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Samenvatting 
Achtergrond: Neuroblastoma (NB) is een kinderkanker die zich ontwikkelt vanuit 

sympathoadrenale progenitorcellen (hSAPs). De functionele rol van 17q winst, die in meer dan 

60% NB gevallen voorkomt, is nog niet onderzocht. Door een hESC gebaseerd NB model te 

ontwikkelen krijgt men toegang tot hSAPs om de rol van 17q winst na te gaan in NB ontwikkeling. 

De onbekende functionele rol van een 17q winst bij replicatie stress (RS) werd ook onderzocht. 

Methoden: De primed/naïeve status en genomische status van hESC werd getest met qPCR en 

sWGS respectievelijk. Een Tet-On induceerbaar systeem werd gevalideerd en differentiatie naar 

hSAP werd uitgevoerd dmv een specifiek hSAP differentiatie protocol (MSK, S. Roberts). Condities 

van RS werden geïnduceerd met HU behandeling op NB cellen en hESC. Andere 

onderzoeksmethoden waren onder andere real time monitoring van levende cellen met IncuCyte, 

Western blotting, immunocytochemische staining, DNA combing en FISH analyse.  

Resultaten: Via het Tet-On systeem, kon het induceerbare overexpressie systeem gevalideerd 

worden. Een preliminair differentiatie experiment van primed stamcellen faalde echter en verdere 

optimalisatie is nodig. Functionele analyse van het effect 17q winst via de IncuCyte kon geen 

verschil aantonen, maar sWGS-data toonde aanwezigheid van een kloon met 17q winst in C12-wt 

aan. Besluiten: sWGS-data toont aan dat 17q winst mogelijks een groei voordeel heeft.   

Summary 

Background: Neuroblastoma (NB) is a clinically and genetically heterogeneous paediatric tumour 

arising from sympathoadrenal progenitor cells (hSAPs). Thus far, the functional role of a 17q gain, 

present in more than 60% of NB cases, has not been investigated. Developing a hESC derived NB 

model will give the advantage of using the hSAPs to study the role of 17q gain in NB development. 

In addition, the unexplored functional role of a 17q gain in replicative stress (RS) was investigated. 

Methods: Primed/naïve status and genomic status of hESC were analysed with qPCR and sWGS 

respectively. A Tet-On inducible system was validated and C12-wt, C12-1q17q and H9 hESC were 

differentiated to hSAP using a specific hSAP differentiation protocol (MSK, S. Roberts). Conditions 

of RS were induced with HU treatment on NB cells and hESC. Analysis was completed using 

IncuCyte analysis, Western blotting, immunocytochemical staining, DNA combing and FISH 

analysis. Results: Using the Tet-On system, inducible overexpression could be validated. 

However, a preliminary differentiation experiment of primed hESC to hSAP failed and further 

optimizations are necessary. Although functional analysis of 17q gain with IncuCyte showed no 

difference, sWGS indicated clonal overgrowth of a subgroup of the C12-wt cell line with 1q17q gain. 

Conclusions: Results indicate that 17q gain has an advantage in cell growth. 
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1. Introduction 
1.1. Neuroblastoma 

Neuroblastoma (NB) is a rare childhood cancer, that is most commonly diagnosed in the first two 

years after birth. Nearly 90% of the patients are diagnosed before the age of five, with diagnosis 

over the age of ten being rare [1]. NB accounts for 8-10% of all paediatric cancers and is 

responsible for more than 10% of cancer-related mortality in children. This makes NB one of the 

most common childhood cancers and the third most common paediatric cancer [2,3]. The clinical 

outcome of NB is extremely heterogeneous, ranging from spontaneous regression to aggressive 

and metastatic deadly tumours (spreading of cancer cells throughout the body) [4]. The estimated 

5-year survival rate of patients with non-high-risk NB is more than 90%, while less than 50% in 

high-risk NB (figure 1B). 

Figure 1: Primary sites NB and event-free survival based on risk group: (A) Shows localisation of 
possible primary sites of NB (Clinical Gate. (2018). Neuroblastoma. [online] Available at: 
https://clinicalgate.com/neuroblastoma-2/ [Accessed 3 May 2018]). (B). Kaplan-Meier survival analysis 
shows marked differences in event-free survival for patients classified as low-risk, intermediate-risk, and 
high-risk at diagnosis [5]. 
 

In North-America and Europe the incidence of NB has been estimated to be 10.5/million individuals 

between birth and the age of fourteen, with a slight higher diagnosis, of 1%, in boys [2,3]. The 

estimation of this incidence will most likely be lower than the real prevalence of NB due to the 

occurrence of spontaneous regression. However, the latter process is not yet fully understood. 

Patients showing this remarkable tumour regression are typically very young (below the age of 18 

months), show a particular metastatic pattern with liver invasion amongst others and absence of 

segmental aberrations (in particular no MYCN amplification) [6].   
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1.1.1.  Origin 

NB can be defined as a malignant tumour originating from neuroblast cells. During embryonic 

development, embryonic precursors of the sympatho-adrenergic neuronal lineage arise from the 

neural crest [7]. This structure is present during embryogenesis and evolves from the embryonic 

ectoderm layer shortly after the closure of the neural tube. Cells that migrate from this neural crest 

towards the ventral zone of the aorta are commonly referred to as the sympathoadrenal progenitor 

cells (hSAP). These hSAP are cells capable of dividing a more limited number of times and 

differentiating into a restricted collection of neuronal and glial cell types [8]. More specifically, cells 

from the neural crest migrate while differentiating into cells of the peripheral sympathetic nervous 

system and the adrenal medulla. . These hSAPs are considered to be the cell of origin of NB (figure 

2). In 25-30% of the cases, NB will develop due to an overexpression of MYCN, which is a well-

known oncogenic marker of NB and linked to other neuroendocrine adult malignancies such as 

neuroendocrine prostate cancer [1,9].  

 

Figure 2: Development of Neuroblastoma. Schematic representation of  possible routes of development 
of NB [8].  
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In the remaining cases, segmental and numerical chromosomal aberrations or mutations in the 

activating anaplastic lymphoma kinase (ALK) tyrosine kinase receptor or alpha thalassemia/mental 

retardation syndrome X-linked (ATRX) gene can drive NB development [1,10].   

NB has a variable clinical appearance. NB is frequently diagnosed in the adrenal gland or 

paraspinal ganglia. In 30% of the cases, tumours appear in the adrenal medulla, and 60% in the 

abdominal paraspinal ganglia [7]. NB can also arise from the sympathetic ganglia in the chest, 

head, neck and pelvis (figure 1A) [7,10]. The variable clinical presentation has been translated into 

a staging systems which is an important predictive tool for survival and therapeutic stratification. 

 

1.1.2. Staging systems & treatment  

As stated above, NB is a complex heterogeneous disease and is classified in different stages. This 

is done with different methods such as the International NB Staging System (INSS) and the 

International NB Risk Group Staging System (INRGSS). The INSS is the oldest and has 6 stages 

(1, 2A, 2B, 3, 4, 4S). It is based on the localization of the tumour in the body as well as the possibility 

of treatment [4,11,12]. The staging system has been refined and adapted over the years, resulting 

in the more recent INRGSS.  

Here, the disease is divided into four risk groups (L1, L2, M and MS). It is a pre-treatment 

classification system based on the results of imaging tests, such as computed tomography (CT) 

and magnetic resonance imaging (MRI), taken before surgery. These are used to determine the 

presence or absence of image-derived risk factors. The risk groups L1 and L2 are the locoregional 

tumours. In risk group L1, image-derived risk factors (IDRF) are absent, while stage L2 consists of 

the tumours with one or more IDRF. Patients with metastatic tumours are placed in risk group M. 

Children younger than 18 months with metastases in the skin, liver, and/or bone marrow are placed 

in risk group MS, which is similar to stage 4S of the INSS  [11,12]. 

NB is also divided in risk groups; very-low, low, medium or high risk., based on; INRGSS risk group, 

age, histology, tumour differentiation, MYCN status, 11q loss of heterozygosity (LOH) and ploidy 

[11–13]. In the ‘very-low’ risk group, observation suffices as spontaneous regression is likely.  ‘Low’ 

and ‘medium’ risk groups are similar. In the latter, further radiotherapy will be administered to 

tumours with lacking response to therapy. ‘High’ risk groups have multimodal therapies, consisting 

of surgery, chemotherapy, radiotherapy, stem cell transplantation and biological and 

immunotherapeutic maintenance therapy [4,13,14]. Even so, less than 40% of the patients will 

survive [5]. Relapse often occurs within five years after therapy and is usually fatal, resulting in the 

low 5-year survival rate of 40-50% for these patients (figure 1B). Administered therapies have 

severe short- and long-term side effects, showing the need for novel therapies. Novel therapies 
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being developed are small-molecule inhibitors, such as ALK and Aurora-A small molecule 

inhibitors, and cell-based immune therapies [15,16]. 

 

1.1.3. Genetics and prognostics 

Tumours are essentially genetic diseases and identification and study of these genetic lesions can 

provide insight into the process of tumour formation and offer novel therapeutic targets. Although 

the overall mutation frequency is very low, both focal and large DNA copy number alterations are 

common genetic features, with 17q gain as the most common gain in both high-risk MYCN 

amplified and nonamplified cases.  

Familial neuroblastoma 

Germline mutations have been reported in rare families with NB, with a prevalence of 1-5%. ALK 

mutations are predominantly found, while further cases were explained by ‘Paired like Homeobox 

2B’ (PHOX2B) mutations, both assumed to disrupt normal differentiation [17,18]. Both familial and 

sporadic NB are genetically heterogeneous.   

Prognostics 

Oncogenic markers of poor prognosis are the losses of chromosomes 1p, 3p, 4p and 11q and the 

gain of chromosome 17q [19]. Other markers of a poor prognosis are the amplification of MYCN 

and amplifications or mutations of the ALK receptor tyrosine kinase, which cause a continuous 

activation of its kinase activity [20–22]. These markers are, among others, used to determine risk 

groups.  

Chromosomal aberrations – 17q 

Recurrent segmental aberrations of chromosomes in NB are gain of chromosomes 1q, 2p, 7q,11p 

and loss of 1p, 3p, 4p, 11q, 14q, 16p and 19q. An overview of recurrent chromosomal aberrations 

is depicted in figure 3.  

In more than 60% of NB cases a gain of 17q is observed as the most frequently found aberration,  

most often resulting from an unbalanced 17q translocation with other chromosomes, such as the 

distal part of chromosomes 11q of 1p [23]. This 17q gain is often associated with poor prognostic 

markers such as amplification of MYCN and a higher age at diagnosis [20,24]. Until recently, the 

putatively involved genes on 17q were largely unknown. Recently, the host lab refined an integrated 

bioinformatics analysis (Vanhauwaert et al, unpublished) based on a large series of primary NB 

transcriptomes and survival data. This provided an updated list of dosage sensitive candidate 

dependency genes. Remarkably, many of these genes many are implicated in the replicative stress 

response [25].  
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Figure 3: Mutations and chromosomal 
aberrations in neuroblastoma. The 
outermost circle shows chromosomes, the 
dark grey circle represents recurrent 
alterations for the primary high-risk NBs, 
similarly the light grey circle displays this 
for the MYCN-amplified NB cell lines. Blue 
elements: deleted genome segments. Red 
elements: copy number gain/amplification 
events [26].  
 

 

 

 

 

 

 

 

 

 

 

 

The top ranked 17q gene was BRCA1 interacting protein C-terminal helicase 1 (BRIP1). Several 

other genes located on this distal part of chromosome 17 also play an important role in the 

replicative stress-induced DNA damage response, such as DNA topoisomerase II alpha (TOP2A) 

and essential meiotic structure-specific endonuclease 1 (EME1). BRIP1, also known as FANCJ, is 

linked to cancer suppression and DNA double strand break repair due to its direct interaction with 

the hereditary breast cancer associated gene product, BRCA1 [27]. It is involved, amongst others, 

in unwinding of stable G-quadruplex structures in single strand DNA which form during replication 

and transcription, and act as physical barriers to the replisome and RNA polymerase when not 

timely resolved [25]. BRIP1 also plays an important role in cell cycle checkpoint control through 

maintaining epigenetic stability and preserving chromatin structure. This, by assisting progression 

of the replication fork after encountering DNA damage or alternate DNA structures [28]. As such, 

BRIP1 safeguards quick progression through the S-phase of cell division. In summary, BRIP1 has 

functions centred on alleviating replicative stress and has an important role in the context of 

genomic stability, making it a possible dosage sensitive cooperative driver in NB. 

Given the large size of the commonly gained 17q segment and the inability thus far to model such 

an event, the underlying molecular basis of 17q gain in relation to MYCN-driven oncogenesis is still 
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unknown. Several studies have indicated that excessive and sustained replicative stress-induced 

DNA damage due to collapse of stalled replication forks can drive the accumulation of tumour-

causing genetic lesions [29,30]. This, combined with previous findings of frequent 17q gain in hESC 

cells [31,32], indicates that a gain of 17q could result from replicative stress-induced DNA damage. 

The current proposed hypothesis is that 17q gain acts as a single mutational event, which 

simultaneously targets overexpression of multiple genes driving a cell state supporting MYCN-

driven tumorigenesis. Thus far, the functional role of large chromosomal imbalances such as 17q 

gain has not been explored.   

MYCN and neuroblastoma 

MYCN, the functional counterpart of MYC in neuronal tissues [33], has an important function during 

normal proliferation of neural crest cells. There, MYCN is an important pro-survival and pluripotency 

factor needed for mesenchymal cells of the neural crest to become highly proliferative and be able 

to resist apoptosis during migration [34]. However, when amplified, MYCN can cause tumour 

formation as supported by transgenic MYCN overexpressing mouse and zebrafish models .  

The MYCN gene is located at the short arm of chromosome 2 at band 2p24 [35]. As stated before, 

25-30% of NB cases will develop due to an amplification of MYCN. It was shown to be a valuable 

marker of prognosis, as tumours that show this amplification are more aggressive and have a 

significant worse outcome than low-risk non-MYCN amplified tumours [13,36]. In further support of 

the transgenic animal models, the significance of MYCN was illustrated with the study of Olsen et 

al. which determined that the overexpression of MYCN was able to induce NB in a primary neural 

crest mouse model [37].  

MYCN amplification leads to the overexpression of MYCN at the mRNA as well as the protein level. 

The gene is a member of the MYC family of transcription factors which have a helix-loop-helix 

domain that enables their binding to DNA. MYCN enhances the expression of genes involved in 

cell proliferation and represses the expression of genes involved in differentiation and apoptosis by 

direct DNA binding and interactions with other proteins. Other genes encoding micro RNA’s 

(miRNA’s), long non-coding RNA’s (lncRNA’s) are also targets for activation or repression by 

MYCN [1,38]. The activation and translocation to the nucleus of MYCN itself is dependent on 

phosphorylation by ERK in the RAS/MAPK pathway and inhibition of GSK3β by AKT in the PI3K-

GSK-3 signalling pathway [39].  

ALK and neuroblastoma 

The ALK receptor tyrosine kinase is present during embryonic development in the central and 

peripheral nervous system. During normal development migrating neural crest cells depend on its 

activity for sympathetic neuron development and cell survival [40,41]. ALK aids in the maintenance 
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of the balance between proliferation and differentiation of the sympathoadrenal cells of the neural 

crest during the development. It is a receptor tyrosine kinase (RTK) of the insulin receptor 

superfamily and passes signals to other kinases such as PI3K and MAPK [42]. As such it influences 

multiple cellular pathways including RAS/MAPK signalling pathway. 

The ALK gene, located at chromosome 2 at band 2p23 near MYCN, is mutated in 7-10% of the 

sporadic tumours [42] causing constitutive activation of this tyrosine kinase receptor. In 2-3% of the 

sporadic cases ALK amplification is observed. The ALK genomic aberrations can be present in all 

risk groups. [18]. Initial analysis in a meta-analysis of a large cohort of primary NBs by the host lab 

indicated that ALK in combination with MYCN amplification inferred an ultra-high risk phenotype. 

This assumption was later supported by mouse and zebrafish model showing that mutant ALK 

accelerate MYCN driven tumour formation. 

 

1.2. Human embryonic stem cells 

The host lab has pioneered isolation of human foetal neuroblasts and established their 

transcriptomes, which have served as valuable resources for later data mining efforts [43], but 

isolating such progenitor cells in viable conditions and in sufficient numbers is impossible. However, 

it is possible to isolate pluripotent human embryonic stem cells (hESC), ex vivo, from the inner cell 

mass of the blastocyst and maintain them in the laboratory. By directing the differentiation, in vitro, 

investigation of events during human development becomes possible. Differentiation of hESCs in 

culture, partially, follows the normal hierarchical set of signals that regulate embryonic development 

in the generation of specific cell types [44,45]. Several protocols based on hESCs differentiation 

have been established and validated for use of amongst others toxicity testing [46]. During a lab 

visit of dr. G. Denecker at the Memorial Sloan-Kettering Cancer Center (MSKCC, New York, USA) 

the technology to differentiate hESC towards hSAP was trained in the renown Studer lab under the 

guidance of MD Stephen Roberts.  

The MSK protocol made use of primed hESC, which are in a slightly more differentiated status then 

naïve hESC. Therefore, our obtained naïve hESC were transitioned to their primed state. Naïve 

hESC can be recognised by their domed colonies morphology, show a high single-cell survival 

(95%) and dependence on the PI3K/AKT/mTORC pathway to maintain pluripotency. In contrast, 

the primed hESC display a flatter colony morphology, are characterised by low single cell survival 

and have a higher doubling time than naïve stem cells. Apart from the morphology, mRNA 

expression can also be used to differentiate between naïve and primed hESC. This with markers, 

such as KLF2 and DNMT3B, that are strongly expressed in either naïve and primed state [47].  
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The primed hESC are then finally differentiated to hSAP in a 12-day protocol, using the MSK 

differentiation protocol, and isolated with fluorescence activated cell sorting (MSK, Stephen 

Roberts). 

The hESCs allow modelling of diseases, such as NB, for which the cells of origin are not readily 

accessible [48]. This, combined with shared features between hESC and cancer cells, including a 

weak G1/S check point and limitless growth potential, makes hESC a highly attractive and 

innovative platform for modelling cancer types. Furthermore, the host lab found that NB cells also 

recapitulate a hESC gene expression signature which is enhanced in cases with poor prognosis 

(Vanhauwaert et al., in preparation). Recent studies, in glioblastoma and colon cancer, have been 

able to model cancer through the generation of embryonal stem cell derived progenitor cells, into 

which genetic lesions are introduced [49,50]. Genetic modifications enable tailoring of hESC lines 

for specific purposes, such as analysis of oncogenes or drug screening which cannot be analysed 

in human embryo’s due to ethical constraints [51]. Although modelling large chromosomal defects, 

like those appearing in NB, is challenging, novel genome editing technology is now offering 

opportunities to generate large chromosomal defects and translocations.   

Although hESC have received increasing attention over the last years due to their capacity of 

indefinite proliferation and differentiation into any cell type of the body, there exists also controversy 

with regards to their origin, namely human embryos [52]. In addition, several issues needed to be 

taken into account; being efficiency, safety, and functionality. The study of Merkle et al., which 

showed regular occurrence of cancer-related missense mutations in TP53 cultured hESC, advised  

regular genetic testing of the hESC [53]. This, to ensure a correct genotype. Altogether, hESC 

provide an elegant solution to the problems regarding research on NB and can lead to the discovery 

of novel therapeutic options, nevertheless caution is needed in order to ensure the use of hESC 

with a correct genotype. 

 

1.3. Replicative stress 

Replication stress (RS) is a complex phenomenon, with possible implications for genome stability 

and cell survival, and is commonly associated with cancer [54]. RS can be described as slowing 

down of DNA synthesis due to stalling/slowing of replication fork progression [25]. RS can result 

from a wide range of physical obstacles, such as nucleotide depletion, often resulting in stretches 

of single-stranded DNA (ssDNA) [25,55]. Compounds such as hydroxyurea (HU), causing 

proliferating cells to be blocked in S phase due to decreased levels of dNTPs, are also able to 

induce replicative stress [56]. ssDNA frequently forms when the replicative helicase continues to 
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unwind parental DNA after the polymerase has stalled [57]. This ssDNA, bound by replication 

protein A (RPA), generates a signal for activation of the RS-response trough phosphorylation, 

resulting in the recruitment of a number of RS-response proteins. These include the protein kinase 

ATM- and Rad3-related (ATR), which is activated through co-localization with other factors that are 

recruited to these structures and is one of the central replication stress response kinases [25]. It 

phosphorylates substrates which can help the cell to survive and complete DNA replication in the 

face of the stress (figure 4).  

Figure 4: The ATR-mediated RS response. Schematic representation of ATR signalling. ATR is activated 
at the stalled replication fork and initiates a signalling cascade promoting  fork stabilization, while preventing 
progression through the cell cycle until replication is completed [25]. 
 

ATR and ATR-dependent phosphorylation of RPA, or CHK1, stabilize and help to restart stalled 

replication forks, avoiding genomic instability [58,59]. This makes both pRPA and pCHK1 specific 

markers which are used to detect activation of the ATR pathway and RS. Histone variant H2AX 

(γH2AX), phosphorylated when DNA damage forms double stranded breaks, can also be used to 

detect RS, as sustained RS can lead to fork collapse and double strand breaks.. However, γH2AX 

can be activated by several kinases detecting different types of DNA damage, making it a good 

indicator of DNA damage but not a specific marker of RS [25].  

A greater understanding of RS and the pathways involved, is likely to improve treatment of diseases 

correlated with RS, such as cancer. This makes 17q, associated with RS induced DNA damage, of 

further interest in NB research.   
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1.4. IncuCyte live-cell imaging 

Using the new IncuCyte technology, live-cell experiments can be conducted with follow-up over 

time, without the need to remove the cells from the incubator. During this period images will be 

taken at specified time intervals, which can be analysed for e.g. growth rate. The analysis of the 

image is dependent on masking: learning the software what to take into account as cells to count. 

Therefore, correct masking is an essential part of the analysis. Pictures of the cell culture, taken at 

specified time intervals, provide an extensive dataset which can be analysed. This strengthens the 

conclusions made when analysing the role of a 17q gain with HU experiments. The IncuCyte live-

cell analysis system can provide morphological information as well real-time kinetic data. This 

allows for combined analysis of morphological changes and growth rate. This can give extra 

dimensions to experiments such as transitioning naïve hESC to primed hESC. 

(Essenbioscience.com. (2018). IncuCyte® System. [online] Available at: https://bit.ly/2HRhtcL  [Accessed 5 

May 2018]). 

 

2. Project and goals 

NB is a clinically and genetically heterogeneous paediatric tumour arising from sympatho-

adrenergic neuronal lineage progenitors (hSAPs). Although the overall mutation frequency is very 

low, both focal and large DNA copy number alterations are common genetic features, with 17q gain 

as the most common gain in high risk cases. Even though our understanding of the biology and 

genetics of NB has improved, the prognosis for aggressive NB is still unsatisfactory and current 

therapies have severe short and long-term effects. Therefore, there is an urgent need for better 

understanding of the biology of NB and exploit novel routes for less toxic and more effective 

intervention [7]. Thus far, the functional role of large chromosomal imbalances such as 17q gain, 

in the presence or absence of MYCN amplification, has not been explored. Using an integrated and 

comprehensive data mining approach on copy number and gene expression data of a large set of 

primary tumours, the host lab  identified high expression and poor prognosis for multiple genes 

implicated in replicative stress resistance located on chromosome 17q. The working hypothesis is 

that early during tumour formation high MYCN/MYC activity drives high levels of replicative stress 

causing DNA damage due to collapse of stalled replication forks known to lead to accumulation of 

tumour-causing genetic lesions [29,30]. However, further increase of replicative stress may be 

detrimental for emerging cancer cells and may lead to subsequent selection for genetic events 

leading to increased expression of replicative stress resistor genes, e.g. those identified on 17q. 
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Further support for this hypothesis comes from the remarkable observation that 17q recurrently 

occurs in established hESC lines. As increased replicative stress and resulting DNA damage may 

lead to premature aging of stem cells, the host lab proposes that 17q gain and subsequent 

increased expression of replicative stress resistor genes could provide a selective advantage for 

growth of hESC under given in vitro culture conditions [31,32]. To investigate the effect of large 17q 

copy number gain on MYCN driven NB initiation, the host lab has identified a hESC line with 17q 

gain as well as 1q gain. One of the major aims for this project in the host lab is to generate MYCN 

overexpressing hSAP with and without 17q gain in order to assess the effect on speed and 

incidence of NB formation upon injection into mice. Given that the 1q17q hESC line was in a naïve 

status and further modulation required primed ESCs, my first aim was to obtain this transition. 

Secondly, using the original parental hESC line I wanted to generate conditions of replicative stress 

to re-induce 17q gain and show that this process can be recapitulated in the lab and indeed 

generates cells more resistant to replicative stress.  

 

3. Material and methods 

3.1. Cell culture 

3.1.1. Used cell lines  

Neuroblastoma cells: 

NB cell lines used were; IMR-32, SH-SY5Y, SK-N-AS and SK-N-BE(2)C cells. Cells were cultured 

using RPMI medium (cat. nr. 52400041, Gibco) and cultured at 37°C, 20%O2 and 5% CO2.   

Human embryonic stem cells: 

hESC used in this thesis were; H9 hESC (lab C. Verfaille), C12-wt hESC and C12-1q17q hESC, 

(kindly provided by lab Bjorn Heindryckx). The C12-wt and C12-1q17q hESC were cultured using 

naïve stem cell medium [47], HES medium or E8 medium (see 3.1.2). The embryonic stem cells 

were cultured at 37°C, 5% O2, 5% CO2.  

Other cell lines; 

Other cell lines used were; human embryonic kidney (HEK) cells, mouse embryonic fibroblasts 

(MEF) cells which were seeded as feeder layer for naïve hESC and in a first phase of primed hESC 

culturing after transition of naïve to primed hESC (see 3.1.6), and retinal pigment epithelium (RPE) 

cells that were used in a FISH experiment. The HEK and RPE cells were cultured using RPMI 

medium. The MEF cells were seeded using MEF medium.   
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3.1.2. hESC media 

Naïve hESC: 

Complete naïve stem cell medium, for naïve stem cells grown on a MEF feeder layer, was made 

by adding small molecules and growth factors (table 1), to the basal naïve medium which can be 

found in table 2. This medium uses the 2i principle for naïvety with the use of PD0325901 (cat nr. 

13034, Bioconnect) which prevents cell differentiation and sustains self-renewal of ESCs when 

combined with CHIR99021 (cat nr. 1386, Axon Medchem) and were optimised in the lab of B. 

Heindryckx.  

 

Table 1: List of small molecules and growth factors for naïve medium. The table contains the different 
small molecules and growth factors that were added to the basal medium. 

Product Conc. stock Final conc. 

PD0325901 1µM 1nM 

CHIR99021 3µM 3nM 

hLIF 1000U 1U 

bFGF 12ng/ml 72pg/ml 

Forskolin 10µM 100nM 

Ascorbic acid 25ng/ml 50pg/ml 

 

Table 2: Medium composition basal naïve medium. Overview of the different products used for the 
preparation of the basal naïve medium. 

Product Conc. stock Final conc. 

knockout DMEM 100% 96% 

knockout serum replacement 20% 4% 

non-essential amino acids 1% 0.01% 

penicillin/streptomycin 1% 0.01% 

L-glutamin 0.1% 0.01% 

β-mercaptoethanol 0.1mM 0.2µM 
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Primed hESC: 

Primed hESC, that were grown on a MEF feeder layer, were incubated in human embryonic stem 

cell (HES) medium. The composition of the HES medium can be found in table 3.  

Table 3: HES medium. The different components used in the HES medium as well as their used dilution.  

Product Conc. Stock Final conc. 

DMEM/F12 100% 80% 

KO serum-replacement 100% 20% 

L-gln 100% 0.125% 

MEM 10mM 0.1mM 

b-mercapto 50mM 50µM 

bFGF 2ng/ml 0.006ng/ml 

XAV 10mM 2µM 

 

Primed hESC that were grown on a feeder-free basis like Geltrex, were cultivated in E8 medium 

(cat. nr. A15169-01, Gibco) The medium was supplemented with 1x E8 supplement (cat. nr. 

A15171-01, Gibco) to form the complete medium.   

 

3.1.3. Seeding feeder-layer 

MEF, that are inactivated with mitomycin C or γ-irradiation and lost the ability to proliferate, are 

used as a feeder layer to produce the necessary growth factors for the hESC. To thaw the MEF 

cells, 1ml of cold MEF medium (table 4) was added to a vial of frozen cells (cat. nr. GSC-6001, 

global stemm). Then the thawed MEFs were added to 10 ml medium in a 15ml tube. The 15ml tube 

was centrifuged for 5 min at 103g. Thereafter the cells were counted using the automatic cell 

counter of ‘Nexcelom’ and a concentration of 120 000 or 200 000 cells/6-well were seeded for the 

naïve or primed hESC respectively. The plates containing the seeded MEF cells were gently 

shaken until the MEF cells were homogenously divided over the well. Finally, the plate was 

incubated at 37°C and 5% O2 and 5% CO2.  

Table 4: MEF medium. Different components used in the MEF medium as well as their used dilution.  

Product Conc. Stock Final conc. 

DMEM1x 100% 99% 

Fetal calf serum 10% 1% 

L-glutamin 1% 0.01% 

penicillin/streptomycin 1% 0.01% 
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3.1.4. Coating for feeder free growth 

Geltrex (cat. nr. A1413302, Gibco) acts as a substrate or physical support for cultured cells which 

helps to create more in vivo-like extracellular matrices. Before use it was stored at -80°C. When 

coating 6-well plates (Corning), the frozen Geltrex was first thawed on ice to prevent polymerisation. 

The thawed Geltrex was diluted 50 times in ice-cold DMEM/F12 (cat. nr. 31330-038, Thermo Fisher 

Scientific). The Geltrex-medium solution was resuspended by inverting a few times and filtered 

using a 40µm cell strainer (cat nr. 11587522, Fisherbrand) filter. After this, 1ml of the filtered Geltrex 

solution was added to each well. The plates were sealed with parafilm and wrapped in aluminium 

foil to prevent evaporation. Afterwards these plates were stored at 4°C overnight to let the coating 

attach to the bottom of the plate. In cases of urgency the dilution could be reduced to 30 times with 

a coating time of 2 hours at room temperature (RT).  

3.1.5. Cultivating naïve hESC  

The naïve hESC were grown in naïve stem cell medium, as specified in 3.1.2, which was renewed 

3 times a week. Every Monday and Friday the cells were passaged. For passaging the cells, the 

medium of the naïve stem cells was aspirated and discarded. The wells were washed with PBS 

(cat nr. 14190094, Thermo Fisher Scientific) and subsequently 1ml/well 0.05% trypsin/EDTA was 

added to the 6 well plate. Cells were incubated for 5 minutes at RT. Meanwhile, MEF medium of a 

MEF-coated 6-well plate was removed and wells were washed with PBS before 2ml complete naïve 

medium was added to each well. At RT, MEF will detach, while the hESC colonies will remain 

attached. After the MEF’s detached from the surface the trypsin was removed and 1ml naïve 

medium/well was added to the remaining hESC. The hESC colonies were resuspended to become 

single cells. Subsequently, the cell suspension was added to a 15ml tube containing 10ml of naïve 

medium and centrifuged at 40g for 5 minutes at RT. Supernatants was aspirated and 1ml of medium 

was added to the pellet. The cell pellet was resuspended and cells were counted using the 

automatic cell counter of ‘Nexcelom’ whereafter cells were seeded, to the previously prepared MEF 

coated plate, at a final cell density of around 20 000 – 30 000 cells per 6-well.   

3.1.6. Transition of naïve to primed stem cells 

In the transition of primed stem cells from naïve stem cells, a two-step process was carried out. In 

a first step the naïve cells were seeded on a MEF feeder layer but cultured in HES medium for 

several weeks until stable growth was established. In a second step the, now assumed by 

morphology, primed stem cells grown on a MEF feeder layer were transferred to a Geltrex coated 

plate after splitting. Afterwards a gradual reduced concentration of MEF-conditioned-HES medium 
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was added to the cells to reduce stress due to the transfer. Cells started with 100% Mef-

conditioned-HES medium at the first day. This was followed by a reduction of 25%, using E8 

medium, each following day until the cells were cultured in normal E8 medium (see 3.1.8). MEF-

conditioned-HES medium was developed by incubating HES medium for 48 hours on a dense MEF 

feeder layer, seeded at 4million cells/10cm dish. Next, it was filtered and stored at -20°C.  

3.1.7. Primed hESC on MEF feeders 

The primed hESC on MEF were grown using HES medium, as specified in 3.1.2, which was 

renewed daily, and split weekly.  For passaging the cells, the medium was aspirated and the wells 

were washed with PBS. Next 1ml dispase (cat. nr. 07913, Stemcell Technologies) was added to 

each well, after which the cells were incubated for 6 minutes at 37°C. The new plates, coated with 

MEF, were prepared by removing MEF medium, washing them with PBS and adding 1ml HES 

medium in each well. After the cells were incubated for 6 minutes, dispase was aspirated and the 

wells were carefully washed twice with PBS. Subsequently, 1ml of HES medium was added to the 

wells and the cells were detached by cell scraping. Important is that the primed hESC are passaged 

as colonies, thus they need to be suspended very softly. The resulting cell suspension was carefully 

added to a tube containing 10ml of HES medium and centrifuged at 103g for 5 minutes at RT. The 

supernatants was aspirated and the colonies were carefully resuspended in HES medium, in order 

not to break them up too much. Immediately after resuspending the cells, the desired cell dilution 

was dispensed in the freshly prepared wells. 

3.1.8. Primed hESC on Geltrex 

The primed hESC on Geltrex were cultured using E8 medium, as specified in 3.1.2. The medium 

was renewed daily and the hESC were split every 3-4 days. For passaging the cells, bad colonies, 

showing differentiation or overgrowth, were indicated, also referred to as “picking” of the cells. Next, 

medium was aspirated and bad colonies were removed. Then 1ml dispase was added to each well, 

after which the cells were incubated for 6 minutes at RT. New plates, coated with Geltrex, were 

prepared by removing the medium, washing them with PBS and adding 1 ml of E8 medium in each 

well. After the cells were incubated for 6 minutes, dispase was aspirated and the wells were 

carefully washed twice with PBS. Subsequently 1ml of E8 medium was added to the wells and the 

cells were detached by cell scraping. The primed hESC were suspended very softly, as it is 

important is that they are passaged as colonies. The resulting cell suspension was carefully added 

to a tube containing 10ml E8 medium and centrifuged at 103g for 5 minutes at RT. Supernatants 

was aspirated and colonies were carefully resuspended in E8 medium, in order not to break them 
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up too much. Immediately after resuspending the cells, the desired cell dilution was dispensed in 

the freshly prepared wells. 

3.2. IncuCyte live-cell imaging 

Cells were seeded in 24-well plates as described above. The cells were allowed to rest on the 

bench for 30 minutes to prevent disruption of uniform attachment. Afterwards they were placed in 

the IncuCyte and every 2-3 hours pictures were taken. The first picture was taken after 30min of 

acclimatization, allowing condensation to disappear. After completion of the experiment the cellular 

behaviour was analysed using the ZOOM-software of the IncuCyte. In brief, the ZOOM-software 

applied a masking for cell tracking. This masking was adjusted to detect the cells of interest and 

exclude e.g. debris or the feeder layer. When the correct parameters were determined the masking 

was used by the software to calculate the desired parameter, eg the percentage of confluence and 

perform analyses, resulting in data on proliferation rate. During later experiments the newer version 

‘S3’ became available and was used as well.  

3.3. Replicative stress 

RS was induced by adding hydroxyurea (HU) (cat nr. H8627-1G, Sigma-Aldrich).  The compounds 

were diluted in hESC medium until the desired concentration was reached. The medium used 

depended on the respective stem cell state and was made according to the specifications given in 

section 3.1.2. The diluted compound was added to the wells and the plate was inserted in the 

IncuCyte for live follow-up. IncuCyte software was used to analysed the effect of the compound on 

cellular behaviour. Further analysis of RS was done by Western blotting, DNA combing, 

immunocytochemical staining and FISH.  

3.4. Differentiation of hESC to hSAP 

To develop the hESC-based NB model, primed hESC were differentiated to hSAP cells using the 

MSK differentiation protocol. This protocol was validated in the lab of prof. Speleman using C12-

wt, C12-1q17q and H9 hESC. 

Plating hESC 

The day before the start of the actual differentiation, hESC were plated on a 10 cm dish coated 

with Geltrex, as specified in 3.1.4, at high density. Therefore, in a first step medium was aspirated 

from the cell culture plates containing the hESC and washed once with PBS. Accutase (cat nr. 

A11105-01, sigma Aldrich) was added and cells were incubated for 30 minutes at 37°C. Next, cells 

were detached by gentle cell scraping and dissociated into single cells using a 5ml pipettor. The 

accutase-cell mixture was then pipetted into a 50ml flacon tube and topped up with PBS in order 

to dilute the accutase enough to inhibit further activity. This mixture was centrifuged for 5 minutes 
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at 200g. Supernatants was aspirated and the pellet was resuspended in E8-medium. Next, cells 

were counted while the remaining cell suspension was centrifuged at 200g for 5 minutes. 

Subsequently supernatants was aspirated and the cells were resuspended in E8-medium 

containing 0.1% 10µM Y-28632 (cat. nr. S1049_2mg, Sellechem) whereafter they were plated at a 

density of 200.000 cells/ cm2. 

Neural crest differentiation 

During the differentiation process, cells were cultured using E6-medium (cat. nr. A1516401, Gibco) 

with a different compound supplementation composition depending on the timepoint of 

differentiation, as specified in table 5. On the twelfth day, cells were sorted for CD49d (PEcy7) and 

HNK1 (APC). 

Table 5: Differentiation compounds. The different compounds added to the E6-medium during the 
differentiation process.  

Compound Day 0-1 Day 2-5 Day 6-11 

SB-41452 10µM x x x 

BMP4 1ng/ml x   

CHIR-99021 600nM x   

CHIR-99021 1.5µM  x x 

BMP4 10ng/ml   x 

RA 0.5µM   x 

SDF1 80ng/ml   x 

NRG1 80mg/ml   x 

 

Replating post-sorted cells 

The sorted cells were centrifuged for 5 minutes at 200g and supernatant was removed. The cells 

were resuspended in neurobasal medium supplemented with N2/B27, FGF2 (10ng/ml), CHIR 

(3µM), SB-431542 (10µM), BMP4 (10ng/ml), RA (0.25µM) and Penicillin-Streptomycin (1%). Next 

1e06 cells/ well were added to a 24 well poly-L-ornitin/laminin/fibronectin (PFL) prepared plate and 

the same medium was added the following day. 

 

3.5. Western Blot 

At the desired timepoint, protein analysis was conducted using Western blot. First, the cells were 

harvested, washed and snap frozen. Thereafter, cells were lysed, using RIPA buffer, and the 

protein concentration was determined using a ‘BCA’ protein assay kit (cat nr. 23227, Pierce) for 

which absorbance was measured in the Glomax multi-detection system (Promega). The loading 
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sample, containing 50µg protein, was prepared consisting of 5x laemmli buffer and lysate. The 

proteins, which were blotted on a, methanol activated, polyvinylidene difluoride (PVDF) membrane, 

were detected using a primary Antibody (Ab) which was incubated overnight at 4°C (table 6). For 

visualisation by chemiluminescence, a secondary Ab, coupled with the horse radish peroxidase 

(HRP) enzyme, was added. For visualisation, the blot was treated with the SuperSignal™ West 

Dura Chemiluminescent Substrate (cat. nr. 34075, Thermo scientific) and the signals were detected 

with the Chemidoc-it imaging system (Invitrogen). Finally, results were digitally analysed and 

quantified with the Image J software for the presence of the proteins of interest, in the specific cell 

types and upon specific treatments.  

 
Table 6: Antibodies in Western Blotting. An overview of the antibodies used in Western blotting. 

Antibody Brand Type Species Concentration Size protein 

Vinculin Sigma-Aldrich Monoclonal Mouse 1/10000 145kDA 

αTubulin Abcam Polyclonal Rabbit 1/500 50kDA 

RPA32 Abcam Monoclonal Mouse 1/1000 32kDA 

pRPA32 Abcam Polyclonal Rabbit  1/500 32kDA 

BRIP1 Cell signalling Polyclonal Rabbit 1/1000 145kDA 

TetR Takara Monoclonal Mouse 1/1000 25kDA 

CHK1 Santa cruz Monoclonal  Mouse 1/500 56kDA 

pCHK1 Cell signalling Polyclonal  Rabbit 1/750 56kDA 

 

3.6. Real time quantitative PCR 

For qPCR, cell pellets were collected, resuspended in 700µl trizol, snap frozen in liquid nitrogen 

and stored at -80°C. To isolate the RNA, the samples were thawed on ice and RNA was isolated 

using the miRNAeasy mini RNA isolation kit (cat. nr. 217004, Qiagen). Pellets were incubated in 

140µl chloroform for 2 minutes upon thorough mixing of the chloroform with the cells. Next, these 

mixtures were centrifuged at 12000g at 4°C for 15 minutes. The supernatant was collected in a 

separate Eppendorf and 1.5 times the volume of ethanol was added. This mixture was added to 

the column, where the RNA was captured, and centrifuged for 15 seconds at RT at 12000g. 

Subsequently, RNA was washed twice in RWT buffer while treating with DNaseI in between. 

Thereafter the RNA is washed with RPE buffer twice and finally eluted using 30µl of RNase free 

H2O. Next, concentration of the RNA solution is determined using the nanodrop (DNA technologies) 

and converted to cDNA using the iScript advanced cDNA synthesis kit from Biorad. First an RNA 

solution of 15µl containing 500ng RNA is prepared and 1µl iScript advanced enzyme is added 
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together with 4µl buffer. The mixture is placed in the thermocycler for cDNA generation. The 

obtained cDNA is then diluted to 2.5ng/µl, which is the concentration used in the qPCR reaction. 

Primers for qPCR are developed with the Primer 3 software after retrieving the coding sequence of 

the gene of interest from Ensembl. The specificity of the primers is validated with the UCSC website 

for in silico PCR. The qPCR mastermix used is the SsoAdvanced mastermix (cat. nr. 172-5274, 

Biorad), containing Sybr green for detection. For each reaction 2.5µl SsoAdv and 0.25µl for the 

reverse and forward primer are combined. 3µl of this master mix is added to each well of a 384 well 

plate. Subsequently, 2µl cDNA is added to the well and the plate is closed with an optical seal. The 

plate is then placed in the Light cycler (cat nr. CMGG_131, Roche). In the qPCR reaction, two 

technical replicates for each sample are used to validate the obtained Cq value. In each test, at 

least three reference genes were analysed. 

3.7. DNA combing 

Products 

The Lysis buffer consisted of ‘0.063M EDTA, 0.199M Tris, 0.035M SDS, 200ml distilled water and 

had a pH of 7.4’. and was used to dissolve the cellular membrane. The fixative buffer consisted of 

25% glacial acetic acid in Methanol. The 5-Iodo-2′-deoxyuridine (IdU) (cat nr. I7125-5G, sigma 

Aldrich), 5-Chloro-2′-deoxyuridine (CldU) (cat nr. C6891-100MG, sigma Aldrich) and HU solutions 

were made as shown in table 7. The work solutions were kept warm in an incubator at 37°C. 

 

Table 7: DNA-combing solutions. The table shows the dilutions made to obtain the necessary work 
solutions in the DNA combing protocol. 

Stock concentration Final concentration  dilution 

14mM IdU 25µM IdU 1.8µl IdU/ml medium 

200mM CldU 200µM CldU 1.0µl CldU/ml medium 

0.5M HU 0.5-1.0µM HU 1.0µl HU/ml medium 

 

Incubation and sample preparation 

To label IMR-32 with IdU, the cells were treated with 25µM IdU and incubated for 20 minutes at 

37°C. Thereafter the cells were washed twice with warm medium. The control cells were further 

treated with 200 µM CldU, while the experimental cells were treated with a combination of 200µM 

CldU and HU. HU treatment will induce replication fork stalling resulting in slower DNA replication. 

Subsequently, the cells were washed twice with warm medium and then with 1xPBS/versene. Next, 

the cells were harvested, washed and resuspended at RT. The pellet was washed in 1ml cold PBS 

and subsequently the cells were counted using the automatic cell counter of ‘Nexcelom’. The 
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necessary amount of PBS was added to obtain a cell concentration of 1.106 cells/ml and this cell 

suspension was kept on ice.  

2µl of the cell solution was dripped on a horizontal placed glass slide. This droplet was air-dried 

until an ‘opaque’ colour was observed. Reaching this point 7µl lysis buffer was dropped on top of 

the cells and this solution was allowed to act for 7 minutes after which the glass slides were tilted 

at a 15° angle, allowing the droplet to roll downwards. When the droplet reached the end of the 

slide the glass slide was placed horizontally and allowed to dry. Using ‘Carnoy’s Fixative’ the slides 

were fixed during 5 minutes. Finally, slides were air-dried and stored at -20°C until further analysis.  

 

Immuno-staining  

To denaturate the DNA, freeing the binding sites of the antibody, the slides containing fixed DNA 

were incubated in 2.5M HCl during 120 minutes at RT. Thereafter the slides were rinsed with 

distilled water and washed twice, 5 minutes each time, with PBS-T (PBS containing 0.1% Tween-

20). To block the slides, they were incubated in 5% BSA for 20 minutes at RT. Next, the BSA was 

removed and 100µl of the primary antibody, see table 5, was dripped on the slide. A coverslip was 

placed on top to prevent drying and the primary antibody was incubated in a humid chamber for 2 

hours at RT (table 8). Subsequently, the slide was washed twice in PBS-T, each time 5 minutes. 

The PBS-T was removed and 100µl of the secondary antibody, see table 5, was dripped on the 

slide and covered with a cover slip. The secondary antibody (labelled with green or red 

fluorescence for the anti-IdU or anti-CldU antibody respectively) was allowed to incubate during 60 

minutes in a dark humid chamber after which it was washed 3 times 5 minutes with PBS-T. 

Subsequently the glass slides were dehydrated in a series of 70%, 90% and 95% ethanol. Next the 

slides were allowed to air-dry and mounted with anti-fading mounting medium (VIB).  The slides 

were analysed with a fluorescence microscope (cat nr. 5763657, Leica) and the images were 

analysed using Fiji.  

 

Table 8: Antibodies in DNA combing. 

Antibody  Brand  Type Species Concentration 

Anti-IdU BD Monoclonal  Mouse 1:100 

Anti-CldU Abcam Monoclonal  Rat  1:250 
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3.8. Immunocytochemical staining 

Immunocytochemical staining was conducted on H9 cells to visualise the effect of HU treatment on 

the activation of γ-H2AX. 

Fixation 

After HU treatment, specified in 3.1.8, the samples were washed twice with 1x PBS, fixed with 4% 

paraformaldehyde at RT during 30 minutes. Subsequently the samples were washed twice with 1x 

PBS for 5 minutes. If necessary the cells were hereafter stored at 4°C in PBS.  

 

Staining 

The samples were washed in 1x PBS and quenched during 10 minutes using a solution of 50mM 

NH4Cl (cat. nr. 1.01145.0500, VWR). Cells were washed twice with 1xPBS for 5 minutes followed 

by permeabilization with 0.2% triton-X100 (cat. nr. T8787-50ML, sigma Aldrich) in PBS during 10 

minutes. Samples were washed twice with 1x PBS for 5 minutes. Subsequently the cells were 

incubated, using 1% BSA and 3% goat serum (GS) in 0.1% PBS-T, during 30 minutes to reduce 

background staining. The primary antibody (table 8) was added and incubated overnight at 4°C. 

The next day the samples were washed trice with 1xPBS for 5 minutes and the secondary antibody 

(table 9) was incubated for one hour at RT. Finally the samples were mounted using propyl-gallate. 

The cells were analysed using a fluorescence microscope to analyse the presence and location of 

fluorescent signal.  

 

Table 9: Antibodies used in ICC staining. 

Antibody  Brand  Cat nr. Species Concentration 

b-cat Abcam ab6302 rabbit 1:500 

γ-H2AX Merck Millipore 05-636 mouse 1:500 

 

3.9. Fluorescence in situ hybridisation 

Pre-treatment samples & probe preparation 

For fluorescence in situ hybridisation (FISH), the cells were collected as described in 3.2. To 

improve the quality of the FISH analysis, the cells were resuspended in a hypotonic solution. 

Therefore, the cells were added to 10ml 0.075M KCl (cat nr. 1.04933.0500, Merck Millipore) and 

200ml fixative was added, consisting of 25% glacial acetic acid and 75% ice-cold methanol. Next, 

the cells were centrifuged for 10 minutes at 0.1g RT. Supernatants was removed and again 10ml 

0.075M KCl was added to resuspend the cells. This step was repeated once more and the 

supernatants was removed. As the number of cells was limited, the cells were resuspended in 10-
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20µl hypotonic solution and pipetted on a slide in steps of 5µl. Between each step the slides were 

dried on a heated plate of 40°C. Subsequently the samples, now on the slides, were fixated for 5 

minutes while shaking after which the samples were air-dried until no droplets were visible. Then 

the cells were incubated with a 0.01% pepsin (cat. nr. P6887, Sigma Aldrich) solution in 0.01M HCl 

for 30 minutes while shaking at 37°C in a warm water bath, to reduce possible background. Next, 

the samples were washed with PBS followed by washing 5 minutes with a post-fixation buffer 

consisting of 5% 1M MgCl2 in PBS while shaking. Then, samples were washed 10 minutes in a 

formaldehyde solution consisting of 5% MgCl2 1M and 2.7% (37%)-formaldehyde in PBS. 

Thereafter the samples were washed 5 minutes with PBS and subsequently dehydrated using a 

rising ethanol series of 70%, 90%, 95% ethanol for 3 minutes in each step. Next the samples were 

air-dried until no visible droplets remained. The p53 (17p13) & MPO (17q22) specific DNA Probe 

(cat. nr. KB1-10011, Poseidon) was thawed in the dark and shortly spinned in the centrifuge. The 

probes had to be administered undiluted. For each slide an amount of 5µl probe-mixes was 

prepared and placed in the dark.  

 

Denaturation and hybridisation 

With the ‘flip-over technique’ 100µl 70% formamide/2xSSCP (10µl 20xsaline-sodium citrate (SSC), 

10µl 0.5M phosphate buffer, 10µl RNase free water, 70µl deionised formamide), was added on the 

samples. Next, the samples were denatured at 80°C for exact 5 minutes. Subsequently, the 

samples were placed in ice-cold 70% ethanol. The coverslip was removed by washing the cells in 

this ice-cold 70% ethanol for 5 minutes. Following, the samples were further dehydrated in a rising 

ethanol series of 90% and 95%, for 5 minutes at each step, at RT. Simultaneously with the last 

dehydration step of 95% ethanol, the probe-mixes were denatured in a warm water bath of 70°C 

for 5 minutes. Immediately thereafter the probe-mixes were placed on ice for minimum 3 minutes. 

The 95% ethanol was removed and the samples were air-dried on a warm plate at 40°C. 5µl probe 

was added on the sample and covered with a coverslip. The samples with probe were placed 

upside down in a dark humidity box in a moisty atmosphere of 60% formamide/2x SSCP. For 

hybridisation the humidity box was placed in an incubator at 37°C overnight.  

 

Wash steps & analysis  

The samples were washed, in a shaking warm water bath at 43°C for 6 minutes, with 50% 

formamide/2xSSC consisting of 10% 20x SSC, 50% (100%-formamide) at a pH of 7.3-7.4. Next 

the coverslips were washed away while samples were washed twice 5 minutes in 50% 

formamide/2xSSC at 42°C. Then the samples were rinsed five times with 0.1x SSC at 43°C in a 

warm water bath while shaking. Next, the samples were washed 5 minutes with 2xSSC at RT and 
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1x with PBS for 5 minutes. Afterwards the samples were dehydrated in a series of 70%, 90%, 95% 

ethanol during 3 minutes for each step. Finally, the samples were air-dried in the dark and placed 

in a FISH-folder. Each sample was covered with a coverslip after 25µl DAPI/Vectashield was 

pipetted on the samples. The results were analysed with an axioplan 2 fluorescence microscope 

(Zeiss). 

 

4. Results 
4.1. Transition of naïve to primed stem cells 

In order to study the development of NB from hSAP, the C12-wt hESC and the C12-1q17q hESC, 

derived from C12-wt with a gain of 1q and 17q, needed to be in a more differentiated primed state 

(as stated in the MSK hSAP protocol). Therefore, our obtained naïve hESC first needed to be 

converted to the primed state (see 3.1.6). On these naïve and primed stem cells morphological 

analysis and qPCR tests were performed to examine whether the cells were in their respective 

states and maintained their pluripotency. 

 

4.1.1. Primed and naïve hESC: morphological difference 

The morphological aspects between naïve and primed hESC differ markedly and allow to make 

distinction between the two states. Naïve hESC are characterised by domed colonies, while the 

primed hESC display a flat colony morphology (see 1.2.). These morphological differences were 

indeed observed after transitioning the naïve C12-wt and C12-1q17q hESC towards primed hESC, 

indicating that transition to the primed hESC state was successful (figure 5). 

Figure 5: Morphological analysis of hESC. Naïve C12-wt cells (A) show a more dome-shaped morphology. 
The primed C12-wt cells grown on MEF (B) and grown on Geltrex (C) have flat colony morphologies.  
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4.1.2. Quantitative PCR markers primed versus naïve 

To be able to test wheter our hESCs were in a primed state and maintained their pluripotency, 

different markers for pluripotency, naïve- and primed hESC state were tested. In the first 

experiment markers, selected in accordance data reported by the Heindryckx lab and others  [47], 

were tested (data not shown). Based on these first results, markers, able to differentiate between 

the naïve and primed hESC state, were selected for testing the pluripotency and primed aspects 

of the hESC in later experiments.  

 

Marker for primed hESC 

The marker DNA Methyltransferase 3 Beta (DNMT3B) was chosen as indicator for the primed state 

of the hESC. To have a positive control, this marker was tested in control samples (C8 hESC), 

kindly provided to us by the lab of prof. B. Heindryckx, with known primed or naïve stem cell state. 

Our analysis showed that this marker was significantly higher expression in the primed hESC 

compared to the naïve stem cells in the control cell line (figure 6) in keeping with published data 

[47]. I further also analysed the C12-wt and C12-1q17q hESC cell lines. Each of these cell lines 

consisted of 2 subgroups. One group that was in the naïve hESC state while a second group was 

converted to a primed hESC state. The DNMT3B marker showed a significantly higher expression 

in the primed C12-wt state indicating that the stem cells were indeed in their respective state. In 

the C12-1q17q hESC a significant difference was observed between the primed and naïve hESC 

grown on MEF (figure 6). In summary, we show that the marker DNMT3B is capable of 

differentiating between the naïve and primed hESC state, with a higher expression in the primed 

stem cell state. 
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Figure 6: Marker for primed hESC. Relative mRNA expression levels of selected markers for primed stem 
cell state were tested by qPCR on different samples: cell lines C12-wt, C12-1q17q and control samples (prof. 
B. Heindryckx) in both naïve and primed status. Remark, naïve hESC were grown on MEF feeders and 
primed hESC were grown on both MEF feeders and Geltrex. 
 

Marker for naïve hESC 

The naïve stem cells markers ‘estrogen related receptor beta’ (ESSRB), ‘Kruppel like factor 2’ 

(KLF2), ‘PR/SET domain 14’ (PRDM14) and ‘suppressor of cytokine signalling 3’ (SOCS3) showed 

a tendency to be able to differentiate between naïve and primed in the exploratory qPCR (data not 

shown) and were therefore further tested. Higher expression levels for the ESRRB and KLF2 

markers were detected in the naïve C12-wt and C12-1q17q cell lines compared to the primed cell 

lines (figure 7). A high standard deviation was noted for the ESRRB marker in the C12-1q17q cells 

and should be further investigated. Furthermore, in contradiction with the reported data, these 

markers did not discriminate between the naïve and primed state in the control samples 

investigated here (figure 7). On the other hand, for SOCS3 no consistent difference in expression 

between naïve and primed status could be seen and the marker PRDM14 seemed to show a higher 

expression in primed hESC than naïve stem cells when cultured on MEF (figure 7).  

Although the above genes were reported as bona fide markers for discriminating between primed 

and naïve cells, our data indicate that, at least for the cell line studied here, the markers are not 

performing robustly and ideally additional more reliable markers should be identified.  In summary, 

these data show that ESRRB and KLF2 can be used as indicators to distinguish the two states for 

our hESC cell lines but not the C8 cell line, while the SOCS3 and PRDM14 were not discriminatory. 
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Figure 7: Markers for the naïve stem cell state. Relative mRNA expression levels of selected markers for 
naïve stem cell state were tested by qPCR on different samples: cell lines C12-wt, C12-1q17q and control 
samples in both naïve and primed status. Remark, naïve hESC were grown on MEF feeders and primed 
hESC were grown on both MEF feeders and Geltrex. Plots and statistics for each individual marker are shown 
in addendum 1-4. 
 

Markers for pluripotency 

The markers ‘Nanog homeobox’ (NANOG), ‘POU class 5 homeobox 1’ (OCT3/4), ‘SRY-box 2’ 

(SOX2) and ‘ZFP42 zinc finger protein’ (Rex1) were used as markers for pluripotency. For our C12-

wt and C12-1q17q similar expression levels to the control cell lines can be seen (figure 8). This 

indicates that the hESC lines of interest (C12-wt and C12-1q17q) maintained their pluripotency. 

However, the expression is again variable between cell lines, making it difficult to analyse the cells 

and choose absolute indicators for the pluripotency of the hESC.  
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Figure 8: Markers for the pluripotency. The makers NANOG, OCT3/4, REX1 and SOX2 were used as 

markers of the pluripotency of the hESC. Relative mRNA expression levels were tested by qPCR on different 

sample types: cell lines C12-wt, C12-1q17q and control samples in both naïve and primed status. 

 

4.2. Technical optimisation of growth of hESC 

4.2.1. Naïve C12 wt and 1q17q growth characteristics 

Both primed and naïve C12-wt and -1q17q hESC were cultured using their respective media and 

coatings (see 3.1.2 - 3.1.4). To determine the effect of a 17q gain on the growth rate of hESC in a 

naïve state, we performed complementary IncuCyte and 3T3 assay experiments.   

IncuCyte 

We made use of the IncuCyte live cell analysis system which is the current state-of-the-art 

technique to analyse cellular features such as proliferation rates. For cell growth analysis, the 

IncuCyte requires masking of the cells, in order to correctly recognise the cells of interest and 

accurately determine the correct parameters of interest of the cells, e.g. confluency, area etc. In 

the host lab, this was extensively tested for adherent, monolayer, single cell seeded NB cells, but 

for dens colony growth, such as hESC colonies optimization and validation was not done yet. As a 

further challenge, when analysing the growth of the naïve hESC using the IncuCyte (% 

Confluency), this masking had to be able to distinguish the MEF feeder layer from the hESC 

colonies. Therefore, we used different parameters, such as minimal area size and whole fill, to 

specifically distinguish between the MEF feeders and dens colonies as a whole (figure 9A). The 

masking was used to determine confluence percentage and to plot the proliferation rate of C12-wt 

and C12-1q17q hESC (figure 9B). We observed that at first, shortly after seeding the cells, the 
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masking had difficulties differentiating between the debris/MEF and the starting colonies (figure 

9A). Likewise, after the colonies reached significant size, the masking also had difficulties 

recognising the entire colony and parts could remain undetected. Changing of parameters like 

‘whole fill’, could partially cover this issue, nevertheless a trade-off between complete masking and 

taking along too much background had to be made to measure colonies during exponential growth. 

Therefore, it can be concluded that analysing the proliferation of naïve hESC with the IncuCyte is 

possible and can serve as a good indication for growth. When we then analysed the effect of a 

1q17q gain on growth, by comparing naïve C12-wt and C12-17q hESC, we observed no difference 

between the growth rate of both cell lines. However, as the masking will not be perfect, it is advised 

to also use complementary assays. 

Figure 9: Validation of IncuCyte live-cell imaging: [A]: Masking applied by IncuCyte software after growth 
of colonies onto MEF feeder layer. [B]: The masking was used to determine confluence percentage and to 
plot the proliferation rate of C12-wt (blue) and C12-1q17q (orange) hESC. Representative of n=4. 
 

3T3 Assay 

The effect of a 1q17q gain on the growth rate of hESC in a naïve state was also determined with a 

3T3 growth experiment on C12-wt and C12-1q17q hESC. The growth rate was calculated using 

the following formula: log (𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑏𝑒𝑓𝑜𝑟𝑒  𝑝𝑎𝑠𝑠𝑎𝑔𝑖𝑛𝑔 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑒𝑒𝑑𝑖𝑛𝑔 𝑎𝑚𝑜𝑢𝑛𝑡)⁄ log 2⁄  

From this experiment, it can be concluded that both C12-wt and C12-1q17q had similar growth 

rates, confirming the IncuCyte experiments (figure 10).  

 

 

 

 

 

 

 

Figure 10: Long term culture 
experiment analysed by a 3T3 
assay. Growth rates were 
analysed with a 3T3 experiment 
on the C12-wt (blue) and C12-
1q17q (orange) hESC. Both cell 
lines were grown on MEF feeder 
layer.  
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4.2.2. C12-wt & C12-1q17q primed on MEF and Geltrex 

The naïve hESC were cultured on a MEF feeder layer. These cells were, as stated in 4.1, 

transitioned to a primed state for later experiments (see 3.1.6). After transitioning to primed hESC 

on a feeder layer, these cells also needed to be cultured in feeder free conditions (Geltrex coating) 

to avoid possible interference of MEF cells during further hSAP experiments or analysis. 

Proliferation experiments with the IncuCyte live-cell imaging system were also conducted with the 

primed hESC (both on MEF feeders and on Geltrex) to determine whether a gain of 17q could 

provide a growth advantage in the primed hESC state. When the C12-wt and C12-1q17q hESC 

were cultured on MEF feeders, the presence of the 1q17q gain clearly had a growth advantage 

(figure 11). However, the growth rates of C12-wt and C12-1q17q cells were similar when grown on 

Geltrex, indicating that 1q17q gain did not result in an advantage for primed hESC grown on 

Geltrex, indicating that 1q17q gain did not result in an advantage for primed hESC grown on Geltrex 

under standard conditions. For confirmation, these experiments will be repeated. However, this 

unexpected result was later clarified with the sWGS data (see below).  

Figure 11: Growth experiment in hESC cells analysed with the IncuCyte. MEF and Geltrex: Growth 
rates were analysed by IncuCyte on C12-wt (blue) and C12-1q17q (orange) cell lines, grown on a MEF feeder 
layer or in feeder-free condition (Geltrex). 
 

4.3. Replicative stress and 17q status in hESC 

As several of the top ranked 17q dosage sensitive genes are involved in RS resistance and DNA 

repair [unpublished data from the host lab], it was hypothesized that a 17q gain could offer 

protection or help to overcome RS and as such provide an advantage for the hESCs with this gain. 

To test the possible impact of a 17q gain on proliferation of cells in conditions of RS, HU was added 

to cells without and with a gain of 17q, respectively C12-wt and C12-1q17q. With addition of HU, 

proliferating cells are arrested in S-phase due to decreased levels of dNTPs. To be able to 

administer non-toxic HU concentration, a wide range of HU concentrations were tested first. The 

desired concentration range could then be used in further HU-experiments.   
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4.3.1. The functional role of 17q gain in conditions of replicative 

stress 

HU experiments on neuroblastoma cells 

Preliminary tests were done on the NB cell lines IMR-32 (MYCN amplified) and SH-SY5Y (MYCN 

nonamplified). These cells are easier to use then hESC, which made them advantageous for initial 

exploratory experiments. The data collected from these experiments would give an indication for 

the optimal HU concentration for further challenging of the hESCs. 

The concentrations used ranged from 0.18µM HU to 3000µM HU (factor 4 dilution series). The 

highest concentrations, 750-3000µM, resulted in cell death, while the concentrations in the range 

of 0.18µM-46.88µM showed no effect in either cell line. The concentration of 187.5µM showed a 

differential effect in the different cell lines showing little impact in the SH-SY5Y cell line and only a 

slight impact on the growth rate in the IMR-32 cell line (figure 12). Based on this experiment, the 

lowest concentrations of 0.18µM - 2.93µM were excluded for further HU experiments on hESC and 

the highest concentration was retained as positive control. The newly determined range to be tested 

in hESC was 11.7µM HU – 3000µM. 

Figure 12: HU experiment on neuroblastoma cells. Growth rates, determined after normalising confluence 
values (determined with IncuCyte) with starting value, for the concentration range of 0.18 (orange) to 3000µM 
(grey) on SH-SY5Y and IMR-32 NB cell lines. Representative of n=2. 
 

HU experiments on naïve hESC 

Following the preliminary tests on NB, the newly designed range, of 11.7µM-3000µM (factor 4 

dilution series), was tested on C12-wt and C12-1q17q hESC in the naïve state. This test was used 

to determine a narrower range at which the difference in cellular behaviours between C12-wt and 

C12-1q17q upon RS could be analysed. As can be seen in figure 13, the ranges of 11.7-187µM 

had no impact on the growth rate of the cell lines with a gain in 17q (C12-1q17q cell line) and a 

slight effect with concentrations 46.88-187.50µM in the cells without the gain in 17q (C12). In both 

cell lines the concentrations of 750-3000µM rapidly led to cell death, as was seen previously in the 
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NB cells. No difference was be observed between wild type and 17q gain during HU treatment, 

indicating that the drug concentration range was still too broad to determine clear differences. We 

determined the optimal window for further HU experiments to be within the range between 150µM 

and 750µM HU. 

Figure 13: HU experiment on hESC. Growth rates, determined after normalising confluence values 
(determined with IncuCyte) with starting value, for the concentration range of 11.7 (orange) to 3000µM 
(green) on the naïve C12-wt and C12-17q1q cell lines grown on MEF. N=1 
 

Impact of 17q gain on proliferation C12-wt and C12-1q17q 

After the experiments aimed to determine the HU range (see above), the effect of a 17q gain was 

tested with a narrower concentration range of HU in primed C12-wt and C12-1q17q cell lines. 

Therefore, cells were treated with a range of HU concentrations going from 150µM – 750µM with 

an increase of 150µM in each step. After, HU treatment cells were tested in the IncuCyte live-cell 

imaging system and images were automatically acquired every 3 hours. The data was analysed 

with cell line specific masking of the IncuCyte software. When we compared the growth rate of the 

C12-wt cell line and C12-1q17q cell line between each concentration, no significant difference could 

be found in cellular behaviour between the different cell lines. A representative of the different 

concentrations tested is shown in figure 14. The results of these preliminary data will have to be 

validated in further experiments. Interestingly, this unexpected observation, that no significant 

difference in growth rate between the two cell lines could be found, was however explained with 

the sWGS data (see below).  
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Figure 14: HU experiment on C12 and C12-1q17q cell lines. The ranges of 300µM - 450µM are individually 
compared between the C12 (blue) and C12-1q17q (orange) cell lines. Confluence values were normalised 
with starting value to determine growth rate, this was in turn normalised with the control condition. N=2. The 
charts of the other concentrations can be found in addendum 5. 
 

4.3.2. Replicative stress as an alternative method to induce CNV 

in hESC 

The possible role of RS in the induction of 17q gain was planned to be tested by applying non-toxic 

RS-inducing concentrations of HU to hESC over prolonged periods of time. This would be carried 

out with the goal of developing a newly established hESC line with a 17q gain, and thus generating 

a new biological replicate in addition to the available C12-1q17q line. As a model system we used 

the well-known H9 hESC line. Therefore, different techniques were validated to measure RS 

induction, and experiments were performed in order to determine the non-toxic RS-inducing 

concentrations of HU. Hereby, the growth characteristics were analysed with the IncuCyte and the 

effect at the protein level was evaluated using Western blotting for the RS markers pCHK1 and 

pRPA32. FISH testing for 17q gain was validated as a tool to check whether we can detect whether 

a 17q gain would arise during the course of ongoing long-term HU-exposure experiments. Other 

techniques used to evaluate the effect of HU treatment were immunocytochemical (ICC) staining 

for the RS marker γ-H2AX and DNA combing.  

 

Replicative stress detection in H9 hESC 

A short HU experiment at higher concentration was done to validate whether H9 hESC were 

sensitive to HU treatment. The H9 hESC were treated with 1mM HU and harvested at 0.5 hours, 1 

hour and 2 hours.  

Western blot was used to analyse the effect of HU on the cells at the protein level. The selected 

antibodies were targeting the phosphorylated checkpoint kinase 1 (pCHK1) and phosphorylated 

replication protein A2 (pRPA32). Both proteins are involved in response to DNA damage and DNA 

repair. We expect that with addition of HU, replication fork stalling will be induced, which will lead 
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to activation of these proteins resulting in the presence of their phosphorylated variants. pCHK1 is 

clearly induced at 2 hours after HU treatment, pRPA32 on the other hand was not detected with 

the antibody at the analysed timepoints (figure 15). Because the staining for pRPA32 was 

technically challenging, we decided to select pCHK1 for further testing. In summary, Western blots 

for pCHK1show that the H9 cells are indeed sensitive to HU treatment .   

Figure 15: HU experiment on H9 hESC - validation. Detection of the RS markers pCHK1 and pRPA after 
HU treatment of H9 cells. 
 

Next, non-toxic RS-inducing concentrations of HU for the long-term experiments were examined 

with further HU experiments in H9 hESC using the same concentration range as previously 

determined with the naïve C12-wt cell line (see 4.3.1). Pictures were taken with the IncuCyte at 4 

distinct timepoints (0,12, 24 and 48 hours) after HU treatment, whereas the RS response on the 

molecular levels was analysed by Western blotting.  

Using the IncuCyte software, masking was developed for this cell line and the proliferation rate was 

analysed. However, after analyses no clear change in growth behaviour under HU treatment could 

be observed (figure 16). In the Western blot analysis, no phosphorylation of CHK1 seems to occur 

at the 12 and 24 hour timepoints, with the staining on 750µM at the 24h timepoint most likely being 

an a-specific spot. At 48 hours, activation of CHK1 occurs and an increasing presence of pCHK1 

can be seen with an increase in concentration of HU (figure 17). Based on these preliminary data, 

the concentrations of 350-550µM are of interest for long term HU-experiments. Further experiments 

for confirmation were not yet conducted due to time constraints.  
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Figure 16: Exploratory HU experiment on H9 hESC. Growth rates were analysed by IncuCyte for the 
different HU concentrations on primed H9 cells grow on Geltrex. 

Figure 17: HU experiment on H9 hESC. Detection of the RS marker pCHK1 after 12, 24 and 48 hours HU 
treatment on H9 cells. (Blots of additional experiments: addendum 6). 
 

DNA combing after HU treatment 

To confirm that cells did experience RS after treatment with non-toxic HU concentrations, DNA 

combing was also conducted. We used treatment with HU to induce RS. The DNA replication was 

tracked by comparing the incorporated IdU (red) signal to the incorporated CldU signal (green) in 

presence or absence of the compound (figure 18A). The technique was validated on IMR-32 NB 

cells. Replicative stress, inducing replication fork stalling, will result in reduced speed of or blocked 

incorporation of halogenated dNTP’s. This is observed as shorter green strands, compared to the 
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red (figure 18C&D). The DNA-fibres created before HU-treatment (red) are similar in both 

conditions, whereas shorter DNA-fibres (green) could be seen after HU treatment compared to the 

control (figure 18B). HU treatment thus has a clear effect on the velocity of DNA replication, which 

confirms that we can use this technique to detect DNA replication stress.  

Figure 18: DNA combing after HU treatment. A. Schematic overview of the DNA combing assay. B: 
Normalized data representing lengths of DNA strands compared to normal control. With pre-treatment DNA 
fibres red and post-treatment DNA fibres green. C&D: Fluorescent images of DNA strands of IMR-32, 
respectively without and with HU treatment. N=1  

 

ICC staining after HU treatment 

In addition to DNA combing analysis and Western blotting, an immunocytochemical staining was 

done on H9 cells seeded on Geltrex to visualise the effect RS induction after HU treatment. This 

was done by the detection of phosphorylated γ-H2AX. γ-H2AX is phosphorylated when DNA 

damage forms double stranded breaks, making it a good indicator of DNA damage. Detection of β-

catenin was used as a positive control. The cells were treated with 1mM HU and fixated at different 

timepoints of 30 minutes, 1 hour and 2 hours. Next, the cells were stained using antibodies targeting 

H2A histone family member X (γ-H2AX) and β-catenin. We could only detect the γ-H2AX signal at 

the one and two hour timepoints (the two hour timepoint is shown in figure 19B). However, the 

signals were quite weak and further optimisations are necessary. In addition, the centre of the 

colonies was not well-stained and background staining of the Geltrex was present. Furthermore, 
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as the growing of cells in colonies results in layers of cells, good visualisation without z-stacking 

was difficult and reanalysis with the help of a confocal microscope is advised.    

 

FISH analysis; visualising 17q gain in hESC  

To analyse whether long term exposure to RS can induce 17q gain to cope with this stress, H9 

hESC will be exposed to increasing hydroxyurea (HU) concentrations. The occurrence of this de 

novo 17q gain can be checked by FISH analysis. To test this, an iso17q probe was tested on 

different cell lines for validation. This probe detects the 17q22 (red probe) and the 17p13 region 

(green, control probe) thuds allowing iso17q detection as well as unbalanced 17q gain. In a first 

test, FISH was performed on human embryonic kidney (HEK) cells, positive control for triploid 

genotype, SK-N-AS human NB cells, positive control for single 17q gain, and mouse embryonic 

fibroblasts (MEF) cells as negative control for cross-hybridisation. HEK cells show 3 red and 3 

green signals, indicating triploidy for chromosome 17 (figure 20A). The SK-N-AS cells, showed 3 

signals and 1 green signal, indicating a loss of 17p and confirming the gain of 17q (figure 20B). 

Finally, the MEF cells showed no signals, this shows that no cross-hybridisation occurs and the 

probes can be considered human specific (figure 20C). As in this experiment the fluorescent signal 

was quite weak and the sample preparation was not optimal, a follow-up experiment was done 

where an extra step was added: the cells were treated with a hypotonic solution prior to the FISH 

analysis in order to improve sample and signal quality. With this adjustment a better visibility of the 

signals was expected. 

Figure 19: ICC staining on H9 hESC. 

(A) β-catenin staining at the cell-cell 

interaction sites. (B) γ-H2AX staining, 

limited staining at the nuclei and 

significant aspecific staining. (C) DAPI 

staining. (D) the overlay both stainings 

with DAPI.   
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In the second FISH analysis, retinal pigment epithelial (RPE) cells (negative control with normal 

genotype), SK-N-BE(2)C NB cells (positive control with 17q gain) and  C12-wt hESC and C12-

1q17q hESC, samples of interest, were analysed. The RPE cells (figure 20D) and C12-wt cells 

(figure 20F,G) had a normal copy number for the chromosome 17 short and long arm as indicated 

by the 2 red and 2 green signals. This confirmed the normal chromosome 17 genotype of the RPE 

cells and indicated a normal chromosome 17 genotype of the C12-wt cells. The SK-N-BE(2)C cells 

(figure 20E) and C12-1q17q cells (figure 20H,I) had gain of two copies of 17q. The former has 4 

red signals and 2 red signals, indicating a triplication of 17q. The latter has 3 red signals with 2 

green signals, indicating a duplication of 17q. This confirmed the predicted genotype of the SK-N-

BE(2)C cells and indicated a duplication 17q gain in the C12-1q17q cells. With the addition of 

hypotonic treatment of the cells in the sample preparation steps, an improved signal visibility was 

achieved, but rapid bleaching of the samples however, remained an issue. Based on the FISH data 

it could be concluded that, taking into account the sensitivity of this reaction, FISH could be used 

to track and confirm the 17q status of the cells of interest. 

Figure 20: Validation of FISH analysis. The HEK cells (+ control; triploid) were triploid with  a gain of 
chromosome 17q and 17p (A). The SK-N-AS cells (+ control; 17q gain) showed 3 red signals and 1 green, 
indicating a loss of 17p and confirming a gain of 17q (B). The MEF cells (cross-hybridisation control) showed 
no signals, which shows that no cross-hybridisation occurs (C). The RPE cells (negative control, wild type) 
(D) and C12 cells (sample of interest) (F&G) have a normal genotype for 17q with 2 red and 2 green signals. 
The SK-N-BE(2)C cells (positive control, gain of 17q) (E) and C12-1q17q cells (sample of interest) (H&I) 
have a gain of 17q. The former has 4 red signals and 2 red signals, indicating a triplication of 17q. The latter 
has 3 red signals with 2 green signals, indicating a duplication of 17q.  
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4.3.3. Detection of CNV by shallow whole genome sequencing 

As stated above, for the protocol to differentiate hESC towards hSAP, we need primed hESC which 

are cultured feeder free, i.e. grown on Geltrex. Therefore, we needed, in a first step, to transition 

both C12-wt and C12-1q17q from the naïve status, grown on a MEF feeder layer, towards the 

primed status, also grown on a MEF feeder layer. In a second step, the primed hESC grown on 

MEF were transitioned towards primed hESC grown on Geltrex (figure 21).   

Figure 21: Transition process of naïve hESC to primed hESC. Schematic overview of transition from 
naïve hESC on MEF feeders to primed hESC on Geltrex. 
 

To get a view of the genomic status of the different cell populations, upon the different steps taken 

during the transition of naïve to primed, shallow whole genome sequencing (sWGS) was performed 

for the detection of aneuploidy and/or chromosomal imbalances. This is important because hESC 

are known to be sensitive to mutations and chromosomal imbalances whenever they have 

encountered stress. Since this could influence our results, the C12-wt and C12-1q17q cell lines 

where tested to control for possible genomic instability. Shallow WGS was performed on samples 

of naïve, primed hESC on MEF and on primed hESC on Geltrex. sWGS results indicated that C12-

wt cells acquired novel genomic imbalances during transition: in the primed C12-wt hESC on MEF 

a subpopulation showing 1q and 17q gains and a 17p loss appeared (figure 22). In the primed C12-

wt on Geltrex (the last step of the transition) a similar 1q and 17q gain was detected. In addition, 

several other copy number variations arose in this hECS line: partial 17p loss, partial 4q gain and 

partial 10q gain. In contrast, the C12-1q17q cells consistently showed, as expected a 1q and 17q 

gain throughout the transition process while no further additional copy number variations were 

noted. In the converted C12wt hESCs (new C12-1q17q_bis) breakpoints were assigned to 1q 25.3 

(184.25Mb); 17q 21.31 (414Mb) while in the original C12-1q17q  cell line the breakpoints were 

designated by sWGS as 1q 25.3 184.25Mb and 17q 21.31 (415MBb). The relative small difference 

(in view of the resolution) in calling for the 17q breakpoint could be explained by technical variation 

and needs to be further investigated, possibly by whole genome sequencing of PCR based 
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breakpoint analysis. Given the similar genomic positions of the breakpoints for the observed 1q 

and17q gain in the C12-wt cells, it is most likely that this represents clonal expansion of a hitherto 

not detected sub-clone in the C12-wt cells with 1q17q which emerged under the stressful transition 

conditions towards primed stem cells and the further transition on Geltrex. From these results we 

can conclude that a C12-1q17q(bis) hESC line has been obtained. Most importantly, this 

observation can explain the lack of differences in growth between parental and 1q17q cells either 

with or without HU administration (see sections 4.2.2 and 4.3.1).  

Figure 22: Shallow whole genome sequencing of different hESC lines (see also scheme in figure 21). 
The primed C12-wt on Geltrex showed a 1q and 17q gain, 17p loss, 4q gain, losses around centromere chr 
7 and 10q gain. The C12-1q17q steadily showed a 1q and 17q gain throughout the transition process without 
the occurrence of additional copy number variations.  

 

4.4. hESC based platform for neuroblastoma modelling 

4.4.1. Validation of the Lenti-XTM Tet-On® 3G inducible 

expression system in a neuroblastoma cell line 

To generate a model for the role of 17q in NB development we want to generate a hESC line with 

an inducible MYCN overexpression system in a 17q background. These cells will subsequently be 

differentiated towards hSAP, which will be in a final stage of this project orthotopically injected in 

nude mice for NB formation. Remark, that in order to be able to differentiate the hESC towards 

hSAP without early interference of the overexpression of MYCN, the MYCN overexpression needs 

to be inducible, and as such MYCN expression can be induced after the differentiation process. 
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The Lenti-X™ Tet-On® 3G Inducible Expression System (Clontech) (figure 23) gives us the 

possibility of introducing inducible MYCN in combination with a fluorescent marker, eg. mCherry. 

As this inducible system was never used in the host lab, we first validated this system in a more 

regular NB cell line SK-N-BE(2)C. Furthermore, for this validation we first opted to introduce the 

inducible overexpression of BRIP1, as this was of interest for the project of a colleague. In the 

Lenti-X™ Tet-On® 3G Inducible Expression System, the overexpression of the gene of interest is 

doxycycline dependent, as can be seen in figure 23. Adding doxycycline will result in a complex 

formation with the Tet-On 3G transactivator. This complex is capable of binding the TRE3G 

promotor, which is situated before the gene of interest, resulting in activation of expression of the 

gene of interest. 

In order to generate the BRIP1 inducible SK-N-BE(2)C cell line, we first generated a Tet3G cell line 

overexpressing the TAT transactivator, and then used this cell line to introduce the inducible BRIP1 

construct.    

Figure 23: Lenti-X™ Tet-On® 3G Inducible Expression System. Basic overview of the Tet-On system. 
GOI; Gene of interest. (B. Decaesteker) 

 

Generation of Tet3G (Tat transactivator) overexpressing NB cell line 

In the host lab, SK-N-BE(2)C was transduced with the pLVX-pEF1a-Tet3G vector; introducing the 

TAT transactivator; following standard protocol. A stable polyclonal line was generated using 

neomycin selection. Subsequent sub cloning by limiting dilution yielded 21 clones, ten of which 

could be propagated.  

Detection of the Tat-activator by Western blotting  

In order to validate whether the Tet3G (Tat transactivator) was expressed at the protein level, a 

Western blot was performed on all 10 clones. For the detection of the Tat transactivator, a specific 

TetR antibody was used. For detection of a housekeeping protein an anti-Vinculin antibody was 

used. Based on the result of the Western blot we can conclude that all clones expressed the Tet3G 

protein (figure 24). 



 

42 
 

Figure 24: Validation of protein expression of the Tat transactivator. The Tet3G (Tat-transactivator) was 

detected by Western blot. All clones express the Tet3G protein, but clone 1 and 20 have a lower expression. 

 

Selection of non-leaky Tet3G expressing clones by an inducible luciferase vector (pLVX-

TRE3G-Luc)   

All clones were transduced with the pLVX-TRE3G-Luc (puro) to test the possible leakage of the 

inducible system (+/-dox). After puromycin selection: the inducible luciferase activity was measured 

with one glo luciferase assay (Promega). In the majority of the clones, clear induction with minimal 

background was visible (addendum 7), which confirms that there is no leakage of luciferase in the 

condition without doxycycline. 

Inducible overexpression of the BRIP1 17q oncogenic driver: 

SK-N-BE(2)C Cl1 and Cl 16 (referred to as SK-N-BE(2)C BRIP1iOE cl1 and cl16), stably 

expressing the TAT activator, were transduced with PLVX-TRE3G-Zsgreen-IRES-hsBRIP1 (puro) 

inducible response vector and cultured in presence of neomycin (TAT transacivator) and 

puromycin, after which they were treated with or without doxycycline (1 µg/ml) for 48h.  A qPCR 

and Western blot were performed to analyse both on the mRNA and protein level the inducible 

BRIP1 overexpression after induction with doxycycline.   

qPCR data shows a significant upregulation of BRIP1 mRNA after doxycycline treatment (figure 

25). This confirms the dependency of BRIP1 transcription on doxycycline due to the Tet3G 

transactivating system. 

Western blot analysis of the SK-N-BE(2)C BRIP1iOE cl1 and cl16 revealed that treatment with 

doxycycline gives a specific induction of the BRIP1 protein (figure 26). As a negative control the 

Tet3G only SK-N-BE(2)C cells (parental cl1 and cl16) were used. These results clearly show the 

doxycycline inducibility of the BRIP1 protein. Importantly, our results also confirm that there is no 

leakage of BRIP1 overexpression in the SK-N-BE(2)C BRIP1iOE cl1 and cl16 without treatment of 

doxycycline, as here the low background expression of BRIP1 has the same level as the Tet3G 

only SK-N-BE(2)C cells. 
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Figure 25: Doxycycline inducible BRIP1 expression. Induction of BRIP1 mRNA in the SK-N-BE(2)C 

BRIP1iOE Cl1 and Cl16 with and without doxycycline.  
 

Figure 26:  Western blot for BRIP1. The SK-N-BE(2)C BRIP1iOE cl1 and cl16 treated with doxycycline 
showed a clear induction of BRIP1 protein. The Tet3G only SK-N-BE(2)C cells (cl1 and cl16) and the SK-N-
BE(2)C BRIP1iOE cl1 and cl16 not treated with doxycycline showed only very low levels of BRIP1. 
 

4.4.2. Differentiation to hSAP cells 

To develop the hESC-based NB model, the primed hESC needed to be differentiated to hSAP cells 

(see 1.2.). The MSK differentiation protocol was first validated in the host lab and tested on C12-

wt, C12-1q17q and H9 cells. During the differentiation process pictures were daily taken. In the first 

days the expected confluent layer of cells was formed. However, unfortunately, in the later stages 

of the protocol all cells died (data not shown). Further optimizing will be needed to determine the 

reason for this sudden cell death. 
 

5. Discussion 

5.1. hESC-based platform for neuroblastoma modelling 

NB is a clinically and genetically heterogeneous paediatric tumour that arises from hSAP cells. 

Typically, like other childhood and embryonic tumours, NB is characterized by few mutations and 

recurrent frequent segmental chromosomal aberrations, with the amplification of MYCN and a gain 

of chromosome 17q being the most common. Currently, survival rates for high risk NB are 
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disappointingly low and patients suffer from severe adverse side effects. Therefore, there is an 

urgent need for better understanding of the biology of NB in order to be able to exploit innovative 

routes for more efficient and less toxic intervention [7]. To gain insights in, and map the multi-step 

tumour formation of NB, MYCN overexpressing hSAP cells will be used. Isolating such progenitor 

cells in viable conditions and in sufficient numbers is unfortunately impossible. However, recent 

studies show that it is possible to model cancer by the generation of hESC-derived progenitor cells, 

into which genetic lesions are induced [49,50]. In the setting of this thesis, this model will be 

explored to gain a greater understanding of the role of 17q gain in NB development. This will allow 

future analysis of the oncogenic aspects as well as the role in RS of candidate genes on 

chromosome 17q. An integrated bioinformatics analysis of the host lab based on a large series of 

primary NB transcriptomes and survival data provided already an updated list of dosage sensitive 

candidate dependency genes such as BRIP1 and BIRC5.  

To generate our model to study the role of 17q in NB development, an inducible MYCN 

overexpression system in a 17q background will be constructed in hESCs. Importantly, MYCN 

overexpression needs to be induced after the differentiation process from hESC towards hSAP to 

prevent disruption of differentiation to hSAP cells. The Lenti-X™ Tet-On® 3G Inducible Expression 

System (Clonetech) allows this controlled induction of MYCN overexpression by adding 

doxycycline. As this inducible system was new in the host lab, we have first generated, as a proof 

of principle, a more commonly used NB cell line with this inducible system. Therefore, SK-N-BE(2)C 

cells were transduced with a Tat trans-activator and its expression was tested by Western blot. 

Thereafter, non-leaky clones, verified with one glo luciferase assay, were tested for inducible 

overexpression of BRIP1 with qPCR and Western blot.  Upon validation, it could be seen that 

specific activation of the BRIP1 gene can be controlled by the Tet-On system, indicating that the 

use of the Tet-On system in this model was possible. In future experiments this inducible system 

will then be used to transduce hESCs. 

Dr. G. Denecker was trained in the protocol for the differentiation of hESC to hSAP during a lab 

visit at the Memorial Sloan-Kettering Cancer Center (MSKCC, New York, USA), in the renown 

Studer lab, under the guidance of MD Stephen Roberts. This protocol makes use of primed hESC. 

At the start of this thesis the host lab had received naïve C12-wt and C12-1q17q hESC from the 

Heindryckx alb (UZ Gent). Therefore, the obtained naïve hESC first had to be converted to a primed 

state. To test their respective cell state and pluripotency, morphological analysis and qPCR tests 

were performed. In literature, lists for markers to differentiate between the continuous primed and 

naïve hESC states are available [47]. However, personal communication with other groups 

performing extensive hESC work (B. Heindryckx, E. Jacobs, J. van Hengel) has shown that, 
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depending on the cell line, different sets of these markers can be used. From our results, it can be 

observed that not all markers from these lists can be considered as bona fide markers of the 

respective cell state. Therefore, the use of the control cell lines is rather of indicative purposes. 

This makes it challenging to analyse the respective cell states. Currently, RNA-seq profiles are put 

forward as a more promising comparative technique to distinguish between the naïve and primed 

state of hESC [60]. Nevertheless, standardization and clear communication on this matter is still 

greatly lacking in hESC research.  

The MSK differentiation protocol, trained in New York, required validation in the lab of prof. 

Speleman. Although the protocol was effective in the lab. of prof. Roberts, the differentiation 

protocol did not work (i.e. the cells died) during the first validation experiment. This could be caused 

by implementing the protocol in a different environment, the host lab or on the use of different hESC 

lines, e.g. the use of C12-wt or C12-1q17q versus H9 hESC. These aspects could all result in 

differences which eventually resulted in failure of the differentiation experiment. Starting my PhD, 

further differentiation experiments will be conducted to optimise the protocol in the host lab.  

5.2. Replicative stress and 17q status  

In more than 60% of NB cases a gain of 17q is observed and it is the most commonly observed 

aberration in NB [23], often associated with poor prognostic markers such as amplification of MYCN 

and a higher age at diagnosis and is associated with severe types of NB [20,24]. Chromosome 17q 

contains several genes important in RS-induced DNA damage response. As such we suspect that 

a gain of 17q could result in an advantage in replicative stress conditions. In addition, RS-induced 

DNA damage, e.g. due to collapse of stalled replication forks, can drive the accumulation of tumour-

causing genetic lesions [29,30]. This, combined with previous findings of frequent 17q gain in hESC 

[31,32], suggests that a 17q gain could result from RS [25]. The functional role of large 

chromosomal imbalances, such as 17q gain, has not yet been explored. New insights could provide 

a better understanding of the biology of this disease and offer new routes for intervention. 

Replicative stress as an alternative method to induce CNV in hESC 

In the lab of prof Speleman one hESC cell line with a gain in 17q was available (C12-1q17q) 

(obtained from the lab of Prof. B. Heindryckx). To develop a second hESC cell line with 17q gain, 

a long-term exposure to non-toxic levels of replicative stress, by adding hydroxyurea (HU), on 

commonly used H9 hESC will be carried out. This would show whether long term exposure to RS 

can be used as alternative method to induce 17q gain, allowing cells to cope with this hostile 

environment. In addition, if successful, this would provide a biological replicate for the cell line with 

a 17q gain. However, this experiment first required optimisation and validation.  
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The sensitivity of the H9 to HU treatment, was tested by analysing the phosphorylation status of 

important players in the RS response cascade, in particular CHK1 and RPA32 in a Western blot 

analysis. Phosphorylation of CHK1 is necessary for checkpoint mediated cell cycle arrest in 

response to single strand DNA damage or the presence of unreplicated DNA [58]. RPA32 plays an 

important role in DNA replication, repair, recombination and coordinating the cellular response to 

DNA damage through activation of the ataxia telangiectasia and Rad3-related protein (ATR) kinase 

[59]. With addition of HU, proliferating cells are arrested in S phase due to decreased levels of 

dNTPs [56]. This slows down the replication forks, resulting in activation of DNA repair pathways. 

Western blot analysis showed clear induction of pCHK1 after 2 hours of 1mM HU treatment. 

However, detection of pRPA32 by Western blot has proven to be technically difficult. Therefore, it 

was decided to focus on CHK1 in further experiments, while further optimization of the pRPA32 

antibody necessary.   

As mentioned above, non-toxic RS-inducing HU concentrations were needed to induce a 17q gain. 

The concentration ranges were optimized using western blotting combined with the evaluation of 

cell growth by IncuCyte analysis. Combining both techniques gives a broader view of what is 

occurring: with western blotting the RS response on the molecular level is analysed, while IncuCyte 

analyses growth characteristics and cellular morphology. Whereas at the first timepoints no 

changes in growth rate may be measurable with the IncuCyte, the activation of specific proteins 

can already be detectable on Western blot. However, technical difficulties were experienced during 

western blotting experiments which hampered a clear and straightforward conclusion making at 

this point. Our experiments showed gradual increase of pCHK1, over the different concentrations 

at the 48-hour timepoint, presenting different concentrations inducing RS. The complementary 

IncuCyte data could however not show changes in growth rate, related to the HU concentrations. 

This could be due to the fact that the masking had difficulties to differentiate between living and 

dead cells. Nonetheless, microscopically we could see that at the lower concentrations cells were 

growing normally, while at the highest concentrations of 650-750µM, cells could not overcome the 

induced RS and died (data not shown). The combined data indicates that the concentrations of 

350-550 µM HU could be used as non-toxic RS-inducing concentrations for long term experiments.  

To confirm that cells did indeed experienced RS after non-toxic HU treatment, an additional DNA 

combing experiment was conducted. DNA-combing technique was used to visualise the difference 

in DNA replication efficiency upon RS. The cells were cultured in presence of halogenated dNTP’s 

(IdU/CldU), which were then incorporated in the DNA during replication. The effect of HU treatment 

on DNA replication can be tracked by comparing the differently coloured incorporated CldU signals 

(green) after HU treatment. When HU treatment results in a reduced replication efficiency, less 
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halogenated dNTP’s will be incorporated, which will be visualised in a shorter DNA strand after HU 

treatment. Our data confirmed this, showing shorter DNA strands (CldU, green) after HU treatment 

compared to the DNA strands (IdU, red) in the not-treated condition. This indicates that the 

compounds indeed induce RS to the cells. The DNA-combing technique could also be used to 

analyse the role of 17q gain, in obtaining an increased resistance to RS, by comparing DNA 

replication of cells with and without 17q gain upon HU treatment. However, the analysis of DNA 

combing requires measuring various DNA strands in each sample, making the analysis very time-

consuming and labour-intensive. Therefore, this technique will not be used as a screening method, 

but more at final stages of the experiments as a validation tool.  

Immunocytochemical staining (ICC) was also done on H9 hESC to visualise the effect of HU 

treatment on the activation of γ-H2AX. γ-H2AX is phosphorylated when DNA damage forms double 

stranded breaks, making it a good indicator for DNA damage. During analysis we observed that 

the signals for γ-H2AX positivity at the edges of the colonies were stronger than those at the centre. 

We hypothesize this could be caused by the density of the colony and the domed colony 

morphology, making the diffusion of the antibodies more difficult. Therefore, an increase of the 

incubation time of the antibodies could be an improvement. The density of the colonies also 

resulted in layers of cells, creating a more blurred background caused by stained cells in the 

different layers. This made imaging without the use of Z-stacking difficult. Hence, we advise the 

use of a confocal fluorescence microscope which allows Z-stacking and will reduce the background 

in the pictures.  

The occurrence of a de novo 17q gain can be checked by several, complementary, techniques 

such as FISH, ddPCR and DNA array or sequencing based copy number analysis. For FISH 

analysis, an iso17q FISH probe was tested and the protocol was optimised for hESC. A first 

experiment showed that the probe was able to visualise a gain in 17q, but that the fluorescent signal 

was weak. To improve visibility, the cells were treated in a hypotonic solution which results in a 

swelling of the cells and can optimize the quality of metaphase spreading during sample 

preparation [61]. After applying this extra step within the standard protocol, the signal visibility 

improved. However, rapid bleaching of the samples remained a problem as this reduced the time 

that could be used to analyse the samples. In addition, the sensitivity of a FISH analysis is limited. 

This means that a minimal number of cells with a 17q gain is needed before detection is possible. 

This limited sensitivity can also explain why, during the time of our experiment, we could not detect 

a 17q gain in the primed C12-wt (on MEF) hESCs, while the sWGS-data of the same timepoint 

indicated that a 17q gain was present in a subgroup of these C12-wt cells (see below). The lower 

sensitivity, combined with the cost of a FISH analysis, makes the new upcoming Droplet Digital 
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PCR technology (ddPCR) a more suitable option for future reference. ddPCR is a very sensitive, 

digital PCR method, utilizing a water-oil emulsion droplet system. These droplets, each containing 

one strand template-DNA, create the partitions that separate the template DNA molecules. After 

PCR, the droplets are analysed to determine the fraction of PCR-positive droplets in the original 

sample [62]. Therefore, this technique will be validated in the host lab for tracking occurrence of a 

de novo 17q gain.   

The functional role of a gain of 17q in replicative stress.  

During this thesis, the role of a gain in chromosome 17q was analysed by comparing the 

proliferation rate of C12-wt cells to C12-1q17q hESCs in conditions of RS. Both naïve hESC (grown 

on MEF) and primed hESC (grown MEF and Geltrex) were analysed. The proliferation rates 

between C12-wt cells to C12-1q17q hESCs were followed by IncuCyte analysis. From these initial 

analyses we conclude that reproducibility was not optimal due to high standard deviations in 

between experiments. We assume that these are due to  the problem to establish optimal and equal 

seeding densities between different experiments. Further, some parameters can result in an 

imperfect masking of the IncuCyte software, also causing higher standard deviations. Overall, no 

significant difference could be seen in proliferative capacity under RS between the primed C12-wt 

and C12-1q17q cell lines on Geltrex. The simple and most obvious conclusion of these findings is 

that  17q gain did not yield a growth advantage in normal or under replicative stress conditions. 

However, unexpectedly, these results were later explained by the sWGS finding of emergence of 

a similar 1q17q gain during the transition process from naïve to primed. The sWGS-data showed 

a subpopulation in the C12-wt hESC with a gain in 17q and 1q upon the first step in the transition 

from naïve hESC (grown on MEF), to primed stem cells (grown on MEF). Upon transitioning the 

primed C12-wt from MEF to Geltrex, a similar 1q and 17q gain was observed in the whole 

population. Therefore, we renamed the former primed C12-wt on Geltrex to C12-1q17q(bis). When 

comparing the breakpoints of these imbalances in detail in the initial C12-1q17q hESCs versus the 

novel C12 derived primed hESC (C12-1q17q(bis)) also exhibiting 1q17q gain, the same 

breakpoints were observed. This remarkable finding can be best explained by the presence of a 

minor 1q17q sub-clone in the original parental C12-wt cell line. To explore this further a number of 

experiments could be proposed, i.e. (1) to repeat the experiment for transition from naïve to primed, 

(2) to perform sensitive digital PCR to detect the sub-clone with 1q17q gain, (3) multicolour FISH 

for sensitive detection of the sub-clone, (4) sub-cloning of single cells or, perhaps as most 

performant experiment, 10XGenomics single cell copy number analysis. The latter would allow the 

analysis of copy number alterations at single cell level in up to 10,000 cells.  
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A second important observation is the finding of additional copy number alterations affecting 

potentially relevant regions previously described in NB such as chromosome 7 gain. Also, TP53 

mutations have recently been reported to be present in multiple established human ESC cell lines. 

Taken together, our data strongly suggest that the additional stress created by the transition 

processes has driven emergence of the clone with a 1q17q gain thus indeed suggesting that the 

copy number gain provides a selective advantage to these cells under stress conditions. Here, this 

was the result of a naïve to primed transition of ESC cells. One could envision that replicative stress 

could equally induce such selection. Further experiments in the lab our ongoing to support this 

hypothesis. Of further importance, this event not only indicated a possible advantage of a 1q17q 

gain in stress conditions, giving a clue to the function of 17q gain, but also unexpectedly provided 

a second biological replicate, initially planned to be obtained with the long-term RS experiments on 

the H9 hESC. This hypothesis will be further tested by repeating the transitioning procedure and 

we will compare this with using long term RS for the induction of a 17q gain.  

As final conclusion, the work of my master thesis has yielded exciting and unexpected results for 

the first time suggesting that in vitro established human ESC cell lines are genetically 

heterogeneous due to genomic instability and that under stress conditions certain sub-clones with 

selective advantage emerge. These findings have great potential consequences for the sue of 

these hESC cells in regenerative medicine and should be the focus of further intensive 

investigations.  
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Addendum 
qPCR markers naïve hESC  

Addendum 1: ESRRB, marker for the naïve stem cell state. Relative mRNA expression levels for naïve 
stem cell state were tested by qPCR on cell lines C12-wt, C12-1q17q and control samples, in both naïve and 
primed status. Remark, naïve hESC were grown on MEF feeders and primed hESC were grown on both 
MEF feeders and Geltrex. 

Addendum 2: KLF2, marker for the naïve stem cell state. Relative mRNA expression levels for naïve 

stem cell state were tested by qPCR on cell lines C12-wt, C12-1q17q and control samples, in both naïve 

and primed status. Remark, naïve hESC were grown on MEF feeders and primed hESC were grown on 

both MEF feeders and Geltrex.  
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Addendum 3: PRDM14, marker for the naïve stem cell state. Relative mRNA expression levels for 

naïve stem cell state were tested by qPCR on cell lines C12-wt, C12-1q17q and control samples, in both 

naïve and primed status. Remark, naïve hESC were grown on MEF feeders and primed hESC were grown 

on both MEF feeders and Geltrex. 

 

 
Addendum 4: SOCS3, marker for the naïve stem cell state. Relative mRNA expression levels for naïve 

stem cell state were tested by qPCR on cell lines C12-wt, C12-1q17q and control samples, in both naïve 

and primed status. Remark, naïve hESC were grown on MEF feeders and primed hESC were grown on 

both MEF feeders and Geltrex. 
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Impact of 17q gain on proliferation C12-wt and C12-1q17q 

Addendum 5: HU experiment on C12 and C12-1q17q cell lines. The ranges of 150µM - 750µM are 

individually compared between the C12 (blue) and C12-1q17q (orange) cell lines. Confluence values were 

normalised with starting value to determine growth rate, this was in turn normalised with the control condition. 

N=2. 
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Replicative stress detection in H9 hESC 

Addendum 6: HU experiment on H9 hESC. A: Detection of the RS marker pCHK1 after 12, 24 and 48 
hours HU treatment on H9 cells. B: Detection of the RS marker pCHK1 after 48 hours HU treatment on H9 

cells. 
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Selection of non-leaky Tet3G expressing clones by an inducible luciferase vector (pLVX-

TRE3G-Luc) 

Addendum 7: One glo luciferase assay. Inducible luciferase activity of pLVX-TRE3G-Luc transduced SH-
N-BE(2)-C clones with or without doxycycline.  

 
 


