregulation of HEXIM1 has been characterized as a potent and reliable pharmacodynamic 

marker of BRD4 inhibition304,978. HEXIM1 is a BRD4 antagonist which interacts with the protein P-

TEFb and inhibits its CDK9 kinase activity, which leads so a further blocking of the RNA polymerase 

II activation290,979. Moreover, it is suggested that HEXIM1 binds to the P53 protein and promotes its 

phosphorylation and stabilization by blocking the ubiquitination of MDM2980,981. The detection of 

MYC(N) protein levels revealed a downregulation after administration of TEN-010, especially in the 

MYCN-amplified cell line IMR5/75. These results are in line with the observations seen in qPCR 

analysis (Figure 127A). A decrease in the MYCN protein level was also demonstrated for the non-

MYCN-amplified cell lines NBL-S and SK-N-AS. However, there was no or only a marginal reduction 

in the MYC protein levels in SK-N-AS after treatment with TEN-010.  

 
Figure 127: TEN-010 treatment induces reduction of BRD4 and MYCN transcript levels, increases protein levels of 
HEXIM1 and downregulates protein levels of MYCN and p53. 
(A) After 24 h of treatment with TEN-010 (100nM), a reduction of BRD4 and MYCN RNA transcript levels was 
seen in SK-N-BE(2) neuroblastoma cells. As control, ddH2O was applied. One biological replica is shown with 
their respective median and range of three technical replicates (Picture by A.Krienelke-Szymansky). (B) Protein 
levels of HEXIM1, MYCN, p53, BRD4 and MYC were determined by western blotting in neuroblastoma cells 
treated with TEN-010 (100nM) for 72 h. The MYCN-amplified cells IMR5/75 and CHP-134 and the non-MYCN-
amplified cells NBL-S and SK-N-AS were treated with the inhibitor. As control, ddH2O was applied. Western 
immunoblotting was kindly performed by K.A. Firle (Charité)975. 
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As BRD4 associates with acetylated p53977, which is further stabilized by HEXIM1, p53 protein levels 

were investigated after TEN-010 BET inhibition. Protein levels of p53 were found decreased in all 

examined cell lines. In line with the results, a lower expression of p53 mRNA and protein levels after 

JQ1 treatment of neuroblastoma cells was also observed in another study310. To summarize, a treatment 

of neuroblastoma cells with the BET inhibitor TEN-010 led to a reduction in cell growth and cell 

confluence. Further, the induction of cell apoptosis and necrosis was detectable upon TEN-010 

treatment. In a preliminary experiment, the inhibitor was able to reduce BRD4 and MYCN RNA 

transcript levels. In addition, the HEXIM1 protein as pharmacodynamic marker of BRD4 inhibition was 

upregulated, and TEN-010 treatment diminishes protein levels of BRD4, MYCN and p53. The 

experiments also indicate that sensitivity to TEN-010 is dependent on the MYC(N) status. 

Neuroblastoma cell lines, which are MYCN-amplified and therefore overexpress the MYCN protein, 

showed strong effects on cell viability, growth, apoptosis and downstream targets after administration 

of TEN-010. But also non-MYCN-amplified cell lines, which have an increased MYC(N) expression, 

demonstrated a response to TEN-010. 

4.2.1.3 The resistance to BET inhibition is achieved through genetic mutation advantages 

These results reflect the previously published data on the application of BET inhibitors in 

neuroblastoma282,285,309. A direct comparison of the cell viability IC50/Emax results of all BET inhibitors 

JQ1, OTX015 and TEN-010 and taking into account the results of the functional assay, indicates a 

different susceptibility of neuroblastoma cells in relation to the MYCN status. The MYCN-amplified cell 

lines IMR5/75 and NGP and the non-MYCN-amplified cell lines NBL-S and SH-SY5Y react most 

sensitively to the administration of BET inhibitors. In contrast, the BET compounds showed the least 

effect on the MYCN-amplified cell line SK-N-BE(2), without exception for any BET inhibitor, and on 

the non-MYCN-amplified cell lines SK-N-AS and GI-ME-N. In order to investigate the varying 

responses of the examined neuroblastoma cells to the employed BET inhibitors, the different 

characteristics of the cells will be discussed in the following. In a publication by Westermann et al. it 

was reported that elevated MYC(N) levels may be caused by MYCN amplifications on the one hand and 

by a deregulation of c-MYC on the other hand, which are (most likely) important for the development 

of a high-risk neuroblastoma982. A neuroblastoma tumor that lacks MYCN amplification can therefore 

be compensated by c-MYC deregulation following increased c-MYC levels, which in turn enhances the 

MYCN/c-MYC target gene expression. A closer look at the literature reveals that the NBL-S cell line 

has a chromosome 2p translocation (t(2; 4)) involving FBXO8 / HAND2 enhancer hijacking124. In line 

with our observations, the NBL-S cells displayed slight elevated levels of the expressed MYCN protein. 

The cell line SH-SY5Y shows a translocation of a super-enhancer of the EXOC4 gene downstream to 

the c-MYC transcriptional start site (t(7; 8))124. Similarly, the cell line GI-ME-N shows a super-enhancer 

amplification downstream of the c-MYC coding region, resulting in a low c-MYC expression comparable 

to c-MYC aberrant patient tumors124. These mechanisms are analogous to an enhancer hijacking event 
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that activates the c-MYC in the SK-N-AS cell line (t(4; 8))124, nevertheless, GI-ME-N and SK-N-AS 

cells showed the high IC50 values and lowest maximum effectiveness in cell viability evaluations after 

application of JQ1, OTX015 or TEN-010. This suggests that complementary factors may exist in 

addition to MYCN amplification or MYCN/c-MYC translocation that contribute to the sensitivity or the 

resistance of neuroblastoma cell lines to BET inhibitors. In a comprehensive summary, cell lines were 

classified as BET inhibitor resistant if they harbor a mutation in the CDKN2A gene, which encodes for 

two proteins, the p14ARF and the p16INKa protein692,693. Both proteins are tumor suppressors and are 

involved in the regulation of the cell cycle. p14ARF activates the p53 tumor suppressor, while p16INKa 

inhibits the cyclin dependent kinases CDK4/6, which leads to a reduction in cellular G1 to the S cell 

cycle phase transition693. The BET inhibitor resistant cells either exhibit a methylation (of the CDKN2A 

P14ARF gene694,695, GI-ME-N), a heterozygous deletion (SK-N-AS) or a copy number loss with an 

additional SNV mutation of the CDKN2A gene (SK-N-BE(2)), which is located on chromosome 

9p635,696. Deletions of the 9p arm have been repeatedly observed in around 17-36% of neuroblastomas, 

which highlight this chromosomal region as crucial for tumor development and its progress with regard 

to regulation of cellular maintenance714,983–986. Furthermore, two of the three BET inhibitor resistant cell 

lines show a mutation in the TP53 gene, which could support the altered expression of the cell cycle, 

DNA repair and consequently tumor cell growth987. In line with this observation, previous research has 

shown that low p14ARF expression in neuroblastoma cells is associated with repressed histone mark 

status, and induction of growth arrest and apoptosis696. In addition to the CDKN2A mutations occurring 

in neuroblastoma cell lines695,696, heterozygous deletions of CDKN2A could be found in about 22% of 

all tumor samples696, as well as an increased mRNA expression of p16INKa 988. Additionally, an enhanced 

frequency of aberrations in the P53/MDM2/p14ARF pathway was found in neuroblastoma cell lines. The 

MDM2 protein is an E3 ubiquitin protein ligase with the ability to target p53 and therefore promotes its 

degradation989,990. MDM2 thus inhibits P53 mediated gene transactivation991,992. Interestingly, the NGP 

cell line showed a maximum response to BET inhibition, but high concentrations are needed to achieve 

a full decrease of cell viability. In the genetic background of this cell line, the MDM2 gene is mutated 

several times (SNV, CNV and a rearrangement), which could indicate a correlation between an increased 

dose of BET compounds needed for the inhibition and MDM2 mutations. In addition, the NGP cell line 

may bypass the inhibition of CDK4 by p16INKa through an amplification (CNV) in the CDK4 gene. Since 

CDK4 together with CDK6 are key actors in cell cycle progression, this could indicate a faster or 

unrestricted cell cycle progression, especially in the G1 to S phase. In a previous work, the NGP cell 

line was therefore also attributed to BET inhibitor resistance310. However, this could not be confirmed 

in this thesis, because a 100% maximum effect of BET inhibition could be detected. In any case, it is 

important to investigate whether a defective P53/MDM2/p14ARF axis contributes to a BET inhibitor 

resistance987. In addition, it was shown that MYCN induces MDM2 and p53 transcription993. Apart from 

that, TP53 mutations are not highly common acquirements in the disease progress or relapse situation 

(up to 15%), which is why it was suspected that the neuroblastoma cells require a baseline p53 activity 
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to resist oncogenic stress54. However, an increased MDM2 expression could lower the p53 level, and 

additionally the MDM2 protein stabilizes the mRNA and the translation of MYCN994. It can thus be 

concluded that tumorigenesis promotion through MYCN amplification or c-MYC translocation, in 

combination with alterations of the P53/MDM2/p14ARF pathway, is defining a progressive disease which 

may lead to a relapse995–997. In addition to these factors, other genetic alterations could also be related to 

BET inhibitor resistance. MYCN amplification and rearrangements in the TERT gene are associated with 

the activity of telomerase43. This means that, firstly, it can be assumed that MYCN-amplified cell lines 

have a higher expression of TERT and thus an increased potential for drug resistance development. 

Secondly, non-MYCN-amplified cell lines with a TERT rearrangement can also be expected to have an 

increased drug resistance potential. Within this work, GI-ME-N cell lines were assigned as BET 

inhibitor resistant. GI-ME-N cells harbor a rearrangement of the TERT gene. Therefore, the possibility 

is given that a presence of long telomeres might promote cellular BET inhibitor resistance. Indications 

for the BRD4 relationship to TERT can be found in previous studies. An increased histone (hyper)-

acetylation was be identified on the telomeres, which ensures BRD4 binding to the histone marks which 

further supports the activity of the telomerase and other proteins284,998. In melanoma cancers, TERT 

promoter mutations occur increasingly, which lead to an enrichment of active histone marks999–1001. This 

in turn influences the binding of BRD4 following an increased TERT expression. Several studies have 

shown that application of BET inhibitors or a knockdown of BRD4 leads to a reduction in TERT 

expression, telomeric shortening and a reduction in cell proliferation298,1002. Recent observations have 

also demonstrated that BET inhibition downregulates TERT expression and telomerase activity in TERT-

rearranged neuroblastoma cell lines1003. With regard to the results of this work, a correlation between a 

BET inhibitor resistance and a TERT rearrangement or activation of TERT can be considered. 

Interestingly, records about sporadic aberrations in the BRD4 gene itself are also documented310. Within 

the pediatric INFORM study (individual therapy for relapsed malignancies in childhood)1004,1005 a total 

of three relapsed non-MYCN-amplified neuroblastomas were found, which had a mutation in the BRD4 

gene (SNVs, insertions and aberrant gene expression). In addition, ALT was detected in two tumors and 

a TERT activation in one tumor, which often involves an aberrant p53 pathway1006. This indicates that 

changes in the functional range of the BRD4 protein can promote aggressive behavior and possibly a 

relapse. In this regard, it is of major importance to include the BRD4 gene in a genetic screening of 

relapsed neuroblastomas, such as the NB targeted NGS assay635. In addition to these genetic traits, other 

properties can also be included to specify sensitivity or resistance to an inhibitor. One example is the 

doubling time, which is defined as the average length of cell growth and division as reflected by the cell 

cycle clock1007. Sensitivity and resistance values to a compound are presented in this thesis by IC50 or 

Emax values, but these parameters are highly sensitive to the number of divisions that take place over 

the course of an assay1008. Previous work suggests that the sensitivity or resistance to BET inhibitors in 

neuroblastoma cells is also mediated by shorter or longer doubling time310. In connection with the 

assessment of functional data after BET inhibition, it could be assumed that BET sensitivity is mediated 
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by a shorter or longer doubling time in neuroblastoma cells. This seems to be the most likely for the 

highly sensitive cell line IMR5/75, which has a low doubling time of 20h, shows a strong reduction in 

cell viability and high signals of apoptosis after BET application. A rapid cell division therefore also 

triggers early growth inhibitory effects. For other cell lines, however, this relation can only be shown to 

a limited extent. NBL-S inhibitor sensitive cells have a doubling time of about 36h and the NGP cell 

line has a doubling time of 50-70h, which would fit to the assumptions stated above. But in turn, the 

SK-N-BE(2) cell line has a short doubling time of 30h, although this cell line can be clearly considered 

to be BET inhibitor resistant as found in this study. At this point, further investigations are necessary to 

understand the differences in BET protein regulation and the interplay of molecular genetic factors in 

different neuroblastoma cancers with regard to BET inhibitor resistance. Several reports suggest that 

resistant cell clones have a particularly high aggressiveness and the ability to expand to a relapse695,1009. 

This indicates that first line therapies should be adapted to existing tumor resistances and that a relapse 

therapy needs to be selected specifically for acquired mutations. 

4.2.1.4 Technical innovations for a new class of BET inhibitors 

Moreover, work on improved anti-BET medications should be pursued to overcome resistances and to 

enable a broad application for as many patients as possible. The small molecules PROteolysis TArgeting 

Chimeras (PROTAC) have the potential to assist protein degradation in many applications where direct 

targeting of a specific protein is challenging1010. A PROTAC connects an E3 ubiquitin ligase recognition 

domain via a covalent binding linker to a ligand for a specific target protein1011. If a binding to these two 

ligand molecules occurs, an E3 ligase is then connected to the target protein, e.g. BRD41012. This leads 

to ubiquitination and degradation of the bound target protein by the proteasome. Already known 

chemical structures of inhibitors can be converted into the PROTACs1012, enabling the connection of a 

classical BET inhibitor via a linker with an E3 ubiquitin ligase recognition domain1013. Recent 

investigations have already been able to design a PROTAC based on the BET inhibitors JQ11013–1015, 

OTX0151014 or I-BET7261013. Due to the different functionality of the PROTACs compared to classical 

BET inhibitors, depletion of BET proteins by PROTACs probably follows a different mechanism of 

action1016,1017. BET PROTACs show superior antitumoral activity compared to conventional BET 

inhibitors, lower concentrations are required to achieve a therapeutic effect, and also lead to stronger 

suppression of target gene expression such as c-MYC1016–1021. In preclinical mouse experiments, a 

favorable effect of the BRD4-PROTACs was observed, even though these drugs showed no increased 

toxicity1021–1023. These findings could qualify PROTAC BET degraders as a new therapy against BET 

proteins. The PROTAC technology has the disadvantage that specific binding domains or already 

available ligands of the protein of interest must be available. While this may be the case for BET 

proteins, it is not the same for MYCN or other interesting candidates. A degron is an advanced approach 

which functions similarly to PROTACs, but has to be cloned into the genomic vicinity of the protein of 

interest using the CRISPR/CAS9 knockin technique. These degrons are an attached conditional, portable 
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degradation sequence which causes a targeted proteolysis of the protein1024. In detail, degrons can 

represent short amino acid sequences, structural motifs or exposed amino acids1025. Degrons have the 

advantage that the protein of interest is only degraded at the protein level, the treatment is doseable, 

reversible and a direct effect can be immediately demonstrated1025. The activation of the degrons is done 

by an inducer, for example by small molecules. So far, different variants of small-molecule-induced 

degron systems have been published. The most promising is the SMASh tag (small-molecule-associated 

shutoff), in which an NS3 (viral nonstructural protein) cleavage site, NS3 protease and a degron derived 

from the hepatitis C virus (HCV) are fused together to form a polypeptide1026. The degron can then be 

activated with Asunaprevenir, an HCV inhibitor which is already in clinical use. This leads to a stability 

of the protein carrying the degron tag, followed by the recognition and degradation of the construct 

through the proteasome machinery. So far, this approach has only been used for the purpose of analysis 

for cell and developmental biological research. However, there are already reports on the application of 

light-induced degrons in animal studies, which control the expression of a target protein in the 

brain1025,1027. For clinical translation, there is a considerable lack of (tumor) specific PROTAC or degron 

constructs and comprehensive preclinical and clinical studies are missing, especially for neuroblastoma. 

Whether classical BET inhibitors, PROTAC BET degraders or degrons - BET targeting therapies could 

be a treatment option for neuroblastomas and might possibly be applied within first-line therapy 

depending on the molecular genetic profile of the tumor. 

4.2.1.5 BET inhibition as part of combinatorial therapies for neuroblastoma treatment 

In this context, the evaluation of combination therapies is essential, as new drugs are usually introduced 

into an established study protocol among clinical efficacy proven drugs. A combination therapy of BET 

inhibitors with other drugs could possibly produce an additional, synergistic effect of the two substances 

within cancer therapy. In order to enable a possible inclusion of BET inhibitors in a neuroblastoma 

clinical protocol, a combination with the currently administered cytotoxic drugs would have to be 

examined. A targeted small-molecule should be applied as early as possible within the therapy protocol 

to achieve specific anti-cancer effects1028. In the current GPOH Guidelines (2017), the recommended 

induction chemotherapy consists of 6 cycles of alternating N5 (including cisplatin and etoposide) and 

N6 blocks (including vincristine and doxorubicin)30. Therefore, a detailed review of a treatment 

combination of BET inhibitors with one of these four conventional therapies will be presented. DNA 

intercalating chemotherapies like cisplatin or doxorubicin bind to DNA and causes its damage. In 

previous work, the influence of the BET inhibitor JQ1 has already been linked to DNA damage. After 

treatment with the inhibitor, a significantly higher increase of histone γ-H2AX in cancer cells was 

found1029. As BRD4 associates with acetylated p53977, BET inhibitors may prevent the BRD4 

recruitment to p53 chromatin targets. This results in an altered DNA damage response that would 

sensitize the neuroblastoma cells to treatment with DNA intercalating or DNA topoisomerase-II 

poisoning drugs. Thus, BET inhibitors plus cisplatin/doxorubicin/etoposide is a promising 
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combination977. However, p53 negative cells also react to DNA damage caused by cisplatin1030. In c-

MYC expressing non-small cell lung cancer cell lines, a combinatorial treatment of JQ1 with cisplatin 

has been found to increase the induction of apoptosis in BET inhibitor sensitive and resistant cell lines. 

Moreover, a mouse experiment also showed an improved anti-tumor effect1031. In breast cancer and 

ovarian cancer models, the combination of JQ1 and cisplatin have shown a synergistic effect1032. JQ1 

inhibited cell growth, cell proliferation and induced apoptosis targeting BRD4 and c-MYC1033. 

Furthermore, JQ1 sensitized germ cell tumor cells to cisplatin, which were normally cisplatin-

resistant1034,1035. Similar observations were made for the use of BET inhibitors in combination with 

doxorubicin. JQ1 was able to sensitize osteosarcoma cells to the doxorubicin standard therapy1036. 

OTX015 also showed an additive effect within a doxorubicin combination when used in in vitro 

experiments1037. For the use of a combination of etoposide and a BET inhibitor there are only few reports 

so far. One study shows a lower cell viability of small cell lung carcinoma cells treated with etoposide 

and carboplatin combined with the BET inhibitor MK-86281038. An enhanced apoptotic effect of the 

combination of etoposide with the BET inhibitor ABT-199 could also be observed in leukemia cells1039. 

Vincristine is another drug of the neuroblastoma treatment regimen and could be part of an interesting 

chemotherapy combination. Several reports, including studies on leukemia and NUT-midline 

carcinoma, have shown that the combined administration of vincristine and JQ1 is synergistic and 

restricts tumor cell viability and tumor growth1040–1042. In a comprehensive study of 2500 drugs applied 

in combination with JQ1 on neuroblastoma cells, Liu et al. were able to demonstrate that vincristine 

together with JQ1 shows the most potent synergistic anti-cancer effects1043. Importantly, the 

simultaneous administration of vincristine and JQ1 indicated no effect on non-malignant cells. So far 

the evidence suggests that simultaneous application of vincristine and a BET inhibitor might be the best 

possible combination within the classical frontline therapy of neuroblastoma. The BET proteins are 

“readers” of acetylated chromatin and HDACs are responsible for the deacetylation of lysines on 

histones and non-histone proteins, a process which remodels the compaction of the chromatin1044. In 

various studies, the importance of HDACs for the development of (advanced) neuroblastoma could 

already been demonstrated1045–1047. Furthermore, inhibition of HDACs activates the function of p53 and 

also reveals a downregulation of MYCN expression. In turn, MYCN interacts with HDACs to modulate 

target gene transcription and induces neuroblastoma cell infiltration1048,1049. Thus, an indirect attack on 

the transcription of MYCN would also be conceivable as a combination treatment of an HDAC inhibitor 

with a BET inhibitor. Suitable agents are pan- or class I HDAC inhibitors that have been published to 

induce neuroblastoma differentiation1050. Regarding a combination treatment of BET and HDAC 

inhibitors it has already been shown for gallbladder cancer and lymphoma that these inhibitor types’ 

synergy inhibits the proliferation and cause the death of cancer cells1051,1052. These observations were 

also confirmed in neuroblastoma, where JQ1 and the HDAC inhibitor panobinostat reduced MYCN 

expression and induced anticancer effects1053. Furthermore, the latest small molecules are dual 

BET/HDACs compounds, which in first studies exhibited an even higher antitumor potency1054,1055. 
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Similar to the HDAC proteins, the LSD1 protein also modifies histones to regulate gene expression1056. 

In a publication by Amente et al. it was highlighted that LSD1 binds to MYCN and cooperates with 

MYCN to repress the expression of tumor suppressor genes in neuroblastoma1057. In connection, 

inhibitor studies have shown that LSD1 is a substrate of HDAC1, regulating the functions of LSD11058. 

For prostate cancer it has been shown that a combination therapy of an LSD1 inhibitor SP-2509 and JQ1 

leads to increased effects in terms of inhibition of cancer growth and invastion1059,1060. Therefore, a triple 

combination of HDAC, LSD1 and BET inhibitors for an anti-neuroblastoma treatment would be 

conceivable. In addition to the BET inhibitors and inhibitors of histone modifiers, there are other small 

molecules which aim at the transcription level of the MYCN oncoprotein. For example, the THZ1 

inhibitor prevents the phosphorylation of CDK7 and the super-enhancer-linked transcription of 

MYCN1061, which was also found to display a synergy in THZ1 and CDK7 inhibitor combinations1062. 

A synergism between BET inhibition and THZ1 inhibition has also been demonstrated previously1063. 

Another combinatorial option are G-quadruplex (G4) stabilizers such as Quarfloxin, which stabilize 

guanine-rich tertiary structures in the MYCN promoter and thus inhibit its transcription1064,1065. Thus, a 

G-quadruplex stabilizer would be a suitable drug for MYCN-amplified and non-MYCN-amplified 

neuroblastomas that present with ATRX loss or deletion, as ATRX normally prevent the formation of G-

quadruplex structures58,1066. A report showed that TERT overexpression in neuroblastoma can be treated 

using a combination therapy of OTX015 and the proteasome inhibitor carfilzomib which induces cell 

death and inhibits tumor growth1003. Moreover it is possible to utilize the mechanism of DNA breakage 

by applying a drug combination including BET inhibitors. Studies have found that JQ1 increases the 

levels of DNA damage1067. Poly (ADP-ribose) polymerase (PARP) is a protein that is responsible for 

DNA repair and cell survival, in particular it also protects against increased DNA damage1068. It was 

found that a MYCN amplification or high MYCN expression in neuroblastoma induces replication stress 

and sensitivity to PARP inhibitors1069,1070. Apart from neuroblastoma it has been observed that the 

simultaneous administration of a BET inhibitor (e.g. JQ1 or I-BET762) and a PARP inhibitor (e.g. 

olaparib or veliparib) increased the expression of DNA damage markers, decreased the levels DNA 

repair proteins and led to mitotic catastrophe1067,1071–1073. In order to maintain DNA damage levels and 

to preserve p53 even in the presence of alterations in TP53 or MDM2 in neuroblastoma, MDM2 

inhibitors could be considered for dual inhibition using BET drugs1074. Treatment of neuroblastoma cell 

lines with the MDM2 inhibitor DS-3032b enhanced TP53 gene expression and induced G1 cell cycle 

phase arrest, senescence and cell death318. With regard to BET inhibition, two recent studies have shown 

that after administration of JQ1 or OTX015 to neuroblastoma cells, the protein levels of MDM2 

decreased and p53 protein accumulated, leading to apoptosis1075,1076. Thus, using a combination of BET 

and MDM2 inhibitors could possibly have an anti-cancerous effect on neuroblastoma cells that attempt 

to escape the regulation of the p53/MDM2/p14ARF pathway. A small study on AML (acute myeloid 

leukemia) cancer has already indicated that only the TP53 wild type cell lines of model animals 

responded very well to a dual MDM2 and BET inhibitor therapy1077. However, no benefit could be 



Discussion: 4.2.2 Preventing the oncogenic stabilization of the MYCN protein using kinase inhibitors 

271 
 

shown for TP53 mutant cell lines. A small-molecule therapy which aims to increase p53 activity could 

also be considered. The small molecule RITA (reactivation of TP53 and induction of tumor cell 

apoptosis) achieved anti-medulloblastoma activity independent of the TP53 status demonstrated in a 

study1078. Another protein which is published for its support of neuroblastoma progression is YAP1 of 

the Hippo signaling pathway1079, which enhances the chemosensitivity of cancer cells by induction of 

TP53 expression1080. TP53 mutant tumors exhibit an oncogenic activation of YAP1 that supports cell 

proliferation, tumor growth, migration and chemoresistance1081. Moreover, YAP1 is highly expressed in 

neuronal stem cells and overexpression leads to an increase in the cellular progenitor pool rather than 

cellular differentiation1082. YAP proteins thus shift their function from pro-apoptotic to pro-tumorigenic, 

and was reported to support cisplatin resistance in neuroblastoma1083. It is therefore very convincing that 

researchers have found that a YAP1 activation is associated with a neuroblastoma relapse55. In addition, 

the YAP1 associated enhancers include super-enhancer-like capabilities and an occupation of BRD4 at 

the YAP1 promoter has already been demonstrated1084. Several research studies thus suggest a therapy 

of YAP1 overexpression via BET inhibition1085–1087, which could be extended by a YAP1/BET inhibitor 

combination therapy in the future. It was also demonstrated that a combination of BET and HDAC 

inhibitors suppress the Hippo/YAP signaling pathway, which again improves this combination as 

advantageous1088. Beyond that, it would also be conceivable to prevent the transcription of MYCN and 

the MYCN-MAX protein binding at the same time1089. A report on B-cell lymphomas described the dual 

application of JQ1 together with a MYCN dimerization blocker (10058-F4) and demonstrated a 

significant increase in tumor growth inhibition compared to single application1041. Presumably, this 

combination can achieve a long-term reduction of MYCN protein levels. At best, the combinatorial 

administration of inhibitors is scheduled to suppress the MYCN transcriptional expression first and then 

reduce the residual MYCN protein that has escaped the initial transcriptional inhibition.  

4.2.2 Preventing the oncogenic stabilization of the MYCN protein using kinase 

inhibitors 

About one quarter of all neuroblastomas show an amplification of MYCN which is accompanied by a 

pathological overexpression of the MYCN protein6,28,42. The targeted attack of the MYCN-MAX 

interaction is difficult, since the interaction sites of MYCN to MAX do not offer the necessary structures 

to bind a small molecule inhibitor263. Moreover, the MYCN protein is needed for healthy proliferation 

and cell growth263. This suggests that MYCN stabilizing proteins involved in the proliferation and cell 

cycle processes could be an indirect target. In this thesis inhibitors of the enzymes PI3K, PLK1 and RAS 

and their effect on neuroblastoma cells were investigated in detail. A dual compound was also evaluated, 

which simultaneously attacks the proliferation and the cell cycle. In addition, further aspects of 

combined drug administration to destabilize the MYCN protein are discussed in this section. 
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4.2.2.1 Targeting the PI3K kinase in neuroblastoma demonstrated a moderate effect on cell 

viability 

The inhibition of the PI3K enzyme, which is part of the PI3K/AKT/mTOR signal pathway, was 

investigated in this work. In neuroblastoma, unlike in for example glioblastoma, PIK3CA mutations are 

found infrequent (2.9%) and do not occur together with MYCN amplification342. From the data collected 

with the NB targeted NGS assay it can be concluded that in the cohort of 144 neuroblastoma samples 

(cell lines and tumor), only one tumor sample was found with a PIK3CA gene mutation, encoding for 

the PI3K protein. However, a publication could show that two isoforms of PI3K (catalytic p110δ and 

regulatory p85α) are overexpressed in response to RTK stimulation in neuroblastoma cells and primary 

tumor samples1090. Therefore, even in the absence of a PIK3CA mutation, a treatment with a PI3K 

inhibitor should be considered for neuroblastoma. To evaluate the efficacy of PI3K inhibition in 

neuroblastoma, two MYCN-amplified, two MYCN-non-amplified neuroblastoma cells and one fibroblast 

cell line were investigated in this thesis for their response to the PI3K inhibitor alpelisib (BYL719). An 

improved effect of PI3K inhibition was not related to existing MYCN amplification. In contrast, due to 

the close relationship between the PI3K and the MYCN protein, an improved effect in MYCN-amplified 

neuroblastoma models has been reported343. The cell lines CHP-134 and SK-N-AS had a good cell 

viability response to the inhibitor (<1µM), while the cell lines IMR5/75 and GI-ME-N showed a 

moderate to poor response (>1µM), which was not connected to the MYCN status. However, alpelisib 

showed a rather moderate anti-tumor effect compared to other kinase inhibitors in terms of cell viability 

reduction. In relation of the relative IC50 values (EC50), the cell viability reduction E1000 or the Emax 

of the kinase inhibitors alpelisib (PI3K), volasertib (PLK1) and rigosertib (PLK1 + PI3K), the inhibitor 

Alpelisib showed the least effect on the neuroblastoma cells but also on the fibroblast cells. 

Nevertheless, compared with previous investigations of PI3K inhibition in neuroblastoma, alpelisib 

demonstrated a beneficial viability inhibition. It was published that the PI3K drugs LY294002 inhibited 

neuroblastoma cells with an approximate IC50 dose of 50µM343 and PI-103 with an approximate IC50 

dose of 10µM and PIW-12 of 0.5µM347. In a study combining the PI3K inhibitor PI-103 and 

doxorubicin, a decrease of cell viability and induction of apoptosis after application was observed348. 

The combination treatment also showed a significant growth inhibition in a xenograft model348. In a first 

approach to the implementation of PI3K inhibitors in a clinical setting, it was found that a sequential 

dosing of PI3K inhibitors and doxorubicin is needed341. A study suggested that high plasma levels of a 

PI3K inhibitor are necessary before administration of standard chemotherapy to achieve a clinically 

relevant effect. In addition, targeted treatments are available that represent promising combinations in 

the PI3K/AKT/mTOR signal pathway. A study could demonstrate that the application of JQ1 leads to 

cell cycle arrest and induces the apoptosis of glioma cells via the VEGF/PI3K/AKT pathway1091. In a 

drug screening of Burkitt lymphoma, a synergistic effect of drug combinations of PI3K inhibitors was 

found with molecules targeting BET, AKT, mTOR proteins and doxorubicin1092. In a study on 
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rhabdomyosarcoma, it was shown that the combination treatment of alpelisib and JQ1 induces 

mitochondrial apoptosis and reduces tumor growth1093. Two additional publications made use of a novel 

dual PI3K/BRD4 inhibitor (SF1126 and SF252) for the treatment of neuroblastoma models and 

demonstrated reduced cell viability, diminished tumor growth and metastasis in vivo1094,1095.                                  

A combination treatment of alpelisib and JQ1 could therefore also have an improved anti-tumor effect 

in neuroblastoma. 

4.2.2.2 Targeting the PLK1 kinase in neuroblastoma showed a significant reduction of cell 

viability 

Other kinases besides PI3K also play an important role in the stabilization of the MYCN protein. The 

PLK1 kinase belongs to the serine/threonine protein kinases and has a central role in the cell cycle and 

cell division375. In this work the effects of inhibition of the PLK1 protein on neuroblastoma cells were 

investigated in detail. The application of the PLK1 inhibitor volasertib showed a very significant 

reduction of the cell viability of the tested neuroblastoma cells. The relative IC50 (EC50) values of 

MYCN-amplified and non-MYCN-amplified cell lines were found in the low molecular range (11.78nM 

- 30.65nM). Additionally, a reduced effect on a fibroblast cell line was observed (~1µM). A difference 

in the effect on MYCN-amplified and non-MYCN-amplified cell lines could not be detected. In a 

comparison of the relative IC50 values (EC50), the cell viability reduction E1000 or the Emax of the 

kinase inhibitors alpelisib, volasertib and rigosertib, volasertib demonstrated the strongest effect on 

neuroblastoma cells of all three inhibitors. With a simultaneous specificity on tumor cells compared to 

normal tissue, this PLK1 inhibitor is the primary choice for inhibition of a kinase in neuroblastoma. This 

data is consistent with the research already published. The PLK1 inhibitor BI 2536 achieved EC50 

values of <1µM to 25µM in different neuroblastoma cell lines377,379,380. The inhibitor GW-843682X 

achieved EC50 values of <1µM and >1µM379 and the inhibitor GSK461364 achieved a GI50 (50% cell 

growth inhibition) of about 15nM to about 70nM381. In a study by Gorlick et al., volasertib was explicitly 

used to investigate drug treatment of neuroblastoma cells and other childhood cancer cells382. volasertib 

demonstrated cytotoxic activity in vitro, with a median EC50 value of 14.1nM, (range 6.0 -135nM). 

Considering the effect of volasertib in neuroblastoma cells only, the inhibitor exhibited an EC50 

between 6.0nM and 34.5nM, depending on the cell line. Thus, the effect of volasertib on cell viability 

in this thesis is comparable to the effect of volasertib in Gorlick et al. or to the effect of GSK461364 in 

Pajtler et al381,382. Moreover, Pajtler and colleagues highlighted the inhibition of neuroblastoma cell 

growth regardless of MYCN copy number status and presence or absence of TP53 mutations. Although 

the efficacy of PLK1 inhibition against neuroblastoma could be shown in vitro, initial clinical testing 

has so far been unable to demonstrate comprehensive clinical applicability381,382. However, 

neuroblastoma and rhabdomyosarcoma xenograft models have demonstrated the efficacy of a 

combination of PLK1 inhibitors and vinca alkaloids383,385. With regard to the combination of targeted 

inhibitors, a synergistic effect on solid tumor cells could be observed upon simultaneous administration 
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of a PLK1 inhibitor and a BET inhibitor386,387. Previously published data on AML demonstrated that a 

combination of volasertib and a BET inhibitor (BI 894999) can prolong the downregulation of MYC 

expression through synergistic effects702. In addition, the work of Han et al. showed an anti-tumor effect 

combining volasertib and a BET inhibitor (MK-8628) in MYC-amplified medulloblastoma acting on 

MYC protein stability387. These observations were also made in the present thesis. A combination of 

volasertib with OTX015 showed a synergistic effect in the inhibition of cell viability of neuroblastoma 

cells. The synergistic effect and the cell viability inhibition was not strictly dependent on the MYCN 

status, but also on the individual cell line. The success of the synergistic treatment therefore also differed 

in the concentration range of the inhibitors in the respective cell line. Thus, prior to a combination 

treatment, the cell lines should be tested individually with each inhibitor to define a therapeutic window. 

Subsequently, the combination treatment can be carried out. It is therefore essential to balance the 

individual inhibitors (concentrations) to the particular model to be tested. Interestingly, a report stated 

that several clinically tested kinase inhibitors also inhibit bromodomains with therapeutically relevant 

potencies and are best classified as dual kinase-bromodomain inhibitors1096. This includes the PLK1 

inhibitor BI 2536, which has structural similarities to BET inhibitors. Recent knowledge of a similar 

crystal structure of BET and PLK1 inhibitors has recently been used to design “true” dual BET and 

PLK1 inhibitors. A publication described a dual kinase BET inhibitor, UMB103, which exhibits tumor 

specific activity in low nanomolar concentrations against neuroblastoma1097. Thus, a simultaneous 

combination of dual kinase-bromodomain inhibitors with other drugs could also be considered. Besides 

the transcriptional regulation by the BET inhibitor, the combination with an HDAC inhibitor could 

likewise offer an effective treatment strategy. It could be demonstrated that the combination of a PLK1 

inhibitor (BI 2536 or BI 6727) with an HDAC inhibitor (valproic acid or vorinostat) exerts synergistic 

anti-tumor effects on prostate cancer cells388.  

4.2.2.3 Targeting the RAS-binding domains of multiple kinases in neuroblastoma 

demonstrated a high anti-tumoral efficacy  

However, single PLK1 inhibitors such as volasertib not only inhibit PLK1 but are also selective against 

the kinase PLK2 and the PLK3 tumor suppressor, which has fostered the need for specific PLK1 

inhibitors389–391. Rigosertib attacks the RAS-binding Domain (RBD) of kinases (e.g. PI3K and RAF), 

leading to the inability for the kinase to bind RAS. The inhibitors rigosertib and volasertib used in this 

work could therefore possibly be combined, whereas rigosertib blocks the association of RAF and PLK1 

and volasertib directly targets the ATP site of PLK1. In an in vitro test comparing the single-use of the 

two inhibitors in this thesis, it was found that both inhibitors are similarly effective in reducing cell 

viability of neuroblastoma cells. Both inhibitors showed a relative EC50 in the range of low 

nanomolecular concentration. The effect of volasertib was slightly increased compared to rigosertib, 

requiring less inhibitor to achieve the same cell viability reduction. The application of volasertib to 

fibroblast cells was detected to have minor anti-proliferative effects compared to the inhibitor rigosertib. 
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In contrast, rigosertib showed a lower effect with E1000 and a lower Emax of fibroblast cells compared 

to volasertib. Based on the already published effects of PLK1 inhibitors against RAS-binding tumor 

suppressors391, a reduction of the cell viability of fibroblast cells could have been expected to be more 

severe. It is possible that the effect of volasertib on other kinases such as PLK3 is not decisive.  

Moreover, it remains unclear if these observations are connected to the specific mode of action of 

rigosertib and volasertib. Within the work of Gumireddy et al., little or no effect of rigosertib on lung 

fibroblast cells was shown and toxic effects were observed only at concentrations above 5µM406. These 

results are similar to the data for volasertib made in this thesis (relative IC50 (EC50) around 1,000nM 

for fibroblast cells), but rigosertib was found with a lower relative IC50 (EC50) of 192nM for fibroblast 

cells. However, it was demonstrated that rigosertib did not significantly affect the homeostatis1098. 

rigosertib showed a slight change in the composition of blood cells in young healthy mice, as well as of 

mesenchymal stromal cells that became significantly stiffer after the treatment. Furthermore, rigosertib 

treatment was toxic for mesenchymal stromal cells at concentrations of 500nM and above, which is 10 

times higher than the relative IC50 (EC50) for neuroblastoma cells (in the range of 50nM) found in this 

thesis. Further research on the effect of PLK1 inhibitors (volasertib and rigosertib) on non-tumor cells 

should be done within this context, but these relationships demonstrate the need for a very precise dose 

adjustment of the inhibitors in vivo. In addition to indirect PLK1 inhibition, rigosertib binds directly to 

the RBD of PI3K. However, previously published biotin pull-down assays have shown that rigosertib 

does not have a high affinity for the RBD of PI3K (25-100µM, depending on the isoform)368. 

Nevertheless, rigosertib is effective against neuroblastoma tumor cells, as could be shown in this work. 

These results are consistent with previous observations in other tumor entities. The effect of rigosertib 

on neuroblastoma cell viability was detected in this thesis with a relative IC50 (EC50) of 65nM in 

MYCN-amplified neuroblastoma cell lines and 53nM in non-MYCN-amplified cell lines. These findings 

are similar to published data for a myelodysplastic syndrome-derived cell line (IC50 = 100nM)400, for 

leukemia cell lines (IC50 = 50nM)401, for head and neck cancer cell lines (IC50 = 80 - 240nM)402 and 

for head and neck squamous cell carcinoma cell lines (cell viability 40 - 90% reduced at 1µM)403. A 

closer examination of rigosertib treated neuroblastoma cells under a transmitted light microscope also 

exhibited a lower cell density and cell population and an inhibition of cell expansion compared to the 

control treatment. In addition, the cells are more rounded and the cell body is not spread over the given 

surface. Depending on the neuroblastoma cell line, this effect was visible from 100nM or not until 1µM 

drug application. These impacts of rigosertib on cell density and cell morphology of cancer cells were 

also shown by other reports. The density of hepatocellular carcinoma cell lines decreases starting at 

2µM rigosertib treatment, causing cells to become round and no longer spread to the surface398. 

Leukemia cell lines treated with 100nM rigosertib grow only 20% of their cell density compared to the 

control401. Myelodysplastic syndrome-derived cells also exhibit a lower cell population density and a 

rounder shape of the cells treated with rigosertib400. In order to enhance the visibility of these findings 

in this work, neuroblastoma cells were treated with different concentrations (IC10 - IC50, up to 100nM) 
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in a clonogenic 2D assay and subsequently stained with crystal violet. The treated neuroblastoma cells 

showed a reduced reproductive survival and decreased ability to form colonies after application of 

rigosertib. These results are in line with the data obtained on hepatocellular carcinoma cell lines, where 

in a colony assay hardly any cells were visible after application of 1µM of rigosertib398. In an other 

report, an inhibition of epidermolysis bullosa-associated squamous cell carcinoma could be detected 

only starting at 1µM in a clonogenic assay using crystal violet404. Within this work, first evidence could 

be obtained that after treatment with rigosertib the migration of neuroblastoma cells and wound healing 

can be disrupted. Furthermore, this thesis could illustrate the initiation of apoptosis after administration 

of rigosertib. Neuroblastoma cells treated with the relative IC50 (EC50) showed up to 30% increased 

signals for programmed cell death compared to the control group. An increase in apoptotic signals was 

also observed in cells derived from other tumor entities, such as epidermolysis bullosa-associated 

squamous cell carcinoma lines404, head and neck cancer cell lines402, a myelodysplastic syndrome-

derived cell line400 and leukemia cell lines401. The impact of rigosertib on the PLK1/PI3K pathway was 

only fundamentally addressed in this thesis, but a repression of PLK1 and PI3K was found after 

treatment of the neuroblastoma cells. A study on head and neck cancer cell lines reported that an 

administration of 1µM rigosertib leads to a 60% reduction in PI3K activity402. In addition, the present 

work has shown that treatment with rigosertib induces the reduction of MYCN transcript levels as a 

consequence. In addition to the in vitro experiments, treatment of neuroblastoma PDX mice with 

rigosertib were performed in the framework of this thesis. Rigosertib reduces the tumor volume and the 

relative tumor volume while maintaining a stable body weight in comparison to vehicle controls. These 

results are in line with published reports in which a reduced tumor volume after application of rigosertib 

in mice models could be observed using epidermolysis bullosa-associated squamous cell carcinoma 

models404, diffuse large B-cell lymphoma models1099 and human liver, breast, and pancreatic cancer mice 

models406. In particular, a head and neck squamous cell carcinoma PDX study reported that the tumor 

volume was reduced by 60-100% after continuous treatment with rigosertib for 28 days, and the relative 

tumor growth was found to be up to 60% reduced by the same time403. Furthermore, a lower tumor 

weight of epidermolysis bullosa-associated squamous cell carcinomas404 and diffuse large B-cell 

lymphomas1099 was found in mice experiments. Additionally, fewer KI67 positive cells were found in 

mice with epidermolysis bullosa-associated squamous cell carcinomas404. As in the data of the present 

thesis it was reported that the body weight of the mice did not differ between treatment and vehicle 

control, indicating that rigosertib is not toxic for the treated mice406,1099. In summary, it can be said that 

the treatment of neuroblastoma cells or patient tumors (in vivo) using rigosertib represses the cancer cell 

hallmarks, including enhanced cell viability (broadly defined as proliferative signaling), reproductively 

(replicative immortality), migration (metastasis) and resistance to cell death. These results are consistent 

with the findings reported in the literature on the use of rigosertib in other tumor entities. Similar to 

other tumor entities, the treatment of neuroblastoma cells with rigosertib requires only minimal amounts 

in the nano molarrange (<1µM) of the inhibitor to induce a reduction in cancer cell aggressiveness.  
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4.2.2.4 Rigosertib as part of combinatorial therapies for neuroblastoma treatment 

Since rigoseritib has been frequently used in drug combination studies, this section will discuss possible 

applications of rigoseritib together with other compounds. A study on rigosertib and gemcitabine 

combination for metastatic pancreatic adenocarcinoma failed to demonstrate an improvement in survival 

or response compared to the gemcitabine only group700. For a combined application of rigosertib with 

cisplatin or cisplatin derivatives, there is stronger evidence suggesting a higher efficacy. A study on 

head and neck cancer cell lines showed improved suppression of cell viability when cisplatin was 

administered simultaneously with rigosertib405. It was also demonstrated in a hepatocellular carcinoma 

PDX mice model that the tumor volume is significantly decreased when rigosertib and oxaliplatin or 

doxorubicin are administered concomitantly406. Two recent publications further highlight chemically-

structurally improved rigosertib derivatives which are related to cisplatin1100,1101. In in vitro assays, this 

hybrid drug demonstrated a higher anti-tumor activity than rigosertib or cisplatin alone. For the 

treatment of MYCN-amplified high-risk neuroblastomas, a combination of BET protein inhibitors 

together with rigosertib could be considered as well. Several publications have already pointed out that 

the combination of a PI3K inhibitor (e.g. alpelisib) and a BET inhibitor (e.g. JQ1) is synergistic and 

leads to the modulation of transcription factors including MYC, GLI1, and FOXO3a1093,1102. These first 

reports lead to the initiation of a preliminary testing of the dual application of rigosertib and OTX015 

on neuroblastoma cells in in vitro assays in this work. For transcriptomic modification of gene 

expression also a combination together with DNA methyltransferase inhibitors (e.g. azacitidine) could 

be considered407,408. Reports from clinical studies of patients with myelodysplastic syndromes or acute 

myeloid leukemia who received this combination showed a good tolerability of rigosertib when the 

DNA methyltransferase inhibitors were administered in advance. An even greater anti-tumor effect 

could be achieved if rigosertib is combined with an inhibitor of an enzyme of the same pathway, i.e. 

close to PLK1 or RAS-binding proteins such as PI3K, within the PI3K/AKT/mTOR pathway or the 

RAS-RAF-MEK-ERK pathway. Inhibitors against ALK, such as ceritinib and lorlatinib, have been 

proven to be effective against ALK-mutated neuroblastomas in pre-clinical experiments and are 

currently under investigation in trials recruiting pediatric patients842,1103–1105. Published studies showed 

the combined application of PI3K inhibitors (buparlisib or alpelisib) with ALK inhibitors (ceritinib or 

crizotinib) in the PI3K/AKT/mTOR pathway against ALK-rearranged non-small cell lung cancer 

(NSCLC)1106,1107. Further downstream of the pathway, publications report on a PI3K inhibitor (NVP-

BEZ235) applied together with an AKT inhibitor (MK-2206) in bladder cancer365 and, even more 

specialized dual PI3K/AKT inhibitors were used in ovarian cancer1108 and for B-cell-like diffuse large 

B-cell lymphoma treatment (AZD compounds)1109. A publication on pilocytic astrocytoma could 

confirm a deregulation of the PI3K/AKT pathway after ATRX protein loss1110, which points towards a 

possible treatment for ATRX deleted neuroblastomas. For the downstream located mTOR protein, many 

inhibitors are available on the market (e.g. rapamycin, everolimus) and published in terms of their anti-
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cancer potential355,356. In addition to a combination of separate PI3K (e.g. alpelisib)358, AKT (e.g. 

perifosine, A-443654)359,360 and mTOR inhibitors (e.g. rapamycin)355,356, dual or triple hybrid 

compounds have been increasingly used in research on neuroblastoma inhibition341,361,362. Particularly 

interesting are dual PI3K/mTOR inhibitors (e.g. NVP-BEZ235), which demonstrated effective 

concentrations at low nanomolar range and are produced for an oral formulation363–365. Moreover, these 

dual PI3K/mTOR drugs can be used in combination with MDM2 inhibitors, such as RG7388 which was 

shown for liposarcomas1111. Other combinations are currently being investigated, such as a triple 

PIM/PI3K/mTOR inhibitor357. Targeting the RAS-RAF-MEK-ERK pathway, dual PI3K and RAS 

inhibitors (BEZ-235 or rigosertib) are reported to aim at this pathway as well369 and are further described 

for a dual application with RAF inhibitors (RAF265 or dabrafenib) in thyroid363 and breast cancer 

models370. Downstream in this pathway, combinations of MEK inhibitors (e.g. trametinib) with PI3K 

inhibitors (e.g. buparlisib)372 as well as PLK1 inhibitors (e.g. volasertib)1112 that exhibit a synergistic 

anti-tumor activity are already published. In particular, publications on the combined inhibition of MEK 

and PI3K or PLK1 have highlighted synergistic anti-tumor activity in NRAS mutant melanoma1113,1114 

This suggests a combination of rigosertib and MEK inhibitors (e.g. binimetinib or trametinib) may be 

an efficient combination therapy for neuroblastoma1115,1116. Additionally, publications highlighted the 

combined PI3K/AKT and RAF/MEK/ERK pathway inhibition in Hodgkin lymphoma373 and colorectal 

cancer374, using PI3K/ERK dual inhibitors (e.g. AEZS-136 or DPS-2). Another possibility of combining 

rigosertib with another small molecule inhibitor is to interfere with the same molecular function of 

different proteins. For example, PLK1 is involved in the centrosome maturation376, as well as the Aurora 

A kinase1117. Aurora A kinase inhibitors were demonstrated to have in vitro1118,1119 and in vivo1120 

efficacy in neuroblastoma, and a first clinical phase I study revealed promising results of alisertib 

(MLN8237) in combination with conventional chemotherapy1121. Therefore, a PLK1 inhibitor 

(rigosertib and/or volasertib) and an Aurora A kinase inhibitor (alisertib) are favorable combinations. In 

addition, it was shown that a combination treatment of alisertib and the BET inhibitor JQ1 has a 

synergistic anti-tumor effect on MYCN-amplified glioblastoma cells1122.  

In summary, it can be said that the prevention of the MYCN protein stabilization is the small molecule 

class with the most published work and the widest experience in other cancer entities (also with regard 

to c-MYC), as well in neuroblastoma. Targeted therapies should therefore be adapted and combined 

with each other for treatment of neuroblastoma. However, some inhibitors, e.g. such as alpelisib have 

too little anti-tumor activity347,1123, and other inhibitors also have undesired bypass activities, e.g. 

volasertib attacks not only PLK1 but also PLK3389–391. This is why a targeted therapy against 

neuroblastomas is in need for a dual inhibitor like rigosertib, which inhibits PI3K and PLK1 via the 

RAS binding site368. More importantly, rigosertib should be combined e.g. with an mTOR inhibitor 

(everolimus) in the PI3K/AKT/mTOR pathway or e.g. with a MEK inhibitor (trametinib) in the RAS-

RAF-MEK-ERK pathway. 
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4.2.3 ASPM is a regulator of neuroblastoma cell proliferation and differentiation 

The primary-microcephaly associated MCPH gene family are known regulators of the developing brain 

in neural progenitor cells. In this study, the role of MCPH genes in neuroblastoma was investigated. In 

general, the MCPH genes, and in particular ASPM were found to be higher expressed in neuroblastoma, 

then in normal tissues and other tumor entities. ASPM was found to be highly expressed in 

neuroblastoma cell lines, and its expression was not affected by tumor cell density or serum starvation. 

A downregulation of ASPM with siRNA or shRNA reduced proliferation and induced cell death, G2/M 

arrest and induction of neuronal differentiation. 

4.2.3.1 ASPM regulates neuronal progenitor mitosis and is highly expressed in pediatric 

neuronal cancers 

Using previously published microarray and RNA-sequencing expression data, the MCPH genes1124, in 

particular ASPM, were found to be highly-overexpressed in many tumor entities, including 

gliomas483,1125, ependymomas,489 medulloblastomas485,486,489, melanomas1126, hepatocellular 

carcinomas1127, pancreatic cancers1128, bladder cancer708, prostate cancer1129, breast1130, ovarian 

cancers707 and endometrial cancer1131,1132, compared to normal tissues. The expression of ASPM was 

identified in this work to be highest in tumors which originate from neuronal precursors such as 

neuroblastoma, medulloblastoma, ATRT and ependymoma. A connection between the ASPM protein 

as an essential factor for normal mitotic spindle function, and the embryonic neuroblasts has been known 

for some time430. This thesis has shed further light on ASPM’s partners which might be involved in 

neuronal cell division. The genes whose expression was highly correlated with ASPM in neuroblastoma 

were predominantly involved in in cell cycle regulation and cell division. Among the other MCPH 

genes, ASPM showed the highest correlation in gene expression with KIF14, CENPE, NCAPH and STIL. 

These other MCPH genes with a known function in mitosis1133–1136 have also been suggested to play role 

in tumorigenesis1136–1139 (MCPH genes see Table 28 in appendix). The ASPM protein plays an important 

role in assembly spindle as well as in chromosome segregation. The preferred localization of ASPM in 

the cell nucleus and in particular at the spindle poles during mitosis could be confirmed by 

immunofluorescence detection in this thesis. That raises the question of whether an alteration of the cell 

division, for example caused by ASPM, could also be involved in a missegregation of the chromosomes 

in the broadest sense. It has already been shown for other MCPH and mitotic proteins that they are 

related to chromosomal instability if they are not present or mutated1140. In healthy cells, the attachment 

of microtubules is often released prior to the anaphase in order to resolve incorrect attachments and to 

avoid missegregation of chromosomes. However, if the adhesion of the microtubules increases, 

chromosomal instability may occur due to lagging chromosomes1141. Increased DNA damage after 

deletion of ASPM was already shown for a medulloblastoma mouse model485. In addition, the emergence 

of lagging chromosomes up to a breakage fusion-bridge caused by excessive microtubule attachment or 
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a loss of metaphase chromosome alignment may result in the formation of additional micronuclei after 

the mitosis83,84. In these micronuclei, chromothripisis of the damaged, misregulated DNA leads to a 

variety of genomic rearrangements and a subsequent re-assembly of a single chromatid753. Several 

research groups have already shown that neuroblastoma genomes show traces of chromothripsis as well 

as ecDNA76,79–81. Previous studies have hypothesized that at DMs do not interact with the mitotic spindle 

in cell division, but may be attached to the chromosomes involved (chromosome tethering)755,1142. It has 

also been shown that DMs in the mitosis are repelled from the spindle poles during their attachment to 

the chromosome1142. Moreover, it is proposed that ecDNA occurring in neuroblastoma were distributed 

unevenly within mitotic missegregation with subsequent circle integration in tumor suppressor or 

oncogene loci76. It is tempting to speculate that this could occur due to dysregulation of mitosis and its 

involved proteins, as for example ASPM. Segmental chromosomal gains in neuroblastoma occur 

frequently in chromosome 2p1143,1144, but also in chromosome 1q681,682,1145,1146. In this regard, it is worth 

noticing that the ASPM gene is located at chr.1q31.3 (GrCh38) and research is already highlighting that 

the chromosome 1q arm or the close 1q32 region is gained in diverse tumor entities, as for example in 

neuroblastoma681,682,1145,1147, melanoma1148, medulloblastoma1149, retinoblastoma1150 and pediatric 

glioblastoma multiforme1151. A report further suggested that the overexpression of genes covarying with 

copy number alterations (for example 1q gain) have been found to be related to the disregulation of 

mitotic spindle assembly in neuroblastoma1145. In addition, there might be a pathological connection 

between ASPM overexpression and the acquisition of chromosomal aberrations, because spindle defects 

are also responsible for chromosomal breaks. A defective mitotic spindle (e.g. merotelic attachment) 

can therefore lead to chromosome rupture at the centromeric region, which in turn can promote double-

strand breaks and chromosomal rearrangements with possible chromosomal gains. Especially a 1q 

chromosomal gain could have risen from a merotelic microtubuli attachment following a 

pericentromeric break leading to an attachment of the centromere-positive arm462. Moreover, 

chromosomal rearrangements in chromosome 2p lead to an amplification of the MYCN gene1143,1152. 

MYCN-amplified high-risk neuroblastoma showed the highest ASPM expression, compared to moderate 

ASPM expression in non-amplified MYCN cells and low ASPM expression in other tumor entities and 

fibroblast cell lines in this work. These results are contrasted by reports from Jung et al.1153, which states 

that ASPM was overexpressed in glioblastoma cells but not in neuroblastoma. This was proven using 

the qPCR method, which shows a measurement of the gene expression of ASPM in the non-MYCN-

amplified SK-N-SH cell line. The qPCR data in this study also showed that the ASPM gene expression 

in the SK-N-SH cell line is comparable to the control cell lines or fibroblasts used. However, this does 

not preclude the assumption that ASPM can also be a marker for cellular proliferation. In MCPH 

microcephaly, neuroepithelial cells with ASPM mutations lose the ability to undergo a symmetric 

division and therefore show an increased frequency of asymmetric division, with a reduction of 

proliferation1154. Opposed to a dysfunctional ASPM protein, ASPM overexpression showed an initiation 

of increasing cellular proliferation in cancer483,484. In this thesis it could be shown that a specific ASPM 
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immunofluorescence signal in the nucleus decreases sharply as soon as ASPM was downregulated 

applying siRNA. This leads to the assumption that the cells involved in the division then are trapped in 

the in mitosis and discontinue to proliferate, which could also be confirmed by proliferation assays 

including live cell imaging. In line with the main neuroblastoma dogma, MYCN-amplified 

neuroblastoma cells would have an increased proliferation, which goes hand in hand with a higher 

mitosis rate, and thus ASPM is expected to be higher expressed. In this work, the expression of ASPM 

was not found downregulated upon reduction of neuroblastoma cell proliferation by serum starvation, 

arguing against the preclusion that ASPM gene expression was merely a surrogate marker for cell 

division. Nevertheless, ASPM was found to be required for neuroblastoma cell proliferation in this work, 

as reduced cell viability and reduced cell proliferation were observed when ASPM was knocked down, 

which is in line with the results found within fundamental research studies444 and studies of other cancer 

types708,1125,1155,1156. This especially is shown by Capecchi and Pozner (2015)1157, highlighting the role of 

ASPM for regulating the Cyclin E activity which is moreover crucial for the cell fate. In particular, in 

this thesis the ASPM knockdown was found to reduce the number of nucleating microtubules, which are 

essential for physiological centrosome function, and thus resulted in a G2/M cell-cycle arrest of MYCN-

amplified neuroblastoma cells. An interplay between the (overexpressed) MYC(N) protein and mitotic 

factors leading to perturbations is also suggested by a paper from Littler et al1158. Moreover, a very recent 

publication highlights the role of MYCN in the control of the balance between symmetric and 

asymmetric cell division in neuroblastoma cells494. MYC(N) alters various pathways that ultimately 

affect mitosis, with the PLK1 kinase acting as the main pivot. MYC(N) effects central functions of 

PLK1, starting with the entry into mitosis or spindle assembly. Thus, overexpressed MYC(N) promotes 

chromosome instability with an altered spindle morphology, keeping the cells longer in the metaphase 

to align the chromosomes and entering the anaphase earlier. PLK1 is itself a part of the MTOC, 

promoting kinetochore to microtubule attachment460,461. In this thesis it was found, that ASPM mRNA 

levels strongly correlate with the expression of cell cycle regulators (e.g. PLK1, MKI67). Interestingly, 

a report highlights that a PLK1 and ASPM double activation mutant showed a synergistic effect resulting 

in an increase in the mitotic rate and thus an increased proliferation444. It is therefore to be assumed that 

a knockdown of ASPM reduces the mitotic rate. Previously it was shown that the prolonged mitosis of 

neural progenitors alters the cell fate, leading either to apoptosis or differentiation of neurons. The longer 

the mitotic duration, the more cells become apoptotic or transform into neurogenic progeny1159. It was 

already reported that a loss of spindle control and the emergence of chromosomal breaks can also lead 

to the activation of telomerase or disturbed apoptosis signaling462. An increased induction of apoptosis 

was as well detected in this work after siASPM treatment, which is also in agreement with previous 

observations in breast cancer cells1160. Apoptosis upon ASPM knockdown has not only been observed 

in vitro, but has also been validated in animal models before485,1154,1161,1162. Concordantly, the loss of the 

ASPM protein in microcephaly also leads to apoptosis of neuronal progenitors1163,1164. Thus the cellular 

localization of ASPM plays a central role in neuronal proliferation and maturation, influencing the 
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functionality of the neuronal system. The absence of ASPM generates more asymmetric divisions and 

modified division planes, which can cause premature differentiation over proliferation434. Findings in 

mice experiments1165–1167 underline the notion that defects in spindle stability can delay mitosis and cause 

premature differentiation. In this study it could be shown that the ASPM protein has an influence on the 

maturation of neuroblastoma cells, notably of a differentiating similar cellular phenotype. After a 

knockdown of ASPM, the neuroblastoma cells developed neurite-like outgrowths and showed 

cytoskeletal changes and increased expression of differentiation markers, such as MAP2, TUBB3 and 

DCX. Increased differentiation of neuroblasts after ASPM knockdown was demonstrated in a 

medulloblastoma mice model in a previous study485. Concordant results in neuroblastoma and in other 

tumors of neuronal origin suggest a crucial function of ASPM in neuronal-cell differentiation. While 

ASPM gene/protein loss leads to premature neuronal differentiation in microcephaly and consequently 

embryonic defects, an overexpression of the gene coincides with increased proliferation of neural 

progenitor cells and cancer425,429,1168,1169. Most likely, this is due to the neuronal origin of these tumors, 

as well as due to the fact that these embryonal tumors develop from progenitor cells rather than from 

differentiated cells. The maturation of neurons is coupled with the migration of cells to the respective 

brain target regions, which is mediated by microtubules477. In summary, the assembly of microtubules 

is critical for a neuron in terms of migration, shape, dendritic transport and plasticity466. More 

importantly, it is therefore possible that the ASPM protein could be involved in six major cellular 

processes (mitosis, proliferation, differentiation/neuronal growth, information signaling, intracellular 

transport and migration) and that its overexpression could cause severe changes in these circuits.  

4.2.3.2 Implementation of ASPM as biomarker for highly aggressive neuroblastomas 

High expression of ASPM was found in this work to correlate with aggressive neuroblastoma, which 

suggests ASPM as biomarker for high-risk neuroblastoma. High ASPM expression was associated with 

significantly reduced event-free and overall survival. In addition, high ASPM expression turned out to 

be an additional, significant, adverse prognostic factor, even when established neuroblastoma risk 

criteria, namely INSS stage and MYCN amplification were taken into account. In summary, ASPM is 

suggested a suitable a biomarker for an aggressive neuroblastoma. Similar results have been described 

for ASPM in other cancer entities1170, and highlight ASPM as a possible gastric stem/progenitor cell 

marker1171, pancreatic ductal adenocarcinomas1172 and bladder cancer1173,1174. A previous study on 

gliomas described that ASPM expression correlated with malignant progression, higher tumor grade and 

higher chance of recurrence. ASPM was also considered as a biomarker for distinguishing glioma 

stromal cells from stem-like cells483,1175. In addition, in a study including astrocytoma samples it was 

found that two patients with astrocytoma gained ASPM overexpression and progressed to a higher tumor 

grade489. Finally, reduced expression of ASPM has been suggested as a response marker for endocrine 

breast-cancer therapy1176. For neuroblastoma, RT-qPCR assays based on the detection of gene 
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expression are already explored in research settings203,1177,1178. Therefore, detection of the ASPM 

expression under MRD detection criteria in patients with neuroblastoma would be conceivable, as 

already suggested for DCX in neuroblastoma1179. It has to be assumed that due to the variability of gene 

expression (especially under therapy), these test systems only allow a semi-quantitative MRD 

estimation. Another possibility to consider ASPM as a biomarker is connected to the fact that the ASPM 

gene is localized on the chromosome 1q arm, which is a segmental chromosomal gain occurring in 

neuroblastoma681,682,1180. Although a special examination of the chromosome 1q arm is not carried out 

regularly in neuroblastoma routine diagnostics, there is a clear trend towards a more detailed 

examination of the genome of neuroblastoma tumors that includes this alteration. Therefore, routine 

examination of a chromosome 1q gain using FISH, Southern blot or PCR techniques for neuroblastoma 

diagnostics should be considered, as is already the case for chromosome 1p.  

4.2.3.3 Downregulation of ASPM: A new approach for neuroblastoma therapy? 

Within this work, the highest ASPM activity was found in MYCN-amplified and metastatic tumors, for 

which patients with a neuroblastoma are in high medical need for new treatment approaches. 

Neuroblastoma therapy already aimed to differentiate immature neuroblasts, as for example with 13-

cis-retinoic acid712, but has not been successful thus far1181. The observation that neuroblastoma cells 

require ASPM for proliferation suggests a potential treatment with mitosis and microtubules 

inhibitors1182. The experiments of this work showed that neuroblastoma cells could be effectively treated 

with nocodazole, an antineoplastic agent which interferes with the polymerization of microtubules and 

causes cell cycle arrest. The inhibitor vincristine/vindesine has the same mode of action and is already 

included in current treatment regimens30. The drug paclitaxel has a similar function, promoting 

stabilization of microtubules and delaying mitosis. Presently, nab-paclitaxel it tested in a phase I/II study 

against recurrent/refractory solid tumors, including neuroblastoma, demonstrating preliminary clinical 

activity1183. Published results on ASPM expression in germ cells1184 and ovarian cancer707 have proven 

the indirect mechanic interaction through microtubule disruption between ASPM and 

nocodazole/paclitaxel. Nocodazole treatment induced the continuous disassembly of microtubules, 

during which ASPM remained attached until the spindle completely collapses707,1184. When paclitaxel is 

applied, microtubules were excessively polymerized, remaining ASPM attached707,1184. Loss of the 

ASPM protein influences double strand break repairs and provoked DNA damage after ASPM deletion 

which could already be shown in tumor cells485,707. Therefore platinum compounds would serve as an 

option for combinatorial treatments. For epithelial ovarian cancer, carboplatin was suggested to treat 

ASPM high expressing tumors with high degree of aneuploidy, inhibiting DNA replication and causing 

DNA breaks. In contrast, the authors highlight the possibility of chemoresistance to carboplatin of ASPM 

expressing tumor cells707. For treatment of glioblastomas, several publications report that knockdown 

of ASPM in tumor cells sensitized cells to DNA damaging agents like cisplatin and 

radiotherapy483,1125,1175. It was even shown that the suppression of ASPM by ionizing radiation alone 
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could lead to a reduced number of neuronal cells1185. A comprehensive description of these relationships 

has already been made for glioblastoma, which states that ASPM is required for non-homologous end-

joining DNA repair and interacts with BRCA11186–1188. The authors further highlight that ASPM 

determines the sensitivity to a number of chemotherapies1175. In contrast to the possibility of effecting 

the interaction between ASPM and the microtubules or the administration of DNA damaging agents, a 

direct attack on the ASPM protein is also conceivable. So far, no direct inhibitors of ASPM have been 

described. However, ASPM was found to contain consensus phosphorylation sites for CDK1 and MAPK 

which may present targets for small-molecule inhibitors1189. Recently published work on neuroblastoma 

models highlighting that CDK11190 and MAPK inhibitors1115,1191,1192 could serve as an indirect targeted 

therapy option. An investigation further showed targeted mitosis inhibition via cell division factors1193. 

The BIRC5 survivin protein is associated with the processing of mitosis as part of the chromosomal 

passenger complex and co-upregulated with ASPM in cholangiocarcinomas1194. This protein complex is 

involved in chromosome condensation, corrects improper binding of microtubules to the kinetochore 

and initiates the spindle checkpoint1195. Survivin is overexpressed in the majority of all tumor entities, 

which often occurs together with relapses, resistance to chemotherapy and shortened patient survival1195. 

Treatment of neuroblastomas could therefore also be conducted with already available survivin 

inhibitors1196–1198, as for example YM155. After administration of riboflavin (vitamin B2) in high 

dosages, it was already found that the ASPM and BIRC5 were downregulated upon the treatment and 

the proliferative potential of human colon epithelial cells was lost1199. Likewise, an inhibition is possible 

of those MCPH proteins whose high expression correlates with the expression of ASPM and thus attack 

cancer mitosis. Targeting the centromere-associated CENP-E protein causes chromosome 

misalignment, which follows prolonged mitotic arrest and apoptosis of cancer cells1200,1201. It was further 

shown that the MCPH genes CENPA and KIF14 were strongly represented in neuroblastoma cells and 

depend on HDAC11 which promotes mitotic cell cycle progression and survival1202. Suitable agents 

could therefore be pan-or class I HDAC inhibitors that have already been published to induce 

neuroblastoma differentiation1050. However, there was also an opposite observation found in 

adenocarcinomas treated with the HDAC inhibitor vorinostat, which stated the enhancement of tumor 

initiation by expression of ASPM, creating a more drug-resistant state in cancer cells1203. A promising 

mitosis aimed option could be the inhibition of known mitotic kinases involved in MTOC and 

centrosome assembly and maturation, such as Aurora A1117 or polo‐like kinase PLK1376. The Aurora A 

kinase supports the maturation of the centrosome, activates PLK1 in the G2/M-phase transition and 

stimulates the accumulation of effector molecules such as MAPK1184,1189,1204–1207. Previously, Aurora-A 

kinase inhibitors were demonstrated to have in vitro1118 and in vivo1120 efficacy in neuroblastoma. A first 

clinical phase I study revealed promising results of alisertib (MLN8237) in combination with 

conventional chemotherapy1121. Although the efficacy of the PLK1 inhibitor GSK461364 against 

neuroblastoma could be shown377, initial clinical testing has so far been unable to demonstrate 

comprehensive clinical applicability381,382. Furthermore, studies on neuroblastoma385 and 
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rhabdomyosarcoma383 xenograft models have demonstrated the efficacy of a combination consisting of 

PLK1 inhibitors and vinca alkaloids. Moreover, a combinatorial treatment of Aurora A kinase and PLK1 

inhibitors was shown to induce mitotic breakdown and repressing ASPM after 24h of treatment1193. Since 

this work showed a connection between increased ASPM expression in aggressive, MYCN-amplified 

neuroblastoma tumors, targeted inhibition of cell proliferation may serve as therapy option. Ongoing 

studies are investigating increased ASPM expression though the EGFR/PI3K/AKT pathway in 

astrocytoma and oligodendroglioma1208. Previously, ASPM was identified as a potential molecular target 

in glioblastoma1125, proposing the EGFR inhibitor erlotinib as treatment of choice. Likewise, activation 

of the PI3K/AKT/mTOR signaling pathway was found to be a poor prognostic indicator of 

neuroblastoma, which is why in vitro and in vivo research approaches the applicability of PI3K 

inhibitors348,1209. Moreover, a relationship has been observed between the determination of cell 

polarization which is regulated by the microtubules and the activation of PI3K1210. This makes PI3K an 

attractive target of overexpressing ASPM neuroblastoma cells using alpelisib. Moreover, the multi-

kinase inhibitor rigosertib could be used for the treatment of neuroblastoma tumors showing an increased 

ASPM expression by simultaneously attacking PLK1 (RAS) and PI3K. And indeed, in Bayani et al. it 

was mentioned that ASPM and PLK1 are functionally connected with relation to a risk signature in 

breast cancer and the authors stated that a putative targeted therapy could represent volasertib or 

rigosertib1211. In literature, both inhibitors are also classified as MTOC inhibitors1212. As already known 

for these PLK1 (RAS) and PI3K drugs, their administration causes destabilization of microtubules and 

an abnormal spindle formation in mitosis1182,1213–1215. It was further observed that PLK1 depleted cells 

are unable to activate ASPM at the centrosome. As a result, the microtubules are no longer held in the 

vicinity of the centrosomes and stable attachment of the microtubules or the spindle to the chromosomes 

is no longer established1214–1216. For the application of rigosertib several research studies have shown 

that the drug causes a mitotic arrest induced by a mis-chromosome alignment, lack of attachment of 

microtubules to the chromosomes and the absence of spindle tension between the sister 

chromosomes400,407,1217. It was also discovered that rigosertib binds directly to the microtubules and 

destabilizes them1213,1218. However, it was shown that a ß-tubulin mutant has triggered resistance to 

rigosertib1213,1219, which is contradicted by an other statement, which suggested that rigosertib does not 

bind to ß-tubulin1220. The authors claim, that commercially acquired rigosertib is contaminated with 

about 5% ON01500, an intermediate showing tubulin depolymerizing activity, which is resonsible for 

the gain of the cellular ß-tubulin resistance within the rigosertib-binding pocket1220. Therefore, it remains 

unclear if small molecules can attack ß-tubulin ends or whether those inhibitors or siRNA (e.g. siASPM) 

are able to degenerate ASPM. An interesting approach to evaluate a treatment for the ability of 

microtubules disruption is build on the observersion of lower molecular trafficking of intracellular 

vesicles from the plasma membrane to early endosomes, which leads to a fragmentation of the Golgi 

apparatus1221,1222. By incubating (inhibitor) treated cells with fluorescent labeled transferrin, it can be 

determined whether these absorbed vesicles migrate through the cell or remain in the periphery if the 
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cells are microtubule disruptived. In addition, staining the Golgi apparatus can provide further 

information about its possible fragmentation. However, these approaches of administering already 

known inhibitors are only an indirect method of targeting ASPM. As already introduced as a new way 

for the inhibition of the BET proteins (4.2.1), the design of a PROTAC molecule would allow for protein 

degradation where direct targeting of a specific protein is challenging1010. The PROTAC would connect 

an E3 ubiquitin ligase recognition domain via a covalent binding linker to a ligand for ASPM1011. This 

mechanism would lead to the ubiquitination and degradation of ASPM by the proteasome. However, 

since no binding sites for small molecules have been identified nor have specific inhibitors been 

developed against the ASPM protein, the design of a conditional degron tag for controlling the protein 

expression of ASPM is another approach to be considered1025 (see as well 4.2.1). These techniques could 

therefore be a first step towards the development of an ASPM inhibitor comparable to a PLK1 or 

FOXM1 inhibitor (thiostrepton), which can be used to treat aggressive neuroblastomas independent of 

the MYCN status of the tumor. 

As spindle proteins are crucially for cell division, high expression of such genes might merely be a 

reflection of increased cell proliferation in tumors. This has already been discussed for mitosis actors 

FOXM1 and PLK1 which are functional linking to ASPM432. Previous studies argue against this being 

the case for ASPM. ASPM levels have been found to be crucially decisive for whether neural progenitor 

cells continue to proliferate as such or undergo differentiation1223. Due to this role ASPM has been 

strongly implicated in the development of medulloblastoma486. Neuroblastoma also arises from neural 

progenitor cells, and our results also suggest some causative function of ASPM in tumor development. 

Stress-related reduction of cell proliferation did not result in reduced ASPM expression, whereas a 

knockdown of ASPM severely impeded neuroblastoma cell proliferation and induced differentiation. In 

summary, ASPM was found to be highly relevant in high-risk neuroblastoma. Increased ASPM 

expression was associated with poor prognosis and other high-risk neuroblastoma markers. High ASPM 

expression was required for an increased proliferation and an undifferentiated phenotype. The clinical 

relevance of this finding remains to be seen. Direct inhibition of the protein might not be possible, but 

indirect targeting via spindle checkpoint inhibitors may warrant further investigations. Last but not least, 

high ASPM levels were found to be a strong, prognostically relevant marker of aggressive high-risk 

neuroblastoma, and thus ASPM is a prime biomarker candidate. 



5. Concluding remarks 

287 
 

 

5 Concluding remarks  

This thesis provides clinical implementable means of molecular diagnostics to pinpoint unique MYCN-

amplified neuroblastoma cells within accessible biopsy material. This concept makes use of a high-

coverage, hybrid-capture-based NGS panel to precisely detect relevant neuroblastoma-specific genomic 

alterations. Unique MYCN breakpoints are detected by this assay and are employed for PCR-based 

disease follow-up in RQ-PCR and ddPCR applications. The approach successfully validated and tracked 

all MYCN breakpoints in cell lines and patient samples, and presents itself as a robust neuroblastoma 

MRD assay suitable for the application in a clinical routine environment. Furthermore, this thesis 

touched upon aspects of MYCN-amplified high-risk neuroblastoma biology and possible associated 

vulnerabilities. In addition, this work proposes indirect small molecule-based MYCN therapies and 

potentially new drug targets for a personalized treatment strategy. Future research is required to 

investigate in more detail the formation and the structure of the MYCN amplicon and its specific 

breakpoints, the underlying processes of MYCN transcription and protein stabilization, and the 

(combinational) treatment targeting MYCN-amplified neuroblastoma cells. Findings of this thesis and 

other studies suggest that a deregulation of mitotic kinases (e.g. PLK1) and spindle proteins (e.g. ASPM) 

may lead to genomic instability and a rupture of the chromosome 2. Several cycles of breakage-fusion-

bridges during subsequent mitoses could then trigger randomization of the breakages, activation of 

repair mechanisms and MYCN amplification. As a consequence, accompanying effects like enhancer 

hijacking or focal enhancer amplification may lead to a higher activity of the transcription machinery 

(e.g. under participation of BRD4) and subsequently to an increase of the MYCN oncogene expression 

and its downstream targets. As discussed in this thesis, RTK-stimulation and signaling pathways (e.g. 

PI3K/AKT/mTOR or the RAS-RAF-MEK-ERK pathway) may further stabilize the MYCN protein. An 

ensemble of these pathological processes associated with MYCN finally causes an enhancement of 

survival, proliferation and cell cycle progression of neuroblastoma cells. Thus, the administration of 

targeted small molecules should be scheduled to suppress the MYCN transcriptional expression first and 

then reduce the residual MYCN protein that has escaped the initial transcriptional inhibition. 
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6 Summaries 

 Zusammenfassung  

Das Neuroblastom, der häufigste extrakranielle solide Krebs im Kindesalter, entsteht aus 

Vorläuferzellen des sich entwickelnden sympathischen Nervensystems. Eine Amplifikation des MYCN-

Onkogens ist ein bestimmender Faktor für ein hohes Risiko und tritt bei ~25% der Neuroblastome auf. 

Trotz intensiver Behandlung erliegt mehr als die Hälfte dieser Patienten ihrer Krankheit, was die 

Persistenz therapieresistenter, MYCN-amplifizierter minimaler Restneuroblastomzellen impliziert. 

Diese Arbeit stellt ein umfassendes Konzept für den spezifischen, diagnostischen Nachweis des MYCN-

Amplikons vor und evaluiert neue Behandlungsoptionen für MYCN-amplifizierte Neuroblastome. 

Krankheitsrelevante Nukleotidveränderungen, strukturelle Genrearrangements und Kopienzahl-

veränderungen wurden im Tumormaterial mit Hilfe eines maßgeschneiderten, zielgerichteten hybrid-

capture-basierten Next Generation Sequencing (NGS) Assays nachgewiesen. Einzigartige MYCN-

Amplikon-Bruchpunkte im rearrangierten Gen stellen eine Zielsequenz für eine personalisierte PCR-

Diagnostik der minimalen Resterkrankung (MRD) dar. MYCN-Amplikon-Bruchpunkte in 

Neuroblastom-Zelllinien und Tumoren wurden durch individuelle, semi-quantitative PCR-Assays und 

Sanger Sequenzierung identifiziert und wiedererkannt. Der Assay wurde für den hochsensitiven, 

quantitativen Echtzeit- und digitalen Tröpfchen-PCR-Nachweis für ausgewählte MYCN-Bruchpunkte in 

Zelllinien weiterentwickelt. Die MRD Level, die in den während der Therapie gesammelten 

Knochenmarkaspiraten nachgewiesen wurden, skizzierten die verschiedenen Krankheitsverläufe bei 

den Patienten, einschließlich der MRD-Persistenz bis zum Rezidiv und des guten Ansprechens auf den 

ersten Behandlungsabschnitt.  

Die Kombination der Multi-Wirkstoff-Chemotherapie in den aktuellen Hochrisikoprotokollen mit 

indirekten MYCN-Inhibitoren stellt einen möglichen Weg dar, die schlechten Heilungsraten für MYCN-

amplifizierte Neuroblastome zu verbessern. Verschiedene, hyperaktive biologische Netzwerke in 

MYCN-amplifizierten Neuroblastomen wurden mit niedermolekularen Inhibitoren der Bromdomäne 

und des extra-terminalen (BET) domänenhaltigen Proteins BRD4, der Phosphoinositid-3-Kinase (PI3K) 

und der polo-ähnlichen Kinase 1 (PLK1) behandelt. BET (JQ1, OTX015 und TEN-010) und Kinase-

Inhibitoren (Alpelisib, Volasertib und Rigosertib) zeigten eine krebshemmende Wirkung, indem sie die 

Viabilität in zelllinienbasierten Wirkstoff-Screens bei nanomolaren bis niedrigen mikromolaren 

Konzentrationen verminderten. Die Behandlung mit Rigosertib veränderte die PLK1- und PI3K-

Signalübertragung und beeinträchtigte die zelluläre Fähigkeit zur Wundheilung und Koloniebildung 

stark. In Übereinstimmung mit In-vitro-Beobachtungen reduzierte Rigosertib das Tumorwachstum in 

von Patienten stammenden Neuroblastom-Xenografts bei Mäusen. Die Kombination von OTX015 und 

Rigosertib erzeugte synergistische antitumorale Aktivität in zwei MYCN-amplifizierten Neuroblastom-

Zelllinien. Um die MYCN-gesteuerte Proliferation von Tumorzellen zu verhindern, werden weitere 
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indirekte MYCN-Targets in Betracht gezogen. Ein Beispiel hierfür ist ein Substrat von PLK1, ASPM, 

das in MYCN-amplifizierten, primären Neuroblastomen erhöht ist. Das Herunterregulieren von ASPM, 

einem Mikrotubuli-assoziierten Protein, das an der mitotischen Spindelanordnung beteiligt ist, führte in 

MYCN-amplifizierten Neuroblastom-Zelllinien zu einer verminderten Viabilität und Proliferation, was 

mit einem neuronalen Differenzierungsphänotyp mit neuritenartigem Auswuchs, zytoskelettalen 

Veränderungen und erhöhter Expression von Differenzierungsmarkern einherging. Diese Studie stellt 

eine klinisch umsetzbare, molekulare Diagnostik vor, um einzigartige MYCN-amplifizierte 

Neuroblastomzellen in nicht-invasiv zugänglichem Biopsiematerial zu detektieren, und schlägt 

indirekte, niedermolekular-basierende MYCN-Therapien und potenziell neue Zielmoleküle für eine 

personalisierte Krebsbehandlung vor.  
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 Abstract 

Neuroblastoma, the most common extracranial solid childhood cancer, arises from precursors of the 

developing sympathetic nervous system. MYCN oncogene amplification is a determinant of high risk 

and occurs in ~25% of neuroblastomas. Despite intensive treatment, more than half these patients 

succumb to their disease, implying persistence of therapy-resistant MYCN-amplified minimal residual 

neuroblastoma cells. This thesis proposes a comprehensive concept for the specific diagnostic detection 

of the MYCN amplicon and evaluates new treatment options for MYCN-amplified neuroblastoma. 

Disease-relevant nucleotide changes, structural gene rearrangements and copy number alterations were 

detected in tumor material by next-generation sequencing of a customized hybrid capture-based targeted 

panel. Unique MYCN amplicon breakpoints in the rearranged gene constitute a target sequence for a 

personalized minimal residual disease (MRD) PCR diagnostic. MYCN amplicon breakpoints in 

neuroblastoma cell lines and tumors were identified and recovered by individual, semi-quantitative PCR 

assays and Sanger sequencing. The assay was further developed for highly sensitive, real-time 

quantitative and droplet digital PCR detection for selected MYCN breakpoints in cell lines. MRD level 

detected in bone marrow aspirates collected during therapy outlined different disease courses in patients, 

including MRD persistence until relapse and good response to the first treatment course.  

Combining multi-agent chemotherapy in current high-risk protocols with indirect MYCN inhibitors 

provides a potential route to improve poor cure rates for MYCN-amplified neuroblastomas. Different 

hyperactive biological networks in MYCN-amplified neuroblastoma were tackled using small molecule 

inhibitors of the bromodomain and extra-terminal (BET) domain-containing protein BRD4, 

phosphoinositide 3-kinase (PI3K) and polo-like kinase 1 (PLK1). BET (JQ1, OTX015 and TEN-010) 

and kinase (alpelisib, volasertib and rigosertib) inhibitors demonstrated anti-cancer activity by 

diminishing viability in cell line-based drug screens at nanomolar to low micromolar concentrations. 

Rigosertib treatment altered PLK1 and PI3K signaling and strongly impaired the cellular ability for 

wound healing and colony formation. In line with in vitro observations, rigosertib reduced tumor growth 

in patient-derived neuroblastoma xenografts in mice. Combining OTX015 and volasertib produced 

synergistic anti-tumor responses in two MYCN-amplified neuroblastoma cell lines. To prevent MYCN-

driven proliferation of tumor cells, further indirect MYCN targets are also being considered. This is 

exemplified by a substrate of PLK1, ASPM, which is elevated in MYCN-amplified primary 

neuroblastomas. Knockdown of ASPM, a microtubule-associated protein involved in mitotic spindle 

assembly, in MYCN-amplified neuroblastoma cell lines reduced viability and proliferation, 

accompanying a neuronal differentiation phenotype with neurite-like outgrowth, cytoskeletal changes 

and increased expression of differentiation markers. This study presents clinical implementable 

molecular diagnostics to pinpoint unique MYCN-amplified neuroblastoma cells within non-invasively 

accessible biopsy material, and proposes indirect small molecule-based MYCN therapies and potentially 

new drug targets for a personalized treatment.  
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10 Appendix 

 Additional material 

 

Figure 128: Validation of rearrangements of the MYCN locus in neuroblastoma cell lines by Sanger sequencing.  
Sequencing chromatograms of the breakpoint regions of MYCN chr.2p24.3 rearrangements along with their 
genomic coordinates (GRCh37(hg19)), and the breakpoint-spanning nucleotide sequences. The sequence 
rearrangement partners are indicated in yellow and white. The breakpoint sequence was determined applying 
Sanger sequencing from the PCR product with cell line DNA inserted previously. Corresponding PCR assays are 
listed in Table 15634 



   Appendix: 10.1 Additional material 

360 
 

 

Figure 129: Validation of rearrangements of the MYCN locus in neuroblastoma tumors by Sanger sequencing (Part I).  
Sequencing chromatograms of the breakpoint regions of MYCN chr.2p24.3 rearrangements along with their 
genomic coordinates (GRCh37(hg19)), and the breakpoint-spanning nucleotide sequences. The sequence 
rearrangement partners are indicated in yellow and white. The breakpoint sequence was determined applying 
Sanger sequencing from the PCR product with neuroblastoma tumor DNA inserted previously. Corresponding 
PCR assays are listed in Table 17. The figures run continuously on Figure 130634 
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Figure 130: Validation of rearrangements of the MYCN locus in neuroblastoma tumors by Sanger sequencing (Part II).  
Sequencing chromatograms of the breakpoint regions of MYCN chr.2p24.3 rearrangements along with their 
genomic coordinates (GRCh37 (hg19)), and the breakpoint-spanning nucleotide sequences. The sequence 
rearrangement partners are indicated in yellow and white. The breakpoint sequence was determined applying 
Sanger sequencing from the PCR product with neuroblastoma tumor DNA inserted previously. Corresponding 
PCR assays are listed in Table 17. The previous Sanger sequencing results of PCR assays of tumor DNA can be 
found in Figure 129.634 

 



 

 
 

 
Figure 131: High expression of ASPM correlates 
with a diminished event-free survival probability. 
Survival analysis of RNA-Sequencing data of 
neuroblastoma patients (SEQC study42) display 
a correlation between event-free survival 
probability and ASPM expression. A low ASPM 
expression follows a high event-free survival 
probability, whereas a high expression of 
ASPM lead to a lower event-free survival 

probability (p<1.0x10-13). Cutoff modus: 

median, cutoff: 249 neuroblastoma tumors with 
high expression of ASPM from expression 
cutoff 22.631, chi = 55.31, df = 1, high is worse. 
(Microarray SEQC-498-RPM-seqcnb1 data set; 
figure was created using the R2 Genomics 
platform496,497). 

 

Figure 132: High expression of ASPM correlates 
with a diminished overall survival probability. 
Survival analysis of RNA-Sequencing data of 
neuroblastoma patients (SEQC study42) display 
a correlation between overall survival 
probability and ASPM expression. A low ASPM 
expression follows a high overall survival 
probability, whereas a high expression of 
ASPM lead to a lower overall survival 
probability (p<2.9x10-16). Cutoff modus: 
median, cutoff: 249 neuroblastoma tumors with 
high expression of ASPM from expression 
cutoff 22.631, chi = 66.88, df = 1, high is worse. 
(Microarray SEQC-498-RPM-seqcnb1 data set; 
figure was created using the R2 Genomics 
platform496,497). 
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Figure 133: Neuroblastoma subgroup with MYCN amplification and high expression of ASPM show lower event-free 
survival probability. 
Survival analysis of RNA-Sequencing data of neuroblastoma patients (SEQC study42) display a correlation 
between event-free survival probability, MYCN amplification and high ASPM expression. Low ASPM expression 
in combination with MYCN amplification follows a moderate event-free survival probability, whereas a high 
expression of ASPM in combination with MYCN amplification lead to a lower event-free survival probability 

(p<0.061). Cutoff modus: median, cutoff: 46 neuroblastoma tumors with high expression of ASPM from 

expression cutoff 45.942, chi = 3.50, df = 1, high is worse. (Microarray SEQC-498-RPM-seqcnb1 data set; figure 
was created using the R2 Genomics platform496,497). 

 

 

Figure 134: Neuroblastoma subgroup without MYCN amplification and high expression of ASPM show similar event-
free survival probability compared to the total cohort. 
Survival analysis of RNA-Sequencing data of neuroblastoma patients (SEQC study42) shows event-free survival 
probability in a subgroup of non-MYCN amplification and high ASPM expression. Low ASPM expression in 
combination without MYCN amplification follows a high event-free survival probability, whereas a high 
expression of ASPM in combination without MYCN amplification lead to a lower event-free survival probability 
(p<1.8x10-7). Cutoff modus: median, cutoff: 201 neuroblastoma tumors with high expression of ASPM from 
expression cutoff 18.594, chi = 27.27, df = 1, high is worse. (Microarray SEQC-498-RPM-seqcnb1 data set; figure 
was created using the R2 Genomics platform496,497). 
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Figure 135: Neuroblastoma subgroup with MYCN amplification and high expression of ASPM show lower overall 
survival probability. 
Survival analysis of RNA-Sequencing data of neuroblastoma patients (SEQC study42) display a correlation 
between overall survival probability, MYCN amplification and high ASPM expression. Low ASPM expression in 
combination with MYCN amplification follows a moderate overall survival probability, whereas a high expression 

of ASPM in combination with MYCN amplification lead to a lower overall survival probability (p<0.069). Cutoff 

modus: median, cutoff: 46 neuroblastoma tumors with high expression of ASPM from expression cutoff 45.942, 
chi = 3.50, df = 1, high is worse. (Microarray SEQC-498-RPM-seqcnb1 data set; figure was created using the R2 
Genomics platform496,497). 

 

Figure 136: Neuroblastoma subgroup without MYCN amplification and high expression of ASPM show improved 
overall survival probability compared to the total cohort. 
Survival analysis of RNA-Sequencing data of neuroblastoma patients (SEQC study42) shows overall survival 
probability in a subgroup of non-MYCN amplification and high ASPM expression. Low ASPM expression in 
combination without MYCN amplification follows a high overall survival probability, whereas a high expression 
of ASPM in combination without MYCN amplification lead to a lower overall survival probability (p<9.7x10-8). 
Cutoff modus: median, cutoff: 201 neuroblastoma tumors with high expression of ASPM from expression cutoff 
18.594, chi = 27.27, df = 1, high is worse. (Microarray SEQC-498-RPM-seqcnb1 data set; figure was created using 
the R2 Genomics platform496,497). 
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Figure 137: Neuroblastoma high-risk subgroup with high expression of ASPM show greatly reduced event-free 
survival probability. 
Survival analysis of RNA-Sequencing data of neuroblastoma patients (SEQC study42) display a correlation 
between event-free survival probability, high-risk stage and high ASPM expression. Low ASPM expression in 
combination with high-risk neuroblastomas follows a low event-free survival probability, whereas a high 
expression of ASPM in combination with high-risk neuroblastomas lead to an even lower event-free survival 

probability (p<0.015). Cutoff modus: median, cutoff: 88 neuroblastoma tumors with high expression of ASPM 

from expression cutoff 41.786, chi = 9.56, df = 1, high is worse. (Microarray SEQC-498-RPM-seqcnb1 data set; 
figure was created using the R2 Genomics platform496,497). 

 

Figure 138: Neuroblastoma high-risk subgroup with high expression of ASPM show greatly reduced overall survival 
probability. 
Survival analysis of RNA-Sequencing data of neuroblastoma patients (SEQC study42) display a correlation 
between overall survival probability, high-risk stage and high ASPM expression. Low ASPM expression in 
combination with high-risk neuroblastomas follows a moderate overall survival probability, whereas a high 
expression of ASPM in combination with high-risk neuroblastomas lead to a very low overall survival probability 
(p<2.0x10-3). Cutoff modus: median, cutoff: 88 neuroblastoma tumors with high expression of ASPM from 
expression cutoff 41.786, chi = 9.56, df = 1, high is worse. (Microarray SEQC-498-RPM-seqcnb1 data set; figure 
was created using the R2 Genomics platform496,497). 



 

 
 

A  

B  

Figure 139: Sequence map of genomic ASPM after CRISPR/Cas9 3xFLAG knockin at stop codon site.  
Human genomic ASPM was endogenously tagged with a 3xFLAG-tag, mediated by a CRISPR/Cas9 knockin. The attachment of a FLAG-tag peptide to ASPM would allow a 
detection with an anti-FLAG antibody. The knockin was conducted targeting the TAG stop codon in exon 28 of ASPM, thereby attaching the FLAG-tag C-terminal. The stop 
codon region is cleaved by CRISPR/Cas9 and the resulting double-strand break is repaired by HDR at homology arm HA/Hom1 sites. FLAG sequence and NeoR are fused 
through P2A, which separates the FLAG-tag and the NeoR after translation544,598,603. (A) Complete genomic ASPM with  3xFLAG insert. (B) 3xFLAG knockin region in detail.
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Table 9: List of human cell lines used in this thesis 

Cell line Cell type Patient Site of origin Therapy time point MYCN TP53 ALK TERT ATRX 
PubMed ID 

Reference 

BJ1-hTERT skin fibroblast ♂ <1M foreskin not applicable non-MNA     9454332 

CHLA-90 neuroblastoma 
♂ 8Y 
6M 

bone marrow 
metastasis 

after post-chemotherapy 
(progressive disease), 
post-bone marrow 
transplant 

non-MNA wt   mut 9850071 

CHP-134 neuroblastoma 
♂ 1Y 
1M 

tumor of the left 
adrenal area 

after polychemotherapy, 
radiation therapy 

MNA     10079 

CHP-212 neuroblastoma 
♂ 1Y 
8M 

kidney mass diagnosis MNA  
c.4164+    
137C>G 

  7139592 

GI-ME-N neuroblastoma 
♀ 3Y 
6M 

bone marrow 
metastasis 

after six months of 
chemotherapy 

non-MNA wt wt rea  3615018 

HEK293 
embryonic kidney 
tissue 

♀ 0Y 

fetus 
epithelial 

transformed by 
adenovirus type 5 (Ad 
5) 

non-MNA wt wt wt wt 886304 

HEK293T 
embryonic kidney 
tissue 

♀ 0Y 

Fetus 

epithelial, 
derivative of 
HEK293 

transformed by 
adenovirus type 5 (Ad 
5); contains SV40 T-
antigen 

non-MNA wt wt wt wt 3031469 

HeLa 

papillomavirus-
related 
endocervical 
adenocarcinoma 

♀ 30Y 
6M 

cervix diagnosis non-MNA 
wt 

p53-null 
wt   13052828 

hTERT RPE-1 
pigment epithelial 
cells 

♀ 1Y  eye retina not applicable non-MNA     9454332 

IMR-32 neuroblastoma 
♂ 1Y 
1M 

abdominal 
primary tumor 

 MNA wt wt   5459762 

IMR-5 neuroblastoma 
♂ 1Y 
1M 

abdominal 
primary tumor, 
sub-clone of             
IMR-32 

 MNA wt wt   6160155 
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IMR-5/75 neuroblastoma 
♂ 1Y 
1M 

abdominal 
primary tumor, 
sub-clone of          
IMR-32 

 MNA wt wt   16216448 

Kelly neuroblastoma ♀ 1Y 
primary tumor 
(CNS) 

 MNA 

wt ? 

tp53: P117T 
? 

c.3522C>A   7139592 

LAN-1 neuroblastoma ♂ 2Y 
bone marrow 
metastasis 

after polychemotherapy MNA  c.3522C>A   856461 

LAN-5 neuroblastoma ♂ 4M 
bone marrow 
metastasis 

unknown MNA wt c.3824G>A   6172518 

LAN-6 neuroblastoma ♂ 6Y 
bone marrow 
metastasis 

after treatment non-MNA c.455C>T c.3271G>A   8242562 

N206 

(Kelly?) 
neuroblastoma ♀ 1Y 

primary tumor 
(CNS) 

 MNA mut c.3522C>A   7838528 

NB-1643 neuroblastoma ♂ 3Y 
primary tumor 
(retro-peritoneal 
mass) 

diagnosis MNA  c.3824G>A   9815701 

NBL-S neuroblastoma 
♂ 3Y 
6M 

primary adrenal 
tumor 

diagnosis non-MNA  wt   11550280 

NGP neuroblastoma 
♂ 2Y 
6M 

lung metastasis after chemotherapy MNA c.423C>G wt   922665 

NGP_ASPM-
FPN_87_#1 

neuroblastoma 
♂ 2Y 
6M 

lung metastasis; 
ASPM 3xFLAG 
87 knockin 
clone #1 

after chemotherapy MNA c.423C>G wt   

Szymansky et 
al.543,544,598 
(Manuscript in 
prep.) 

NGP_ASPM-
FPN_87_#7 

neuroblastoma 
♂ 2Y 
6M 

lung metastasis; 
ASPM 3xFLAG 
87 knockin 
clone #7 

after chemotherapy MNA c.423C>G wt   

Szymansky et 
al.543,544,598 
(Manuscript in 
prep.) 

PLF 

(Fi301) 
primary human 
embryonic lung 
fibroblasts 

 
epithelial, 
embryonal 

not applicable non-MNA     

20383190 
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Rh1 

rhabdomyosarcom
a (reclassified as 
Ewing family 
tumor)500 

♂  
age 
unk. 

bone marrow 
metastasis 

unknown non-MNA 
c.659A>G 

c.5882G>A 
wt wt wt 8275086 

SK-N-AS neuroblastoma ♀ 6Y 
bone marrow 
metastasis 

 non-MNA     2987426 

SK-N-BE / 

SK-N-BE(1) 
neuroblastoma 

♂ 1Y 
8M 

bone marrow 
metastasis 

no treatment MNA   ?  29704 

SK-N-BE(2) neuroblastoma 
♂ 2Y 
2M 

bone marrow 
metastasis, same 
patient as                  
SK-N-BE(1) 

after repeated courses of 
chemotherapy and 
radiotherapy 

MNA c.404G>T    62055 

SKNBE(2)-C/ 

BE(2)-C 
neuroblastoma 

♂ 2Y 
2M 

bone marrow 
metastasis, sub-
clone of SK-N-
BE(2) 

after repeated courses of 
chemotherapy and 
radiotherapy 

MNA c.404G>T    6582512 

SK-N-FI neuroblastoma ♂ 11Y 
bone marrow 
metastasis 

post-chemotherapy 
(progressive disease) 

non-MNA c.737T>G    2987426 

SK-N-DZ neuroblastoma ♀ 2Y 
bone marrow 
metastasis 

 MNA     2987426 

SK-N-SH neuroblastoma ♀ 4Y 
bone marrow 
metastasis 

after radiation therapy, 
polychemotherapy 

non-MNA wt c.3522C>A wt wt 4748425 

SH-EP neuroblastoma ♀ 4Y 

bone marrow 
metastasis, sub-
clone of SK-N-
SH 

after radiation therapy, 
polychemotherapy 

non-MNA wt c.3522C>A wt wt 6137586 

SH-SY5Y neuroblastoma ♀ 4Y 

bone marrow 
metastasis, sub-
clone of SK-N-
SH 

after radiation therapy, 
polychemotherapy 

non-MNA wt c.3522C>A wt wt 4748425 

TR-14 neuroblastoma ♂ 3Y 
abdominal 
primary tumor 

after polychemotherapy MNA     6861117 

VH7 skin fibroblast ♂  foreskin not applicable non-MNA     8847504 

Information about human cell lines was obtained from different publications1224,1225 and databases1226–1228. Abbreviations: ♀ = female, ♂ = male, MNA = MYCN-amplified, 
non-MNA= non-MYCN-amplified, wt = wildtype, mut = mutated, rea = Rearrangement 
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Table 10: Cell culture media and supplements used in this study 

Cell line Cell type Media 

Fetal calf 

serum 

content 

Supplements Prokaryote Antibiotics Eukaryote Antibiotics 

BJ1-hTERT skin fibroblast DMEM 
10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

CHLA-90 neuroblastoma DMEM 
20% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

CHP-134 neuroblastoma RPMI 

1640 

10-15% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

CHP-212 neuroblastoma RPMI 

1640 

10-15% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

GI-ME-N neuroblastoma RPMI 

1640 

10% FCS 

Superior 

for shRNA transduction: 

polybrene (8µg/ml end 

concentration) 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

HEK293 embryonic kidney tissue DMEM 
10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

HEK293T embryonic kidney tissue DMEM 
10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

HEK293T 
embryonic kidney tissue 

during transfection 
DMEM 

10-20% FCS 

Superior 

for shRNA transfection:  

+ 2% L-Glutamine  

(200mM) 

+ 2% HEPES 0.5M  

(10mM) 

+ 1/1000 Chloroquine  

(25mM) 

For shRNA transduction: 

polybrene (10µg/ml end 

concentration) 

 

for selection: 10mg/ml 

Puromycin (End concentration 

1,000ng/ml) 

HeLa adenocarcinoma RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

hTERT  

RPE-1 
pigment epithelial cells DMEM 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

IMR-32 neuroblastoma RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
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IMR-5 neuroblastoma RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

IMR-5/75 neuroblastoma RPMI 

1640 

10% FCS 

Superior 

for shRNA transduction: 

polybrene (3µg/ml end 

concentration) 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 

for selection: 10mg/ml 

Puromycin (End concentration 

300ng/ml) 

Kelly neuroblastoma RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 

for selection: 10mg/ml 

Puromycin (End concentration 

250ng/ml) 

LAN-1 neuroblastoma RPMI 

1640 

20% FCS 

Superior 

optional:  

+ 1% L-Glutamine  

(200mM) 

+1% MEM NEAA 

 (10mM) 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

LAN-5 neuroblastoma RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100µg/ml) 
 

LAN-6 neuroblastoma DMEM 
20% FCS 

Superior 

Optional:  

+1% MEM NEAA 

 (10mM) 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

N206 neuroblastoma DMEM 
10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

NB-1634 neuroblastoma RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

NBL-S neuroblastoma RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

NGP neuroblastoma RPMI 

1640 

10% FCS 

Superior 

for shRNA transduction: 

Polybrene (6µg/ml end 

concentration) 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 

for selection: 10mg/ml 

Puromycin (End concentration 

450ng/ml) 

NGP_ASPM-
FPN_#1 

neuroblastoma, ASPM 
3xFLAG knockin clone #1 

RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 

for selection: Geneticin (G-418; 

end concentration 800µg/ml) 

 

NGP_ASPM-
FPN_#7 

neuroblastoma, ASPM 
3xFLAG knockin clone #7 

RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 

for selection: Geneticin (G-418; 

end concentration 800µg/ml) 

 

PLF 
(Fi301) 

primary human embryonic 
lung fibroblasts EMEM 

10% FCS 

Superior 

+ 7.5% Sodium Bicarbonat 

(w/v) 

+ 1mM Sodium Pyruvate  

(100mM) 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
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+ 2mM L-Glutamine  

(200mM) 

+1% MEM NEAA 

 (10mM) 

Rh1 
rhabdomyosarcoma 
(reclassified as Ewing 
family tumor)500 

RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

SK-N-AS neuroblastoma RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100µg/ml) 
 

SK-N-BE /  

SK-N-BE(1) 
neuroblastoma RPMI 

1640 

10% FCS 

Superior 

for shRNA transduction: 

Polybrene (8µg/ml end 

concentration) 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 

for selection: 10mg/ml 

Puromycin (End concentration 

200ng/ml) 

SK-N-BE(2) neuroblastoma RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

SKNBE(2)-C/ 
BE(2)-C 

neuroblastoma RPMI 

1640 

10% FCS 

Superior 

for shRNA transduction: 

Polybrene (8µg/ml end 

concentration) 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

SK-N-FI neuroblastoma RPMI 

1640 

10-15% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

SK-N-DZ neuroblastoma DMEM 
10% FCS 

Superior 

optional:  

+ 1% L-Glutamine  

(200mM) 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

SK-N-SH neuroblastoma RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

SH-SY5Y neuroblastoma RPMI 

1640 

10% FCS 

Superior 

for shRNA transduction: 

Polybrene (6µg/ml end 

concentration) 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 

for selection: 10mg/ml 

Puromycin (End concentration 

500ng/ml) 

SH-EP neuroblastoma RPMI 

1640 

10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

TR-14 neuroblastoma DMEM 
10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
 

VH7 skin fibroblast DMEM 
10% FCS 

Superior 
 

1% penicillin (100U/ml) /  

1% streptomycin (100μg/ml) 
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Table 11: Clinical data of neuroblastoma patient cohort analyzed with NB targeted NGS assay and NB breakpoint MRD assay  

Patient 
number 

Gender/ 
Sex 

Age at 
primary 
diagnosis 
(days) 

Stadium 
MYCN 
status 

MYCN 
CNV 

1p36 
status 

ALK  
status 

Site 
primary 
tumor 

Metastasis 
Primary 
treatment 

EFS 
(days) 

OS 
(days) 

Outcome 

8 ♂ 511 4 MNA 48.25 del c.3824G>A 
right 
adrenal 
gland 

BM, local LN, 
pancreas 

NB2004-HR 
(2xN8, 3xN5, 
3xN6, 
autoSCT, 
 5 cycles 
dinutuximab 
beta) 

1134 1134 CR1 

9 ♂ 1130 4 MNA 112.53 del wt 
right 
adrenal 
gland 

BM, pancreas, 
local + distant 
LN, orbit, 
bone,  

NB2016 261 261 

death of 
Therapy 
Tox (VOD/ 
pulmonary 
bleeding) 

10 ♂ 103 4 MNA 28.21 del wt 
left 
adrenal 
gland 

BM, adrenal, 
liver, skin, 
bone, left 
kidney, LN 

2xN4  
acc. NB2016 

N/A 43 
death of 
Therapy 
Tox (VOD) 

11 ♂ 2909 4 MNA 153.57 del c.3824G>A 
left 
adrenal 
gland 

BM (sparse), 
left kidney, 
local + distant 
LN,  

NB2016 241 327 DOD 

12 ♀ 1395 4 MNA 28.75 del c.3522C>A  
left 
adrenal 
gland 

BM, bone, 
local + distant 
LN 

3xN5 and 
3xN6 acc. 
NB2016, 
haploSCT, 
dinutuximab 
beta, ALKi 

424 424 CR1 

13 ♀ 443 4 MNA 31.15 del c.3824G>A 
left 
adrenal 
gland 

BM, bone, 
local + distant 
LN, liver, 
abdomen 

NB2016, 
salvage CTX, 
ALKi 

150 314 DOD 

Tumor tissue and bone marrow aspirates were obtained from 6 patients treated at the Charité Department for Pediatric Oncology and Hematology, Berlin, Germany. 
Abbreviations: MNA = MYCN-amplified
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Table 12: Genes examined in NB targeted NGS assay 

Gene name (HUGO) or 

chromosome section 
Mutation Copy Number Change Fusion Gene 

1p36  deletion  

11q  deletion  

17q  gain  

ALK x amplification, rearrangement  

ARAF x   

ATM x   

ATR x   

ATRX x deletion, rearrangement  

BRAF x   

BRCA1 x   

BRCA2 x   

CCDN1 x amplification  

CDK4  amplification  

CDK6  amplification  

CDKN2A x deletion  

CDKN2B x deletion  

CTNNB1 x   

DDR2 x   

EGFR x deletion  

ERBB2 x   

FGFR1  x including UTR  

FGFR2  x including UTR  

FGFR3  x including UTR  

FGFR4  x including UTR  

HRAS x   

IDH1 x   
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IDH2 x   

JAK2 x   

KIT x   

KRAS x   

MAP2K1 x   

MAP2K2 x   

MDM2  amplification  

MDM4  amplification  

MET x   

mTOR x   

cMYC x amplification x 

MYCL1 x amplification  

MYCN x amplification x 

NF1 x deletion  

NRAS x   

NTRK2 x   

PDGFRa x   

PDGFRb x   

PIK3CA x   

PIK3CB x   

PTCH1 x   

PTEN x   

PTPN11 x   

RET x   

RICTOR x   

ROS1 x   

RPTOR x   

SMO x   

TERT  deletion, amplification  x 

TP53 x   
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TSC1 x   

TSC2 x   

Genes of interest were defined by M. Fischer and J.H. Schulte (includes international  
consensus from London Conferences667).  

 

Table 13: Housekeeping PCR assay for normalization of MRD detection  

Gene name 

Chromosomal 
location                   
(GRCh37; 
hg19) 

Sequence 
Forward primer  

(5’-3’) 

Reverse primer  

(5’-3’) 

FAM-BHQ1 probe  

(5’-3’) 

annealing 
temperature 
(Ta) 

ß-globin 
(hemoglobin 
subunit beta) 

Chr11: 
5,246,694-
5,250,625 
reverse strand 

TATTGGTCTCCTTAAACCTGTCTTGTA 
ACCTTGATACCAACCTGCCCAGGGCC 
TCACCACCAACTTCATCCACGTTCACC 
TTGCCCCACAGGGCAGTAACGGCAGA 
CTTCTCCTCAGGAGTCAGATGCACCAT 
GGTGTCTGTTTGAGGTTGCTAGTGAAC 
ACAGTTGTGTCAG 

TATTGGTCTCCTTAAA 
CCTGTCTTG 

CTGACACAACTGTGT 
TCACTAGC 

FAM-
CCCACAGGGCAGTA 
ACGGCAGACT-BHQ1 

65°C 

 
Table 14: Genomic locations of MYCN associated breakpoints within neuroblastoma cell lines 

Name of  
cell line 

Breakpoint 
number 

Chromosome 
Start 

Gene Start 
Breakpoint 
Start 

Chromosome 
End 

Gene End 
Breakpoint 
End 

MYCN 
CNV 

Coverage NB 
targeted NGS 
assay 

IMR-5 1 chr2 MYCN 16083742 chr2 intergenic 67014561 49.90 1739x 

 2 chr2 Intergenic 14794043 chr2 intergenic 16019119   

SK-N-BE 3 chr2 intergenic 16274854 chr2 intergenic 16509439 68.06 1685x 

 4 chr2 intergenic 16376722 chr2 intergenic 16528085   

 5 chr2 Intergenic 16081475 chr2 Intergenic 16582271   

LAN-5 6 chr2 intergenic 16404713 chr2 intergenic 16421908 59.50 1726x 

 7 chr2 intergenic 15796491 chr2 intergenic 15984812   

NGP 8 chr2 intergenic 16400696 chr2 intergenic 17148520 56.93 1938x 

 9 chr2 intergenic 16178966 chr2 intergenic 17169549   

 10 chr2 intergenic 16899228 chr2 intergenic 17067519   

KELLY 11 chr2 intergenic 15889211 chr2 FAM49A 16742034 88.00 1534x 
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 12 chr2 intergenic 15914151 chr2 intergenic 16503417   

 13 chr2 intergenic 15834139 chr2 intergenic 16840864   

TR-14 14 chr2 intergenic 16088567 chr12 intergenic 58052926 57.00 1567x 

 15 chr2 intergenic 15966854 chr2 intergenic 16400242   

SK-N-DZ 16 chr2 NBAS 15527610 chr2 intergenic 16179362 43.20 2075x 

 17 chr2 MYCN 16085763 chr2 intergenic 16164912   

 18 chr2 intergenic 16075507 chr2 intergenic 16371173   

 19 chr2 intergenic 15985405 chr2 intergenic 16173264   

 20 chr2 intergenic 633819 chr2 intergenic 16380152   

 

Table 15: PCR assays of MYCN associated breakpoints within neuroblastoma cell lines 

Name of  
cell line 

Break- 
point 
no. 

Chromo
-some 
Start 

Gene 
Start 

Break-
point 
Start 

Chromo
-some  
End 

Gene  
End 

Break-
point 
End 

MYCN 
CNV 

Coverage 
NB 
targeted 
NGS 
assay 

Breakpoint 
sequence 

Forward 
primer 
(5’-3’) 

Reverse  
primer 
(5’-3’) 

FAM-
BHQ1 
probe 
(5’-3’) 

MRD 
assay 
sensi-
tivity 
range 

MRD 
assay 
quanti-
tative 
range 

IMR-5 1 chr2 MYCN 16083742 chr2 intergenic 67014561 49.90 1739x 

CTGGTGTGGATGGCAT
GGCAGAATGGTAGATA
CTGCATGGATTAAGAC
ATGCTAGGCTGCAGAA
ACAATAGCCCTCCATC
CTCTTTCAAGTGTGCA
GTGGAAACTGGCTGTA
GTTTTGTCTTCC 

CTGGTG
TGGATG
GCATGG
C 

GGAAGA
CAAAAC
TACAGC
CAG 

Not 
performed 

Not 
performed 

Not 
performed 

 2 chr2 Intergenic 14794043 chr2 intergenic 16019119   

AGCTAAGGGTGTTCCA
GCCAGCACTGTTTGTA
ATAGCAAAACTGGAA
ACAACCAAAAGTCCAC
TAACGAGACTGAATTA
AATGATCTTTAAATAT
CCTCCAAGTTCTAAAA
GTCTGTAAGGCCTGTT
CC 

AGCTAA
GGGTGT
TCCAGC
CA 

GGAACA
GGCCTT
ACAGAC
TTTTA 

FAM-
GCAAAA
CTGGAA
ACAACC
AAAAGT
CCA-
BHQ1 

RQ-PCR: 
10-4 

RQ-PCR: 
10-3 

ddPCR: 
10-4 

ddPCR: 
10-4 

SK-N-BE 3 chr2 intergenic 16274854 chr2 intergenic 16509439 68.06 1685x 

GGACACAAGTTCAGAT
TTTGCCTCAGAAATAT
GCAAGGGGTCAGGCA
AATCATGAAAATTATT
ATTGTGTGAGTGTCCA
AAACTTACTAGTGTTA
TCCAATGAGGTCAATA
TTAGC 

GGACAC
AAGTTC
AGATTT
TGC 

GCTAAT
ATTGAC
CTCATT
GG 

FAM-
GAAATA
TGCAAG
GGGTCA
GG-BHQ1 

RQ-PCR: 
10-5 

RQ-PCR: 
10-4 

ddPCR: 
10-6 

ddPCR: 
10-5 

 4 chr2 intergenic 16376722 chr2 intergenic 16528085   

CAAGCATTCCAAGTAG
GAAGGTGGGGTTGACA
CAAACAGAGGCGGGG
GCAGCATAACACGATA
CACTCAGGAAG 

CAAGCA
TTCCAA
GTAGGA
AG 

CTTCCT
GAGTGT
ATCGTG 

Not 
performed 

Not 
performed 

Not 
performed 

 5 chr2 Intergenic 16081475 chr2 Intergenic 16582271   

CTCCCTGGAAGAGGAC
GTTGTCGTGGGTTTGG
AAGAGCAGGGGTGGG
CTTAGAGAGCTTCCAA
TTAAGCTATTGGCAGG
AGTATCCCTGCAGCGG

CTCCCT
GGAAGA
GGACGT
TG 

TGTACA
CACTCA
TATATA
TG 

Not 
performed 

Not 
performed 

Not 
performed 
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GTGAATATAATATATA
CACACATACACATACA
TATATATGAGTGTGTA
CA 

LAN-5 6 chr2 intergenic 16404713 chr2 intergenic 16421908 59.50 1726x 

CTGAGAATGCCACATC
CTTGAGATAGAGAGGA
GCTGGCCGGAATAGCC
AGAGCTATTAAAAGGA
TGAAAGGCCCCGTAAT
TATTACCATTCGAAAA
CACAGAGACTGTC 

CTGAGA
ATGCCA
CATCCT
TG 

CGAAAA
CACAGA
GACTGT
C 

Not 
performed 

Not 
performed 

Not 
performed 

 7 chr2 intergenic 15796491 chr2 intergenic 15984812   

CCATGACCGACTGTTT
CCTCTTATAAACTGCG
ACGAATATCAGCTATG
CCTCTGACTGTGGGGT
TTTGGAGCAAGGAGGA
CCTGCCCATTCTGATC
TGAGGGATG 

CCATGA
CCGACT
GTTTCCT
C 

CATCCC
TCAGAT
CAGAAT
G 

FAM-
GCGACG
AATATC
AGCTAT
GC- 
BHQ-1 

RQ-PCR: 
10-6 

RQ-PCR: 
10-5 

ddPCR: 
10-6 

ddPCR: 
10-5 

NGP 8 chr2 intergenic 16400696 chr2 intergenic 17148520 56.93 1938x 

CATGCTAAGATGGGGT
CCCCCAGGACCATGTT
CAGGGTAAGATATAAA
TAACTCCCATATGCAT
AGCATTCC 

CATGCT
AAGATG
GGGTCC 

CCCATA
TGCATA
GCATTC
C 

Not 
performed 

Not 
performed 

Not 
performed 

 9 chr2 intergenic 16178966 chr2 intergenic 17169549   

ATGGTCCTGATGTACT
GAGATTTATTGGCCAG
TTGAAACACATACTTG
CACAATGGACTGGTTT
TAAGATATAATGCCCA
TAGTGGCAGGGTGGGT
TACACCGTGGAAAATG
CCTTCCT 

ATGGTC
CTGATG
TACTGA
GA 

CCGTGG
AAAATG
CCTTCCT 

FAM-
CTTGCA
CAATGG
ACTGGT
TTT-
BHQ1 

RQ-PCR: 
10-6 

RQ-PCR: 
10-5 

ddPCR: 
10-6 

ddPCR: 
10-5 

 10 chr2 intergenic 16899228 chr2 intergenic 17067519   

GGTATGTGAATCATGT
CCCAACAAAGCTATTT
AAAAAGATAAAGAAA
GTTTTATTCCCTAGGA
TATTGGTAGCATTTAC
TGCCTGTAATTTTAGG
GTCCCCTGGAGACGTA
GCTGA 

GGTATG
TGAATC
ATGTCC
CAAC 

CCCTGG
AGACGT
AGCTGA 

Not 
performed 

Not 
performed 

Not 
performed 

KELLY 11 chr2 intergenic 15889211 chr2 FAM49A 16742034 88.00 1534x 

GCATCTGTGATCTGAG
CCTTGGTTCTGCCACC
TGACAAGCTATGCATG
GAGTTCTGCGGTGGTT
CTTTTCCACAAGACAC
CTTGTTTATTATTATAT
GCAACTTCATTTTCAT
GTCTTTTAATACTTTTC
ACAAAGAAAGCTTTTG
CAAATTGGAGGAG 

GCATCT
GTGATC
TGAGCC
TTG 

GCTTTT
GCAAAT
TGGAGG
AG 

FAM-
TTCTGC
CACCTG
ACAAGC
TA-BHQ1 

RQ-PCR: 
10-4 

RQ-PCR: 
10-4 

ddPCR: 
10-5 

ddPCR: 
10-5 

 12 chr2 intergenic 15914151 chr2 intergenic 16503417   

CAGAGATTTAGGCAGG
TAAGGTGACTTGTCCA
AGGTAACACCACCTGT
AAGTGATGGAACTGGG
ATTTGAGCTGAGGCAG
TCTGACCGCCTTGCCC
TGGGCTTATGCTTCCT

CAGAGA
TTTAGG
CAGGTA
AGGTG 

GAATAA
AGGAAG
CACGTG
GC 

FAM-
GCTGAG
GCAGTC
TGACCG
CC-BHQ1 

RQ-PCR: 
10-4 

RQ-PCR: 
10-4 
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AACCACTATCCTCTGC
TGCCCCTCACTGGATT
GTCATTGAAAGCCTGT
GAAGCACTGAATGAA
AAGTGTTATTTCTGCC
TCCATTTTACAGAAGG
AGAAGCAAGGGGCTG
GAATAAAGGAAGCAC
GTGGC 

ddPCR: 
10-6 

ddPCR: 
10-5 

 13 chr2 intergenic 15834139 chr2 intergenic 16840864   

AAATGTTTATCATTGT
CCTGCTGACAATACCC
TACATGGCTCAGTAGG
AACACAAGACTCAGG
AGATCGACAGCTTGTC
AAAGCCCAGGCTGCTT
GTAAGTGGGCAGCGTG
ACTACAAGACCCCGGG
TCTTCTTGGACTCTCCA
CTTGCTCTTGCTCTTTA
CTTTCTGCTCAGTTTTG
CTGTGAACCTAAAACT
ACTGCAAAAAAATAA
AAAATAGAAAAGACT
CAGACTTTAATTACGG
AAGAGAAGCTTTCCCT
TACCCCAGCTTG 

AAATGT
TTATCA
TTGTCCT
GCTGA 

CTTTCCC
TTACCC
CAGCTT
G 

Not 
performed 

Not 
performed 

Not 
performed 

TR-14 14 chr2 intergenic 16088567 chr12 intergenic 58052926 57.00 1567x 

GGCCACTCTTCTTATC
ACCCAATATCAAACTG
ATAAGCCTTAAATTTG
CCCTCACATGGGCCCC
TTCATCTTTAATCCAA
CCTCCGACTAGGAGTT
TGGAAGGAAACCCTTG
AGATACGAGGTTGG 

GGCCAC
TCTTCTT
ATCACC
CAATA 

ACCCTT
GAGATA
CGAGGT
TGG 

Not 
performed 

Not 
performed 

Not 
performed 

 15 chr2 intergenic 15966854 chr2 intergenic 16400242   

ACTAGTCTTCCCTGAT
TTGCCCCCATCAAGTT
TTCTCTCTAGAGTATA
CTGGTGCATTTGGCCT
TTTCCTTAGGCAGTTC
AGAGGTAGGAGTGCGT
CCATGACTTTTCAGGC
TTTGAGAGTGAAACCA
ACCAAACCAGGGATCT
GGAGTA 

ACTAGT
CTTCCCT
GATTTG
CCC 

ACCAAA
CCAGGG
ATCTGG
AGTA 

FAM-
CTAGAG
TATACT
GGTGCA
TTTGGC-
BHQ1 

RQ-PCR: 
10-6 

RQ-PCR: 
10-5 

ddPCR: 
10-6 

ddPCR: 
10-5 

SK-N-DZ 16 chr2 NBAS 15527610 chr2 intergenic 16179362 43.20 2075x 

CAATGGTCAGTGTGGC
AATGTCAACACCCTGA
GCCACTGGCTGTGGCA
GGCAGGTGGAAATCCC
TTCCAGTCCCACCCTC
CAGTCCTGTGAGAATG
ATCCCTGCCCTCTAAT
GAAACAAAGTTTTTCC
AGATTTTTAAAATCTG
TCATTATCTTTTCACTC
ACTTATTCTCACTTATT
CCTTTGAAATGAGT 

CAATGG
TCAGTG
TGGCAA
TGT 

ACTCAT
TTCAAA
GGAATA
AGTGAG 

FAM-
GCTGTG
GCAGGC
AGGTGG
AA-BHQ1 

RQ-PCR: 
10-4 

RQ-PCR: 
10-4 

ddPCR: 
10-6 

ddPCR: 
10- 

 17 chr2 MYCN 16085763 chr2 intergenic 16164912   

CAGGAATGAGACAGTC
CAGCGAGCTGATCCTC
AAACGATGCCTTCCCA
TCCACCAGCAGCACAA
CTATGCCG 

CAGGAA
TGAGAC
AGTCCA
GC 

CGGCAT
AGTTGT
GCTGCT 

Not 
performed 

Not 
performed 

Not 
performed 

 18 chr2 intergenic 16075507 chr2 intergenic 16371173   
CAGTGGCTCTCCTCAC
CTTCCCAAATTGAATT
GATTCTCCCTCCACCT

CAGTGG
CTCTCCT

ACTTTG
AAGAAG

Not 
performed 

Not 
performed 

Not 
performed 
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GACTGATTGTCTTCTTC
AAAGT 

CACCTT
C 

ACAATC
AGTCAG
G 

 19 chr2 intergenic 15985405 chr2 intergenic 16173264   

GGGAGTGCTTACCTCA
CTGGATTGCCGGGAGG
ATTAAATGAGTTGATA
GACATAAGTTACTTGG
GATAAGGAGTCACCAT
TGTGTGTCCTGGGCAT
GGGCCGCAGTTTGACC
ATGACCTCCTGATAGA
CTGCAGCTCTGGACAC
CAGATTTGCCCATACC
ACTCTTTAGCAGGACC
TACCTTTGTCCCTCATA
AACTCCCTAGCAGC 

GGGAGT
GCTTAC
CTCACT
GG 

GCTGCT
AGGGAG
TTTATG
AGGG 

Not 
performed 

Not 
performed 

Not 
performed 

 20 chr2 intergenic 633819 chr2 intergenic 16380152   

GGCCCCGGCTTATTTC
TTAGAGAGCTGTCACA
ATYCGCAGCTACSCTG
CTTCATTGTGTTTGTGT
GTCTTTATCRTTTAATT
CCKTCTTAGAGAAGGT
CTGCTCCCAAGGGAGG
AAAACATTTTTATTTTT
CTTACCTCTGTTTGTTT
TACCACCTCTCCAGTG
CCTCTTCTCCTAGGAA
GAATTTTCCAAACCTT
CTAATTAAAAATAATC
AACCATCCATGCCTCC
C 

GGCCCC
GGCTTA
TTTCTTA
GA 

ATCAAC
CATCCA
TGCCTC
CC 

Not 
performed 

Not 
performed 

Not 
performed 

 

Table 16: Genomic locations of MYCN-associated breakpoints in primary neuroblastoma samples 

Patient 
number 

Breakpoint 
number 

Chromosome 
Start 

Gene 
Start 

Breakpoint 
Start 

Chromosome 
End 

Gene End 
Breakpoint 
End 

MYCN 
CNV 

Coverage NB 
targeted NGS 
assay 

1 1 chr2 intergenic 14746679 chr2 NBAS 15474981 61.02 1485x 

 2 chr2 intergenic 15866281 chr2 intergenic 16076048   

 3 chr2 intergenic 10528094 chr2 NBAS 15682802   

 4 chr2 intergenic 14807602 chr2 intergenic 16028224   

 5 chr2 intergenic 15194910 chr2 EML6 55157247   

2 6 chr2 intergenic 14842324 chr2 intergenic 16509495 73.27 1398x 

 7 chr2 NBAS 15686098 chr2 intergenic 16079808   

 8 chr2 intergenic 15899186 chr2 intergenic 16078658   

 9 chr2 intergenic 15936425 chr2 intergenic 16024506   

3 10 chr2 intergenic 16206870 chr2 intergenic 16405997 47.90 1917x 

 11 chr2 intergenic 15782211 chr2 intergenic 16364858   

4 12 chr2 intergenic 15953189 chr2 intergenic 16422772 54.63 1582x 

A
ppendix: 10.1

 A
dditional m

aterial 

380 
 

 



 

381 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 17: PCR assays of MYCN-associated breakpoints in primary neuroblastoma samples  

5 13 chr2 intergenic 16242896 chr2 intergenic 16393725 66.11 1554x 

6 14 chr2 intergenic 15913636 chr2 intergenic 16175037 44.50 1421x 

 15 chr2 intergenic 15102355 chr2 intergenic 15949822   

 16 chr2 intergenic 15958945 chr2 intergenic 15985010   

 17 chr2 intergenic 15074278 chr2 intergenic 16037460   

7 18 chr2 intergenic 15139665 chr2 intergenic 16364904 14.53 2005x 

8 19 chr2 intergenic 13490249 chr2 intergenic 15815066 48.25 1190x 

9 20 chr2 intergenic 15276043 chr2 intergenic 15999479 31.15 2017x 

 21 chr2 intergenic 15857004 chr2 intergenic 16426962   

 22 chr2 intergenic 16077433 chr2 intergenic 16472680   

 23 chr2 intergenic 16129580 chr2 intergenic 16717055   

 24 chr2 NBAS 15392011 chr2 intergenic 15814812   

10 25 chr2 intergenic 16365867 chr2 intergenic 16453683 28.21 1777x 

11 26 chr2 MYCN 16084511 chr2 intergenic 16697303 153.57 1460x 

 27 chr2 MYCN 16082975 chr2 intergenic 16180006   

 28 chr2 intergenic 16105859 chr2 intergenic 16220058   

12 29 chr2 intergenic 6472899 chr2 intergenic 16077648 28.75 732x 

 30 chr2 NBAS 15485584 chr2 intergenic 15829866   

 31 chr2 intergenic 15089860 chr2 intergenic 16574270   

 32 chr2 intergenic 16895922 chr2 intergenic 16896040   

13 33 chr2 NBAS 15519488 chr7 CACNA2D1 81729004 112.53 513x 

 34 chr2 intergenic 15166132 chr7 intergenic 29806328   

 35 chr2 NBAS 15387879 chr2 intergenic 205327955   

Patient 
no. 

Break
-point 
no. 

Chromo
-some 
Start 

Gene 
Start 

Break-
point 
Start 

Chromo
-some 
End 

Gene  
End 

Break-
point 
End 

MYCN 
CNV 

Coverage 
NB 
targeted 
NGS 
assay 

Breakpoint 
sequence 

Forward 
primer 
(5’-3’) 

Reverse  
primer 
(5’-3’) 

FAM-
BHQ1 
probe 
(5’-3’) 

MRD 
assay 
sensi-
tivity 
range 

MRD 
assay 
quanti-
tative 
range 

1 1 chr2 intergenic 14746679 chr2 NBAS 15474981 61.02 1485x 

GTGATTGTGTGAGTTA
ATACTTAATAAACTTC
CATATATATATATAAC
ACCACCAGAATCCTAG
AAGCTCCTCTTG 

GTGATT
GTGTGA
GTTAAT
AC 
 

CAAGA
GGAGC
TTCTAG
GA 
 

Not 
performed 

Not 
performed 

Not 
performed 

 2 chr2 intergenic 15866281 chr2 intergenic 16076048   

GCCAGTACTTTGGGCC
AATCTGCTAGACCCAA
AAATGTTAATCTCACT
GAGATTTAATTTGCAT
AAATAAGGTTGCATTC

GCCAGT
ACTTTG
GGCCAA
TC 

AGAGC
ACCCCC
AAATTC
ATGT 

Not 
performed 

Not 
performed 

Not 
performed 

A
p

p
en

d
ix

: 10.1
 A

dditio
nal m

aterial 

3
8

1 

 



 

382 
 

TGCATTCCTGGGAAGA
ACATGAATTTGGGGGT
GCTCT 

 3 chr2 intergenic 10528094 chr2 NBAS 15682802   

TCACATGGTAGTGTTT
CCTTAGCACATAAATA
TTTTCAGGGGAAAATT
GTCATCTTGCTGGTTTT
TATGTAGCATCTGTGC
ATATGTCAATTTTTTAT
TCTTTTGTTATTTTGCA
CCTGTGCCTGCTGGCC
ATGCAGGGGTGGAGG
GAGGCCTGGATGCTTT
TTCTTCCCTGCACTCGC
AGGCCCCCCATGGGAC
CCTCAGCCCCCAGAGG
ACAATTGGAGGCTTCT
GGA 

TCACAT
GGTAGT
GTTTCCT
TAGC 

TCCAGA
AGCCTC
CAATTG
TCC 

Not 
performed 

Not 
performed 

Not 
performed 

 4 chr2 intergenic 14807602 chr2 intergenic 16028224   

CAGTTCACTACACGTT
GCTGTTATATGTGTTTT
CATTTCCCATTAATCT
GGAATGGGTAATAATT
TCATTAAATGACTTCT
CATACTTTTTGAGATT
ATTAGAAATGTTCCTT
CTCTAATACATGAAGA
TTTATTAAAATAATAC
AACTAATTTTATAACA
GCCCTTTATTTCAGGA
ATAAAACCGACATAGT
CGTAGTATACCAATCT
TTAAATACAGTTCTGG
ATCTTAATTTCTTGGC
ATTTCATAAAGTTTTTC
CCATTTATTTTCAAAA
CTACATCCAAATTGTG
ATGCTTACTGTTACAG
GAGGAGCACAGGGGC
CCTATTTGGGTAGAGT
GGCTGGCAAAGGCCTC
TTCGAGAGAGCGACAC
TGACTCAGAACGATGA
GCGAGCCTCAGGCAGG
GTGGGGACAGGCGTG
AAGAACACTCCAGGTG
GATGGGACAATGACCG
CAAAGGCTGT 

CAGTTC
ACTACA
CGTTGC
TGTTAT 
 

ACAGC
CTTTGC
GGTCAT
TGT 

FAM-
ACAGGA
GGAGCA
CAGGGG
CC-BHQ1 

RQ-PCR: 
10-5 

RQ-PCR: 
10-5 

ddPCR: 
10-5 

ddPCR: 
10-4 

 

5 chr2 intergenic 15194910 chr2 EML6 55157247   

CTTGCAACATGGTTTT
AAAGTGGCCACAAAC
AGAAAATAATTTTTAA
AAGTCCTAATTCTAAG
AATTAAGGGGAAAAA
AGAACCATATGCACAG
AAGTGCATGAATAGGC
CTCCCACTTAAATAAT
CCAATCTAAAAAAATG
TTTCACCTGAAGTATT
CATTCCTTTGGAAAAA
AAAAAATTACCCAGCC
TCCTGGAAACATATCC
AGGAGGCCCTCATCAT
GGGCTGCCTTCCAAAG
AGGAGAGCATGTGAC

CTTGCA
ACATGG
TTTTAA
AGTGGC 

TCCAGA
TCGGGC
CAACTG
A 

Not 
performed 

Not 
performed 

Not 
performed 

A
ppendix: 10.1

 A
dditional m

aterial 

382 
 

 



 

383 
 

ACATCTGATCAGTTGG
CCCGATCTGGA 

2 6 chr2 intergenic 14842324 chr2 intergenic 16509495 73.27 1398x 

TGGAAGGAGATGAGT
AGATTTGAGATGTACT
GGAAAAATGCAAGAG
TTTTAAGTCAAATTAA
TTAATATTTTGTAGGA
CTAACCATGAGCTAGT
CTTGGTACAAAGTCTT
TTCTGTGTATTACCCCT
GTAACAGATTTATGGG
GTTGGTACTATTATTG
TTTCTTTTTTATGCCTG
AGAAACTGAGGCAAA
ATCTGAACTTGTGTCC
CATAACTAGCTGTTTC
TCCTTAGACCTGGATG
GTAGGTGGA 

TGGAAG
GAGATG
AGTAGA
TTTGAG 

TCCACC
TACCAT
CCAGGT
CT 

Not 
performed 

Not 
performed 

Not 
performed 

 7 chr2 NBAS 15686098 chr2 intergenic 16079808   

GATTTTCCCTTGCTGGT
GGAATCAAATACAATA
TCTAGTGGCTTGCTGC
TCATAACTTTTGCAGC
CGTCCCCAGGGCTCCC
AAGTTAACCTTTTCAA
AGCCACCATTCTCCCC
AGTTATGGGCAGGCGA
ATCTGATTTACCGAGA
TGGAAGTGCTGTCCAC
ACCTCCTGAGACCCAG
CCTCGGCTCAAACAGC
TTGA 

GATTTT
CCCTTG
CTGGTG
GA 

TCAAGC
TGTTTG
AGCCG
AGG 

FAM- 
CGTCCC
CAGGGC
TCCCAA
GT-BHQ1 

RQ-PCR: 
10-6 

RQ-PCR: 
10-5 

ddPCR: 
10-6 

ddPCR: 
10-5 

 8 chr2 intergenic 15899186 chr2 intergenic 16078658   

CCGTGACACTGTGGAA
GACAGGCTCAGTCTCC
CTCACTAACCTGTGAC
CTGGGTCAGTTTTGCT
CCACACAGTCCTCATC
TGTGCGGCAGTTATTT
TAAGAATTAAGTGAGA
GACTCTCTGGCTGGCA
GGAGATAAGTGCCCAA 

CCGTGA
CACTGT
GGAAGA
CA 
 

TTGGGC
ACTTAT
CTCCTG
CC 
 

FAM-
CACAGT
CCTCAT
CTGTGC
GGCA-
BHQ1 

RQ-PCR: 
10-3 

RQ-PCR: 
10-3 

ddPCR: 
10-6 

ddPCR: 
10-5 

 9 chr2 intergenic 15936425 chr2 intergenic 16024506   

TCAATTGCAACCCTGA
GGCAGGAGAGAGGTA
CCTTTTTAGGTGAAGA
CCACTATCTTTTTATAA
ACCAAATGTGTATATC
TCATCTTATGAATGGA
ATTGAACATCTTTTCC
GTGGTATTCATTGGTA
TTTCTTTCATATGCAAC
TCTTAGTTTTTTGCCCT
TTGCTCTTTTTTTTTCA
AACAGGATCTCACTCT
GTTACCCAGGCTGC 

TCAATT
GCAACC
CTGAGG
CA 
 

GCAGC
CTGGGT
AACAG
AGTG 
 

Not 
performed 

Not 
performed 

Not 
performed 

3 10 chr2 intergenic 16206870 chr2 intergenic 16405997 47.90 1917x 

TTGCCTGTGTCACATC
TGCTGTACAATGTCAT
CCTAAAGTGACAGGGA
TCAATTTAACCTCCTC
ATTTAAAAGATGAGGA
GACAGGCTCAAAGGG

TTGCCT
GTGTCA
CATCTG
CT 

CCCAG
GTGCAT
TCCTCT
CAG 

FAM-
GGCTTG
CCCTGC
ACAGCG
TA-BHQ1 

RQ-PCR: 
10-6 

RQ-PCR: 
10-5 

A
p

p
en

d
ix

: 10
.1

 A
dd

itio
nal m

aterial 

3
8

3 

 



 

384 
 

CAAAGCCGACTCACCC
AGGCTCACACAACCAG
AGTGGCAGAGCCTCAG
GGCTTGCCCTGCACAG
CGTAGCTTCTGTTCTG
AGAGGAATGCACCTGG
G 

ddPCR: 
10-6 

ddPCR: 
10-5 

 11 chr2 intergenic 15782211 chr2 intergenic 16364858   

GGTGGGAGCCTCAGAT
GATTCAGGAGGCTCAG
AAGGAAGGCATGCTGT
ACTGCATTGAACATGC
CTGCAAAAATTCTCAG
CTGAGATGTTTGAGAA
AGAGTTAGGGATAACA
TCTGAACCTCAGTCAT
TATATGCAGCCAAGAG
TGTTTATTGCTCTGTGC
CTGGCACACGTAGGGG
CTCAGGAAA 

GGTGGG
AGCCTC
AGATGA
TTC 

TTTCCT
GAGCC
CCTACG
TGT 

Not 
performed 

Not 
performed 

Not 
performed 

4 12 chr2 intergenic 15953189 chr2 intergenic 16422772 54.63 1582x 

TGTAGGAGACCATTGG
AGCATGGGGCCAAAA
GGCCTAGGGAGGAGG
AGGGGTCCCTCTCTGG
GATCAGGCCTCCTCAG
CCCAGAGGCAGCAGGT
TCTTACCCAGTTAGGA
TTATTCTAGTTTGTTTT
AAATAACTCTGGCTTA
CTACATTGTTTTTAAG
GTCACGTTTGGTAGAC
TTGATTTTAGAGTCTTT
AACAAATGCTGGACAC
TGTTTTTAGAGAGAAG
AATTGGTGG 

TGTAGG
AGACCA
TTGGAG
CA 

CCACCA
ATTCTT
CTCTCT
AAAAA
CA 

FAM- 
AGGCCT
AGGGAG
GAGGAG
GGG-
BHQ1 

RQ-PCR: 
10-6 

RQ-PCR: 
10-65 

ddPCR: 
10-6 

ddPCR: 
10-5 

5 13 chr2 intergenic 16242896 chr2 intergenic 16393725 66.11 1554x 

GCCCAGCAGATTCCTG
TTCTGCTTCCTCTGTCC
CATGCTGAGCACACAG
CATGGAGCGCAGCCCT
GGGCGCACAGTAGGC
GCTCTGCCCTGCTCCC
TGAACTAGTGGTCAGG
TGAACGAGCCCTGACT
TTGCTCTGCCATTGCT
GGGCTGTGTCCCTCGG
ATTGCGCCCCCCGTTC
CCACACGCCTGGGCCC
ATTAAGCTTCCATCTC
TCACCTCGTTTACCCC
CTTTTGCTCGGCATTTC
TCCTTGCTGCCGCCAT
GTGAAGAAGGACGTGT
TTGCTTCCCCTTCCATC
GT 

GCCCAG
CAGATT
CCTGTT
CT 

ACGAT
GGAAG
GGGAA
GCAAA 

FAM-
GTGTCC
CTCGGA
TTGCGC
CC-BHQ1 

RQ-PCR: 
10-6 

RQ-PCR: 
10-5 

ddPCR: 
10-6 

ddPCR: 
10-5 

6 

14 chr2 intergenic 15913636 chr2 intergenic 16175037 44.50 1421x 

TAAGTGCTAACGCATG
CCGCAGCGTGGATGGA
CCTTGAAAACATCATG
CTAAGTGAAAGAAGCC
AGTCACGAAAGACCAC
GTAGTGTATGATCTTA
TTTACACGAAATATCC
AGAACAGGCGAAACC
AAGAAGACAGAAAGT
AGGTCGGGGGTTGCAG

TAAGTG
CTAACG
CATGCC
GC  

GTGGA
GCTGAC
TGCAA
AGGTT  

FAM-
AGTAGG
TCGGGG
GTTGCA
GT-BHQ1 

RQ-PCR: 
10-5 

RQ-PCR: 
10-5 

A
ppendix: 10.1

 A
dditio

nal m
aterial 

384 
 

 



 

385 
 

TAATTCCTGAAGTTGA
ATTACTAAGTCAAAGG
GTATGAATAGTTTAAC
ATCCTTGATCAATGTG
TCCAAACAGCATTCTA
ACTATTTAAGCATATT
TTAAATATTGACTTAC
AGAGTGTCAAATAGGA
AGGAACCTTTGCAGTC
AGCTCCAC 

ddPCR: 
10-5 

ddPCR: 
10-4 

 15 chr2 intergenic 15102355 chr2 intergenic 15949822   

GCTCCCTGTGTGGGTT
GATTTAGGGCAGAAAG
AGGGCTGGAGCATATG
TAGGCAGTGGGTACCC
CGCAGGAGGCGGTGG
GAGTCACCTGGGAGTC
CTGTC 

GCTCCC
TGTGTG
GGTTGA
TT 

GACAG
GACTCC
CAGGT
GACT 

Not 
performed 

Not 
performed 

Not 
performed 

 16 chr2 intergenic 15958945 chr2 intergenic 15985010   

GCCAGATGCTCTCGGT
GAAGTTTAATTCATCG
TGGGAAGCATCAAGG
GGGAGGTGACCCGGA
GCTGCCTCCTTTAAGA
TCAGAGGATTTTGCCT
GGTAGATGAGGTGAG
GATGGCACCTGTAAAT
ACCAGAAAAAGCATG
GTGTGTTCAAAGACCA
G 

GCCAGA
TGCTCT
CGGTGA
A 

CTGGTC
TTTGAA
CACACC
ATGC 

Not 
performed 

Not 
performed 

Not 
performed 

 17 chr2 intergenic 15074278 chr2 intergenic 16037460   

GAGTGGGACTGGGTGT
TGAGAAAATGGGGTG
GACTTTACATTTCATA
TACCCCATATATATAT
ATTTTAGAGACAGGGT
CTTGCTCTGTTGCCCA
GGCTGAAGTGCAGTGG
TGCGATCCTAGCTCAC
TGCAGGCTTGAAGTCC
TGGGCTCAAGCGATCC
TCCCACCTGGCCTCCG
AAAATCCAATTACAGG
CATGAGCCACTGTGCC
CAGCCCACCCAGCTCT
TCATGGGCTACACTGC
AATCACAGCTCACTGC
AC 

GAGTGG
GACTGG
GTGTTG
AG 

GTGCA
GTGAG
CTGTGA
TTGC 

FAM-
ACATTT
CATATA
CCCCAT
AT-BHQ1 

Not 
performed, 
probe used 
for semi-
quanti-
tative PCR 
detection 

Not 
performed, 
probe used 
for semi-
quanti-
tative PCR 
detection 

7 18 chr2 intergenic 15139665 chr2 intergenic 16364904 14.53 2005x 

AGATGGTGGGAGCCTC
AGATGATTCAGGAGGC
TCAGAAGGAAGGCAT
GCTGTACTGCATTGAA
CATGCCTGCAAAAATT
CTCAGCTGAGATGTTT
GAGAAAGAGTTAGGG
ATAACATCTGAACCTC

AGATGG
TGGGAG
CCTCAG
AT 

CCCCCT
TGTTGT
TCTGGT
GA 

FAM-
GGAGGC
TCAGAA
GGAAGG
CATGC-
BHQ1 

RQ-PCR: 
10-4 

RQ-PCR: 
10-4 

A
p

p
en

d
ix

: 10.1
 A

dd
itional m

aterial 

3
8

5  

 



 

386 
 

AGTCATTATATGCAGC
CAAGAGTGTTTATTGA
AAGAATGAATGGATAT
TTTGATTTAAATCTCA
CCAAAGGCCAATGCTT
TTAAACAACCAGATCT
CCTGAGAACTCGTTCA
CTATCACCAGAACAAC
AAGGGGG 

ddPCR: 
10-6 

ddPCR: 
10-5 

8 19 chr2 intergenic 13490249 chr2 intergenic 15815066 48.25 1190x 

CCTGTAGTATAGTTGG
AAGTGAGTTAGCATGA
TGCCTCCAGCTTTGTTC
TTTTTGCTTAGGCTTTT
TCCTTCTAAACTGTCTT
GTGTGGATAGTCCCTA
GGGCTGAGGTCCAATG
GCGACAACGCGAGAA
TAATAGGCTGTGGCTA
GGGTATTTTGAGTACA
AGAGCT 

CCTGTA
GTATAG
TTGGAA
GTGAGT
T 

AGCTCT
TGTACT
CAAAA
TACCCT
A 

FAM-
AGGGCT
GAGGTC
CAATGG
CGA-
BHQ1 

RQ-PCR: 
10-6 

RQ-PCR: 
10-5 

ddPCR: 
10-6 

ddPCR: 
10-5 

9 20 chr2 intergenic 15276043 chr2 intergenic 15999479 31.15 2017x 

CCCACCACTTCAGGCC
ATAGAAATACACCATC
TCCATAGAGCAGGGGT
GTCCAATCTTTTGGCTT
CCCTGGGACACACTGG
AAAAAGAATTGTCTTG
GGCCACACATAAAAA
AACACAAACCATACCT
GATTACCTAAAAAAAA
AAAAAAAATCACACA
CAGTAAAAAAAAAAA
AAAAAAAATCACACA
CAGAAAAATCTCATAA
TATTTTAAGAGATGCT
GCAGGGATGTCTTATT
CTACTTTGTACCCCTG
GGTCTCA 

CCCACC
ACTTCA
GGCCAT
AG 

TGAGA
CCCAG
GGGTA
CAAAG 

Not 
performed 

Not 
performed 

Not 
performed 

 21 chr2 intergenic 15857004 chr2 intergenic 16426962   

TCCCCACATTTTCCATC
GTCATAATGAAGGAGA
CAGTGACTTAGTTCAT
TCACTGACACTTACCT
ACTGGGCACATAAGGG
CAAGAAGGGGAGATT
CTTGTCCTCAAGAATC
CTGGAGGCTACGGGAG
GAAGCAGATGGTTAAA
ATATGACTAACTCGGT
GCTAACTGTACATTCA
TTCACTCATTCATTTAA
TTACTTCAACAAATAT
TTAGTGAGTCAACCAC
ATGCCAGACGTTTTCC
ACCGTCCTTCCCAGCA
TATCAATCTCCCGCTTT
TGCACAC 

TCCCCA
CATTTTC
CATCGT
CA 
 

GTGTGC
AAAAG
CGGGA
GATTG 
 

Not 
performed 

Not 
performed 

Not 
performed 

 

22 chr2 intergenic 16077433 chr2 intergenic 16472680   

ACCTGCAGACCACTTG
TGAGGCCACTGGGAGC
CACTAGGAACCTGTAG
CCCACACTTGGGGATA
CCTTGACTTACTTGGA
TATAAGGTGGCTGCAG
AATAATAGAAGATTTT
GGGCAGCAATTTCACA
TGACTAGCAAAAGGA

ACCTGC
AGACCA
CTTGTG
AG 
 

GGGTTC
AGTGG
GTCTTA
GCC 
 

Not 
performed 

Not 
performed 

Not 
performed 

A
ppendix: 10.1

 A
dditional m

aterial 

3
86 

 

 



 

387 
 

AACTGTTGAAATGGCT
GCAGAGGCCATGGGCT
AAGACCGTGAAAAAC
AGAGTGTAACCAAGCT
GGCTAAGACCCACTGA
ACCC 

 23 chr2 intergenic 16129580 chr2 intergenic 16717055   

TACTCAGGAGGCTGAG
GCAGGAGAATTGCCTT
GTCTCCCAAAGTGCTG
GGATTACAGCATAAGC
CACCACACCCAGCCCC
AAGAACCGGAATTTTT
ATGGGCGCCCACCATG
TGTAGACAG 

TACTCA
GGAGGC
TGAGGC
A 
 

CTGTCT
ACACAT
GGTGG
GCG 
 

FAM- 
ACCCAG
CCCCAA
GAACCG
GA-BHQ1 

Not 
performed, 
probe used 
for semi-
quanti-
tative PCR 
detection 

Not 
performed, 
probe used 
for semi-
quanti-
tative PCR 
detection 

 24 chr2 NBAS 15392011 chr2 intergenic 15814812   

TCTTGTGCCGACTTCCT
GTCTCATCCTATGACT
TAGATTGCCTTAACCT
CCTGGGAATGCAGCCC
AGTAAGTTTCAGTATA
ACTGAAACTATAGAGG
CCTTGTACAATGG 

TCTTGT
GCCGAC
TTCCTGT
C 

CCATTG
TACAA
GGCCTC
TATAGT
T 

FAM-
TTAACC
TCCTGG
GAATGC
AG-BHQ1 

RQ-PCR: 
10-5 

RQ-PCR: 
10-5 

ddPCR: 
10-5 

ddPCR: 
10-5 

10 25 chr2 intergenic 16365867 chr2 intergenic 16453683 28.21 1777x 

GTGGTGGCTTTTCCCC
CTTAGTGATAGAAATG
CAAGGGAATGAGTACT
AATTGTTGAAGGTTTT
AAATGTGCTGTACCTT
GTTAATGTTTCTAACA
TATTGATTCCTATTAAT
TAATCTAGTGTAATGG
AAAAGTCAATTACGCC
ATATTAACACCACTTG
TTGTAGAAAAGACTAA
ATTACTGAATGCAGAT
GGAATATTTTTCCCAG
TGATCACAATATTTCA
GGTGAGTTTCCCATGG
TCTTTGGAGTATGAGA
ATAATTTCATAAACAC
AGATTTAGGGAGAAA
GCACTGCCTGATGCCA
GATGCCATTCTAGAGT
GTTATTTTATTTAATCT
GCAATCAGGAAGGGCT
CA 

GTGGTG
GCTTTTC
CCCCTT
A 

CTGCAA
TCAGG
AAGGG
CTCA 

FAM-
AGGTGA
GTTTCC
CATGGT
CTTTGG
A-BHQ1 

RQ-PCR: 
10-4 

RQ-PCR: 
10-3 

ddPCR: 
10-4 

ddPCR: 
10-4 

11 26 chr2 MYCN 16084511 chr2 intergenic 16697303 153.57 1460x 

AAGCTTTCTGTGTGTC
CTGCATTTCCCACCCA
AACTCCTCAAAGCCAC
CAATAATAACAGCAAC
AACAGAAACGTGT 

AAGCTT
TCTGTG
TGTCCT
GCATT 
 

ACACGT
TTCTGT
TGTTGC
TGTTAT
T 
 

Not 
performed 

Not 
performed 

Not 
performed 

 27 chr2 MYCN 16082975 chr2 intergenic 16180006   

AGCACTAACAAAGGG
GACGCGACCCGGGGTC
CAGTGCCCCAGGGAGG
CAGCCGGACCCGAGTT
CGGTCTTTACCATGGA
AGATGAACATTTAGCT

AGCACT
AACAAA
GGGGAC
GC 
 

GAAGC
CGGGTC
TGAGA
AGTAG 
 

FAM-
CCAGCG
CCAGTG
CCTGAT
CC-BHQ1 

RQ-PCR: 
10-5 

RQ-PCR: 
10-5 

A
p

p
en

d
ix

: 10.1
 A

dditio
nal m

aterial 

3
8

7  

 



 

388 
 

TCTTTTATATCGGTCCC
TGTCTCAATACCACTG
GCGCCAGCGCCAGTGC
CTGATCCTGAACTAGT
TTTGCTACTTCTCAGA
CCCGGCTTC 

 

ddPCR: 
10-6 

ddPCR: 
10-5 

 28 chr2 intergenic 16105859 chr2 intergenic 16220058   

CTGGGGACAGTGTCTC
ATCGCTCCCTCGCCAC
AGTGCGGAGGGTTGAG
TTACTCTGCAGTTCAT
GAAACATTACC 

CTGGGG
ACAGTG
TCTCAT
CG 
 

GGTAAT
GTTTCA
TGAACT
GCAGA
GT 
 

Not 
performed 

Not 
performed 

Not 
performed 

12 29 chr2 intergenic 6472899 chr2 intergenic 16077648 28.75 732x 

CTAACAGTCAGGTCCC
TCAGCTACACACCCCA
CTAGCATCATGACACT
TCCGAGAACACCCATA
TTTGGT 

CTAACA
GTCAGG
TCCCTC
AGC 
 

ACCAA
ATATGG
GTGTTC
TCGGA 
 

FAM-
ACCCCA
CTAGCA
TCATGA
CAC-
BHQ1 
 

RQ-PCR: 
10-5 

RQ-PCR: 
10-5 

ddPCR: 
10-6 

ddPCR: 
10-5 

 30 chr2 NBAS 15485584 chr2 intergenic 15829866   

ACAGTTAACAAGGGAT
GTGAAGGACCTGTGTG
GGATGTGTGTTCTCCC
ACTTCCTCCTCCTGTGT
GGCATGTG 

ACAGTT
AACAAG
GGATGT
GAAGG 
 

CACATG
CCACAC
AGGAG
GAG 
 

FAM-
CTGTGT
GGGATG
TGTGTT
CTCCC-
BHQ1 
 

Not 
performed, 
probe used 
for semi-
quanti-
tative PCR 
detection 

Not 
performed, 
probe used 
for semi-
quanti-
tative PCR 
detection 

 31 chr2 intergenic 15089860 chr2 intergenic 16574270   

GGCCTCTGGGCTTTGG
TAATTTGGCAATATGC
CACTCCCATCAAGCCT
CTGCAGTGCTCTGTTG
AGCCAGATTCTTCCCA
GAGTCCCTGATTCCTG
ATGCTGAGCCTACCCC
ATCACCTGCTCTCCAG
AGCCAGCCCTTGAAGG
CAGCAATTCATCCTCC
AGTGGAGCCCTCAGCA
GTGACTGGGGAGCCCT
AGCCCCTGGGTCAGCC
AGGACAGAGCAGCTG
CAGCCACATGGATGGA
ACTGGAGGTCATTTTG
TTAAGAGAAATAAGCC
AAGTACAGAAAGGCA
AATACCACATGTTCTC
ACTCATATGTAAAGCT
TAAAAAGTGGACCTCA
TGAAGATAGAAAGTA
GATTGGTGGCTACCAG
AGTCTTGGAAGGGTAG
GCAGGA 

GGCCTC
TGGGCT
TTGGTA
AT 
 

TCCTGC
CTACCC
TTCCAA
GA 
 

FAM-
GGAGCC
CTAGCC
CCTGGG
TC-BHQ1 

Not 
performed, 
probe used 
for semi-
quanti-
tative PCR 
detection 

Not 
performed, 
probe used 
for semi-
quanti-
tative PCR 
detection 
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 32 chr2 intergenic 16895922 chr2 intergenic 16896040   

GAGGATAAGAGGGTC
AGACTGAGTGGGTGAG
GTCATTGCCGGTGACT
CCCTGCTGCCACCAGA
GCTGTATGGGGACCA 

GAGGAT
AAGAGG
GTCAGA
CTGAGT
G 
 

TGGTCC
CCATAC
AGCTCT
GGT 
 

Not 
performed 

Not 
performed 

Not 
performed 

13 33 chr2 NBAS 15519488 chr7 
CACNA2
D1 

81729004 112.53 513x 

AGCTACATGAACGAGA
CAGGCATTACCTACGC
ATGCTGAAAATTTTCA
GAACTTGAATTTATAG
GCTATCACATGAATCT
CTTCCAACAGAAGAGA
AATACACAGCCTTATA
ATCAGCAAAAATGACC
ATGGGAAAGCGCGCTG
GAGAAAAATGTTTAAG
AAGCTGATGGAGGCCG
GGCGCGGTGGCTCACG
CCTGTAATC 

AGCTAC
ATGAAC
GAGACA
GGC 
 

GATTAC
AGGCG
TGAGCC
ACC 
 

FAM-
GAAGCT
GATGGA
GGCCGG
GCG-
BHQ1 
 

RQ-PCR: 
10-4 

RQ-PCR: 
10-4 

ddPCR: 
10-4 

ddPCR: 
10-4 

 34 chr2 intergenic 15166132 chr7 intergenic 29806328   

GCTCTGGCCAGGACTT
GTAATACCACATTGAA
TAGGAGTGTTGAGAGT
AGACATCCCTGTCTTG
TGCCAGTTTTCAGTAT
GATGCTGGCTGTGGGT
TTGTCATAGATGGCCC
TTATTATTTTGAAGTAT
GTTCCTTTGATGCCTA
GTTTATTGAGAGTTTTT
AACATGAAGGGATGTT
GAATTTTATTAAAAGT
CTTTTCTGCATCTATTG
AGATAATCATGTGGTT
TTTGTCTTTGGCTCTGT
TTATATGCTGGATTAC
ATTTATTGATTTGCGT
ATATTGAACCAGCCTT
GCATCCCAGGGATGAA
GCCCACTTGATCATGG
TGG 

GCTCTG
GCCAGG
ACTTGT
AA 
 

CCACCA
TGATCA
AGTGG
GCT 
 

Not 
performed 

Not 
performed 

Not 
performed 

 35 chr2 NBAS 15387879 chr2 intergenic 205327955   

CAGGGGTTGCAATCCT
AGTCTCTGATACAACA
GAATTTAAACCAACAA
AGATCAAAAGAGACA
AAGAAGGGCATTACAT
AATGGTAAAGGGATCA
ATGCACCAAGAAGAG
CTACTCTCTCTCTCTCT
CTCTATATATATATCT
ATATATCTCTCTATAT
ATATCTATATATACCT
CTATCTATATATCTAT
ATATATCTATATCTAT
AGATCTATATAT 
 

CAGGGG
TTGCAA
TCCTAG
TC 
 

ATATAT
AGATCT
ATAGAT
ATAG 
 

FAM-
AGGGAT
CAATGC
ACCAAG
AAGAGC
T-BHQ1 

Not 
performed 

Not 
performed 
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Table 18: Complete list of TR-14 breakpoints found in the genomic MYCN amplicon region on chr.2p24.3-2p24.2.  

Chr. 

Pair1 

Min 

Pos_Pair1 

Max 

Pos_Pair1 

Chr. 

Pair2 

Min 

Pos_Pair2 

Max 

Pos_Pair2 

Gene 

Pair1 

Gene 

Pair2 

Repeat 

Pair1 

Repeat 

Pair2 

No. En-

compassing 

No. Spann-

ing 

In- 

version 

chr1 88110445 88110508 chr2 15953519 15953524 intergenic intergenic no_repeat no_repeat 3 4 n 

chr2 15952511 15953252 chr2 15953212 15954138 intergenic intergenic no_repeat no_repeat 105 0 t 

chr2 15966847 15967084 chr2 16399600 16400169 intergenic intergenic no_repeat MIRb_SINE 65 14 n 

chr2 15966933 15967559 chr2 15967705 15968245 intergenic intergenic no_repeat AluJb_SINE 92 0 n 

chr2 15984120 15985090 chr2 15984862 15985875 intergenic intergenic no_repeat MIR_SINE 135 1 n 

chr2 16018809 16019045 chr2 16019442 16019842 intergenic intergenic L1ME3D_LINE L1ME3D_LINE 21 0 n 

chr2 16027334 16028089 chr2 16028019 16028831 intergenic intergenic MLT1G1_LTR L2c_LINE 42 0 n 

chr2 16060732 16061550 chr2 16061542 16062370 intergenic intergenic L2b_LINE no_repeat 27 0 n 

chr2 16074662 16077547 chr2 16075553 16078429 intergenic intergenic AluJb_SINE MSTD_LTR 176 0 n 

chr2 16077555 16077899 chr2 16078173 16078506 intergenic intergenic MER41E_LTR no_repeat 22 0 n 

chr2 16077760 16080338 chr2 16078556 16080994 intergenic intergenic MIR3_SINE no_repeat 111 1 n 

chr2 16080878 16080889 chr2 16081491 16081531 intergenic intergenic no_repeat no_repeat 3 0 n 

chr2 16080986 16083613 chr2 16081660 16084458 MYCN MYCN no_repeat no_repeat 82 2 n 

chr2 16083620 16084030 chr2 16084236 16084669 MYCN MYCN no_repeat no_repeat 137 0 n 

chr2 16083802 16086497 chr2 16084673 16087309 MYCN MYCN MIRb_SINE no_repeat 467 0 n 

chr2 16085154 16085566 chr5 95722616 95722619 MYCN intergenic AluSq_SINE AluSx1_SINE 7 0 n 

chr2 16086429 16086628 chr2 16274661 16274842 intergenic intergenic no_repeat no_repeat 23 10 n 

chr2 16086630 16086694 chr2 16274662 16274990 intergenic intergenic no_repeat no_repeat 52 10 n 

chr2 16087692 16089638 chr2 16088640 16090501 intergenic intergenic no_repeat no_repeat 333 0 n 

chr2 16088566 16088976 chr12 58052920 58053414 intergenic intergenic no_repeat MER57-int_LTR 1018 11 h 

chr2 16089704 16090378 chr2 16090332 16091245 intergenic intergenic no_repeat MIR3_SINE 58 1 t 

chr2 16102329 16102374 chr2 116349172 116349176 intergenic DPP10 L1PA5_LINE L1PA5_LINE 3 0 n 

chr2 16104968 16105634 chr2 16105656 16106508 intergenic intergenic no_repeat no_repeat 32 0 t 

chr2 16164032 16166931 chr2 16164654 16167641 intergenic intergenic L2_LINE L2_LINE 86 0 n 

chr2 16166899 16166935 chr2 16167696 16167738 intergenic intergenic no_repeat L1MC5_LINE 3 0 n 

chr2 16174160 16175068 chr2 16174910 16176067 intergenic intergenic no_repeat no_repeat 98 0 n 

chr2 16178404 16179199 chr2 16179099 16179953 intergenic intergenic no_repeat no_repeat 52 0 n 
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chr2 16212248 16212296 chr2 16212914 16213018 intergenic intergenic L2c_LINE no_repeat 3 0 n 

chr2 16229882 16230909 chr2 16230678 16231712 intergenic intergenic no_repeat no_repeat 71 0 n 

chr2 16241754 16243460 chr2 16242444 16244246 intergenic intergenic no_repeat no_repeat 145 0 n 

chr2 16354910 16355481 chr2 16355600 16356312 intergenic intergenic no_repeat AluJb_SINE 28 0 n 

chr2 16364077 16364605 chr2 16364828 16365454 intergenic intergenic L1ME4a_LINE AluSq_SINE 35 0 n 

chr2 16375992 16377213 chr2 16376690 16377878 intergenic intergenic no_repeat MIRb_SINE 119 0 n 

chr2 16378899 16379640 chr2 16379672 16380381 intergenic intergenic no_repeat L2c_LINE 41 0 n 

chr2 16378940 16379026 chr2 16379596 16379650 intergenic intergenic no_repeat no_repeat 8 0 n 

chr2 16394797 16395776 chr2 16395674 16396712 intergenic intergenic no_repeat no_repeat 136 0 n 

chr2 16399050 16399777 chr2 16399811 16400422 intergenic intergenic AluSq2_SINE no_repeat 16 0 n 

chr2 16405002 16406685 chr2 16405767 16407911 intergenic intergenic no_repeat no_repeat 153 0 n 

chr2 16416587 16417334 chr2 16417268 16418147 intergenic intergenic no_repeat no_repeat 88 0 n 

chr2 16421516 16422301 chr2 16422294 16423153 intergenic intergenic MER70A_LTR no_repeat 84 0 n 

chr2 16432592 16433472 chr2 16433334 16434182 intergenic intergenic no_repeat no_repeat 49 0 n 

chr2 16440648 16441531 chr2 16441466 16442178 intergenic intergenic MIRb_SINE no_repeat 54 0 n 

chr2 16453023 16453999 chr2 16453891 16454726 intergenic intergenic no_repeat no_repeat 141 0 n 

chr2 16599987 16600239 chr2 16600781 16601087 intergenic intergenic no_repeat no_repeat 2 0 n 

chr2 17067130 17067421 chr2 17067747 17068256 intergenic intergenic no_repeat L1M4_LINE 3 0 n 

chr2 17150863 17150982 chr2 17151627 17151659 intergenic intergenic no_repeat no_repeat 3 0 n 

chr2 17527306 17527971 chr2 17528067 17528852 intergenic intergenic LTR17_LTR L3_LINE 14 0 n 

The list shows all found and unfiltered breakpoints. Qualitative filtering can be applied as follows: The green highlighted breakpoints are supported by >10 encompassing 
and spanning reads. The breakpoints marked in yellow are supported by >2 encompassing and spanning reads. The breakpoints marked in red are supported by  
≤1 encompassing and spanning read.. Inversion codes: n = head to tail, t = tail to tail, h = head to head.  
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Table 19: MYCN amplicon breakpoints found in matching primary and relapse tumor samples of patient no. #5.  

Tumor 
sample 

Break-
point 
number 

Chr. 

Pair1 

Exact 
Pos_Pair1 

Chr. 

Pair2 

Exact 
Pos_Pair2 

Gene 

Pair1 

Gene 

Pair2 

Repeat 

Pair1 

Repeat 

Pair2 

No. En-
compassing 

No.Spann-
ing 

In- 

version 

Primary 1 chr2 15984734 chr2 33141347 intergenic intergenic no_repeat (G)n_Simple_repeat 173 20 t 

Primary 2 chr2 16028210 chr2 33141308 intergenic intergenic L2c_LINE (G)n_Simple_repeat 86 276 h 

Primary 3 chr2 16170269 chr2 16178954 intergenic intergenic no_repeat no_repeat 88 14 n 

Primary 4 chr2 16242896 chr2 16393725 intergenic intergenic no_repeat THE1C_LTR 477 19 t 

Primary 5 chr2 16376997 chr2 33141316 intergenic intergenic no_repeat (G)n_Simple_repeat 299 498 h 

Relapse 1 chr2 15984736 chr2 33141310 intergenic intergenic no_repeat (G)n_Simple_repeat 11 3 n 

Relapse 2 chr2 16028211 chr2 33141308 intergenic intergenic L2c_LINE (G)n_Simple_repeat 4 186 h 

Relapse 3 chr2 16170268 chr2 16178955 intergenic intergenic no_repeat no_repeat 15 4 n 

Relapse 4 chr2 16242896 chr2 16393724 intergenic intergenic no_repeat THE1C_LTR 70 16 t 

Relapse 5 chr2 16376998 chr2 33141315 intergenic intergenic no_repeat (G)n_Simple_repeat 60 297 h 

Overview of the MYCN amplicon breakpoints supported by many covering sequencing reads detected using NB targeted NGS assay of the tumor of patient number 5. All 
breakpoints with a high number of supporting reads found in the primary tumor sample could be detected in the relapse tumor sample as well. The breakpoint highlighted in 
green shade displays the breakpoint of highest importance and was therefore used for further PCR and MRD assay detection. The breakpoints are catalogued in order of 
their genomic localization. Inversion codes: n = head to tail, t = tail to tail, h = head to head. 
 
Table 20: PCR assay of ATRX-associated breakpoint in CHLA-90 neuroblastoma cell line   

Name of  
cell line 

Chromo
- some  
Start 

Gene 
Start 

Break-
point 
Start 

Chromo
-some  
End 

Gene  
End 

Break-
point 
End 

Coverage 
NB 
targeted 
NGS assay 

Breakpoint 
sequence 

Forward 
primer 
(5’-3’) 

Reverse  
primer 
(5’-3’) 

FAM-
BHQ1 
probe 
(5’-3’) 

MRD 
assay 
sensi-
tivity 
range 

MRD 
assay 
quanti-
tative 
range 

CHLA-90 chrX ATRX 76935121 chrX ATRX 76959029 1889x 

TCAACATGAGAGGTGC
ATAACAGAAACTTTCA
TAGGTATCAATAAATC
AGGGCCCCAAAGAGG
GAGTCACAGCCCTGGC
TTGGGGAGCTCCCAGG
TCTGGGCTCCCCAGAG
GGCTGCAGCTCTTCTT
TCCTTCTCTTCACCTGC
AACAAGGTGAGCAAG
GGGCATGTCTCAGCCC
TGTTTGTGTTACAGCT
ATTTTAGCCTCATCTG
GCAGGTC 

TCAACATG
AGAGGTG
CATAACA
G 

GACCTGCC
AGATGAG
GCTAAA 

TTCACC
TGCAAC
AAGGTG
AG 

RQ-PCR: 

10-5 

RQ-PCR: 

10-5 
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Table 21: ASQ-PCR assay of ALK SNV c.3824G>A in neuroblastoma cell line and tumor 

Name of  
cell line/ 
patient 
no. 

ALK 
mutation 

Coverage 
NB targeted 
NGS assay 

ALK c.3824G>A 
sequence  

Forward 
primer 
(5’-3’) 

Reverse  
primer 
(5’-3’) 

FAM/HEX-
BHQ1 probe 
(5’-3’) 

LAN-5 c.3824G>A 1726x 
CTTTACTCACCTGTAGAT
GTCTTGGGCCATCCCGAA
GTCTCCAATCTTGGCCAC
TCTTCCAGGGCCTGGACA
GGTCAAGAGGCAGTTTCT
GGCAGCAATGTCTCTGGG
AAGAAAGGAAATGCATT
TCCTAATTTTATCCCTAG
GAAGATGAGTGTACAAC
GGCCATCACTAGGATTTT
ATCTCCAAGCTGAAGTTT
AAATAGTTCCTTCCCTTC
CCTATATTTCCTTTAGTA
TAGTATACTTCAGTGTGA
GAGAAACAGCCTTAACA
ATTCTAGGCC 

CTTTACT
CACCTGT
AGATGTA
TT 
 

GGCCTAG
AATTGTT
AAGGCT
GT 

TCCAGGGCCTG
GACAGGTCA 8 c.3824G>A 1190x 

The mutated ALK c.3824G>A sequence located on the reverse strand of chromosome 2 is displayed  
in mirroring sense strand direction. 

 
Table 22: Cell counts used for in vitro assays 

Cell line Cell type 
One 6-well flat bottom 

growth area 9.5cm² 

One 12-well flat bottom 

growth area 3.8cm² 

One 96-well flat bottom 

growth area 0.32cm² 

  

4 days of growth 

(3 or 4 days of 

treatment)  

10 days of 

growth 

4 days of growth 

(3 or 4 days of 

treatment)  

10 days of 

growth 

4 days of growth 

(3 or 4 days of 

treatment) 

10 days of 

growth 

BJ1-hTERT skin fibroblast 8x104 cells/well 3x104 cells/well 3.5x104 cells/well 1.2x104 cells/well 5x103 cells/well 1x103 cells/well 

CHP-134 neuroblastoma 1.5x105 cells/well 1x104 cells/well 6x104 cells/well 4x103 cells/well 5x103 cells/well 5x102 cells/well 

CHP-212 neuroblastoma Not performed Not performed Not performed Not performed 1x104 cells/well Not performed 

GI-ME-N neuroblastoma 1x105 cells/well 2x104 cells/well 4x104 cells/well 8x103 cells/well 3x103 cells/well 7x102 cells/well 

IMR-32 neuroblastoma 7.5x104 cells/well Not performed 3x104 cells/well Not performed 6x103 cells/well 4.5x103 cells/well 

IMR-5 neuroblastoma 7.5x104 cells/well Not performed 3x104 cells/well Not performed 6x103 cells/well 4.5x103 cells/well 

IMR-5/75 neuroblastoma 7.5x104 cells/well Not performed 3x104 cells/well Not performed 6x103 cells/well 4.5x103 cells/well 

Kelly neuroblastoma Not performed Not performed Not performed Not performed 1.25x104 cells/well 15x103 cells/well 

NBL-S neuroblastoma 1x105 cells/well Not performed 4x104 cells/well Not performed 4x103 cells/well Not performed 
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NGP neuroblastoma 8x104 cells/well 5.4x104 cells/well 3.2x104 cells/well 2x104 cells/well 3x103 cells/well 1x103 cells/well 

NGP_ASPM-

FPN_#1 

neuroblastoma, 

ASPM 3xFLAG 

knockin clone #1 

8x104 cells/well 5x104 cells/well 3.2x104 cells/well 2x104  cells/well 3x103 cells/well 1x103 cells/well 

NGP_ASPM-

FPN_#7 

neuroblastoma, 

ASPM 3xFLAG 

knockin clone #7 

8x104 cells/well 5x104 cells/well 3.2x104  cells/well 2x104  cells/well 3x103 cells/well 1x103 cells/well 

PLF 

(Fi301) 

primary human 

embryonic lung 

fibroblasts 

Not performed Not performed Not performed Not performed 2x103 cells/well Not performed 

SK-N-AS neuroblastoma 1x105 cells/well Not performed 4x104 cells/well Not performed 4x103 cells/well Not performed 

SK-N-BE(2) neuroblastoma 5x104 cells/well 3x104 cells/well 2x104 cells/well 1.2x104 cells/well 1x103 cells/well 1x102 cells/well 

SKNBE(2)-C/ 

BE(2)-C 
neuroblastoma Not performed Not performed Not performed Not performed 3x103 cells/well Not performed 

SK-N-FI neuroblastoma Not performed Not performed Not performed Not performed 1.2x103 cells/well Not performed 

SK-N-DZ neuroblastoma Not performed Not performed Not performed Not performed 1x104 cells/well Not performed 

SK-N-SH neuroblastoma Not performed Not performed Not performed Not performed 2.5x103 cells/well Not performed 

SH-SY5Y neuroblastoma 1.5x105 cells/well 4x104 cells/well 6x104 cells/well 1.6x104 cells/well 3x103 cells/well 5x102 cells/well 

SH-EP neuroblastoma Not performed Not performed Not performed Not performed 3x103 cells/well Not performed 

VH7 skin fibroblast Not performed Not performed Not performed Not performed 1x103 cells/well Not performed 

Surface areas for cell culture plates are related to Corning disposable cell culture vessels1229 used in this thesis. 

 
Table 23: List of PCR primers (except for MRD assays in cell line or patient material*) used in this thesis 

Sub-
project 

Primer name Specifications 
Sequence 5’-3’ 
 

Source / 
Reference 

Manufracturer 

ASPM ASPM_Stop_87f 3x FLAG CRISPR/Cas9 knockin CACCGCAAATGGTGATGGATACGCT  Eurofins Genomics GmbH 

ASPM ASPM_Stop_87r 3x FLAG CRISPR/Cas9 knockin AAACAGCGTATCCATCACCATTTGC  Eurofins Genomics GmbH 

ASPM ASPM_Stop_75f  3x FLAG CRISPR/Cas9 knockin CACCGCACCATTTGAATAGCTTGCA  Eurofins Genomics GmbH 

ASPM ASPM_Stop_75r 3x FLAG CRISPR/Cas9 knockin AAACTGCAAGCTATTCAAATGGTGC  Eurofins Genomics GmbH 
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ASPM For_U6_seq 
gRNA seq in px459 
3x FLAG CRISPR/Cas9 knockin 

TAAAATGGACTATCATATGCTTACC  Eurofins Genomics GmbH 

ASPM ASPM_flagcheck_f1 3x FLAG CRISPR/Cas9 knockin CCCCGAAGCAAAGGAAAGGA  Eurofins Genomics GmbH 

ASPM ASPM_flagcheck_r1 3x FLAG CRISPR/Cas9 knockin GGCCGGATGCAATCATTCAA  Eurofins Genomics GmbH 

ASPM FLAG_for 3x FLAG CRISPR/Cas9 knockin ATGGACTACAAGGACGACGATGACAAG  Eurofins Genomics GmbH 

ASPM ASPM_FPN_check3'UTR_r 3x FLAG CRISPR/Cas9 knockin GAGAAGCAAGGAGTTTAGTGTCTC  Eurofins Genomics GmbH 

ASPM ASPM-stop_T7_f1 3x FLAG CRISPR/Cas9 knockin ACTTCTTAGTGAGTAGACAGAACTT  Eurofins Genomics GmbH 

ASPM FPN_check_for 3x FLAG CRISPR/Cas9 knockin TTCTATCGCCTTCTTGACGAG  Eurofins Genomics GmbH 

ASPM FPN_check_rev 3x FLAG CRISPR/Cas9 knockin ATCCTTGTAATCTCCAGAACCAC  Eurofins Genomics GmbH 

ASPM ASPM-stop_T7_r1 3x FLAG CRISPR/Cas9 knockin GCTGATGACCAAAAGGCAGTG  Eurofins Genomics GmbH 

ASPM ASPM_FPN_check_5f 3x FLAG CRISPR/Cas9 knockin AAAATAAAATCAGCTTGGTTGTG  Eurofins Genomics GmbH 

ASPM DCX_F DCX qPCR Primer forward strand GCTGTGTCCTCTGACCGTTT  K. Ahrens543,544,598 Eurofins Genomics GmbH 

ASPM DCX_R DCX qPCR Primer reverse strand TGACAGACCAGTTGGGAT TG  K. Ahrens543,544,598 Eurofins Genomics GmbH 

ASPM MAP2_F MAP2 qPCR Primer forward strand TCTCTTCTTCAGCACGGCG 25312269 Eurofins Genomics GmbH 

ASPM MAP2_R MAP2 qPCR Primer reverse strand GGGTAGTGGGTGTTGAGGTACC 25312269 Eurofins Genomics GmbH 

ASPM TUBB3_F TUBB3 qPCR Primer forward strand ATGAGGGAGATCGTGCACAT  24298367 Eurofins Genomics GmbH 

ASPM TUBB3_R TUBB3 qPCR Primer reverse strand GCCCCTGAGCGGACACTGT  24298367 Eurofins Genomics GmbH 

ASPM CCNB1_F CCNB1 qPCR Primer forward strand AAGAGCTTTAAACTTTGGTCTGGG 15637593 Eurofins Genomics GmbH 

ASPM CCNB1_R CCNB1 qPCR Primer reverse strand CTTTGTAAGTCCTTGATTTACCATG 15637593 Eurofins Genomics GmbH 

ASPM CDK1_F CDK1 qPCR Primer forward strand AAGCTGGCTCTTGGAAATTGA 25016158 Eurofins Genomics GmbH 

ASPM CDK1_R CDK1 qPCR Primer reverse strand ATGGCTACCACTTGACCTGTAGTT 25016158 Eurofins Genomics GmbH 

ASPM/ 
BETi/ 
rigosertib 

MYCN_F MYCN qPCR Primer forward strand CTCAGTACCTCCGGAGAG 12907629 Eurofins Genomics GmbH 

ASPM/ 
BETi/ 
rigosertib 

MYCN_R MYCN qPCR Primer reverse strand GGCATCGTTTGAGGATC 12907629 Eurofins Genomics GmbH 

MRD 
M13 Reverse (-24 mer) 
M13-24R 

Breakpoint PCR product subcloning  
for sequence validation 

CGGATAACAATTTCACACAGG  LGC Genomics GmbH 

rigosertib UBC1_F UBC1 qPCR Primer forward strand ATTTGGGTCGCGGTTCTTG 12184808 Eurofins Genomics GmbH 

rigosertib UBC1_R UBC1 qPCR Primer reverse strand TGCCTTGACATTCTCGATGGT 12184808 Eurofins Genomics GmbH 
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Table 24: List of small interfering RNAs used in this study 

Target siRNA name 
Name 
abbreviation 

siRNA Sequence 5’-3’ 
(Sense strand) 

Specifications Source 

ASPM 
siASPM  
genescr 1 

 (AAGUACUACAAAGCAUAUCUG)TT   
GenScript siRNA Target 
Finder591 

ASPM 
siASPM  
genescr 3 

siRNA1 (AAGCUAGGCGGUUAAUUGUUC)TT   
GenScript siRNA Target 
Finder591 

ASPM 
siASPM         
IDT front 

 (GCAUCACUUAUUCAGGGAUAUUGGA)TT  
IDT Custom Dicer-
Substrate siRNA592 

ASPM 
siASPM 
siSPOTR1 

siRNA2 (CCACUCUCUGUACGUCGAU)TT   siSPOTR593 

ASPM Hs_ASPM_1 siRNA3 (GGCGGUUAAUUGUUCGAAA)TT  
FlexiTube siRNA 
Order no. 3157911 
Lot no. 210414149 

QIAGEN 

Non specific  
background control 

Scramble 1 Scr1 (UAAUGUAUUGGAACGCAUA)TT Non Specific Control 31% GC 
Eurofins genomics siMAX 
siRNA controls 

Non specific  
background control 

Scramble 2 Scr2 (AGGUAGUGUAAUCGCCUUG)TT Non Specific Control 47% GC 
Eurofins genomics siMAX 
siRNA controls 

 

Table 25: List of oligonucleotides (>25 nucleotides; except for MRD project) used in this thesis 

Sub-
project 

Oligo name Specifications 
Sequence 5’-3’ 
(Sense strand) 

Manufacturer 

ASPM shScramble1 

shScramble P 
referring to  
Plasmid #1864 
scramble shRNA 

Forward: 
5´CCGGCCAGTCGCGTTTGCGACTGGTttcaagagaACCAGTCGCAAACGCGACTGTTTTTGGAAAT 3´ 
3’GGCCGGTCAGCGCAAACGCTGACCAaagttctctTGGTCAGCGTTTGCGCTGACAAAAACCTTTA 5’ 
Reverse: 
5’ TAAAGGTTTTTGTCAGCGCAAACGCTGACCAagagaacttTGGTCAGCGTTTGCGCTGACCGGCC 3’ 

Eurofins 
Genomics GmbH 

ASPM shScramble2 

shScramble W 
referring to 
Plasmid 
pTer_shScr 

Forward: 
5´CCGGTCCTAAGGTTAAGTCGCCCTCGttcaagagaCGAGGGCGACTTAACCTTAGGTTTTTGGAAAT 3´ 
3’GGCCAGGATTCCAATTCAGCGGGAGCaagttctctGCTCCCGCTGAATTGGAATCCAAAAACCTTTA 5’ 
Reverse: 
5´ATTTCCAAAAACCTAAGGTTAAGTCGCCCTCGtctcttgaaCGAGGGCGACTTAACCTTAGGACCGG 3´ 

Eurofins 
Genomics GmbH 

ASPM 
 

 

 

shASPM 967 
named as 
shASPM 1 
 

ASPM (2898 bp in 
NM_018136) 
targeting shRNA 
sequence (967) 

Forward: 
5´GATCCCGCTTTGTCCAAGTTTACATttcaagagaATGTAAACTTGGACAAAGCTTTTTGGAAATTAAT 3´ 
3´         GGCGAAACAGGTTCAAATGTAaagttctctTACATTTGAACCTGTTTCGAAAAACCTTTAAT 5´ 
Reverse: 
5´ TAATTTCCAAAAAGCTTTGTCCAAGTTTACATTCTCTTGAAATGTAAACTTGGACAAAGCGG  3´ 

Eurofins 
Genomics GmbH 
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ASPM 
shASPM 968 
named as 
shASPM 2 

ASPM (5685 bp in 
NM_018136) 
targeting shRNA 
sequence (968) 

Forward: 
5´GATCCCGCAGCTTACAGAGGTTATAttcaagagaTATAACCTCTGTAAGCTGCTTTTTGGAAATTAAT 3´ 
3´GGCGTCGAATGTCTCCAATATaagttctctATATTGGAGACATTCGACGAAAAACCTTTAAT 5´ 
Reverse: 
5´ TAATTTCCAAAAAGCAGCTTACAGAGGTTATATCTCTTGAATATAACCTCTGTAAGCTGCGG  3´ 

Eurofins 
Genomics GmbH 

ASPM 
shASPM 969 
named as 
shASPM 3 

ASPM (9315 bp in 
NM_018136) 
targeting shRNA 
sequence (969) 

Forward: 
5´GATCCCGCTCATGAACACTTCTTAAttcaagagaTTAAGAAGTGTTCATGAGCTTTTTGGAAATTAAT 3´ 
3´GGCGAGTACTTGTGAAGAATTaagttctctAATTCTTCACAAGTACTCGAAAAACCTTTAAT 5´ 
Reverse: 
5´ TAATTTCCAAAAAGCTCATGAACACTTCTTAATCTCTTGAATTAAGAAGTGTTCATGAGCGG  3 

Eurofins 
Genomics GmbH 

ASPM 
sgRNA TAG 
Stop 75 

3x FLAG 
CRISPR/Cas9 
knockin 

caccgCACCATTTGAATAGCTTGCA 
Eurofins 
Genomics GmbH 

ASPM 
sgRNA TAG 
Stop 87 

3x FLAG 
CRISPR/Cas9 
knockin 

caccgCAAATGGTGATGGATACGCT 
Eurofins 
Genomics GmbH 

 
Table 26: List of plasmids used in this thesis.  

Subproject Plasmid name Parental for Created from Reference Source 

MRD breakpoint PCR 
product subcloning 

pUC18 control plasmid   Norrander et al.1230 
Agilent Technologies 
(#200314) 

MRD breakpoint PCR 
product subcloning 

pCR™4-TOPO™ TA    
Thermo Fischer 
Scientific (#450030) 

shRNA mediated ASPM 
knockdown 

psPAX2 lentiviral packaging 
vector 

  Hahne et al.599 
K. Ahrens and F. 
Buttgereit (Charité) 

shRNA mediated ASPM 
knockdown 

pMD2.G lentiviral envelope 
vector 

  Henssen et al.600 

A. G. Henssen (ECRC 
of the Charité and 
MDC) and A. Kentsis 
(Memorial Sloan 
Kettering Cancer 
Center) 

shRNA mediated ASPM 
knockdown 

Plasmid #1864 scramble shRNA 
(Scramble 1 / Scramble P) 

pLKO.1_AXE_Puro-T2A-GFP  Sarbassov et al.1231 Addgene (#1864) 

shRNA mediated ASPM 
knockdown 

pLKO.1_Puro  
empty vector 

pLKO.1_AXE_Puro-T2A-GFP  
Molenaar et al.322; 
Vector referring to 
Stewart et al.601 

J.J. Molenaar (Princess 
Máxima Center for 
Pediatric Oncology) 

shRNA mediated ASPM 
knockdown 

pLKO.1_AXE_Puro-T2A-GFP  
pLKO.1_shScrambleP/ shASPM 
967/968/969_Puro-T2A-GFP 
lentiviral transfer vector 

Plasmid #1864 scramble shRNA 
and pLKO.1_Puro  

Szymansky et 
al.543,544,598  
(Manuscript in prep.) 

A. Winkler (Charité) 
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shRNA mediated ASPM 
knockdown 

pLKO.1_shScrambleP/ shASPM 
967/968/969_Puro-T2A-GFP 
lentiviral transfer vector 

 pLKO.1_AXE_Puro-T2A-GFP 
Szymansky et 
al.543,544,598  
(Manuscript in prep.) 

A. Winkler (Charité) 

CRISPR/Cas9 mediated 
knockin of ASPM 3xFLAG  

pSpCas9(BB)-2A-Puro (PX459) 
V2.0 

pSpCas9(BB)-2A-Puro (PX459) 
V2.0_sgRNA-ASPM-Stop 

 Ran et al.1232 Addgene (#62988) 

CRISPR/Cas9 mediated 
knockin of ASPM 3xFLAG 

pSpCas9(BB)-2A-Puro (PX459) 
V2.0_sgRNA-ASPM-Stop  

 
Plasmid #62988 pSpCas9(BB)-
2A-Puro (PX459) V2.0 

Szymansky et 
al.543,544,598 
(Manuscript in prep.) 

A. Winkler (Charité) 

CRISPR/Cas9 mediated 
knockin of ASPM 3xFLAG 

WI2-3482I04 fosmid 
pBS_Cas9_3xFLAG_2A Puro-
Neo-Hom1mut2 

 
KOMP Repository 
Collection1233 

BACPAC Resources 
Center (BPRC) 

CRISPR/Cas9 mediated 
knockin of ASPM 3xFLAG 

pETCH_Donor (EMM0021) 
vector 

pBS_Cas9_3xFLAG_2A Puro-
Neo-Hom1mut2 

 Savic et al.1234 Addgene (#63934) 

CRISPR/Cas9 mediated 
knockin of ASPM 3xFLAG 

pBluescript II KS (+) 
pBS_Cas9_3xFLAG_2APuro-
Neo-Hom1mut2 

 Savic et al.1234 J.H. Schulte (Charité) 

CRISPR/Cas9 mediated 
knockin of ASPM 3xFLAG 

pBS_Cas9_3xFLAG_2APuro-
Neo-Hom1mut2 

 
WI2-3482I04 fosmid and 
pETCH_Donor (EMM0021) 
vector and pBluescript II KS (+) 

Szymansky et 
al.543,544,598  
(Manuscript in prep.) 

A. Winkler (Charité) 

Generation of plasmids was performed in cooperation with A. Winkler (Charité). 

 
Table 27: Microarray data sets from adult tumors, pediatric tumors and normal tissue for MCPH gene expression analysis 

Specification   
tumor entity 

Specification 
normal tissue 

Age (years) 
Adult / Pediatric / 
Mixed Patient 
Samples 

Sample 
number 

Author of Dataset GEO DataSet Number 

neuroblastoma     pediatric 34 Delattre GSE14880 

neuroblastoma   1 to 9 pediatric 51 Hiyama GSE16237 

neuroblastoma   1 to 10 pediatric 30 Lastowska GSE13136 

neuroblastoma     pediatric 88 Versteeg GSE16476 

  adrenal gland   mixed 13 Various GSE3526, GSE7307, GSE8514 

  brain regions 20 to 99 adult 172 Berchthold GSE11882 

  cerebellum 1 to 53 mixed 9 Roth GSE3526 

  normal Various 20 to 79? adult 504 Roth GSE7307  

ALL (B)     pediatric 207 Murphy GSE11877 

AML     adult 179 Ley GSE10358 

ATRT   Mean 1 pediatric 18 Birks GSE 28026 

ATRT   0 > 9.5 pediatric 49 Kool GSE70678 
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breast     adult  351 
Expression Project for 
Oncology (expO) 

GSE2109  

CLL     adult 130 Kipps GSE39671 

colon     adult 315 
Expression Project for 
Oncology (expO) 

GSE2109  

endometrium     adult 209 
Expression Project for 
Oncology (expO) 

GSE2109  

ependymoma   0.4 > 61 pediatric 83 Gilbertson Pubmed: 20639864 

glioblastoma   26.4 > 70.3 adult 84 Hegi GSE7696 

kidney     adult 261 
Expression Project for 
Oncology (expO) 

GSE2109  

medulloblastoma     pediatric 76 Gilbertson GSE37418  

myeloma (multiple)     adult 542 Hanamura GSE2658  

ovarian   22 to 79 adult 285 Bowtell GSE9891 

pheochromocytomas   mean 47  adult 188 Favier Pubmed:22492777 

prostate     adult 72 
Expression Project for 
Oncology (expO) 

GSE2109  

thyroid     adult 34 
Expression Project for 
Oncology (expO) 

GSE2109  

Preprocessed gene expression data from 25 data sets were downloaded from the R2 Platform496,497. All measurements had been obtained using  

Affymetrix HG-U133-Plus2 Microarrays and processed using the MAS5.0 method639. Abbreviation: GEO = Gene Expression Omnibus498,499.  

 
Table 28: Mutant genes of the primary MCPH microcephaly, which are the cause of the disease. 

MCPH number Protein name Gene name 
Chromosomal 
location 
(GRCh38) 

OMIM 
number 

PubMed ID Reference 

MCPH1 Microcephalin MCPH1 8p23.1 251200 
12046007 
9683597 

MCPH2 WD repeat-containing protein 62 WDR62 19q13.12 604317 
10573015 
20890279 

MCPH3 
CDK5 regulatory subunitassociated 
protein 2 

CDK5RAP2 9q33.2 604804 
10677332 
15793586 

MCPH4 Cancer susceptibility candidate 5 CASC5 15q15.1 604321 
10521316 
22983954 

MCPH5 
abnormal spindle-like microcephaly 
associated protein  

ASPM 1q31.3 608716 
11067780 
11078481 
12355089 
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MCPH6 Centromeric protein J CENPJ 13q12.12 608393 
15793586 
12843329 

MCPH7 SCL/TAL1 interrupting locus STIL 1p33 612703 
19215732 
20978018 

MCPH8 Centrosomal protein 135kDa CEP135 4q12 614673 22521416 

MCPH9 Centrosomal protein 152kDa CEP152 15q21.1 604852 
20598275 
 

MCPH10 Zinc finger protein 335 ZNF335 20q13.12 615095 23178126 

MCPH11 Polyhomeotic-like protein 1 PHC1 12p13.31 615414 23418308 

MCPH12 Cyclin-dependent kinase 6 CDK6 10q11.23-21.3 616080 23918663 

MCPH13 Centromeric protein E CENPE 4q24 616051 
24748105 
 

MCPH14 C. elegans homolog of SAS6 SASS6 1p21.2 616402 
24951542 
 

MCPH15 
Major facilitator superfamily 
domain-containing protein 2A 

MFSD2A 1p34.2 616486 
26005865 
26005868 
 

MCPH16 
Ankyrin repeat- and LEM domain 
containing protein 2 

ANKLE2 12q24.33 616681 
25259927 
30086807 
 

MCPH17 
Citron Rho-Interacting 
Serine/Threonine Kinase 

CIT  12q24.23  605629 
30086807 
 

MCPH18 
Wd Repeat- And Fyve Domain-
Containing Protein 3 

WDFY3  4q21.23  617485 
30086807 
 

MCPH19 
Coatomer Protein Complex, Subunit 
Beta-2 

COPB2  3q23  606990 
29036432 
 

MCPH20 Kinesin Family Member 14 KIF14  1q32.1  611279 
28892560 
 

MCPH21 
Non-Smc Condensin I Complex 
Subunit D2 

NCAPD2  12p13.31   615638 
27737959 
31056748 

MCPH22 
Non-Smc Condensin I Complex 
Subunit D3 

NCAPD3 11q25  609276 
27737959 
 

MCPH23 
Non-Smc Condensin I Complex 
Subunit H 

NCAPH  2q11.2   602332 27737959 

MCPH genes number 1-16 represent the "classic" MCPH genes, for which several clinical cases have already been identified and  
several (basic) research publications have been published. MCPH genes number 17-23 represent the more recently known MCPH  
mutations, for which there have so far been only individual cases reported and rarely basic research published. 
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Table 29: Gene expression of ASPM correlates high with expression of other genes involved in cell division and cell cycle.  

Ranked 
number 

Gene name 
Spearman correlation  
coefficient to ASPM 

MCPH gene 
number 

1 CENPF 0.97   

2 CENPE 0.96 MCPH13 

3 KIF14 0.95 MCPH20 

4 CDCA2 0.94   

5 BUB1 0.94   

6 NUF2 0.94   

7 BUB1B 0.94   

8 ECT2 0.93   

9 ARHGAP11A 0.93   

10 KIF11 0.93   

11 TPX2 0,93   

12 HJURP 0.93   

13 NCAPG 0.93   

14 CKAP2L 0.93   

15 KIF23 0.93   

16 NCAPH 0.93 MCPH23 

17 KIF20A 0.93   

18 KIF15 0.93   

19 PLK4 0.93   

20 DLGAP5 0.93   

Correlation of ASPM expression to the expression of other MCPH genes in  
a mRNA sequencing dataset obtained from a representative cohort of 498  
primary neuroblastomas (SEQC study42). Analysis was performed in  
cooperation with J. Toedling (Charité).
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 List of materials 

All buffers and solutions were prepared with de-ionized ultrapure water (aqua valde purificata, Milli-

Q® System). Buffers and solutions that should be used under sterile conditions were autoclaved or 

sterile filtered before use. pH values were set with HCl and NaOH. 

10.4.1 Chemicals 

Table 30: List of all chemicals used in this work. 

Name Catalog number Supplier/Company 

2-Propanol, ROTIPURAN® min. 

99,8%, p.a.  
6752.3 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

2-Propanol 

Suitable for the precipitation of nucleic 

acids 

39559.02 
SERVA Electrophoresis GmbH, 

Heidelberg, Germany 

7-AAD 

~97% (HPLC), powder 
A9400-1MG  Sigma-Aldrich, St.Louis, MO, USA  

Agarose 

Biozym LE  
840004 

Biozym Scientific GmbH, Hessisch 

Oldendorf, Germany 

Albumin fraction V 

≥98%, for biochemistry and molecular 

biology 

8076.3 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Aprotinin  

from bovine lung 
10236624001 Merck KGaA, Darmstadt, Germany 

Bovine serum albumin  

fraction V powder, pH 7, ≥98%  
A9647-50G Sigma-Aldrich, St.Louis, MO, USA 

CaCl2*2H2O  

BioXtra, ≥99.0% 
C5080-500G  Sigma-Aldrich, St.Louis, MO, USA  

Chloroquine  

diphosphate salt  
C6628-25g Sigma-Aldrich, St.Louis, MO, USA  

Crystal Violet  

certified by the Biological Stain 

Commission 

C0775-25G Sigma-Aldrich, St.Louis, MO, USA 

D (+) – saccharose ≥99.5% p.a. 4621.1 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Dimethyl sulphoxide (DMSO) ≥99.5% 

BioScience-Grade  
A994.1 Sigma-Aldrich, St.Louis, MO, USA 

EDTA ≥99% 8040.3 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

EGTA  

for molecular biology, ≥97.0% 
E-3889 Sigma-Aldrich, St.Louis, MO, USA 

Ethanol, absolut  

(200 Proof), molecular biological 

quality 

10517694 
Fisher Scientific GmbH, Schwerte, 

Germany 

Glycin PUFFERAN® ≥99% p.a. 3908.3 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

HEPES  

BioXtra, pH 5.0-6.5 (1 M in H2O), 

≥99.5% (titration) 

H7523-50G  Sigma-Aldrich, St.Louis, MO, USA  

Human Laminin (pepsinized) Purified 

Protein 
AG56P Sigma-Aldrich, St.Louis, MO, USA  

IGEPAL® CA-630 

for molecular biology 
I8896-50ML  Sigma-Aldrich, St.Louis, MO, USA 
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LB-Agar (Luria/Miller)                          

for molecular biology 
X969.2 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Leupeptin 

synthetic, ≥85% (HPLC)  
L8511-5MG  Sigma-Aldrich, St.Louis, MO, USA 

Magnesium chloride  
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Magnesium  

chloride hexahydrate 
1058330250 Supelco, Inc., Bellefonte, PA, USA 

Magnesium sulfate heptahydrate  

Puriss. p.a., ACS Reagent, ≥99.0%  
63140-500G-F-D 

Honeywell International Inc., Charllotte, 

NC, USA 

Methanol denatured ≥99.8% K9284 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Methanol ROTIPURAN® ≥99.9%  4627.6 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Methanol ROTIPURAN®≥99.8%  9065.4 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Milk powder  

Blotting grade, powdered, low-fat 
T145.2 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

NaCl  

BioXtra, ≥99.5% (AT)  
S7653-250G  Sigma-Aldrich, St.Louis, MO, USA  

Na2HPO4 

BioXtra, ≥99.0%  
S7907-100G  Sigma-Aldrich, St.Louis, MO, USA  

PBS 

dry substance without Ca2+, Mg2+ 
L182-10 

Biochrom GmbH, Berlin, Germany 

 

Phenylmethylsulfonyl  

fluoride 
10837091001 Hoffmann-La Roche, Basel, Switzerland 

Polybrene                           

Hexadimethrine bromide >=95%  
107689-10G  Sigma-Aldrich, St.Louis, MO, USA  

Retinoic acid 

≥98% (HPLC), powder  
R2625 Sigma-Aldrich, St.Louis, MO, USA  

SDS Pellets 

≥99%, for biochemistry 
CN30.3 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

TEMED 

≥99%, p.a., for electrophoresis 
2367.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

TRIS hydrochloride 

PUFFERAN® ≥99%, p.a. 
9090.3 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Triton® X 100 

extra pure 
3051.4 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Tri-sodium citrate dehydrate ≥99% 

CELLPURE® 
HN12.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

TRIS PUFFERAN® ≥99.9% p.a. 4855.5 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Tween®20 

Ph.Eur. 
9127.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Tween®80 

Ph.Eur. 
9139.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Tween®100 

Ph.Eur. 
3051.4 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 
 

10.4.2 Solutions 

Table 31: List of all solutions used in this work. 

Name Catalog number Supplier/Company 

Accutase® solution 

sterile-filtered, suitable for cell culture 
A6964-500ML Sigma-Aldrich, St.Louis, MO, USA 

Biocoll Separating Solution 186-L-6155 Biochrom GmbH, Berlin, Germany 
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Buffer P1 

500ml Resuspension Buffer 
19051 QIAGEN N.V., Hilden, Germany 

Buffer P2 

500ml Lysis Buffer 
19052 QIAGEN N.V., Hilden, Germany 

Buffer P3  

500ml Neutralization Buffer 
19053 QIAGEN N.V., Hilden, Germany 

CF-1 Calibration Check Fluid 

NanoDrop™, 0.5ml ampule 
11810301 

Fisher Scientific GmbH, Schwerte, 

Germany 

cOmplete™, Mini, EDTA-free Protease 

Inhibitor Cocktail 

Tablets  

11836170001 Hoffmann-La Roche, Basel, Switzerland  

CutSmart® Buffer B7204S 
New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

ddPCR™ Buffer Control for Probes 
1863052 

 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA  

ddPCR™ Droplet Generation Oil for 

Probes  

1863005 

 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA  

ddPCR™ Droplet Reader Oil  1863004 
Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

DMEM (1x) Dulbecco’s Modified 

Eagle Medium 

Gibco™ 

41966-029 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

DNA AWAY® 

Nuclease Removal ready-to-use 
X996.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany  

dNTP 

Mix 5 µmol/dNTP 

my-Budget 

80-80010250 
Bio-Budget Technologies GmbH, Krefeld, 

Germany 

DPBS (1x) 

Gibco™ 
14190-094 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

EMEM (Eagle's minimal essential 

medium) 

Gibco™ 

31095029 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Ethidium bromide solution    

0,5% in dropper bottle,                    

5mg/ml in water 

HP46.1 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany  

Fetal Cow Serum (FCS)  

Superior  
S0615 Merck Millipore, Burlington, MA, USA 

Fetal Cow Serum (FCS) Tetracycline 

negative 

Order no.: TZN-FCS 0.500 

Lot no.: BS.045627TZN 

Bio&SELL GmbH, Feucht/Nürnberg, 

Germany 

Formaldehyde solution 4% phosphate 

buffered for histology 
LC64701 

neoLab Migge GmbH, Heidelberg, 

Germany 

FlowClean Cleaning Agent             

500 mL 
A64669 

Becton Dickinson BD Biosciences, Franklin 

Lakes, NJ, USA 

GeneRuler 100 bp DNA Ladder  SM0241 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

GeneRuler 1 kb DNA Ladder  SM0311 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Glycerol  

anhydrous pure 
1.04093.1000 Merck Millipore, Burlington, MA, USA 

HiMark™ Pre-stained Protein Standard 
LC5699 

 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Laemmli Protein Sample Buffer fo 

SDS-PAGE 4x 
1610747 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

L-Glutamine (200mM)  

Gibco™ 
25030081 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Lipofectamine™ RNAiMAX 

Transfection Reagent 
13778075 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 
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MEM non-essential amino acid solution 

(10mM, 100X stock) Lonza 
882031 

Biozym Scientific GmbH, Hessisch 

Oldendorf, Germany 

NaCl (5 M), RNase-free AM9759 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

NaOH 10M in H2O 

BioUltra, for molecular biology 
72068-100ML Sigma-Aldrich, St.Louis, MO, USA  

NEBuffer™ 1.1 10x B7201S 
New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

NEBuffer™ 2.1 10x B7202S 
New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

NEBuffer™ 3.1 10x B7203S 
New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

NEBuffer™ Set (EcoRI, DpnII) 10x B7006S 
New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

Nuclease-Free Water                   

(not DEPC-Treated), Ambion 
AM9937 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

NuPAGE™ Tris-Acetate SDS Running 

Buffer (20X)  
LA0041  

Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

NuPAGE™ Sample Reducing Agent 

(10X)  
NP0004  

Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

NuPAGE™ LDS Sample Buffer (4X)  NP0007  
Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

NuPAGE™ Antioxidant 

 
NP0005  

Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Opti-MEM™ I (1x) 

Gibco™ Reduced Serum Medium, no 

phenol red 

11058021 or 31985-062 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Orange G  

(C.I. 16230) for microscopy and 

electrophoresis 

0318.1 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

PBS pH 7.4 (1x) 

Gibco™ 
10010-015 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Phenylmethanesulfonyl fluoride 

solution  

~0.1 M in EtOH (T) 

93482-50ML-F  Sigma-Aldrich, St.Louis, MO, USA  

ROTIPHORESE®Gel 30 (37,5:1), 

ready-to-use, gas-stabilized, 

Polyacrylamid  

3029-1 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Poly-L-lysine solution 

0.01%, sterile-filtered, BioReagent 
P4707-50ML  Sigma-Aldrich, St.Louis, MO, USA  

ProLong™ Gold Antifade Mountant P10144 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Protein Ladder HiMark™  

Pre-stained Protein Standard 
LC5699 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Protein Ladder PageRuler™ Prestained, 

10 to 180kDa  
26616 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Protein Ladder Precision Plus Protein™ 

Dual Color Standards  
1610374 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

QX Alignment Marker 15 bp/3 kb 

QIAxcel® 
929522 QIAGEN N.V., Hilden, Germany 

QX DNA Size Marker 25–500bp v2.0 

QIAxcel® 
929560 QIAGEN N.V., Hilden, Germany  

QX Nitrogen Cylinder (6)  

QIAxcel® 
929705 QIAGEN N.V., Hilden, Germany  

RNase AWAY® 

Nuclease Removal ready-to-use 
A998.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 
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Recombinant Posi-Tag Epitope Tag 

Protein, contains FLAG™ tag 
BLD-931301 

BioLegend, San Diego, CA, USA 

 

RPMI Medium 1640 (1x) 

(Roswell Park Memorial Institute 

media), Gibco™ 

21875-034 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

ROTIPHORESE® Gel 30 Aqueous 

acrylamide, bisacrylamide stock 

solution 

3029.1 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Sheath Fluid BD FACSFlow™ 342003 
Becton Dickinson BD Biosciences, Franklin 

Lakes, NJ, USA 

Sodium Bicarbonate  

7.5% solution Gibco™ 
25080094 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Sodium Pyruvate (100mM) 

Gibco™ 
11360070 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

T4 DNA Ligase Reaction Buffer  B0202S 
New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

TE buffer solution (TRIS-EDTA 

buffer) pH 8.0 for biotechnology 
E112-100ML VWR International, Randor, PA, USA  

Trypan Blue Solution 

0.4% Gibco™ 
15250061 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Trypsin-EDTA (0.05%) 1x phenol red 

Gibco™ 
25300054 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Trizma®                               

hydrochloride buffer solution, BioUltra, 

for mol. bio., pH 7.4 

93313-1L Supelco Inc., Bellefonte, PA, USA 

Vectashield®                                 

Antifade Mounting Medium with DAPI 
H-1200 

VECTOR LABORATORIES, INC., 

Burlingame, CA, USA 

Water DEPC (0.1%) treated, sterile, 

molecular biology grade 
39798.03 

SERVA Electrophoresis GmbH, 

Heidelberg, Germany 

Western Blotting Luminol Reagent sc-2048 
Santa Cruz Biotechnology, Inc., Santa Cruz, 

CA, USA 
 

10.4.3 Ready-to-use assays or kits 

Table 32: List of all assays or kits used in this work. 

Name Catalog number Supplier/Company 

BCA Protein Assay Kit sc-202389 
Santa Cruz Biotechnology, Inc., Dallas, TX, 

USA 

Cell Death  

Detection ELISAPLUS 
11774425001 Hoffmann-La Roche, Basel, Switzerland 

Cell Proliferation ELISA, BrdU 

(colorimetric)  
11647229001 Hoffmann-La Roche, Basel, Switzerland  

CellTiter-Glo® Luminescent Cell 

Viability Assay  
G7570 Promega Corporation, Madison, WI, USA 

Click-iT™ Plus EdU Alexa Fluor™ 

647 flow cytometry Assay Kit 
C10634  

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

ddPCR™ Buffer Control for Probes 1863052 
Bio-Rad Laboratories, Inc., Hercules, CA, 

USA  

Dead Cell Apoptosis Kit with Annexin 

V FITC & Propidium Iodide (PI) 
V13242 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

FastStart Essential DNA Green Master 

SYBR 
6402712001 Hoffmann-La Roche, Basel, Switzerland 

Genomic DNA ScreenTape Analysis  5067-5365  
Agilent Technologies, Inc., Santa Clara, 

CA, USA 

MycoAlertTM Mycoplasma  

Detection Kit 
LT07-318 Lonza Group Ltd., Basel, Switzerland 
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NucleoBond® Xtra Midi 740410.100 
Macherey-Nagel GmbH & Co. KG, Düren, 

Germany 

NucleoSpin® Tissue 

purification of total DNA 
740952.50 

Macherey-Nagel GmbH & Co. KG, Düren, 

Germany 

QIAamp DNA FFPE Tissue Kit 56404 QIAGEN N.V., Hilden, Germany 

QIAquick® Gel Extraction Kit 28706 QIAGEN N.V., Hilden, Germany 

QIAquick® PCR Purification Kit 28106 QIAGEN N.V., Hilden, Germany 

QIAxcel® DNA High Resolution Kit 

(1200), incl. gel cartridge 
929002 QIAGEN N.V., Hilden, Germany 

REPLI-g UltraFast Mini Kit (25)  150033 QIAGEN N.V., Hilden, Germany  

RNeasy Micro Kit 74004 QIAGEN N.V., Hilden, Germany 

RNeasy Mini Kit 74106  QIAGEN N.V., Hilden, Germany 

StepOnePlus™ Real-Time PCR System 

Spectral Calibration Kit (96 well) 
4371435 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

TOPO™ TA Cloning™ Kit for 

Sequencing 
450030 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Transcriptor First Strand cDNA 

Synthesis Kit 
4897030001 Hoffmann-La Roche, Basel, Switzerland  

 

10.4.4 Enzymes 

Table 33: List of all enzymes used in this work. 

Name Catalog number Supplier/Company 

Acc65I 

10,000 units/ml 
R0599S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

AgeI 

5,000 units/ml 
R0552S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

Alkaline Phosphatase  

rAPid 
4898133001 Hoffmann-La Roche, Basel, Switzerland 

BamHI 

20,000 units/ml 
R0136S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

BbsI  

10,000 units/ml 
R0539S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

BglII 

10,000 units/ml 
R0144S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

ddPCR™ Supermix for Probes  

(No dUTP)  
1863024 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA  

DpnI, recombinant 

20,000 units/ml 
R0176L 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

EcoRI, recombinant 

20,000 units/ml 
R0101S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

GoTaq® Hot Start Polymerase kit 

5 u/µl 
M5001  Promega Corporation, Madison, WI, USA  

HindIII 

20,000 units/ml 
R0104S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

KAPA2G Fast HotStart ReadyMix  

5 U/μL 
KK5601 Hoffmann-La Roche, Basel, Switzerland 

Phusion® High-Fidelity DNA 

Polymerase 2,000 units/ml 
M0530 S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

Platinum™ Taq Green Hot Start DNA 

Polymerase 
10966034 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Q5® High-Fidelity DNA Polymerase, 

2,000 units/ml 
M0491S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

RNase-Free DNase Set 

1500 Kunitz units RNase-free DNase I 
79254 QIAGEN N.V., Hilden, Germany 
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SalI  

20,000 units/ml 
R0138S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

T4 DNA Ligase 

400,000 units/ml 
M0202S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

T7 DNA Endonuclease I 

10,000 units/ml 
M0302S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

XbaI 

20,000 units/ml 
R0145S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 

XhoI 

20,000 units/ml 
R0146S 

New England Biolabs Inc. (NEB), Ipswich, 

MA, USA 
 

10.4.5 Inhibitors 

Table 34: List of all inhibitors / antibiotics used in this work. 

Name Catalog number Supplier/Company 

(+)-JQ1  

BET bromodomain inhibitor 

S7110-0010 

 

Selleckchem, Houston, TX, USA 

 

Alpelisib (BYL-719) 

PI3Kα inhibitor 
HY-15244-5 

Hycultec GmbH, Beutelsbach, Germany 

 

Ampicillin sodium salt,  

≥97%, for molecular biology 
K029.2 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Blasticidin S HCl  

50mg 

R21001  

 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Chloramphenicol (Chloromycetin) 

CAM 
C4350.25 

Biomol GmbH, Hamburg, Germany 

 

G418-BC, Geneticin®          

30.000U/ml in WFI sterile  
A2912 Merck Millipore, Burlington, MA, USA 

Nocodazole 

≥99% (TLC), powder 
M1404-2MG Sigma-Aldrich, St.Louis, MO, USA 

OTX015  

(MK 8628/Birabresib) BET 

bromodomain inhibitor 

S7360 
Selleckchem, Houston, TX, USA 

 

Penicillin-Streptomycin           

(10,000 U/mL), Gibco™ 
15140122 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

PhosSTOP™ Phosphatase  

Inhibitor tablets 
4906837001 Hoffmann-La Roche, Basel, Switzerland 

Propidium iodide solution 

(1.0mg/ml in water)  
P4864-10ML Sigma-Aldrich, St.Louis, MO, USA  

Puromycin dihydrochloride (from 

Streptomyces alboniger) 

powder, for cell culture 

P8833 Sigma-Aldrich, St.Louis, MO, USA 

Rigosertib (ON-01910) 

for in vitro experiments 
S1362 - 5MG Selleckchem, Houston, TX, USA 

Rigosertib sodium - ON01910 sodium – 

Estybon for in vivo experiments 

2950, Batch 4 

[592542-60-4] 
Axon Medchem LLC, Reston, VA, USA 

TEN-010 (RG6146) 

BET bromodomain inhibitor 

DTP07 ELN024588-197-2 

RO870810-000 

Thema 70151 

Hoffmann-La Roche, Basel, Switzerland 

Tetracycline hydrochloride 

≥95% HPLC  
T3383-25G Sigma-Aldrich, St.Louis, MO, USA  

Volasertib (BI 6727) 

Plk1 inhibitor 
S2235 Selleckchem, Houston, TX, USA 

 

 



   Appendix: 10.4 List of materials 

414 
 

10.4.6 Pre-designed oligonucleotides 

Table 35: List of all pre-designed primer and oligos “on-demand” used in this work. 

Name Catalog number Supplier/Company 

FISH probes N-MYC 

SpectrumGreen/CEP 2 

SpectrumOrange Probes Vysis LSI 

07J72-001 Abbott Laboratories, Chicago, IL, USA 

Hs_ASPM_1                         

FlexiTube siRNA 5nM 
3157911 QIAGEN N.V., Hilden, Germany 

Hs_ASPM_va.1_SG   

QuantiTect Primer Assay 10x 

Product no.: 249900  

Catalogue no.: QT0244181 
QIAGEN N.V., Hilden, Germany 

Hs_B2M_1_SG                QuantiTect 

Primer Assay 10x 

Product no.: 249900 Catalogue 

no.: QT00088935 
QIAGEN N.V., Hilden, Germany 
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10.4.7 Antibodies 

Table 36: List of antibodies used in this thesis for Western blot and/or Immunofluorescence detection. 

Antibody name 
Target  
(protein or primary 
antibody) 

Primary / 
secondary 
antibody 

Species 
Conjugated to a 
dye 

Dilution Catalog number Supplier/Company 

ß-Actin (C4) Human ß-Actin 
primary 

unconjugated 

Chicken 

mAb 
unconjugated 1:200 WB sc-47778 

Santa Cruz Biotechnology, 

Dallas, TX, USA 

β3-Tubulin (D71G9) 

XP® 
Human β3-Tubulin 

primary 

unconjugated 

Rabbit 

mAb 
unconjugated 1:200 IF #5568 

Cell Signaling Technology, 

Danvers, MA, USA 

ANTI-FLAG® clone 

M2 
FLAG-Tag 

primary 

unconjugated 

Mouse 

mAb 
unconjugated 1:1000 

F3165-.2MG 

F1804-50UG ? 

Sigma-Aldrich, St.Louis, 

MO, USA 

ASPM IHC Human ASPM 
primary 

unconjugated 

Rabbit 

pAb 
unconjugated 1:100 IHC-00058 

Bethyl Laboratories, Inc., 

Montgomery, TX, USA 

DCX Human DCX 
primary 

unconjugated 

Rabbit 

mAb 
unconjugated 1:200 IF #4604 

Cell Signaling Technology, 

Danvers, MA, USA 

GAPDH  (FL-335) Human GAPDH 
primary 

unconjugated 

Rabbit 

pAb 
unconjugated 1:1000 sc-25778 

Santa Cruz Biotechnology, 

Dallas, TX, USA 

IgG (H+L) 

 
Mouse IgG 

secondary 

unconjugated 

Goat anti-

mouse 
unconjugated 1:5000 SKU: 115-035-146 

DIANOVA GmbH, 

Hamburg, Germany 

IgG (H+L) 

 
Rabbit IgG 

secondary 

unconjugated 

Goat anti-

rabbit 
unconjugated 1:5000 SKU: 111-035-003 

DIANOVA GmbH, 

Hamburg, Germany 

IgG (H+L) 

 
Mouse IgG 

secondary 

conjugated 

Goat anti-

mouse 
Alexa Fluor™ 488  1:500 IF # A-11029 

Thermo Fisher Scientific 

Inc., Waltham, MA, USA 

IgG (H+L) 

 
Rabbit IgG 

secondary 

conjugated 

Goat anti-

rabbit 
Alexa Fluor™ 488  1:500 IF #A-11034 

Thermo Fisher Scientific 

Inc., Waltham, MA, USA 

MAP2  (D5G1) XP® Human MAP2 
primary 

unconjugated 

Rabbit 

mAb 
unconjugated 1:200 IF #8707 

Cell Signaling Technology, 

Danvers, MA, USA 

MST1 Human MST1 
primary 

unconjugated 

Rabbit 

mAb 
unconjugated 1:1000 #3682 

Cell Signaling Technology, 

Danvers, MA, USA 

N-Myc (B8.4B) Human MYCN 
primary 

unconjugated 

Mouse 

mAb 
unconjugated 1:200 sc-53993 

Santa Cruz Biotechnology, 

Dallas, TX, USA 

Phalloidin 

(rhodamine) 
Human F-actin 

primary 

conjugated 
 Alexa Fluor™ 555 1:20 IF #8953 

Cell Signaling Technology, 

Danvers, MA, USA 

WEE1 Human WEE1 
primary 

unconjugated 

Mouse 

mAb 
unconjugated 1:200 sc-5285 

Santa Cruz Biotechnology, 

Dallas, TX, USA 
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10.4.8 Consumables 

Table 37: List of all consumables used in this work. 

Name Catalog number Supplier/Company 

96well FrameStar® PCR Platte ABi 

FAST PCR   

4Ti-0910 

 
4 Titude Ltd, Surrey, UK 

Adhesive slides SuperFrost®  

plus matt edge white 
03-0060  

R. Langenbrinck GmbH, Emmendingen, 

Germany 

Amicon®  Ultra-15, PLHK Ultracel-PL 

Membran, 100kDa 
UFC910024 Merck Millipore, Burlington, MA, USA 

Bags autoclavable 

large, 610x910 mm 
129-0019 VWR International, Radnor, PA, USA 

Bags Disposable  

300x200mm, 40ym 
E706.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Blotting papers ROTILABO® 

thickness 0.35 mm, 13 x 10cm  
CL64.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Campingaz Easy Click gas cartridge; 

Butane / propane gas mixture in the 

ratio 80/20 

cv 470 Plus Campingaz, France 

Cell Culture Assay Plate 

96 well, flat bottom 

Sterile, Costar™ 

white: 3917 

clear: 3628 
Corning, Inc., Corning, NY, USA 

Cell Culture Dish Tissue, Falcon™, 

Sterile, polystrene 

100x20 mm: 353003 

150x25 mm: 353025 
Corning, Inc., Corning, NY, USA 

Cell Culture Flask Tissue, Falcon™, 

Sterile, polystrene 

25cm²: 353108 

75cm²: 353110 

175cm²: 353112 

Corning, Inc., Corning, NY, USA 

Cell Culture Multiwell Plate 

CELLSTAR® clear 

Sterile, F-bottom 

6 well: 657 160 

12 well: 665 180 

24 well: 662 160 

48 well: 677 180 

96 well: 655 180 

Greiner Bio-One International, 

Kremsmünster, Austria 

Cell Culture Tube (for Ficoll) 

CELLSTAR® clear 
12ml: 64 160 

Greiner Bio-One International, 

Kremsmünster, Austria 

Culture-Inserts 2 Well  

for self-insertion 
80209 ibidi GmbH, Martinsried, Germany 

Cell Scraper 

blade L 1.8cm, handle L 25cm, sterile 
CLS3010 Corning, Inc., Corning, NY, USA 

Combitips advanced® Eppendorf 

Biopur®, colorless tips 

0.1ml 0030089618 

0.5ml 0030089634 

1.0ml 0030089642 

5.0ml 0030089669 

25ml  0030089685 

Eppendorf AG, Hamburg, Germany  

Counting chamber Neubauer 

0.100 mm depth, 0.0025 mm² 

BLAUBRAND® 

718605 
BRAND GMBH + CO KG, Wertheim, 

Germany 

Counting Slides for TC10™/TC20™ 

Cell Counter, Dual-Chamber 
145-0011 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

Cover glasses for hemacytometer 20 * 

26mm 
HECH40415710 VWR International, Radnor, PA, USA 

Cryoboxes (PC) plastic                           

81 spaces, 53 mm high 
78031 

neoLab Migge GmbH, Heidelberg, 

Germany  

Cryo-Safe™  

-1˚C Freeze Controller 

Scienceware™ 

F18844-0000 
Bel-Art Products, Inc., South Wayne, NJ, 

USA 
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Cryogenic storage boxes, cardboard, 

ultra-low temperature, with grid insets 
FB71211 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Cryo Vial 2ml 

CryoPure internal yellow cap 
72.380.004 

Sarstedt AG & Co. KG, Nümbrecht, 

Germany  

DG8 Cartridges, QX100/QX200™ 1864008 
Bio-Rad Laboratories, Inc., Hercules, CA, 

USA  

DG8 Gaskets, QX100/QX200™ 1863009 
Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

Dispensehead cassettes  

HP T8 PLUS 20PC 
30097370 Tecan Group AG, Männedorf, Switzerland 

Dispensehead cassettes  

HP D4 PLUS 20PC 
30097371 Tecan Group AG, Männedorf, Switzerland 

Disposable syringes  

PP 2ml Luer 
1799 Semadeni AG, Ostermundigen, Switzerland 

Disposable wipes KIMTECH® Science 

precision wipes, 7551 
AA63.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Dymo Label Cassette D1 Tape 19mm x 

7m Black on White 
S0720830 / 45803 Dymo Corporation, Berkeley, CA, USA 

EDTA-anticoagulated tubes 

BD Vacutainer® blood collection tube 

4.0ml: 367862 

6.0ml: 367863 
BD Biosciences, Franklin Lanes, IN, USA 

Eppendorf Combitips advanced®, 

Biopur®, 10 mL, orange, colorless tips 
30089677 Eppendorf AG, Hamburg, Germany  

Eppendorf twin.tec®  

PCR Plates 
30128575 Eppendorf AG, Hamburg, Germany 

Erlenmeyer flask, DURAN® wide neck 

25ml: C144.1 

250ml: C137.1 

500ml: C139.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

ExactaCruz® Round Gel Loading Tips 

in Sterile Rack 
sc-201732 

Santa Cruz Biotechnology, Dallas, TX, 

USA  

Falcon™ Round-Bottom Polystyrene 

Tubes for FACS 

VE125  

352054 
Corning, Inc., Corning, NY, USA  

Falcon™ 15 mL High Clarity PP 

Centrifuge Tube, Conical Bottom, 

Sterile  

352096 Corning, Inc., Corning, NY, USA 

Falcon™ 50 mL High Clarity PP 

Centrifuge Tube, Conical Bottom, 

Sterile  

352070 Corning, Inc., Corning, NY, USA 

Floating stands for reagent and sample 

tubes 
212-9125 VWR International, Radnor, PA, USA 

Forceps Dumont  

Style 5, Polished, Dumostar® 
11295-10 

Fine Science Tools (FST) Group, North 

Vancouver, B.C., Canada 

Glass beads 

diam. ~5 mm  
18406-500G Sigma-Aldrich, St.Louis, MO, USA  

Gene Pulser®/MicroPulser™ 

Electroporation Cuvettes, 0.4cm gap  

165-2088 

 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA  

Gloves Nitra-Touch™ 

Powder-free PPE made of nitrile 
4400053 Ansell, Richmond, Australia 

Gloves Vasco ® Guard long S Nitril 

Butadien 
9205518 

B. Braun Melsungen AG, Melsungen, 

Germany 

Immersion oil for microscopy, 

fluorescence tested 
X899.2 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany  

Inoculation loop with aluminum coated 

handle, 3 mm 
612-2675 VWR International, Radnor, PA, USA 

Loading Tips, 1 Pk for TapeStation 5067-5153 
Agilent Technologies, Inc., Santa Clara, 

CA, USA  

Marking tape ROTI®Tape range, 12.7 

m x 13.0 mm 
AK66.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 
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Mini cooler for 12 tubes (4 x 3) - 

Temp.: - 20 ° C - yellow - without gel 
KR-MC-12-Y 

Kisker Biotech GmbH & Co. KG, Steinfurt, 

Germany 

Microscope Slide Boxes 

100-Place 
HS15994D  VWR International, Radnor, PA, USA  

Mini-PROTEAN® Empty Cassettes for 

Western blot 
4560006 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

Mini-PROTEAN® Comb, 12-well, 20 

μl for Western blot 
4560015 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

Multiply®-μStrip 0.2ml chain  

8-tube PCR chain  
72.985.002 

Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

Nail polish clear 

trend it up, double volume & shine 
010 

dm-drogerie markt GmbH + Co. KG, 

Karlsruhe, Germany 

Nitrocellulose membrane,                  

0.45 µm  
162-0115 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

Nunc® Lab-Tek® II Chamber Slide™ 

system 

4 wells, glass slide, 1.7cm2/well, sterile 

C6807-1PAK Sigma-Aldrich, St.Louis, MO, USA  

NuPAGE™ 3-8% Tris-Acetate Protein 

Gels, 1.0 mm, 10-well 
EA0375BOX 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

NuPAGE™ LDS Sample Buffer (4X) NP0007 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

NuPAGE™ Sample Reducing Agent 

(10X) 
NP0009 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Optical adhesive film  

for qPCR 
4Ti-0560 4 Titude Ltd, Surrey, UK  

Optical tube strips (8x Strip) for 

TapeStation 
401428 

Agilent Technologies, Inc., Santa Clara, 

CA, USA  

Optical tube strip caps (8x Strip) for 

TapeStation 
401425 

Agilent Technologies, Inc., Santa Clara, 

CA, USA  

Pasteur pipettes without cotton plug, 

2ml, 150 mm, tip length: 60 mm 
4518.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany  

Parafilm™ M  

Sealing Film  
PM-999 Bemis Company,  Inc, Neenah, Wi, USA 

PCR-Cooler 

0.2ml Starter-Set  
3881000015  Eppendorf AG, Hamburg, Germany  

PCR Plate Heat Seal, foil, pierceable 1814040 
Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

PCR tube lids  

8-lid PCR chain  
65.1998.400 

Sarstedt AG & Co. KG, Nümbrecht, 

Germany  

Plastic tube 13ml 

100 x 16 mm PP 
62515006 

Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

PVDF Western Blotting Membrane 

0,45 µm 
3010040001 Hoffmann-La Roche, Basel, Switzerland 

Reaction tubes 

Micro tube 

clear Safe Seal 

0.5ml: 72.704 

1.5ml: 72.706.400 

2.0ml: 72.691 

Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

Reaction tubes ROTILABO® 

1.5ml black 
AA80.1 

Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

Respiratory mask with valve covered 

3M ™ Aura ™ 1883+ 
3M-ID 7000088733 

3M (Minnesota Mining and Manufacturing 

Company), Maplewood, MN, USA 

Round coverslips Microscope 22mm , 

Karl Hecht ™  

10063691 - 1001/0022 

 

Fisher Scientific GmbH, Schwerte, 

Germany 

Scalpels 

sterile, disposable 
0570 Swann Morton Ltd, Sheffield, UK 

Serological pipettes Costar® 

Stripette®, polystyrene, 

individually wrapped, sterile 

2ml: 4486 Corning, Inc., Corning, NY, USA  
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Serological pipettes Falcon™ 

polystyrene, individually wrapped, 

sterile 

5ml: 357543 

10ml: 357551 
Corning, Inc., Corning, NY, USA 

Serological pipettes CELLSTAR®, 

polystyrene, 

individually wrapped, sterile 

25ml: 760 180 
Greiner Bio-One International, 

Kremsmünster, Austria 

Sharps Container  

Sharpsafe® discharge bin 
12.000.04.110 

Dahlhausen Medizintechnik & Co. GmbH, 

Cologne, Germany 

Spray bottle  

LaboPlast® 500ml  
215-6511 VWR International, Radnor, PA, USA  

Sterillium® classic pure 

hands disinfectant 
975512 Bode Chemie GmbH, Hamburg, Germany 

Syringe 10ml 

Injekt® Luer Lock Solo 
4606728V 

B. Braun Melsungen AG, Melsungen, 

Germany 

Syringe filter  

ROTILABO® cellulose acetate (CA), 

25 mm, sterile 

Pore size 0.20µM: KC70.1 

Pore size 0.45µM: KC71.1 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Tips, filter SafeSeal SurPhob sterile, 

low binding  

10µl: VT0200 

100µl: VT0230 

1200µl: VT0270 

Biozym Scientific GmbH, Hessisch 

Oldendorf, Germany 

Tips, SafeSeal SurPhob Reload, low 

binding  

10µl: VT0103 

100µl: VT0143 

1200µl: VT0173 

Biozym Scientific GmbH, Hessisch 

Oldendorf, Germany 

Tips, filter for PCR Biosphere®  

0.1-10µl: 70.1130.210 

0.5-10µl: 70.1115.210 

0.5-20µl: 70.1116.210 

2-20µl; 70.760.213 

2-200µl: 70.760.211 

Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

Tips, filter for PCR FlexTop Ultrafine 

Tip Extended-Length Filtered Racked 

Sterile ZAP™ 

ZP1250S 
Alpha Laboratories Eastleigh, Hampshire, 

UK 

Tissue culture Dish 100 mm 

TC-treated Falcon™ 
353003 Corning, Inc., Corning, NY, USA 

Tissue culture Dish 150 mm 

with 20 mm Grid TC-treated 

Falcon™ 

353025 Corning, Inc., Corning, NY, USA 

Transfer pipette  

drop size: 35 - 55 μl, sterile, 
86.1171.001 

Sarstedt AG & Co. KG, Nümbrecht, 

Germany 

Tube racks (for Falcon tubes) 
18 x 15ml / 10 x 50ml = 99017 

30 x 15ml / 20 x 50ml = 99019 

TPP Techno Plastic Products AG, 

Trasadingen, Switzerland 

UV face shield RELRSI KP10.1 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany  

Water bath stabilizer 

neoLab Bad Stabil® 100ml 
1-6095 / 100-500 

neoLab Migge GmbH, Heidelberg, 

Germany 

Weighing dishes ROTILABO® white, 

antistatic, 330ml, 140 mm, 140 mm 
0875.2 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

Wipes ECO Fleece cloths and 

impregnation with suitable surface 

disinfectants 

00-915-REW10006-01 Dr. Schumacher GmbH, Malsfeld, Germany 
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10.4.9 Devices 

Table 38: List of all devices used in this work. 

Name Catalog number Supplier/Company 

4200 TapeStation System G2991AA 
Agilent Technologies, Inc., Santa Clara, 

CA, USA 

C1000 Touch™ Thermal Cycler with 

Dual 48/48 Fast Reaction Module 
1851148 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

APC Smart-UPS, 1000 VA, LCD, 230 

V, for IncuCyte® 
SMT1000I 

American Power Conversion, West 

Kingston, RI, USA 

Apple iMac 7,1 (20” Year of 

construction mid 2007) 
A1224 Apple Inc., Cupertino, CA, USA 

Color camera XC10 CCD 

U-TV1XC 

Fluorescence microscopy 

XC10 Olympus, Shinjuku, Prefecture Tokio, Japan 

Centrifuge 5415 D with rotor 13200 

1/min centrifugation 

556954240/ 

33617 
Eppendorf AG, Hamburg, Germany 

Centrifuge 5424 R, cooled, with rotor 

FA-45-24-11, membrane keyboard, 230 

V / 50–60 Hz 

5404000010 and 

5404000410  
Eppendorf AG, Hamburg, Germany 

Centrifuge 5427 R, cooled, with rotor 

FA-45-48-11, knobs, 230 V / 50–60 Hz 
5409000530 Eppendorf AG, Hamburg, Germany 

Centrifuge 5810 R, cooled, with rotor 

A-4-62, Adapters 15/50 mL tubes, 230 

V / 50–60 Hz 

5811000325 Eppendorf AG, Hamburg, Germany 

Centrifuge Sorvall® Evolution™ RC 

Superspeed Centrifuge 
Evolution 32 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Centrifuge Heraeus™ Primo™  R  75005440 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Centrifuge Heraeus™  Megafuge 1.0R  75003060 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Centrifuge Heraeus™ function line 

Labofuge™ 400  
75008150 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

Centrifuge MiniStar Silverline 

Microcentrifuge 8x0,2ml 6000rpm 
461 VWR International, Radnor, PA, USA  

Centrifuge PerfectSpin Mini  PEQL91-PSPIN-M 
VWR International, Radnor, PA, USA 

 

Centrifuge Sorvall™ LYNX 4000 

superspeed centrifuge 

Used with the F14-6x250y rotor  

75006580 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Centrifuge Universal 320 R  1406 
Hettich Unternehmensgruppe, 

Kirchlengern, Germany 

Charge-coupled device Camera 

DP-CF-011.C with TV Zoom Lens 
DP-CF-011.C Vilber Lourmat, Collégien, France 

Conductivity pH meter  

FE30 FiveEasy™ 
51302912 Mettler-Toledo, Columbus, OH, USA 

Consort Doc Print VX5 1100 Imaging 

System 
VLDP11-26M Vilber Lourmat, Collégien, France 

Cryogenic Storage 24K System 10-033-01-0111 
Worthington Cylinders (Worthington 

Industries), Columbus, OH, USA 

Digital Dispenser  

D300E 
30100152  Tecan Group AG, Männedorf, Switzerland 

Dymo LabelManager™ 420P labeling 

device 
S0915440 Dymo Corporation, Berkeley, CA, USA 

Epoch™ Microplate Spectrophotometer 6283693 / EPOCH 
BioTek Instruments Inc., Winooski, VT, 

USA 
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Eppendorf ThermoMixer® C 220–240 

V / 50–60 Hz  
5382000015 Eppendorf AG, Hamburg, Germany 

Flow Cytometer BD LSRFortessa™ X-

20 Cell Analyzer 
657669 

Becton Dickinson BD Biosciences, Franklin 

Lakes, NJ, USA 

 

Fluorescence Lamp Illuminator X-

Cite® Series 120PC Q 
120PC Q 

Excelitas Technologies Corp., Waltham, 

MA, USA 

Fridge FKUv 1610 Index 21J/001 , 

+4°C 
FKUv 160-22Q 

Liebherr, Bulle FR, Switzerland 

 

Freezer LCv4010eez MediLine 

-20°C 
LCv 4010-23C 

Liebherr, Bulle FR, Switzerland 

 

Freezer LKexv 3910 MediLine 

+4°C 
LTM Liebherr 

Liebherr, Bulle FR, Switzerland 

 

Freezer HERAfreeze™             

HFU T series -86 ° C ultra-low freezers 

HFU400TV63 

11650823 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Freezer Innova U725-G ULT ultra-low 

freezer -86°C 725L, New Brunswick 

Scientific 

11389884 

U9440-0005 
Eppendorf AG, Hamburg, Germany 

Gene Pulser Xcell Electroporation 

Eukaryotic System,  100/240 V,  

50/60 Hz 

1652661 
Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

GloMax®-Multi+ Microplate 

Multimode Reader 
SA3030 Promega Corporation, Madison, WI, USA 

Horizontal Mini Gel System chamber, 

PerfectBlue™  
40-1214 VWR International, Randor, PA, USA 

Ice Flaker Scotsman AF 80 AF 80  
Scotsman Ice Machines, Vernon Hills, IL, 

USA 

Ice machine  

Manitowoc UFP0399A 
Man-UFP0399A Manitowoc Cranes, Manitowoc, WI, USA 

Incubator Heratherm™ Compact 

Microbiological Incubator  
50125882 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Incubator Heracell™ 240i CO2 with 

Stainless-Steel Chambers for human 

cell culture  

51026331 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Incubator Midi 40 CO2 with Stainless-

Steel Chambers for human cell culture 
3403 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

IncuCyte® S3 Live-Cell Analysis 

System  

4647 

no. of IncuCyte®: 

10.43.144.105 

Essen BioScience, Ann Arbor, MI, USA 

IncuStore® S Storage Unit, expansion 

data storage for IncuCyte® S3 
4689 Essen BioScience, Ann Arbor, MI, USA 

Liquid nitrogen storage tank LD, Type 

series XL240 
000016 Taylor-Wharton®, Baytown, TX, USA 

Magnetic stirrer  

IKA RH basic 
0005019700 IKA-Werke, Staufen im Breisgau, Germany 

MCO-230AIC IncuSafe CO2 Incubato, 

for IncuCyte® 
MCO-230AICUV-PE PHC Corporation (PHCBI), Tokio, Japan 

Microdissection  

Leica LMD 6500 
LMD6500 Leica Camera, Wetzlar, Germany 

Microscope inverted   

Axio Vert.A1 
491237 Carl Zeiss AG, Oberkochen, Germany 

Microscope Axiovert 40 CFL, 

transmitted light, bright field, phase 

difference  

491202-0002-001 Carl Zeiss AG, Oberkochen, Germany  

Microscope BX43 Olympus 

Fluorescence microscope 
BX43 Olympus, Shinjuku, Prefecture Tokio, Japan 
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Microscope Leica DMRA with JVC 

KY F-75 digital camera Fluorescence 

microscope 

27170 Leica Camera, Wetzlar, Germany 

Microwave 

Bosch Home, white 800 W 
HMT72M420 Robert Bosch GmbH, Gerlingen, Germany 

Mini-PROTEAN® Tetra Cell 4-gel 

vertical electrophoresis system, 0.75 

mm gel  

1658000 
Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

Mini Trans-Blot® Electrophoretic 

Transfer Cell 
1703930 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

Multipette®  

Xstream 
4987000380 Eppendorf AG, Hamburg, Germany 

NanoDrop™ 2000 Microvolume 

Spectrophotometer 

ND-2000 

ND2000LAPTOP 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

PCR Workstation Pro 

PEQLAB Biotechnologie GmbH 
732-2840DE VWR International, Randor, PA, USA 

Photometer BioPhotometer® 6131230 

V/50 – 60 Hz 
613101964 / 6133000001 Eppendorf AG, Hamburg, Germany 

Pipettes, Research® plus 

 

0.1 – 2.5µl 3123000012 

0.5 – 10µl 3123000020 

10 – 100µl 3123000047 

20 – 200µl 3123000055 

100 – 1000µl 3123000063 

Eppendorf AG, Hamburg, Germany 

Pipetus® 100-240 Volt 9907200 
Hirschmann Laborgeräte GmbH & Co. KG, 

Eberstadt, Germany 

PowerPac™ Basic Electrophoresis 

Power Supply 
1645050 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

PowerPac™ 300 Electrophoresis  

Power Supply 
165-5050 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

QIAxcel® Advanced  

Instrument 
9001941 QIAGEN N.V., Hilden, Germany 

Reax top Mechanical shaker 

0 – 2.500rpm 
541-10000-00 

Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany 

Roll Mixer analog RS-TR 5 RS-TR 5 
Phoenix Instrument GmbH, Garbsen, 

Germany 

Safety cabinet Safe 2020 1.8 

Laminar airflow bench class II 
51026637 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA  

Scale precision EW-N 

Readability 0.001 g 
EW 620-3NM 

KERN & SOHN GmbH, Balingen, 

Germany 

Scale precision ABS 

Readability 0.001 g 
ABS 80-4N 

KERN & SOHN GmbH, Balingen, 

Germany 

Scanner Epson Perfection V700 Photo B11B178023 
Seiko Epson K.K., Suwa, Prefecture 

Nagano, Japan 

Shaker G24 Environmental Incubator, 

New Brunswick Scientific 
 Eppendorf AG, Hamburg, Germany  

Shaker Innova™ 4300 incubator, New 

Brunswick Scientific 
 Eppendorf AG, Hamburg, Germany  

Shaker  

IKA KS 4000 i control  
0003510000 IKA-Werke, Staufen im Breisgau, Germany 

Shaker Gyratoral / Orbital Rotamax 120 

20 - 300 U/min 
544-41200-00 

Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany 

Shaker Rocker Duomax 1030 (5° 

inclination) 
543-32205-00 

Heidolph Instruments GmbH & Co. KG, 

Schwabach, Germany 

StepOnePlus™ Real-Time PCR System 4376600 
Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

TC20™ Automated Cell Counter 145-010 
Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 
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Thermal Cycler T100™  1861096 
Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

ThermoMixer® C with thermoblock for 

1.5 or 2ml tubes  
 5382000015 Eppendorf AG, Hamburg, Germany  

Timer ROTILABO®  A802.1 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany  

Trans-Blot® Turbo™ Western blot 

Transfer System 
1704150 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

Transilluminator 

Fusion-FX7-826.WL Superbright 
151115241 Vilber Lourmat, Collégien, France 

UV table  

ECX-F20.C V1  
ECX-F20.C V1 Vilber Lourmat, Collégien, France 

Vacuum Safety Suction System, pump 

15 l/min, AC02 
981423101 

Hettich Unternehmensgruppe, 

Kirchlengern, Germany 

Vortexer  

Minishaker MS1  
 IKA-Werke, Staufen im Breisgau, Germany  

Waterbath shaking  1086 
GFL Gesellschaft für Labortechnik mbH, 

Burgwedel, Germany  

Waterbath WNB 7  8419 8998 
Memmert GmbH + Co. KG, 6 Schwabach, 

Germany 

XCell SureLock® Mini-Cell 

Electrophoresis System 
EI0002 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 
 

10.4.10 Software 

Table 39: List of software used in this work. 

Name Download source Supplier/Company 

Adobe® Acrobat Reader DC Version 

2019.021.20058 
https://get.adobe.com/de/reader/ Adobe Inc., San José, CA, USA 

Adobe® Illustrator® version CS6  

(64 Bit) 

http://www.adobe.com/de/creati

vecloud/plans.html?filter=desig

n 

Adobe Inc., San José, CA, USA 

Adobe® Photoshop® CS6 (64 Bit) 

http://www.adobe.com/de/creati

vecloud/plans.html?filter=desig

n 

Adobe Inc., San José, CA, USA 

Agilent TapeStation Software 

Download 

Revision 3.2 

https://www.agilent.com/en/pro

motions/tapestation-

sw?productURL=https%3A%2

F%2Fwww.agilent.com%2Fen

%2Fproduct%2Fautomated-

electrophoresis%2Ftapestation-

systems%2Ftapestation-

software%2Ftapestation-

software-379381 

Agilent Technologies, Inc., Santa Clara, 

CA, USA 

BD FACSDiva™ Software v8.0.2 

http://www.bdbiosciences.com/

us/instruments/research/softwar

e/flow-cytometry-

acquisition/bd-facsdiva-

software/m/111112/features 

Becton Dickinson BD Biosciences, 

Franklin Lakes, NJ, USA 

cellSens Dimension  

https://www.olympus-

lifescience.com/de/software/cell

sens/#!cms[tab]=%2Fsoftware

%2Fcellsens%2Fdownloads 

Olympus, Shinjuku, Prefecture Tokio, 

Japan 

D300eControl Tecan 

version 3.2.5 

https://lifesciences.tecan.com/pr

oducts/liquid_handling_and_aut
Tecan Group AG, Männedorf, Switzerland 
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omation/tecan_d300e_digital_di

spenser?p=tab--2 

Diskus Viewer software 

https://diskus-

viewer.software.informer.com/4

.8/ 

Hilgers Technisches Buero e.K., 

Koenigswinter, Germany 

DOC-PRINT VX 
http://www.vilber.de/produkte/a

nalysesoftware/ 
Vilber Lourmat, Collégien, France 

Epson Scan (Version 5.1.1f2)  

Mac OS X 

https://www.epson.co.uk/suppor

t#drivers_and_manuals 

Seiko Epson K.K., Suwa, Prefecture 

Nagano, Japan 

Excel 2016 

Microsoft Office Professional Plus 

2016 

https://products.office.com/de-

de/compare-all-microsoft-

office-

products?&market=de&activeta

b=tab:primaryr1 

Microsoft Corporation, Redmond, WA, 

USA 

FlowJo™ v10.6.1 
https://www.flowjo.com/solutio

ns/flowjo/downloads 

FlowJo LLC Becton Dickinson, Ashland, 

OR, USA 

FusionCapt Advance FX7 
http://www.vilber.de/produkte/a

nalysesoftware/capt-softwares/ 
Vilber Lourmat, Collégien, France 

Gen5™ Data Analysis Software 

2.04.11.0 

https://www.biotek.de/de/produ

cts/software-robotics-

software/gen5-microplate-

reader-and-imager-software/ 

BioTek Instruments Inc., Winooski, VT, 

USA 

GloMax®-Multi+ Detection System 

with Instinct™ Software Firmware 

(version 04.15) and Software (version 

3.1.3) 

https://www.promega.de/resour

ces/software-firmware/glomax-

systems/detection-instruments-

software/promega-branded-

instruments/glomax-multi-plus-

detection-system-instinct/ 

Promega Corporation, Madison, WI, USA 

GraphPad Prism® v7.03. 
https://www.graphpad.com/how

-to-buy/ 

Graphpad Software, Inc., San Diego, CA, 

USA 

ImageJ version 1.8.0_112 
https://imagej.nih.gov/ij/downlo

ad.html 

Wayne Rasband (National Institutes of 

Health (NIH)), Bethesda, MD, USA 

Integrative Genomics Viewer (IGV) 

version 2.8.0 

https://software.broadinstitute.o

rg/software/igv/download 
Broad Institute, Cambridge, MA, USA 

IncuCyte® Software (version 2019B) 

Rev2 

https://www.essenbioscience.co

m/en/products/software/incucyt

e-software-v2019b/ 

Essen BioScience, Ann Arbor, MI, USA 

MendeleyDesktop Version 1.19.4 
https://www.mendeley.com/do

wnload-desktop/ 
Mendeley, London, UK 

NanoDrop™ 2000 Version 1.4.0.1 

https://www.thermofisher.com/

content/dam/tfs/ATG/CAD/CA

D%20Documents/Software/Mol

ecular%20Spectroscopy/Spectr

ophotometer-

Systems/nanodrop-

software/NanoDropOnePCVie

wer%20software%20v1.4.exe 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

PowerPoint 2016 

Microsoft Office Professional Plus 

2016 

https://products.office.com/de-

de/compare-all-microsoft-

office-

products?&market=de&activeta

b=tab:primaryr1 

Microsoft Corporation, Redmond, WA, 

USA 

QIAxcel® ScreenGel Software version 

1.4.0 

9021163 

https://www.qiagen.com/fi/prod

ucts/instruments-and-

automation/analytics-

software/qiaxcel-screengel-

software/#orderinginformation 

QIAGEN N.V., Hilden, Germany 
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QuantaSoft™ Software, Regulatory 

Edition version 1.7.4.0917 

https://www.bio-rad.com/de-

de/sku/1864011-quantasoft-

software-regulatory-

edition?ID=1864011 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

QuantaSoft™ Analysis Pro version 

1.0.596 

https://www.bio-rad.com/de-

de/product/qx200-droplet-

digital-pcr-

system?ID=MPOQQE4VY 

Bio-Rad Laboratories, Inc., Hercules, CA, 

USA 

RStudio version 1.0.143.0 
https://rstudio.com/products/rst

udio/download/ 
RStudio, Inc., Boston, MA, USA 

XV-Imaging; Olympus-Soft-Imaging-

Solutions Version 3.15 

https://www.olympus-

sis.com/corp/2417.htm 

Olympus, Shinjuku, Prefecture Tokio, 

Japan 

SnapGene version 5.0.1.   
https://www.snapgene.com/buy

-snapgene/academic/ 
GSL Biotech LLC, Chicago, IL USA 

SnapGene Viewer version 1.4.0.   
https://www.snapgene.com/sna

pgene-viewer/ 
GSL Biotech LLC, Chicago, IL USA 

StepOnePlus™ software version 2.2.2. / 

2.3 

http://www.thermofisher.com/d

e/en/home/technical-

resources/software-

downloads/StepOne-and-

StepOnePlus-Real-Time-PCR-

System.html 

Thermo Fisher Scientific Inc., Waltham, 

MA, USA 

VisionCapt™ software version 

http://www.analis.be/bin/site/re

nder.cgi?id=0074231_item_to_

sell&ln= 

ANALIS, Suarlée, Belgium 

Word 2016 

Microsoft Office Professional Plus 

2016 

https://products.office.com/de-

de/compare-all-microsoft-

office-

products?&market=de&activeta

b=tab:primaryr1 

Microsoft Corporation, Redmond, WA, 

USA 

Zen 2012 (blue edition), version 1.1.0.0 

http://www.zeiss.de/mikroskopi

e/produkte/mikroskopsoftware/

zen-lite.html#downloads 

Carl Zeiss AG, Oberkochen, Germany 

Zen version 2.3 lite  

http://www.zeiss.de/mikroskopi

e/produkte/mikroskopsoftware/

zen-lite.html#zen-lite 

Carl Zeiss AG, Oberkochen, Germany 
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 Buffers and solutions recipes 

All buffers and solutions were prepared with de-ionized ultrapure water (aqua valde purificata, Milli-

Q® System). Buffers and solutions that should be used under sterile conditions were autoclaved or 

sterile filtered before use. pH values were set with HCl and NaOH. 

10.5.1 NB targeted NGS assay and NB breakpoint MRD assay 

Phosphate-buffered saline (PBS) (10x) pH 7.0  Erylysis buffer (10x) pH 7.3 

Na2HPO4  11.6 g  NH4Cl 89,9 g 

KH2PO4 2 g  KHCO3 10.0 g 

NaCl 80 g  Na4-EDTA     3.72 g  

KCl 2 g  Adjust final volume to 1 l with dH2O 

Adjust final volume to 10 l with dH2O 

 

0.5 M EDTA buffer pH 8.0  1 M TRIS-HCl buffer pH 7.4 

EDTA 93.06 g  Trizma-base powder 121.14 g 

Adjust final volume to 500ml with dH2O  Adjust final volume to 1 l with dH2O 

 

 

Gel loading dye with Orange G (10x)  TRIS-EDTA (TE) buffer (1x)  

Ficol powder 7.5 g  TRIS-HCl pH 7.5 1mM 

Orange G 100mg  EDTA pH 8 0.1mM 

TE buffer (1x) 50ml  Adjust final volume to 10ml with dH2O 

 

2% Agarosis gel  Tris-acetate-EDTA (TAE) buffer (50 x)  

Agarosis powder 2 g  Trizma-base powder 242 g 

TAE buffer (1x) 100ml  
Acetate  

(100% acetic acid) 

57.1ml 

   Sodium EDTA (0.5 M) 100ml 

   Adjust final volume to 1 l with dH2O 
 

10.5.2 Molecular cloning 

Luria-Bertani (LB) broth-agar  Luria-Bertani (LB) broth-medium 

LB powder 35 g  LB powder 1mM 

NaCl 10 g  EDTA pH 8 0.1mM 

Tryptone 10 g  Adjust final volume to 1 l with dH2O 

Yeast extract 5 g  

Agar 20 g   

Adjust final volume to 1 l with dH2O   

 

Luria-Bertani (LB) broth-MDC medium  Transformation buffer  

LB powder 35 g  MgCl2 10mM 

NaCl 10 g  MgSO4 10mM 

Tryptone 10 g  DMSO 5% 

Yeast extract 5 g  PEG 3000 10% (v/m) 

Adjust final volume to 1 l with dH2O  Adjust final volume with LB-medium 
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Super Optimal broth (SOC) medium 

Tryptone 20 g 

Yeast extract 5 g 

NaCl 0.5 g 

Adjust final volume to 1 l with dH2O, autoclave 

MgCl2 (1 M) 10ml 

MgSO4 (1 M) 10ml 

Glucose solution                      

20% in dH2O  
20ml 

 

10.5.3 Flow cytometry  

FACS buffer  PI staining solution 

PBS 1x 99%  DNase buffer  1ml 

FCS  1%  RNase A 100mg/mL 2.5µl 

   Incubate at 95°C for 10 min, cool down on ice 

   Add 40µl PI stock solution (1mg/mL) 

 

DNase buffer 

NaCl (5 M) 150µl 

MgCl2 (1 M) 20µl 

dH2O 4.83ml 

 

10.5.4 Clonogenic 2D assay with crystal violet staining 

1% Crystal violet solution 

Crystal violet powder 0.5 g 

EtOH 5ml 

dH2O 45ml 

 

10.5.5 Calcium phosphate transfection of HEK-293T 

2.5mM HEPES  25mM Choloroquine  

HEPES (0.5 M) 83µl  Choloroquine 0.51586 g 

dH2O 16.6µl  dH2O 40ml 

 

Transfection medium  
2x HEPES-buffered saline (HeBS) solution  

pH 7.00 

DMEM medium 50ml  HEPES (50mM) 5.96 g 

FCS 10% 5ml  NaCl (280mM) 8.18 g 

Glutamine 2% 1ml  Na2HPO4 (1.5mM) 0.106 g 

HEPES 0.5 M (10mM) 1ml  
Dissolve chemicals in 400ml dH2O, adjust pH, 

adjust to final volume to 500ml with dH2O 

1/1000 Chloroquine 25mM 50µl    
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2.5 M CaCl2*2H2O  15% Glycerol solution  

CaCl2*2H2O 3675 g  2x HeBS buffer 5ml 

dH2O 10ml  Glycerol 1.5ml 

   dH2O 3.5ml 

 

10.5.6 SDS-PAGE and semi-dry protein transfer 

Protein lysis buffer I  SDS-Electrophoresis running buffer (10x) 

HEPES 15mM  Trizma-base powder 30.3 g 

NaCl 150mM  Glycine 144 g 

EGTA 10mM  
SDS 20% (w/w) 

SDS pellets 

50ml 

(10 g) 

Triton X-100 2%  Adjust final volume to 1 l with dH2O 

Add 1 tablet cOmpleteMini per 400µl before 

Add 1 tablet PhosSTOP in 1ml ddH2O before 
  

 

Stacking gel buffer pH 6.8  Separation gel buffer pH 8.8 

TRIS-HCl pH 7.5 1 M  TRIS-HCl pH 7.5 1.5 M 

 

SDS-polyacrylamide stacking gel   10% SDS-polyacrylamide separation gel  

Polyacrylamide (30%) 330µl  Polyacrylamide (30%) 3.3ml 

Stacking Gel Buffer 250µl  Separation gel buffer  2.5ml 

dH2O 1.4ml  dH2O 4ml 

20% SDS 10µl  SDS 20% 50ml 

10% APS 20µl  APS 10% 100µl 

TEMED 2µl  TEMED 4µl 

 

SDS-transfer buffer (10x)  SDS-transfer buffer (1x) 

Trizma-base powder 30.3 g  MeOH 200ml 

Glycine 144 g  SDS-transfer buffer 10x 100ml 

Adjust final volume to 1 l with dH2O  Adjust final volume to 1 l with dH2O 

 

Blocking buffer  

Low fat milk powder 10% 

Adjust final volume with TBS-T buffer 

 

Phosphate-buffered saline (TBS) (10x) pH 7.4  Phosphate-buffered saline (TBS)-T (1x) pH 7.4 

NaCl 1.5 M 87.66 g  10x TBS-buffer 100ml 

Trizma-base 0.1 M 15.76 g  Tween-20 0.5ml 

Adjust final volume to 1 l with dH2O  Adjust final volume to 1 l with dH2O 
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10.5.7 NuPAGE™ system and wet protein transfer 

Protein lysis buffer II 

Triton X-100 1% 

TRIS (1 M, pH 7.4) 1% 

EDTA 0.2% 

IGEPAL 0.5% 

NaCl 8.76 g/l 

PMSF 1% 

Leupeptin 0.1% 

Aprotinin 1% 

Adjust final volume with dH2O 

 

SDS-transfer buffer (10x)  SDS-transfer buffer (1x) 

Trizma-base powder 30.3 g  MeOH 200ml 

Glycine 144 g  SDS-transfer buffer 10x 100ml 

Adjust final volume to 1 l with dH2O  Adjust final volume to 1 l with dH2O 

 

10.5.8 Immunofluorescence staining  

30% Sucrose solution  Blocking buffer 

PBS 1x 500ml  PBS 1x 100ml 

Sucrose  150mg  Triton X-100 0.3% 

   FCS (freshly added) 5% 

 


