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Abstract 

Anaplastic lymphoma kinase (ALK) is a driving oncogene in neuroblastoma and mutated in 8% - 10% of 

neuroblastoma cases. Despite high-risk neuroblastoma patients being treated with an intensive 

multimodal therapy, up to 60% of these patients relapse and the 10-year overall survival rate for high-

risk cases is less than 40%. Therefore, targeted therapies are under investigation for paediatric use and 

might be considered as first-line therapy. Many cases of acquired therapy resistance to targeted 

therapies have been reported, including cases during paediatric clinical trials of ALK inhibitors. Hence 

a deeper understanding of resistance development is required and investigated within this thesis. 

The first part of this thesis focused on the identification of genes associated with ALK inhibitor (ALKi) 

resistance using in vitro neuroblastoma systems. A CRISPR/Cas9 knockout screen in the ALK-mutated 

neuroblastoma cell line SH-SY5Y identified the tumour suppressor gene NF1 to be associated with 

resistance to the ALK inhibitors ceritinib and lorlatinib. The hypothesis, whether a loss of NF1 can 

confer ALKi resistance in ALK-mutated neuroblastoma was investigated by generating isogenic NF1 

knockout (KO) models using the CRISPR/Cas9 system in respective neuroblastoma cell lines. It was 

observed, that an NF1 KO leads to an ALKi-resistant phenotype as well as increased RAS/MAPK 

pathway signalling.  

Moreover, gene alterations were also investigated in tumour and liquid biopsy samples of patients 

with relapsed, ALK-driven neuroblastoma, who have been treated with ALK inhibitors in paediatric 

clinical trials. These patients had initially responded well to the treatment but eventually relapsed and 

de novo inactivating mutations of NF1 were detected in these relapse tumour samples using 

sequencing approaches. Thus, genes which were found associated with ALKi resistance in 

neuroblastoma cell lines were also observed in relapse samples of patients with ALK-driven 

neuroblastoma treated with ALK inhibitors. 

The second part of this thesis focused on the role of NF1 loss in ALKi resistance, its effect on ALK 

downstream signalling and new collateral sensitivities. This role was investigated by perturbation 

experiments and subsequent ELISA assays to quantify protein phosphorylation, and thus pathway 

activity. NF1 knockout cell line models showed increased downstream signalling of the RAS/MAPK 

pathway. The perturbation data was used with a prior known signalling network topology to model 

the downstream signalling response in NF1-deficient neuroblastoma cells. The model indicated an 

absent ERK-RAF feedback loop and implied a possible MEK inhibitor sensitivity. When NF1-deficient 

neuroblastoma cells were exposed to the MEK or RAF inhibitors, increased inhibitor sensitivities were 

observed. 
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Overall, this thesis employed phenotypic screens as well as isogenic cell lines as suitable models to 

investigate and elucidate clinical observations. Hence, it was successful in demonstrating an 

association of genetic NF1 alterations with ALKi resistance in cell line models, in the same manner as 

in a functional experimental recapitulation of observed NF1 alterations in clinical cases of ALKi resistant 

ALK-driven neuroblastoma. This thesis underlined how modelling of signalling pathways can be used 

to reveal new collateral sensitivities and gives some mechanistic insights as well as new potential 

therapy options, which may potentially impact clinical practice and clinical trial design. The identified 

collateral sensitivities represent promising therapy options for patients with relapsed ALK-mutated 

and ALK-inhibitor resistant neuroblastoma harbouring loss of NF1 mutations, which are worth being 

investigated in clinical trials, that cover sequential treatment as well as a pre-emptive combination 

therapy with ALK and MEK inhibitors.  
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Zusammenfassung 

Das ALK (anaplastische Lymphomkinase) Gen ist ein bekanntes Onkogen des Neuroblastoms, welches 

in 8 %-10 % der Patienten/innen mit einer Neuroblastomerkrankung Mutationen aufweist. Trotz einer 

intensiven und multimodalen Therapie von Patienten/innen mit einem Hochrisiko-Neuroblastom 

kommt es in bis zu 60 % der Fälle zu einem Rezidiv, was mit einem 10-Jahres-Gesamtüberleben von 

weniger als 40 % einhergeht. Zielgerichtete Therapien sind daher in den Fokus von pädiatrisch-

klinischen Studien gerückt und könnten ebenfalls für eine Erstlinienbehandlung in Betracht gezogen 

werden. Es wurden bereits einige Fälle von Resistenzentwicklung gegenüber zielgerichteten Therapien 

beschrieben, einschließlich Fälle aus pädiatrisch-klinischen Studien für ALK-Inhibitoren. Die 

Identifizierung der grundlegenden Mechanismen dieser Resistenzentwicklung sind daher unerlässlich 

und waren zentraler Gegenstand der vorliegenden Arbeit. 

Der erste Teil dieser Doktorarbeit befasste sich mit der Identifizierung von ALK-Inhibitor vermittelnden 

Resistenzgenen in in vitro Zellmodellen des Neuroblastoms. Mit Hilfe einer genomweiten sgRNA 

Bibliothek und dem CRISPR/Cas9 Systems wurden Gene in der ALK-getriebenen Neuroblastomzelllinie 

SH-SY5Y ausgeschaltet und das Tumorsuppressorgen NF1 mit einer Resistenz gegenüber den ALK 

Inhibitoren Ceritinib und Lorlatinib assoziiert. Die abgeleitete Hypothese, dass inaktivierende 

Mutationen des NF1 Gens eine ALK-Inhibitor Resistenz bedingen, wurde durch Generierung von 

isogenen ALK-mutierten Neuroblastomzelllinien mit einem CRISPR/Cas9-vermitteltem Ausschalten 

von NF1 untersucht. Es wurde beobachtet, dass das Ausschalten von NF1 in diesen Zelllinien zu einem 

ALK-Inhibitor-resistenten Phänotypen führt und dass diese Zellen eine erhöhte Aktivität der RAS/MAPK 

Signaltransduktionskaskade aufweisen.  

Des Weiteren wurden Tumorgewebsproben von Patienten/innen mit einem rezidivierten ALK-

getriebenen Neuroblastom untersucht, welche in klinischen Studien zur ALK-Inhibitor Therapie 

behandelt wurden. Zunächst ließ sich unter Therapie eine Tumorregression beobachten, doch im 

weiteren Therapieverlauf kam es zur erneuten Tumorprogression. In diesen Rezidiv-Proben wurden de 

novo Mutationen detektiert, die zu einem Verlust von NF1 führten. Somit ließen sich in vitro 

identifizierte ALK-Inhibitor Resistenzgene auch in Patientenproben beobachten. 

Der zweite Teil dieser Doktorarbeit fokussierte sich auf die Rolle eines NF1-Verlusts während einer 

ALK-inhibitor Resistenz, die durch einen NF1-Verlust bedingten Veränderungen der ALK-aktivierten 

Signaltransduktionskaskaden sowie neue begleitende Sensitivitäten. Dazu wurden 

Perturbationsexperimente durchgeführt und phosphorylierte Proteine mithilfe von ELISA 

Experimenten quantifiziert. Diese Quantifizierung ließ Rückschlüsse auf die jeweilige Aktivität der ALK-

aktivierten Signaltransduktionskaskaden zu. Zelllinienmodelle mit inaktiviertem NF1 zeigten dabei eine 

gesteigerte Aktivität der RAS/MAPK- Signaltransduktionskaskade. 
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Die Ergebnisse der Perturbationsexperimente wurden zusammen mit einer literatur-basierten Struktur 

der Signaltransduktionskaskaden genutzt, um mithilfe eines systembiologischen Ansatzes Aktivitäten 

der ALK-aktivierten Signaltransduktionskaskaden zu modellieren. Anhand des Modells entstand die 

Annahme, dass Zelllinienmodelle mit inaktiviertem NF1 keine negative ERK-RAF-Rückkopplung 

aufweisen, was mit einer einhergehenden Sensitivität für MEK-Inhibitoren beschrieben wurde. Als 

Neuroblastomzelllinien mit fehlerhaftem NF1 gegenüber MEK und RAF Inhibitoren getestet wurden, 

konnte eine höhere Sensitivität für diese Inhibitoren beobachtet werden. 

Im Rahmen dieser Arbeit wurde demonstriert, dass phänotypische Screens sowie isogene 

Zelllinienmodelle geeignete Modelsysteme sind, um klinisch getriebene Hypothesen experimentell zu 

untersuchen. Daher konnte erfolgreich ein Zusammenhang zwischen inaktivierenden NF1 Mutationen 

und einer ALK-Inhibitor Resistenz in ALK-getriebenen Neuroblastomzelllinien aufgezeigt werden, 

welcher ebenfalls in ALK-mutierten, ALK-Inhibitor resistenten Neuroblastomen beobachtet wurde. Die 

vorliegende Arbeit verdeutlicht, wie systembiologische Ansätze genutzt werden können, um neue 

Inhibitorsensitivitäten und Resistenzmechanismen zu identifizieren. Damit einhergehende neue 

Therapieansätze für die Behandlung von Patienten/innen mit einer Neuroblastomerkrankung könnten 

den klinischen Alltag sowie das Aufsetzen klinischer Studien beeinflussen. Diese neuen 

Inhibitorsensitivitäten stellen vielversprechende Therapieansätze für Patienten/innen mit einer 

rezidivierten ALK-mutierten und ALK-Inhibitor resistenten Neuroblastomerkrankung dar, die mit 

einem Verlust von NF1 einhergeht, und sollte in klinischen Studien als sequenzielle Therapie oder als 

präventive Kombinationstherapie aus ALK- und MEK-Inhibitoren getestet werden. 
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1 Introduction 

1.1 Neuroblastoma 

Neuroblastoma (NB) is an embryonal malignancy that originates from incompletely committed 

sympathoadrenal progenitors of the neural crest and therefore tumours arise in tissues of the 

sympathetic nervous system, like the adrenal medulla or paraspinal ganglia [2-4]. It accounts for 5.5% 

(approximately 132 cases) of childhood cancer cases in Germany and the median age at diagnosis is 

14 months (2009-2018) [5]. Neuroblastomas are clinically heterogeneous. Some tumours show a 

spontaneous regression (very low risk cases), caused by unknown mechanisms, while other cases 

present with a malignant tumour progression and despite an intensive multimodal therapy the 10-year 

overall survival rate for high-risk cases is less than 40% [6-9].  

1.1.1 Clinical presentation and risk classification system of neuroblastoma 

It has been reported that 40% of neuroblastoma patients are asymptomatic and diagnosed by chance 

[6]. Patients can show symptoms such as pain, fever, weight loss and swelling at the primary tumour 

site [6].  

Primary tumours occur in over 40% of neuroblastoma cases in the adrenal glands [10]. Patients may 

also present with primary tumour sites in the neck, upper chest or along the paraspinal sympathetic 

ganglia [4, 11]. Furthermore, some patients have a disseminated tumour at diagnosis with metastases 

in bone marrow, bone, lymph nodes, skin and liver [11]. 

In order to diagnose neuroblastoma, patients undergo a physical examination, ultrasound of the neck, 

abdomen and mediastinum as well as X-ray of the chest [6]. In addition, concentrations of 

unfavourable prognostic serum markers, neuron-specific enolase and lactate dehydrogenase, are 

determined [6]. Further, urine is tested for catecholamine or catecholamine metabolites as high 

concentrations are observed in neuroblastoma patients [6, 11, 12]. Further tumour imaging methods, 

like magnetic resonance imaging, are used if the suspicion of a neuroblastoma diagnosis substantiates 

[6, 13]. To assess the extent of metastasis 123iodine-meta-iodobenzylguanidine (123I-mIBG) scintigraphy 

(MIBG scan) is conducted as most neuroblastoma cells express the noradrenaline transporter and 

therefore 123I-mIBG is transported into the cells [11, 14]. In addition, bone marrow aspirates and 

biopsies are used for histology and immunohistochemistry [6, 11]. For cytogenomic characterisation 

of the tumour fluorescent in situ hybridization (FISH) is used to detect MYCN amplifications and 

chromosome 1p36 aberrations; next-generation sequencing is performed on biopsy material to 

identify other genomic alterations [6, 11, 15].  

To make profound treatment decisions for neuroblastoma patients, a risk classification system was 

established accounting for results of the diagnostic methods mentioned. This system assigns patients 
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to stages based on the degree of surgical tumour resection and tumour dissemination using the 

International Neuroblastoma Staging System (INSS) as well as the staging system by the International 

Neuroblastoma Risk Group (INRG) [16-18]. The international neuroblastoma risk group defined 16 

different patient subgroups that assign patients to one of the four major risk categories: very low, low, 

intermediate and high [6, 16]. With this classification system, patients are stratified into risk groups 

based on tumour localization and dissemination status of the tumour, presence and extent of 

metastases, and amplification status of the MYCN neuroblastoma oncogene. Patients presenting with 

a MYCN-amplified tumour are always assigned to the high-risk group [6].  

Except for the MYCN status and chromosome 1p aberrations, genomic characterisation of the tumour 

is currently not considered for risk stratification, and thus does not affect treatment recommendations 

as stated in the guidelines of the German Society of Paediatric Oncology and Haematology (GPOH) [6]. 

However, this might be changed in the future and alterations of telomerase maintenance mechanisms 

as well as RAS/MAPK pathway alterations considered for risk stratification [19-21]. 

 

1.1.2 Treatment of high-risk neuroblastoma 

Therapy for high-risk neuroblastoma patients comprises an intensive and multimodal treatment. It is 

divided into three phases, an induction phase, a consolidation phase, and a post-consolidation 

phase [6].  

During the induction phase, high-risk neuroblastoma patients undergo high-dose chemotherapy 

cycles [6]. Furthermore, for primary tumours a resection may be performed during or after induction 

chemotherapy, dependent on the patient condition; and the primary tumour tissue used for molecular 

analysis [6]. Stem-cells are also harvested during the induction phase for infusion in the consolidation 

phase [6]. Cytotoxic drugs applied to treat high-risk neuroblastoma are combined in the form of 

chemotherapy cycles [6]. A total of six cycles, with alternating N5 and N6 cycles, is recommended 

during the induction phase [6]. N5 cycles comprise of the cytotoxic drugs cisplatin, etoposide and 

vindesine whereas N6 cycles contain vincristine, dacarbacine, ifosfamide and doxorubicin [6, 22, 23].  

Drug administration in the form of myeloablative chemotherapy as well as stem-cell infusion are part 

of the consolidation phase [6, 22-25]. If a patient’s tumour cells express the norepinephrine 

transporter system, 131I-mIBG-treatment is recommended to be scheduled between induction and 

consolidation chemotherapy [6, 26-28]. Radiotherapy of the primary tumour region is also advised [29]. 

The last treatment phase, post-consolidation, includes treatment with the anti-GD2 antibody 

Dinutuximab beta [29, 30]. Dinutuximab targets the tumour-associated antigen disialogangloiside GD2, 

which is highly expressed in neuroblastoma [31].  
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Despite this intensive treatment and an initial remission, up to 60% of high-risk patients relapse with 

tumours that are largely resistant to therapy [32-34]. This further highlights the necessity of alternative 

treatment options. 

1.1.3 Molecular characterisation of neuroblastoma 

As outlined above, neuroblastoma is characterised by diverse clinical behaviours while only a few 

recurrently altered genes and chromosomal aberrations have been described. One of those genes is 

MYCN for which amplifications are observed in 20% of neuroblastoma cases and patients diagnosed 

with MYCN amplifications are at high risk of death [16, 20, 35]. The transcription factor encoded by 

MYCN activates genes involved in, e.g., cell cycle progression, proliferation, self-renewal, angiogenesis, 

pluripotency and metastasis [11, 36]. It was also described that MYCN expression correlates with 

metastatic behaviour, which might be explained by MYCN mediated downregulation of integrins 

alpha1 and beta1, supporting detachment from the extracellular matrix and enabling of cell migration 

[11, 36-38].  

Other recurrently altered genes in neuroblastoma are TERT (encoding the telomerase catalytic 

subunit), for which activating genomic rearrangements have been described, as well as inactivating 

ATRX (a helicase with chromatin remodelling activity) mutations [39-43]. Based on reported recurrence 

of gene alterations and chromosomal aberrations, Ackerman et al. defined mechanistic risk groups 

based on their genetic characterisation, for instance, ultra high-risk neuroblastomas with activated 

telomere maintenance mechanisms as well as driving oncogene activation and/or loss of tumour 

suppressor functions, are characterised on the molecular levels as harbouring i) either activating MYCN 

or TERT alterations or deleterious ATRX alterations with ii) simultaneous occurrence of RAS and/or p53 

pathway gene mutations [20]. 

The anaplastic lymphoma kinase (ALK) gene is another recurrently altered gene and oncogenic driver 

in neuroblastoma, that is mutated in 8%-10% of neuroblastoma cases and shows an increased 

mutation frequency upon disease relapse [33, 44-52]. Chromosomal aberrations observed in 

neuroblastoma, that are also associated with MYCN amplification and a poor prognosis, are a gain of 

chromosome arm 17q, observed in 50% of neuroblastoma cases, as well as a loss of chromosome arm 

1p in about 33% of neuroblastoma cases [11, 42, 53, 54].  

Relapsed neuroblastomas have been described to show a higher frequency of mutations in the 

RAS/MAPK pathway or ALK, in comparison to treatment naïve tumours [33, 34, 52]. The discrepancy 

of mutations in primary and relapse samples can be described as temporal genetic intratumor 

heterogeneity (ITH) and is due to tumour evolution. Spatial intratumor heterogeneity with genetically 

distinct cell clones detected in different regions of a tumour or in metastasis have been reported for 
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neuroblastoma as well [55]. ITH may lead to selection of treatment resistant clones and therefore has 

been associated with treatment resistance [56].  

In contrast to the stated genomic alterations, another concept potentially leading to relapse and 

therapy resistance was proposed by two independent research groups and is based on the hypothesis 

of two physiologically distinct tumour cell types in neuroblastoma [57, 58]. These two cell types are 

dictated by lineage specific super-enhancers or core regulating circuitries (CRCs) activating a distinct 

transcription factor network [57, 58]. Consequently, the two different cell types are found either as 

committed adrenergic cells (ADRN, also defined as sympathetic noradrenergic cells) or as less 

differentiated mesenchymal-like cells (MES), the latter presenting as chemoresistant in vitro and 

potentially enriched in post-treatment and relapsed tumours [57, 58].  

1.2 Anaplastic Lymphoma Kinase (ALK) 

1.2.1 ALK is a receptor tyrosine kinase 

One of the most commonly altered genes in neuroblastoma is the ALK gene that encodes the anaplastic 

lymphoma kinase (ALK). ALK is a receptor tyrosine kinase (RTK), located in the plasma membrane, and 

composed of an extracellular ligand-binding domain, a transmembrane domain and an intracellular 

tyrosine kinase domain [59, 60]. Due to structural homology, it has been categorised into the insulin 

receptor family, RTK subclass II [59, 60].  

The extracellular domain of ALK consists of multiple subdomains: an LDL-A domain, two MAM-domains 

and a glycine-rich region [59, 61, 62]. The intracellular kinase domain (Figure 1.1) is shaped by an 

N-terminal N-lobe and a C-terminal C-lobe, which are connected by the hinge region, which is a loop 

(loops connect secondary structure elements) [61, 63]. The cavity formed between the two lobes as 

well as the hinge region define the adenosine triphosphate (ATP) binding site [61, 63]. The N-lobe itself 

is formed by a five-stranded antiparallel -sheet and an C-helix, that binds to the - and -phosphates 

of ATP, whereas the C-lobe is mainly -helical and harbours the catalytic loop (1247-1254) followed by 

the regulatory activation loop (A-loop) (1270-1299), which begins with the aspartic acid-phenylalanine-

glycine (DFG)-motif (activation segment) followed by a short −helix (AL,1272-1279) [61]. Within the 

A-loop lies the autophosphorylation motif YXXXYY that is needed for receptor activation [61, 64].  
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Figure 1.1 Crystal structure of the kinase domain of the anaplastic lymphoma kinase receptor (ALK) (PDB code 
3L9P). The structure is shown in two orthogonal orientations. The N-terminus is indicated by NT and the 

C-terminus with CT. The N-terminal N-lobe is comprised of a five-stranded antiparallel -sheet (shown in orange) 

and an C-helix (shown in purple). The glycine-rich P-loop, shown in bright green, connects the first two -strands 

of the -sheet and coordinates the phosphates of adenosine triphosphate (ATP). The hinge region, which 
connects the N-lobe and the C-lobe is shown in yellow. The C-lobe is comprised of helices which are shown in 
blue. Furthermore, the C-lobe harbours the catalytic loop (C-loop, shown in salmon), which is followed by the 

regulatory activation loop (A-loop, shown in red). In addition, a -turn is shown in green and displayed in stick 
representation are three bound glycerol molecules (oxygens are shown in red, carbons in yellow). Reprinted and 
adapted from Lee et al.[61]. 

In contrast to other RTKs, ALK presents with a DFG-in like conformation in the autoinhibited state, 

meaning that the proximal A-loop containing the DFG motif, does not obstruct the ATP binding site, 

and hence the active site is not occluded [61]. Nevertheless, the autoinhibited and unphosphorylated 

conformation of ALK only approximates an active kinase conformation and is characterised by a 

relative closure between its two lobes, representing an intermediate state between the open and 

closed conformation [61, 65, 66]. Furthermore, the autoinhibited conformation is stabilised by 

hydrophobic interactions of a phenylalanine core and by interactions of the C-helix and the AL [67]. 

Proposed ALK ligands, that were shown to activate the ALK and leukocyte tyrosine kinase receptor, are 

FAM150A and FAM150B [68, 69]. Furthermore, the growth factors pleiotrophin and midkine are also 

suggested ALK ligands but were shown to activate other receptors like the receptor protein tyrosine 

phosphatase β and the receptor protein tyrosine phosphatase ζ, N-syndecan, low-density lipoprotein 

receptor-related protein and integrins [70-76].  

ALK expression has been reported to be very high at the neonatal stage and restricted to the nervous 

system, suggesting a role in nervous system development [59, 62]. Adult mouse brains showed only 
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very low mRNA and protein levels of ALK in comparison to neonatal mouse brains and a weak ALK 

signal was observed in human adult tissue of the nervous system (hypothalamus, basal ganglia, 

cerebral cortex, cerebellum, thalamic nuclei, erythroid and basal ganglia) consistent with the 

observations in mice [59, 62, 77]. However, ALK can also play a role in adulthood, as its expression and 

functionality are well described in malignancies. 

1.2.2 ALK as a driving oncogene 

ALK was first described as an oncogene in anaplastic large-cell non-Hodgkin’s lymphoma (ALCL) as part 

of a nucleophosmin (NPM)-ALK fusion protein [78, 79]. This fusion protein resulted from a 

chromosomal translocation and led to a constitutively activated ALK kinase [59, 62, 78]. Meanwhile 

ALK is described in a variety of malignancies like e.g., ALCL, non-small cell lung cancer (NSCLC), 

inflammatory myofibroblastic tumour (IMT), breast cancer and neuroblastoma [44-46, 49, 78, 80-82]. 

For these tumour entities ALK fusion proteins were reported as well as overexpression of the ALK gene 

and activating point mutations within ALK [83].  

Activating point mutations have been described for both hereditary and sporadic neuroblastoma [44-

47, 49]. There are three hotspot residues reported that account for 85% of activating kinase domain 

mutations observed in neuroblastoma, namely arginine (R)1275, phenylalanine (F)1174 and F1245 [50, 

67]. R1275 and F1174 are the most common mutated amino acids. R1275 is located within the AL 

and provides stability for the autoinhibited kinase by electrostatic interaction and hydrogen-bonding 

with C-helix residues, whereas F1174 is part of a hydrophobic phenylalanine core [59, 67]. In 

neuroblastoma, R1275 is often exchanged to glutamine (Q) and F1174 to leucin (L) due to mutations 

in ALK [44, 47, 50, 67]. Both amino acid exchanges result in a constitutively activated kinase with 

accelerated autophosphorylation by destabilisation of the autoinhibited conformation [50]. For the 

F1174L mutation a ligand- and therefore dimerisation-independent activation of ALK has been 

suggested [84]. 

 

1.2.3 ALK downstream signalling 

The general activation of RTKs is initiated through ligand binding by two receptor monomers via the 

N-terminal hydrophilic extracellular domains and leads to an active receptor dimer. This activation 

induces autophosphorylation of tyrosines within the autophosphorylation motif of the receptor 

activation loop and subsequent phosphorylation of cytoplasmic proteins from intracellular signalling 

transduction pathways [59, 61, 85]. Signalling transduction pathways activated by ALK are the 

PI3K/AKT, JAK/STAT and the RAS/MAPK axis, which are involved in cell transformation, cell growth and 

antiapoptotic signalling [86-90].  
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1.2.3.1 RAS 

Three RAS genes have been identified in the human genome: HRAS, KRAS and NRAS [91]. The encoded 

RAS proteins are guanosine triphosphatases (GTPases) that possess a high degree of homology in their 

sequence but are not redundant in their function [92-94]. RAS proteins show an 85% homology in the 

critical domains for GTPase function and differ in the C-terminal part named hypervariable region [95]. 

As GTPases RAS proteins cycle between an active guanosine triphosphate (GTP)-bound state and an 

inactive guanosine diphosphate (GDP)-bound state [96-99]. Guanine nucleotide exchange-factors 

(GEFs) mediate binding of RAS to GTP by inducing a conformational change in RAS that diminishes the 

binding affinity for GDP which is released and replaced with GTP [100]. Examples for receptor tyrosine 

kinases activated GEFs are son of sevenless 1 and 2 (SOS1, SOS2) and growth-factor receptor-bound 

protein-2 (GRB2) [101].  

GTPase-activating proteins (GAPs) on the other hand stimulate the intrinsic GTPase activity of RAS 

proteins [102]. GAP interaction with RAS stabilises the position of glutamine 61 , which engages with 

a catalytic water molecule and a specific arginine (GAP arginine finger) [103]. This interaction leads to 

release of a hydrogen atom from the water molecule and results in a hydroxyl ion that acts as a 

nucleophile and attacks the -phosphate of GTP causing GTP hydrolysis [103]. Examples for GAPs are 

Neurofibromin 1 (NF1), Sprouty-related EVH1 domain-containing protein 1,2 and 3 (SPRED1, SPRED2 

and SPRED3) [101].  

RAS proteins themselves activate Ras-activated factor (RAF) serine/threonine kinases (ARAF, BRAF, 

CRAF/RAF-1), phosphatidylinositol 3-kinase (PI3K) and other effectors that are involved with cell 

transformation, cell growth and antiapoptotic signalling [104-108].  

Same as for ALK, the three RAS genes are known oncogenes [109]. The most frequently mutated 

residues are glycine 12 and 13 as well as Q61 [101]. In case one of the glycines is mutated to any amino 

acid but proline, the arginine finger of the GAPs cannot enter the active site, and GAP-Ras interaction 

does not result in GTP hydrolysis [102]. As glutamine 61 is important for GTP hydrolysis, a mutation of 

this residue inhibits the intrinsic RAS GTPase activity and GAP stimulated GTPase activity [102]. In all 

three cases, mutations result in a constantly active RAS protein [101]. 

1.2.3.2 RAS/MAPK signalling transduction pathway 

As mentioned above, ALK activates the RAS/MAPK pathway (Figure 1.2). This is mediated through the 

Src homology 2 domain-containing (SHC) proteins SHC1 and 3 [90]. These proteins have two 

phosphotyrosine-binding domains, a phosphor-tyrosine-binding (PTB) domain and a Src homology 2 

(SH2)-domain [110]. SHC1/3 bind phosphorylated Y1507 of ALK with their SH2-domain and are in turn 

phosphorylated at specific tyrosine residues by ALK or a cytoplasmic kinase [90, 111-113]. This specific 
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phosphorylation recruits and functions as a docking site for the preformed GRB2-SOS complex [90, 

114-117]. Via SOS1/2 this complex is recruited to the plasma membrane to engage with membrane 

anchored RAS [117, 118]. SOS1/2 in turn activate RAS proteins due to their function as GEFs [119]. 

Activated RAS-GTP recruits the serine/threonine kinase RAF to the plasma membrane, which induces 

a conformational change in RAF and allows membrane associated kinases to phosphorylate RAF at 

activating residues [120]. Activated RAF phosphorylates two serine (Ser) residues (Ser-217/-218 and 

Ser-221) of MAPK(mitogen-activated protein kinase)/ERK (extracellular signal-regulated kinase)-Kinase 

1/2 (MEK 1/2), both kinases bound by the scaffold protein kinase suppressor of Ras 1 (KSR1) [121, 122]. 

In turn phosphorylated MEK1/2 activates extracellular signal-regulated kinase 1/2 (ERK 1/2), that is 

also bound to KSR1, by phosphorylation of Threonine-183 and Tyrosine-185 [123, 124]. Activated 

ERK 1/2 kinases translocate into the nucleus and activate different downstream targets, e.g. genes of 

transcription factors as the E-twenty-six (ETS) transcription factor family, FOS and genes encoding dual 

specificity phosphatases (DUSPs) and Sprouty proteins [125]. The ALK-induced RAS/MAPK signalling 

transduction cascade in particular activates members of the transcription factor families fork head box 

O (FOXO) and ETS as well as genes encoding DUSPs [90, 126-128].  
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Figure 1.2: Schematic representation of anaplastic lymphoma kinase (ALK)-activated RAS/mitogen activated 
protein kinase (MAPK) pathway signalling. Src homology 2 domain-containing (SHC) proteins SHC1 and 3 bind 
to phosphorylated Y1507 of ALK and are in turn phosphorylated. This specific phosphorylation recruits the 
growth-factor receptor-bound protein-2 - son of sevenless (GRB2-SOS) complex. Via SOS1/2 this complex is 
recruited to the plasma membrane to engage with membrane anchored RAS protein. SOS1/2 in turn activate 
RAS due to their function as guanine nucleotide exchange-factor (GEF). Activated RAS-GTP recruits the 
Ras-activated factor (RAF) to the plasma membrane, which induces a conformational change in RAF and allows 
membrane associated kinases to phosphorylate RAF at activating residues. Activated RAF phosphorylates 
MAPK (mitogen-activated protein kinase)/ERK (extracellular signal-regulated kinase)-Kinase 1/2 (MEK 1/2), 
both kinases bound by the scaffold protein kinase suppressor of Ras 1 (KSR1). In turn phosphorylated MEK1/2 
activates extracellular signal-regulated kinase 1/2 (ERK 1/2) by phosphorylation. Activated ERK 1/2 kinases 
translocate into the nucleus and activate different downstream targets. GTPase-activating protein= GAP, 
guanosine diphosphate =GDP, guanosine triphosphate =GTP, phosphorylation=P. This figure was generated 
with BioRender based on information from Emdal et al. [90].  

 

NF1 is one of the central regulators of RAS within the RAS/MAPK pathway. It is a tumour suppressor 

and a GAP that negatively regulates RAS [129-131]. It stimulates the intrinsic GTPase-activity of RAS 

via its GAP-related domain (GRD) and accelerates GTP to GDP hydrolysis, inactivating RAS [129, 130, 

132]. 

The NF1 protein (size: 320 kDa) is composed of multiple domains: an N-terminal cysteine-serine-rich 

domain (CSRD) (residues 543 to 909), the GRD (residues 1198 to 1530) that has an N-terminal 
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tubulin-binding domain (TBD), the bipartite phospholipid-binding module SecPH, composed of an 

Sec14-like domain (residues 1560 to 1698) as well as a C-terminal pleckstrin homology (PH)-like 

domain (residues 1715 to 1816) and an C-terminal tubulin-binding domain (residues 2260-2818) [133-

138].  

The bipartite phospholipid-binding module, in particular the Sec14-like domain, binds 

glycerolphospholipids (e.g., phosphatidylinositol phosphate), which is thought to regulate the GAP 

activity of NF1 (GAP activity inhibition) and localises NF1 at the plasma membrane [134, 139-142]. 

More recently, an interaction of NF1 and SPRED1, which is also a negative regulator of RAS, has been 

described and suggested to be important for the NF1 translocation to the plasma membrane [143-

145].  

NF1 is a regulator of protein activity, which in turn is regulated by other proteins. The phosphorylation 

sites in the CSRD domain can be phosphorylated by protein kinase A and C, and their phosphorylation 

by protein kinase C increases the GAP activity of NF1 [146, 147]. Protein kinase A is described to 

phosphorylate the C-terminal domain of NF1 as well and these phosphorylated residues function as 

14-3-3 protein binding site that inhibits the GAP activity of NF1 [148]. 

1.3 Targeted therapies and inhibitor resistance 

For most malignancies, first-line treatment is composed of conventional chemotherapy. These 

cytotoxic drugs mostly cause DNA damage or inhibit cell cycle progression in rapidly dividing cells and 

therefore do not distinguish between healthy tissue and cancer cells [149]. Targeted therapeutics are 

an alternative to cytotoxic drugs, which including target-specific small molecule inhibitors and 

biologicals [150]. Until 2020, 43 small molecule inhibitors have been approved by the US Food and 

Drug Administration (FDA) for the field of oncology, most of which are kinase inhibitors that bind either 

in the active site of the kinase (orthosteric site) or allosteric sites [150].  

1.3.1 ALK inhibitors (ALKi) 

Five small-molecule inhibitors against ALK have been approved by the FDA for treating NSCLC: 

crizotinib, alectinib, brigatinib, ceritinib and lorlatinib [150]. All five ALK inhibitors are orally available 

ATP-competitive inhibitors binding to the active site of ALK [151-155]. Despite their high selectivity for 

ALK other targets/off-targets are reported. In addition to ALK, ROS1 is a reported target of lorlatinib as 

well as ceritinib [155]. Additional ceritinib off-targets are the insulin-like growth factor 1 receptor 

(IGF-1R) and the insulin receptor (INSR) [156]. 

Crizotinib was the first ALK inhibitor, FDA-approved in 2011 for metastatic, ALK-positive NSCLC and 

paediatric patients with relapsed or refractory, ALK-positive, systemic ALCL. As ALK is also an oncogenic 

driver in neuroblastoma and up to 60% of high-risk neuroblastoma patients relapse after the current 
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first-line therapy, paediatric clinical studies were conducted [33, 52]. Crizotinib showed only limited 

success in a phase one study for neuroblastoma patients with the ALK F1174L mutation, which seems 

to be intrinsically resistant to the inhibitor [157-160]. The usage of ceritinib, a second-generation ALK 

inhibitor, was investigated in a phase one trial as well and a relevant response was detected in some 

patients with ALK-driven, relapsed neuroblastoma. In contrast, a duration of response with detectable 

regression was observed before disease progression, indicating a development of therapy resistance 

for some tumours [161]. A phase I/II trial is currently being conducted for lorlatinib as a second line 

treatment for relapsed neuroblastoma [162]. 

1.3.2 MEK inhibitors (MEKi) 

Another type of kinase inhibitors are MEKi. Until now, four MEKi have been approved by the FDA [163]. 

All of these inhibitors target an allosteric site within the dual specificity kinase MEK 1/2 and are 

ATP-non-competitive [163]. One of these small molecule inhibitors, trametinib (GSK 1120212), was 

FDA-approved for the indication of BRAF V600E- or V600K-mutated unresectable or metastatic 

melanoma as a monotherapy as well as for BRAF V600E-mutated metastatic NSCLC in combination 

with the BRAF inhibitor dabrafenib in 2013 [164, 165]. As stated above it binds to an allosteric site 

adjacent to the active site (ATP binding site) of MEK1 and MEK2 and interacts with a hydrophobic 

pocket of MEK [164, 166, 167]. A phenotype resistant to MEK inhibition has been reported for different 

MEK inhibitors. It was described that MEK inhibition leads to increased level of phosphorylated MEK 

in wildtype BRAF cells due to a reduced inhibitory ERK to RAF feedback [168-170]. This was not 

observed in BRAF V600E-mutated cell lines, where this negative feedback seems to be disrupted and 

leads to elevated baseline phosphorylated MEK levels, as MAPK signalling is the driving force of cell 

proliferation in these cells [170]. Due to the increase of downstream signalling in ALK-driven 

neuroblastoma cell lines, Umapathy et al. investigated the use of trametinib and found that trametinib 

exposure did not affect cell proliferation in ALK-mutated neuroblastoma [171]. 

1.3.3 Therapy resistance 

A major challenge for the efficacy of targeted therapies in oncology is that tumour cells develop 

resistances to small-molecule inhibitors, the reason for which are multifactorial [172]. Resistance can 

be either intrinsic, i.e. tumours are refractory to the treatment, or acquired , which describes an initial 

partial or nearly complete remission in response to the treatment followed by recurring tumour 

progression [173]. Resistance can further be classified into resistance caused by on-target mutations 

and off-target mutations. On-target mutations occur in the gene encoding the target protein and 

diminish or obviate drug binding to the active site or the allosteric site [174]. An example for such an 

on-target mutation conveying resistance was observed in a cohort of NSCLC patients treated with 

crizotinib and lorlatinib [175, 176].  
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Furthermore, there are bypass mechanisms that lead to resistance, such as increased activation of 

other proteins signalling through the same signalling pathway, increased activity of proteins further 

downstream of the driver oncogene or epigenetic mechanisms that alter gene expression [174, 177]. 

One example for resistance mediated by epigenetic mechanisms was described for cases of NSCLC with 

an echinoderm microtubule-associated protein-like 4 (EML4)-ALK rearrangement, where ALKi 

resistance was associated with remodelled enhancers causing repression of tumour-suppressor micro 

RNAs and activation of genes like AXL [178]. In ALK-positive NSCLC patients, resistance to crizotinib 

was described, caused by on-target mutations in ALK as well as amplification of ALK fusion genes 

leading to target-mediated resistance [179]. In the same patient cohort, bypass mechanisms via 

increased autophosphorylation of the epidermal growth factor receptor (EGFR) were reported as well 

[179].  

Resistance to targeted therapies can be multifactorial, which is highlighted by the following example. 

Epithelial-to-mesenchymal transition (EMT) was observed as a mechanism of resistance in two in vitro 

studies using ALK-rearranged lung cancer cell lines treated with lorlatinib and in neuroblastoma cell 

lines treated with ceritinib [180-182]. During EMT, epithelial cells become more fibroblastic, losing 

their cell-to-cell junctions and cell polarity, reorganising their cytoskeleton which results in increased 

motility and metastatic potential [182, 183]. Other known resistance mechanisms are based on 

upregulation of efflux pumps (ATP binding cassette (ABC) transporters), leading to reduced 

intracellular drug concentrations as a consequence of their active transport out of the cell [184]. The 

tumour microenvironment can also mediate resistance as reported by Strausmann et al. [185]. In this 

particular case, stromal cells secreted the hepatocyte growth factor (HGF), reactivating the RAS/MAPK 

and PI3K/AKT pathway through the MET receptor in BRAF-mutated RAF inhibitor treated melanoma 

cell lines [185]. 

Resistance to anti-cancer therapies is thought to be driven through evolutionary processes which are 

observed as ITH. The basic assumption of tumour evolution (in agreement with the observation of 

temporal ITH) is that there is a single cell of origin and acquired genetic alterations lead to sequential 

selection of more aggressive subclones [186]. Tumour lesions can be genomically heterogenous and 

some genomic alterations may lead to selection advantages during inhibitor therapy, resulting in the 

respective cell populations becoming dominant [187]. However, those cells, might be displaced as the 

dominant population by resilient cells (drug-refractory), that don’t harbour a driver mutation but are 

resilient e.g., due to a passenger mutations, once the selective pressure (inhibitor) is absent [186-190]. 

Due to the increasing number of performed next-generation sequencing (NGS) experiments on tumour 

biopsies, an increased number of acquired mutations is detected and the major challenge is now to 
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distinguish between passenger mutations, that occur, but don’t enhance cell fitness, and functionally 

relevant driver mutations, that grant a selective growth advantage to the cells [189, 190]. 

1.3.3.1 Resistance definition 

Partial remission representing therapy resistance is frequently observed for malignant tumours. For 

neuroblastoma, disease response is assessed using the International Neuroblastoma Response Criteria 

(INRC) [18, 191]. The latest version (2017) of the INRC suggests assessing response of primary tumour 

soft tissue and metastatic sites according to Response Evaluation Criteria in Solid Tumours (RECIST), 

requiring the measurement of lesions in only one dimension (single longest dimension in orthogonal 

plane), instead of multidimensional measurements, in addition to MIBG scans or 

[18F] fluorodeoxyglucose-positron emission tomography (FDG-PET) scans to define measurable lesions 

[191, 192]. Additionally, neuroblastoma cell infiltration into the bone marrow should be assessed by 

immunohistochemistry or histology and immunocytology or cytology [191]. A total of four bone 

marrow samples, bilateral aspirates (from both sites) and bilateral trephine (solid core of bone 

marrow) biopsies should be analysed. Primary tumour response is defined as completely responsive 

(CR) if a complete resolution in MIBG or FDG-PET scans is observed and residual soft tissue at primary 

site is smaller than 10 mm [191]. A partial response is defined as a ≥30% decrease in the single longest 

dimension of the primary tumour and MIBG or FDG-PET uptake at the primary site is stable, improved 

or not observed in comparison to previous results [191]. Disease progression on the other hand is 

defined as increase in the single longest dimension of a tumour lesion of at least 5 mm and more than 

20% in comparison to a reference [191]. An overall disease progression is observed if any bone marrow 

metastasis, bone sites or metastatic soft tissue lesions as well as primary tumour sites are defined as 

a progressive disease according to the INRC criteria [191]. 

There are no general response criteria or definitions described for assessment of resistance in in vitro 

systems. For investigation of resistance in perturbed in vitro systems, a colony formation assay can be 

used to detect all cells, that are still able to form colonies as they did not lose the ability of unlimited 

cell division during or after exposure to a drug [193]. Furthermore, cell lines are exposed to different 

drug concentrations and either cell numbers determined over time using a live cell imaging system or 

cell viability assays, like the CellTiter-Glo® assay that quantifies ATP, are performed at a defined 

endpoint [194, 195].  

The data generated in these biological assays are then used to fit a concentration-response curve and 

to determine an IC50 value, which is defined as the concentration of a drug causing 50% inhibition [196]. 

McDermott et al. proposed a definition for in vitro resistance based on comparison of patient derived 

cancer cell lines before and after acquired clinical resistance to chemotherapy and defined a parameter 

called “fold resistance”(FR), which is defined as the ratio of the IC50 value of the resistant cell line and 
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IC50 value of the parental cell line [194]. The patient derived cell line pairs described by McDermott et 

al. were used to assess drug responses in vitro, performing an acid phosphatase assay to determine 

cell viability and their FR for cytotoxic drugs [194]. Based on the results McDermott et al. defined in 

vitro cell line models with a FR of 2- to 5-fold as clinically relevant resistance models, although for some 

a FR of 8 to 12 was observed [194]. High-level laboratory models, which they suggest are clinically 

irrelevant, were defined as in vitro cell models with a FR ≥ 12 [194]. One example for a clinically 

relevant resistance cell model was reported for treatment-naïve patient-derived neuroblastoma cells 

compared to the corresponding chemotherapy-resistant cells, for which a FR of 3 and 2.7 for different 

cytotoxic drug was determined in vitro, using a colony formation assay [197]. That in vitro models, in 

form of patient derived cell lines, are appropriate models to investigate resistance, was shown by 

Kim et al., reporting treatment responses of cell lines in agreement with tumour response in patients 

[198].  

Fallahi-Sichani et al. suggested the use of additional parameters next to the IC50 value to define 

resistance in vitro, like Emax, the Hill coefficient or slope m and the area under the curve (AUC) [199]. 

Through comparison of CellTiter-Glo® (cell viability assay) derived concentration-response data of 53 

breast cancer cell lines treated with 64 different anticancer drugs they observed that the parameter 

values of Emax and the Hill coefficient vary systematically with drug class (based on target or 

mechanism), e.g., EGFR inhibitors had higher Hill coefficient values than PI3K inhibitors and AKT 

inhibitors as well as PI3K inhibitors had higher Hill coefficient values than mTOR inhibitors [199]. 

In addition to above mentioned methods, therapy resistance of isogenic cell lines or cell populations 

should be assessed in comparison to the parental cell line after treatment by western blot or proteomic 

approaches detecting e.g., activating phosphorylation patterns of the drug target or downstream 

effectors in case of receptors. In general, investigation of the known target interactome on RNA or 

protein level is useful to assess a resistant phenotype. 

1.3.3.2 ALKi resistance 

Several resistance mechanisms have been proposed for ALK inhibitor resistance in a variety of 

malignancies. For ALK-positive NSCLC, resistance towards ceritinib was described to be mediated via 

increased Src kinase activity [200]. A loss of NF2 as well as EMT have been reported to lead to a 

lorlatinib resistant phenotype in ALK-rearranged lung cancer [180]. Other mechanisms described are 

the decreased expression of DUSP6, a gain of the KRAS gene, increased activation of AXL or EGFR as 

well as reduced expression of tumour suppressor micro RNAs [178, 201, 202]. 

Resistance to ALK inhibitor treatment in neuroblastoma is a matter of ongoing research. So far, a few 

resistance mechanisms have been proposed for in vitro models. Activation of the tyrosine kinase AXL 
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and EMT have been described to mediate resistance in the neuroblastoma cell line SH-SY5Y, after cells 

had been rendered resistant to the ceritinib parent compound TAE684, by continuous exposure to 

increasing drug concentrations over a period of 8-12 months [181]. The same methodology was used 

to investigate ALKi resistance in the MYCN-amplified, ALK-mutated neuroblastoma cell line Kelly. In 

this case, investigators reported a loss of MYCN expression and an upregulation of BORIS leading to a 

phenotypical reprogramming and an ALK-inhibitor resistant phenotype [203]. Furthermore, by use of 

a CRISPR-mediated activation screen, leading to overexpression of specific target genes, the PIM1 

kinase was identified as a resistance mediator for ceritinib and brigatinib in SH-SY5Y [204]. 

1.3.4 Collateral sensitivity  

Due to tumour evolution, cells can acquire new genetic alterations under drug exposure, which on one 

hand render them resistant to the drug but, on the other hand, may lead to new drug vulnerabilities 

[172]. This phenomenon of new drug-specific vulnerabilities developing during the evolution of a 

resistant phenotype is termed collateral sensitivity [172]. This was first described for the field of 

microbiology and antibiotics resistance by Szybalski and Bryson et al., who observed for example that, 

resistance of the E. coli strain B/r to chloromycetin simultaneously showed an increased sensitivity to 

polymyxin B in comparison to the parental strain [205]. The concept of collateral sensitivities was then 

adapted to the field of oncology describing new vulnerabilities in chemotherapy resistant malignancies 

[206]. One example is the report of a Philadelphia chromosome (Ph)-positive acute lymphoblastic 

leukaemia mouse model, which acquired resistance to classical BCR-ABL1 inhibitors and at the same 

time became sensitive to inhibitors targeting other proteins than BCR-ABL1, such as the ALK inhibitor 

crizotinib [207] . 

Therefore, elucidating the resistance mechanisms underlying ALKi resistance in neuroblastoma might 

lead to the simultaneous identification of collateral sensitivities and could improve patient outcome. 
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1.4 Objectives 

Mutated ALK is a well-established oncogenic driver in several malignancies, including the paediatric 

cancer neuroblastoma, where mutations in ALK are described in 8% - 10% of the cases [33, 44-52, 83]. 

As up to 60% of high-risk neuroblastoma patients relapse despite an intensive multimodal therapy and 

the 10-year overall survival rate is less than 40%, there is a high, urgent, unmet medical need for 

alternative treatment options [6-9, 33, 52]. Therefore, small molecule inhibitors against ALK have been 

investigated in paediatric clinical trials including neuroblastoma patients [159, 160, 162, 208]. As 

reported for malignancies of adulthood, for some of the paediatric patients disease regression was 

observed, but the respective patients eventually relapsed during the treatment [161]. Furthermore, 

genomic data of tumour biopsies from ALK inhibitor-resistant (ceritinib) neuroblastoma of patients 

treated at the Charité were analysed regarding mutations and inactivating NF1 mutations were 

detected. Hence, a deeper understanding of resistance development is required and investigated 

within this thesis. 

The objectives of the first part of this thesis were (1) to identify genes associated with an ALK inhibitor 

resistant phenotype in ALK-driven neuroblastoma cell lines using an unbiased screening approach and 

(2) to validate the identified genes and their phenotypic effect. 

The objectives of the second part of this thesis were (1) to gain a mechanistic understanding of ALK 

inhibitor resistance in order (2) to prevent or overcome ALK inhibitor resistance. 
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2 Materials and methods 

2.1 Material 

2.1.1 Laboratory devices and equipment 

All devices used for performance of the experiments are listed in Table 2-1. 

Table 2-1: Laboratory devices and equipment used within this project. 

Name Manufacturer 

4200 TapeStation System Agilent, Santa Clara, USA 

Analytical balance ABS-N  Kern, Balingen, Germany 

Axio Vert.A1 microscope  Carl Zeiss, Jena, Germany 

Balance EW-N  Kern, Balingen, Germany 

Bio-Plex MAGPIX multiplex reader  BioRad, Hercules, USA 

C1000 Touch Thermal Cycler  BioRad, Hercules, USA 

Cell counter TC20 BioRad, Hercules, USA 

Centrifuge 5415R  Eppendorf, Hamburg, Germany 

Centrifuge 5427R  Eppendorf, Hamburg, Germany 

Centrifuge 5810 R  Eppendorf, Hamburg, Germany 

D300e Digital Dispenser Tecan Group Ltd., Männedorf, 

Switzerland 

DOC-PRINT-VX5 Vilber Lourmat, Eberhardzell, Germany 

Duomax 1030, platform shaker  Heidolph Instruments, Schwabach, 

Germany 

Erlenmeyer flask (250 mL and 1 L) Carl Roth, Karlsruhe, Germany 

Freezer (-80°C), HeraFreeze T series HFU400TV63  Thermo Fisher Scientific, Waltham, USA 

Freezer -20°C  Liebherr, Bulle, Switzerland 

Freezing container 5100 Cryo 1. (Mr. Frosty) Thermo Fisher Scientific, Waltham, USA 

Fridge 4°C Liebherr, Bulle, Switzerland 

Fusion Fx Spectra Vilber Lourmat, Eberhardzell, Germany 

Gene Pulser Xcell electroporation system BioRad, Hercules, USA 

Glass beads, 5 mm  Merck, Darmstadt, Germany 

HERACELL VIOS 250i 230V CU GS Thermo Fisher Scientific, Waltham, USA 

Heratherm™ Compact Microbiological Incubator  Thermo Fisher Scientific, Waltham, USA 

Ice machine Manitowoc SOTTO  Manitowoc  

Incubator shaker KS 4000 i control IKA, Staufen, Germany 
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Incucyte® S3 Live-Cell Analysis System Sartorius, Göttingen, Germany 

Laminar Airflow Bench maxisafe 2020 1.8, Class II Thermo Fisher Scientific, Waltham, USA 

Luminometer GloMax®-Multi+Microplate Multimode 

Reader with Instinct® E8032  

Promega, Madison, USA  

Magnetic separation stand, Two-position Promega, Madison, USA  

MCO-230AICUV IncuSafe CO2 Inkubator PHC Europe B.V., Etten-Leur, 

Netherlands 

Microwave HMT72M420  Bosch, Gerlingen, Germany 

Millipore Barnstead MicroPure  Thermo Fisher Scientific, Waltham, USA 

Mini-PROTEAN tetra system  BioRad, Hercules, USA 

MiniSeq system Illumina, San Diego, USA 

MiniStar silverline Microcentrifuge VWR, Darmstadt, Germany 

NanoDrop 2000 Thermo Fisher Scientific, Waltham, USA 

NextSeq 550 sequencer Illumina, San Diego, USA 

PerfectBlue Horizontal Midi S Gel system,15x25 cm  Peqlab Biotechnologie, Erlangen, 

Germany  

PerfectBlue Midi S combs, 1.5 mm, 10 or 20 teeth Peqlab Biotechnologie, Erlangen, 

Germany 

PerfectBlue Midi S gel tray Peqlab Biotechnologie, Erlangen, 

Germany 

pH Meter, five easy  Mettler-Toledo, Gien, Germany 

Phoenix RS-TR 5 tube roller  Phoenix Instrument, Garbsen, Germany 

Pipette filler pipetus®  Hirschmann Labortechnik, Eberstadt, 

Germany  

Pipette ResearchR Plus Multichannel  Eppendorf, Hamburg, Germany 

Pipettes (2.5 – 1000 μL) Research (Plus)  Eppendorf, Hamburg, Germany 

PowerPac Basic Power supply  BioRad, Hercules, USA 

Qubit 2.0 Fluorometer Thermo Fisher Scientific, Waltham, USA 

Reax top Vortexer  Heidolph Instruments, Schwabach, 

Germany 

RH basic magnetic stirrer  IKA, Stauffen, Germany 

Sorvall Lynx 4000 super speed centrifuge Thermo Fisher Scientific, Waltham, USA 

Sorvall SLA-3000 rotor Thermo Fisher Scientific, Waltham, USA 

Spectrophotometer, Epoch  BioTek Instruments, Winooski, USA 

Suction pump AC02  Carl Roth, Karlsruhe, Germany  
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SW 32 Ti Swinging-Bucket Rotor BeckmanCoulter, Brea, USA 

ThermoMixer comfort Eppendorf, Hamburg, Germany 

Trans-Blot Turbo Transfer system  BioRad, Hercules, USA 

Ultracentrifuge Optima L90K  BeckmanCoulter, Brea, USA 

Waterbath GFL 1086  GFL Technology, Noida, India 

XCell SureLock™ Mini-Cell  Thermo Fisher Scientific, Waltham, USA 

 

2.1.2 Consumables 

 

Table 2-2: Consumables used within this project. 

Name Supplier (catalog no.) 

0.2 µm PVDF membranes Roche, Basel, Switzerland (#3010040001) 

8 Well PCR tube strips plus 8 domed caps  Sarstedt, Nümbrecht, Germany 

(strips#72.985.002, caps #65.989.002)  

96 Well Plate Advanced TC (flat bottom)  Greiner Bio-one, Kremsmünster, Austria 

(#655983)  

Blotting paper (Whatman), 0.35 mm  Carl Roth, Karlsruhe, Germany (#0043.1) 

Cell culture Assay Plate 96 well white, flat 

bottom, sterile  

Corning, Corning, USA (#3917) 

Cell culture multiwall plate, 6 well, PS, clear, 

sterile  

Greiner Bio-one, Kremsmünster, Austria 

(#657160)  

Cell scraper  Corning, Corning, USA (#3011) 

Counting slides for TC10™/TC20™ Cell Counter, 

Dual chamber  

BioRad, Hercules, USA (#1450011) 

CryoPure Tube 1.6 mL yellow  Sarstedt, Nümbrecht, Germany (#72.380.004)  

Dispenser head Cassettes HP T8  Tecan Group Ltd., Männedorf, Switzerland 

(#30097370) 

Disposable needles Sterican® long bevel facet, 

0.30x12mm  

B. Braun, Melsungen, Germany (#4656300)  

Disposable scalpel  Swann-Morton, Sheffield, United Kingdom 

(#0503)  

Falcon® 10 mL Serological Pipet  Corning, Corning, USA (#357551)  

Falcon® 100 mm TC-treated Cell Culture Dish Corning, Corning, USA (#353003) 
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Falcon® 12-well Clear Flat Bottom TC-treated 

Multiwell Cell Culture Plate  

Corning, Corning, USA (#353043)  

Falcon® 15 mL High Clarity PP Centrifuge Tube  Corning, Corning, USA (#352096)  

Falcon® 150 mm TC-treated Cell Culture Dish  Corning, Corning, USA (#353025) 

Falcon® 24-well Clear Flat Bottom TC-treated 

Multiwell Cell Culture Plate  

Corning, Corning, USA (#353047)  

Falcon® 25 mL Serological Pipet  Corning, Corning, USA (#357525)  

Falcon® 35 mm TC-treated Easy-Grip Style Cell 

Culture Dish  

Corning, Corning, USA (#353001)  

Falcon® 40 μm Cell Strainer  Corning, Corning, USA (#352340)  

Falcon® 48-well Clear Flat Bottom TC-treated 

Multiwell Cell Culture Plate  

Corning, Corning, USA (#353078)  

Falcon® 5 mL Serological Pipet  Corning, Corning, USA (#357543)  

Falcon® 50 mL High Clarity PP Centrifuge Tube  Corning, Corning, USA (#352070)  

Falcon® 50 mL Serological Pipet Corning, Corning, USA (#357550) 

FrameStar Fast Plate 96-well semi skirted  Azenta, Chelmsford, USA (#4Ti-0910)  

Gene Pulser/MicroPulser Electroporation 

Cuvettes, 0.1 cm gap  

BioRad, Hercules, USA (#1652083) 

Nunc EasYFlasks 225 cm2 (T225) Thermo Fisher Scientific, Waltham, USA 

(#159934) 

NuPAGE 3-8% Tris-Acetate Protein Gels  Thermo Fisher Scientific, Waltham, USA 

(#EA0375) 

Open-Top Thinwall Ultra-Clear Tube, 25 x 89 mm BeckmanCoulter, Brea, USA (#344058) 

Pasteurpipette glass, 145 mm  BRAND, Wertheim, Germany (#500635)  

Pasteurpipette glass, 230 mm  BRAND, Wertheim, Germany (#500636)  

Petri dish, 94x16, with vents Greiner Bio-one, Kremsmünster, Austria 

(#633180) 

Qubit Assay tubes  Thermo Fisher Scientific, Waltham, USA 

(#Q32856) 

Reaction tube (1.5 mL, 2 mL) Sarstedt, Nümbrecht, Germany (#72.706.200, 

#72.695.200) 

Reagent Reservoirs, 25 mL  Carl Roth, Karlsruhe, Germany (#EKT8.1)  

Rotilab®-syringe filters, CA, sterile, 0.45 μm  Carl Roth, Karlsruhe, Germany (#KC71.1)  

Spitzen Filter SurPhob 10 μL lang (10x96)  Biozym, Hessisch Oldendorf, Germany 

(#VT0200)  
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Spitzen Filter Surphob 100 μL (10x96)  Biozym, Hessisch Oldendorf, Germany 

(#VT0230)  

Spitzen Filter Surphob 1250 μL (10x96)  Biozym, Hessisch Oldendorf, Germany 

(#VT0270)  

stericup quick release durapore 0.45 µm, PVDF  Merck, Darmstadt, Germany (#SCHVU05RE) 

TapeStation 4200 loading tips Agilent, Santa Clara, USA (#5067-5598) 

TapeStation 4200 optical Tubes, 8x Strip  Agilent, Santa Clara, USA (#401428) 

Tissue culture flask 300 cm2 (T300) VWR International GmbH, Dresden, Germany 

(#90301) 

Vasco® Nitril blue glove S  B. Braun, Melsungen, Germany (#9205518)  

 

2.1.3 Chemicals and Reagents 

 

Table 2-3: Chemicals and Reagents used within this project. 

Name Supplier (catalog no.) 

20% SDS solution Serva, Heidelberg, Germany (#39575.02) 

4% Formaldehyde in PBS Neolab, Heidelberg, Germany (#LC-6470.1) 

4x Laemmli buffer  BioRad, Hercules, USA (#161-0747) 

Albumin from bovine serum Fraktion V Carl Roth, Karlsruhe, Germany (#8076.3) 

Ammonium Persulfate (APS) Carl Roth, Karlsruhe, Germany (#9178.3) 

ampicillin Carl Roth, Karlsruhe, Germany (#K029.2) 

Aprotinin Merck, Darmstadt, Germany 

(#10236624001) 

Biozym LE Agarose  Biozym, Hessisch Oldendorf, Germany 

(#840004)  

Ceritinib Axon Medchem, Groningen, Netherlands 

(#Axon224) 

Chloroform  Serva, Heidelberg, Germany (#39553.01) 

cOmplete™ Mini EDTA free protease inhibitor  Roche, Basel, Switzerland (#11836170001). 

Crystal violet Merck, Darmstadt, Germany (#C0775) 

Dimethyl sulfoxide (DMSO)  Carl Roth, Karlsruhe, Germany (#A994.1)  

DNA loading dye (6x Orange) Thermo Fisher Scientific, Waltham, USA 

(#R0631) 
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EDTA Carl Roth, Karlsruhe, Germany (#1E23.1) 

Ethanol Rotipuran 99.8% p.a.  Carl Roth, Karlsruhe, Germany (#9065.2) 

Ethanol, Absolute (200 Proof), Molecular Biology 

Grade, Fisher BioReagents™ 

Fisher Scientific, Waltham, USA (#BP2818-

500) 

Ethidiume bromide solution  Carl Roth, Karlsruhe, Germany (#2218.1) 

FETAL BOVINE SERUM (FBS) Superior Merck, Darmstadt, Germany (#S0615) 

GeneRuler 1 kb DNA ladder  Thermo Fisher Scientific, Waltham, USA 

(#SM0311) 

GeneRuler 100 bp DNA ladder  Thermo Fisher Scientific, Waltham, USA 

(#SM0321) 

Genetic (G-418) Merck, Darmstadt, Germany (#G8168) 

GlutaMAX  Thermo Fisher Scientific, Waltham, USA 

(#35050061). 

Glycine Pufferan® ≥ 99% p.a.  Carl Roth, Karlsruhe, Germany (#3908.3)  

Glycogen, RNA grade Thermo Fisher Scientific, Waltham, USA 

(#R0551) 

HEPES  Carl Roth, Karlsruhe, Germany (#6763.3) 

High Sensitivity D1000 Reagents  Agilent, Santa Clara, USA (#5067- 5585) 

HiMark Pre-stained Protein Standard Thermo Fisher Scientific, Waltham, USA 

(#LC5699) 

Isopropanol Serva, Heidelberg, Germany (#39559.02) 

LB media  Carl Roth, Karlsruhe, Germany (#X968.2) 

LB-Agar  Carl Roth, Karlsruhe, Germany (#X969.1) 

Leupeptin Merck, Darmstadt, Germany (#L8511-5MG) 

Lorlatinib Axon Medchem, Groningen, Netherlands 

(#Axon2600) 

Methanol ROTIPURANR ≥99.8%  Carl Roth, Karlsruhe, Germany (#4627.4) 

Minimum Essential Medium Non-Essential Amino 

Acid Solution (100x) 

Lonza, Basel, Switzerland (#BE13-144E) 

NaF Merck, Darmstadt, Germany (#S6776-

100G) 

Nuclease-free water  Thermo Fisher Scientific, Waltham, USA 

(#10977035)  

NuPAGE Antioxidant  Thermo Fisher Scientific, Waltham, USA 

(#NP0005) 
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PageRuler™ Prestained Protein Ladder  Thermo Fisher Scientific, Waltham, USA 

(#26617) 

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific, Waltham, USA 

(#15140122). 

Phenylmethanesulfonyl fluoride solution (PMSF) Merck, Darmstadt, Germany (#93482-

50ML-F) 

PhosSTOP™  Roche, Basel, Switzerland (#4906845001) 

Pictilisib Axon Medchem, Groningen, Netherlands 

(#Axon1377) 

Polyacrylamid Rotiphorese, 30% Carl Roth, Karlsruhe, Germany (#3029.1) 

Polybrene  Merck, Darmstadt, Germany (#TR-1003-G). 

Powdered milk, blotting grade  Carl Roth, Karlsruhe, Germany (#T145.3)  

Protector RNase Inhibitor of Transcriptor First Strand 

cDNA Synthesis Kit 

Roche, Basel, Switzerland (#04379012001) 

Puromycin Thermo Fisher Scientific, Waltham, USA 

(#A1113803) 

Rapamycin Axon Medchem, Groningen, Netherlands 

(#Axon2069) 

ROTI®Phenol/Chloroform/Isoamyl alcohol Carl Roth, Karlsruhe, Germany (#A156.3) 

SDS Carl Roth, Karlsruhe, Germany (#CN30.3) 

Sodium acetate (3 M), pH 5.5, RNase-free Thermo Fisher Scientific, Waltham, USA 

(#AM9740) 

Sodium butyrate  Merck, Darmstadt, Germany (#B5887) 

Sodium Chloride (NaCl)  Merck, Darmstadt, Germany 

(#1.06404.5000)  

Sodium pyruvate  Merck, Darmstadt, Germany (#S8636) 

Tetramethylethylenediamine (TEMED) Carl Roth, Karlsruhe, Germany (#2367.1) 

Trametinib Axon Medchem, Groningen, Netherlands 

(#Axon1761) 

TRIS-HCL Carl Roth, Karlsruhe, Germany (#9090.3) 

Triton X-100 Carl Roth, Karlsruhe, Germany (#3051.3) 

Trizma base Merck, Darmstadt, Germany (#T1503) 

Trypan Blue Solution 0.4%  Thermo Fisher Scientific, Waltham, USA 

(#15250061)  

Tween®20  Carl Roth, Karlsruhe, Germany (#9127.2)  
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Western blotting luminol reagent  Santa Cruz Biotechnology, Dallas, USA (#sc-

2048) 

β-mercaptoethanol 99% p.a.  Carl Roth, Karlsruhe, Germany (#4227)  

 

2.1.4 Enzymes 

 

Table 2-4: Enzymes used within this project. 

Name Supplier (catalog no.) 

Acc65I NEB, Ipswich, USA (#R0599S) 

BamHI NEB, Ipswich, USA (#R0136S) 

BbsI NEB, Ipswich, USA (#R0539S) 

KAPA2G Fast HotStart ReadyMix, Roche, Basel, Switzerland (#KK5603) 

RQ1 RNase-Free DNase Promega, Madison, USA (#M6101) 

T4 DNA ligase NEB, Ipswich, USA (#M0202S) 

T4 polynucleotide kinase NEB, Ipswich, USA (#M0201) 

T7 Endonuclease NEB, Ipswich, USA (#M0302S) 

Ultra II Q5 Master Mix Polymerase NEB, Ipswich, USA (#M0544L) 

  

 

2.1.5 Ligands 

 

Table 2-5: Ligands used within this project. 

Name Supplier (catalog no.) 

EGF R&D systems, Minneapolis, USA (#AFL236-200) 

IGF-1 R&D systems, Minneapolis, USA (#291-G1-200) 
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2.1.6 Kits 

 

Table 2-6: Kits used within this project. 

Name Supplier (catalog no.) 

AMPure XP  BeckmanCoulter, Brea, USA (#63880). 

Bio-Plex Pro Cell signalling reagent kit  BioRad, Hercules, USA (#171304006M) 

CalPhos™ Mammalian Transfection Kit Takara, San Jose, USA (#631312) 

CellTiter-Glo® Luminescent Cell Viability Assay 

10x10 mL 

Promega, Madison, USA (#G7571) 

High Sensitivity D1000 ScreenTape Agilent, Santa Clara, USA (#5067- 5584) 

HiSeq 3000/4000 PE Cluster Kit Illumina, San Diego, USA (#FC-410-1001) 

Illumina Stranded mRNA Prep Illumina, San Diego, USA (#20040534) 

Lipofectamine LTX Reagent with PLUS Reagent Thermo Scientific, Waltham, USA (#A12621) 

NucleoBond PC 10000EF kit  Macherey-Nagel, Dueren, Germany (#740548) 

NucleoBond Xtra Maxi kit  Macherey-Nagel, Dueren, Germany 

(#740414.50) 

NucleoSpin Gel and PCR-Clean Up kit  Macherey-Nagel, Dueren, Germany 

(#740609.50) 

NucleoSpin Tissue kit Macherey-Nagel, Dueren, Germany 

(#740952.50) 

paired-end 150 High Output kit  Illumina, San Diego, USA (#20024907) 

paired-end 150 MiniSeq Mid Output kit  Illumina, San Diego, USA (#FC-420-1004) 

Pierce ™ BCA Protein assay kit  Thermo Scientific, Waltham, USA (#23225) 

PlasmoTest kit  InvivoGen, San Diego, USA (#rep-pt1) 

QIAprep Spin Miniprep kit Qiagen, Hilden, Germany (#27104) 

Qubit dsDNA BR Assay 500 Thermo Scientific, Waltham, USA (#Q32853) 

RNA Screen tape  Agilent, Santa Clara, USA (#5067-5576) 

TOPO™ TA Cloning™ Kit for Sequencing Thermo Scientific, Waltham, USA (#45-0030)  

ZymoResearch Quick-gDNA MidiPrep  ZymoResearch, Irvine, USA (#D4075) 
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2.1.7 Plasmids 

 

Table 2-7: Bacterial and lentiviral plasmids used within this project. 

Name Origin Supplier (catalog no.) 

human CRISPR knockout library 

Brunello  

Doench et al. [209] Addgene, Watertown, USA 

(#73179) 

lentiCas9-EGFP Chen et al. [210] Addgene, Watertown, USA 

(#63592) 

pMD2.G  gift from Didier Trono to 

Addgene 

Addgene, Watertown, USA 

(#12259) 

pMDLg/pRRE  Dull et al. [211] Addgene, Watertown, USA 

(#12251) 

pRSV-REV  Dull et al. [211] Addgene, Watertown, USA 

(#12253) 

pSpCas9(BB)-2A-GFP (PX458) Ran et al. [212] Addgene, Watertown, USA 

(#48138) 

pSpCas9(BB)-2A-Puro (PX459)  Ran et al. [212] Addgene, Watertown, USA 

(#48139) 

pUC19 - Thermo Fisher Scientific, 

(#SD0061) 

TOPO® vector TOPO™ TA Cloning™ Kit for 

Sequencing 

Thermo Scientific, Waltham, USA 

(#45-0030) 

 

2.1.8 Bacterial strains 

 

Table 2-8: Bacterial strains used within this project. 

Name Supplier (catalog no.) 

MegaX DH10B T1R Electrocomp™ cells  Thermo Fisher Scientific, Waltham, USA 

(#C640003) 

One Shot TOP10 Chemically Competent E. coli Thermo Fisher Scientific, Waltham, USA 

(#C404003) 

XL10-Gold ultracompetent E. coli cells Agilent Santa Clara, USA (#200314) 
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2.1.9 Oligonucleotides 

 

Table 2-9: Sequences of single-guide RNAs to introduce knockouts using the CRISPR/Cas9 system in 
NF1. 

Name Single-guide RNA (sgRNA) 

sequence (5’-3’) 

Supplier 

NF1_E1_1_top CACCgCTCGTCGAAGCGGCTGACCA Eurofins, Luxembourg, Luxembourg 

NF1_E1_1_bot AAACTGGTCAGCCGCTTCGACGAGc Eurofins, Luxembourg, Luxembourg 

NF1_E1_2_top CACCGCGCGCACAGGCCGGTGGAAT Eurofins, Luxembourg, Luxembourg 

NF1_E1_2_bot AAACATTCCACCGGCCTGTGCGCGC Eurofins, Luxembourg, Luxembourg 

NF1_E30_1_top CACCgTCATCTGAAGGAGGTTCCGC Eurofins, Luxembourg, Luxembourg 

NF1_E30_1_bot AAACGCGGAACCTCCTTCAGATGAc Eurofins, Luxembourg, Luxembourg 

NF1_E30_2_top CACCgTGGCACACACTTCGAAGTTG Eurofins, Luxembourg, Luxembourg 

NF1_E30_2_bot AAACCAACTTCGAAGTGTGTGCCAc Eurofins, Luxembourg, Luxembourg 

 

Table 2-10: PCR primers for regions flanking the expected Cas9 cut site in NF1. 

Name Sequence (5’-3’) Supplier 

NF1_Exon1_forward GTGGAAAGGATCCCACTTCCG Eurofins, Luxembourg, 

Luxembourg 

NF1_Exon1_reverse GGGAGGGGCGGAATGTTATC Eurofins, Luxembourg, 

Luxembourg 

NF1_Exon30_forward GTCTACACGTTGCACTTGGCTTAATG Eurofins, Luxembourg, 

Luxembourg 

NF1_Exon30_reverse AGACCCGCCTCAACTGTGAAAC Eurofins, Luxembourg, 

Luxembourg 
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Table 2-11: Primer sequences to prepare the sequencing library of the CRISPR/Cas9 knockout screen 
using the Brunello library. 

Name Sequence (5’-3’) Supplier 

P5 0 nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT

CCGATCTTTGTGGAAAGGACGAAACACCG 

IDT, Coralville, USA 

P5 1 nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT

CCGATCTCTTGTGGAAAGGACGAAACACCG 

IDT, Coralville, USA 

P5 2 nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT

CCGATCTGCTTGTGGAAAGGACGAAACACCG 

IDT, Coralville, USA 

P5 3 nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT

CCGATCTAGCTTGTGGAAAGGACGAAACACCG 

IDT, Coralville, USA 

P5 4 nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT

CCGATCTCAACTTGTGGAAAGGACGAAACACCG 

IDT, Coralville, USA 

P5 6 nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT

CCGATCTTGCACCTTGTGGAAAGGACGAAACACCG 

IDT, Coralville, USA 

P5 7 nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT

CCGATCTACGCAACTTGTGGAAAGGACGAAACACCG 

IDT, Coralville, USA 

P5 8 nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT

CCGATCTGAAGACCCTTGTGGAAAGGACGAAACACCG 

IDT, Coralville, USA 

P7_A01 CAAGCAGAAGACGGCATACGAGATCGGTTCAAGTGACTGGAGTTCAGAC

GTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

IDT, Coralville, USA 

P7_A02 CAAGCAGAAGACGGCATACGAGATGCTGGATTGTGACTGGAGTTCAGAC

GTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

IDT, Coralville, USA 

P7_A03 CAAGCAGAAGACGGCATACGAGATTAACTCGGGTGACTGGAGTTCAGAC

GTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

IDT, Coralville, USA 

P7_A04 CAAGCAGAAGACGGCATACGAGATTAACAGTTGTGACTGGAGTTCAGAC

GTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

IDT, Coralville, USA 

P7_A05 CAAGCAGAAGACGGCATACGAGATATACTCAAGTGACTGGAGTTCAGAC

GTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

IDT, Coralville, USA 

P7_A06 CAAGCAGAAGACGGCATACGAGATGCTGAGAAGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

IDT, Coralville, USA 

P7_A07 CAAGCAGAAGACGGCATACGAGATATTGGAGGGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTCAAGACCT 

IDT, Coralville, USA 
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Table 2-12: Primer for sanger sequencing used within this project. 

Name Sequence (5’-3’) Supplier 

Human U6 promoter forward 

primer 

GAGGGCCTATTTCCCATGATT LGC Genomics GmbH, Berlin, 

Germany 

M13-24 forward primer CCAGGGTTTTCCCAGTCACG LGC Genomics GmbH, Berlin, 

Germany 

M13-24 reverse primer CGGATAACAATTTCACACAGG LGC Genomics GmbH, Berlin, 

Germany 

 

2.1.10 Antibodies 

 

Table 2-13: Antibodies used within this project. 

Antigen Dilution Supplier (catalog no.) 

Goat polyclonal anti-mouse-

Horseradish Peroxidase (HRP) 

1:5,000 Dianova, Hamburg, Germany (#115-035-003) 

Goat polyclonal anti-rabbit- Horseradish 

Peroxidase (HRP) 

1:500 Dianova, Hamburg, Germany (#111-035-003) 

Mouse monoclonal anti-MEK1/2 

(L38C12) 

1:1,000 Cell Signaling Technology, Danvers, USA 

(#9122) 

Mouse monoclonal anti--Actin (C4) 1:1,000 Santa Cruz Biotechnology, Dallas, USA (#sc-

47778) 

Rabbit monoclonal anti-Neurofibromin 

1 (D7R7D) NF1 

1:500 Cell Signaling Technology, Danvers, USA 

(#14623) 

Rabbit monoclonal anti-p44/42 MAPK 

(Erk1/2) (137F5) 

1:1,000 Cell Signaling Technology, Danvers, USA 

(#4695), 

Rabbit monoclonal anti-Phospho-Akt 

(Ser473) (D9E) XP® 

1:1,000 Cell Signaling Technology, Danvers, USA 

(#4058) 

Rabbit monoclonal anti-Phospho-

MEK1/2 (Ser217/221) (41G9) 

1:1,000 Cell Signaling Technology, Danvers, USA 

(#9121) 

Rabbit monoclonal anti-Phospho-

p44/42 MAPK (Erk1/2) (Thr202/Tyr204) 

(D13.14.4E) XP® 

1:1,000 Cell Signaling Technology, Danvers, USA 

(#4370), 
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Rabbit polyclonal anti-AKT 1:1,000 Cell Signaling Technology, Danvers, USA 

(#2938) 

Rabbit polyclonal anti-NF1 1:3,000 Abcam, Cambridge, United Kingdom 

(#17963) 

Rabbit polyclonal anti-Vinculin 1:1,000 Cell Signaling Technology, Danvers, USA 

(#4650) 

 

2.1.11 Buffer and media 

 

Table 2-14: Buffer and media used within this project. 

Name Supplier (catalog no.) 

Accutase® Merck, Darmstadt, Germany 

(#A6964) 

Dulbecco's modified Eagle Medium (D-MEM), high glucose, 

GlutaMAX™ supplement 

Thermo Fisher Scientific, 

Waltham, USA (#61965026) 

NEBuffer 2.1 NEB, Ipswich, USA (#B7202) 

NEBuffer 3.1  NEB, Ipswich, USA (#B7203) 

NuPAGE Tris-Acetate SDS Running Buffer (20x)  Thermo Fisher Scientific, 

Waltham, USA (#NP0007) 

Opti-MEM Thermo Fisher Scientific, 

Waltham, USA (#31985062) 

Phosphate buffered saline (PBS)  Thermo Fisher Scientific, 

Waltham, USA (#10010023) 

Roswell Park Memorial Institute (RPMI) 1640-based medium  Thermo Fisher Scientific, 

Waltham, USA (#21875034) 

Super optimal broth (SOC) medium Thermo Fisher Scientific, 

Waltham, USA (#15544034) 
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Table 2-15: Self-made buffers used within this project. 

Buffer Components 

1x Separation gel buffer SDS-PAGE  1.5 M Tris 

250 mL dH2O 

pH 8.8 

1x Stacking gel buffer SDS-PAGE  1 M Tris-HCL 

250 mL dH2O 

pH 6.8 

1x TE-buffer  0.001 M Tris-HCl pH7.4 

0.1 mM EDTA pH8 

1x TRIS-Glycine SDS running buffer  25 mM Trizma base 

192 mM Glycine 

1% SDS 

1xTAE-buffer  40 mM Tris-base 

20 mM acetic acid 

1 mM EDTA 

Cell lysis buffer BioRad cell lysis buffer of Bio-Plex 

Pro Cell signaling kit,  

cell lysis factor QG (1:100),  

PMSF (1:250) 

Cell lysis buffer I 15 mM HEPES 

150 mM NaCl 

10 mM EDTA 

2% Triton X-100 

pH 7.5 

Cell lysis buffer II  15 mM HEPES 

150 mM NaCl 

10 mM EDTA 

2% Triton X-100 

pH 7.5 

1xPhosSTOP™ 

1xcOmplete™ Mini EDTA free 

protease inhibitor 

10 µg/mL Leupeptin 



Materials and methods 

- 32 - 
 

10 µg/mL Aprotinin 

200 µM PMSF 

25 mM NaF 

Semi-dry blot transfer buffer  25 mM Trizma base 

192 mM Glycine 

20% methanol 

TBS-T  1xTBS 

Tween-20 

Wet blot transfer buffer  25 mM Tris 

192 mM glycine 

10% Methanol 

0.05% SDS 

pH 8.3 

 

2.1.12 Cell lines 

 

Table 2-16: Cell lines used within this project. 

Name Cell origin Supplier (catalog no.) 

HEK293FT  Homo sapiens, female, 

embryonal kidney 

Thermo Fisher Scientific, Waltham, USA (#R7007) 

Kelly  Homo sapiens, female, 

neuroblastoma, [213] 

DSMZ-German Collection of Microorganisms and 

Cell Cultures GmbH (#ACC 355) 

LAN-5 Homo sapiens, male, 

neuroblastoma,[214] 

DSMZ-German Collection of Microorganisms and 

Cell Cultures GmbH (#ACC 673) 

SH-SY5Y  Homo sapiens, female, 

neuroblastoma, [215] 

DSMZ-German Collection of Microorganisms and 

Cell Cultures GmbH (#ACC 209) 
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2.1.13 Software 

 

Table 2-17: Software used within this project. 

Name Reference or 

producer 

URL 

Adobe Illustrator 2021  Adobe, San Jose, USA - 

BioRender BioRender, Toronto, 

Canada 

BioRender.com 

D300eControl, version 

3.2.5 

HP Development Company, 

L.P., 

- 

DESeq2   https://bioconductor.org/packages/release/

bioc/html/DESeq2.html  

EMBOSS Needle [216] https://www.ebi.ac.uk/Tools/psa/emboss_n

eedle/ 

FastQC   https://www.bioinformatics.babraham.ac.uk

/projects/fastqc/  

ggplot2   https://ggplot2.tidyverse.org/  

GraphPad Prism (version 9)  Graphpad Software, San 

Diego, USA 

- 

GSEA_4.1.0 [217, 218] https://www.gsea-

msigdb.org/gsea/index.jsp  

IGV_2.8.2 [219] https://software.broadinstitute.org/softwar

e/igv/  

Incucyte Plate Map Editor 

2019B Rev2 

Sartorius, Göttingen, 

Germany 

- 

IncuCyte-2019BRev2 Sartorius, Göttingen, 

Germany 

- 

MultiQC   

PANTHER classification 

tool_17.0 

[220] http://www.pantherdb.org/  

R Studio Desktop (version 

1.1.463)  

RStudio, Boston, USA - 

R version 4.1.2 R: A language and 

environment for statistical 

https://www.R-project.org 

https://biorender.com/
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.ebi.ac.uk/Tools/psa/emboss_needle/
https://www.ebi.ac.uk/Tools/psa/emboss_needle/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://ggplot2.tidyverse.org/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
https://software.broadinstitute.org/software/igv/
https://software.broadinstitute.org/software/igv/
http://www.pantherdb.org/
https://www.r-project.org/
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computing. R Core Team, R 

Foundation for Statistical 

Computing, Vienna, 

Austria.  

SnapGeneViewer, version 

4.1.9 

SnapGene, San Diego, USA - 

STAR  https://github.com/alexdobin/STAR  

subread featureCounts   http://subread.sourceforge.net/  

Vision-Capt (version 

16.11a)  

Vilber Lourmat - 

 

2.2 Methods 

2.2.1  CRISPR/Cas9 knockout screens 

In order to perform Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 

knockout screens to identify genes associated with an ALK inhibitor resistant phenotype in ALK-driven 

neuroblastoma cell lines, a sequence of experiments had to be performed (Figure 2.1). The single-guide 

RNA (sgRNA)-containing plasmid library named Brunello was amplified, validated, sequenced to 

investigate the distribution of all the different plasmids and packed in lentiviral particles. The 

ALK-driven neuroblastoma cell line of choice, SH-SY5Y, was infected and positively infected cells 

selected for using puromycin. The cells were then exposed to the ALK inhibitors ceritinib or lorlatinib, 

as well as DMSO (vehicle control) for 13 days. Genomic deoxyribonucleic acid (gDNA) was isolated of 

surviving cells and amplicon sequencing performed to quantify sgRNA abundance using next 

generation sequencing. The sequencing data was analysed using MAGeCK. 

 

Figure 2.1: Schematic showing the workflow of the performed CRISPR/Cas9 knockout screens. Previously 
published in Berlak et al. [1]. 

https://github.com/alexdobin/STAR
http://subread.sourceforge.net/
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2.2.1.1 Amplification and validation of Brunello library plasmid pool  

2.2.1.1.1 Library amplification 

To perform CRISPR/Cas9 knockout screens viral particles had to be produced, containing the Brunello 

library plasmids. Therefore, the sgRNA-containing plasmid library called Brunello, which is composed 

of DNA plasmids encoding 76,441 sgRNAs that potentially target 19,114 genes (average of 4 sgRNAs 

per gene) was amplified by bacterial transformation (electroporation) followed by bacterial expansion 

[209]. Therefore, 25 µL megaX DH10B T1R electrocomp™ Escherichia coli (E. coli) cells and 100 ng 

plasmid DNA (pDNA) were mixed, pipette into a 0.1 cm gap electroporation cuvette and 

electroporation performed with the Gene Pulser Xcell electroporation system and settings 2.0 kV, 

200 ohms and 25 µF. Pre-warmed super optimal broth (SOC) medium was added to the cells and the 

suspension transferred into a tube. This was performed for a total of 2 reactions. As an electroporation 

control sample, 25 µL megaX DH10B T1R electrocomp™ cells were electroporated with 100 ng pUC19 

plasmid. The cell suspensions were incubated for 1 h at 30°C. Subsequently 6x 100 mL 

Luria-Bertani (LB) media supplemented with 50 µg/mL ampicillin (amp) were inoculated with equal 

amounts of cell suspension electroporated with Brunello library pDNA in 1 L Erlenmeyer flasks and 

incubated at 30°C overnight in an incubator shaker at 250 rpm. A 10 µL aliquot of Brunello library pDNA 

electroporated cell suspension was used to assess the number of electroporated cells, assuming that 

one E. coli cell takes up only one plasmid. Therefore, the 10 µL aliquot was used for a 1:1,000, 1:10,000 

and 1:100,000 dilution which were all spread using glass beads on LB-agar plates (50 µg/mL amp). 

Plates were incubated at 30°C in a Heratherm™ Compact Microbiological Incubator overnight. The 

same was performed for the pUC19 control sample. Colony forming units (CFU) were counted the next 

day to assess the number of electroporated cells in order to draw conclusions about each plasmid’s 

coverage, assuming that one E. coli cell takes up only one plasmid. 

The inoculated culture of E. coli cells with the Brunello library pDNA was centrifuged for 20 min, 

4,000 x g at 4°C the day after electroporation using a Sorvall SLA-3000 rotor centrifuge. PDNA was 

isolated using the Macherey-Nagel NucleoBond PC 10000EF kit according to manufacturer’s 

instructions [221]. Each pDNA pellet was dissolved in in 500 µL of kit water under a tissue culture hood 

and frozen at -20°C. 

2.2.1.1.2 Restriction enzyme digest 

To confirm that the amplified and isolated pDNA was the Brunello library construct the sample was 

control digested using restriction enzymes. The reaction was performed as listed in Table 2-18 at 37°C 

for 15 min. 
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Table 2-18: Setup restriction digest reaction. 

Component Amount/final concentration 

pDNA 1 µg 

NEBuffer 3.1 1x 

BamHI 20 Units 

Acc65I 10 Units 

 

2.2.1.1.3 Agarose gel electrophoresis 

Digested pDNA was analysed using an agarose gel electrophoresis. With respect to the expected DNA 

fragment sizes a 0.6% agarose gel with 0.3% ethidium bromide in 1xTAE buffer was prepared. DNA 

loading dye Orange G (6x) was added to the digested and to an undigested control sample to reach a 

2x concentration. Samples as well as 10 µL GeneRuler 1 kb DNA ladder were loaded on the agarose gel 

and gel electrophoresis performed with 100 V for 90 min. Gels were documented using the UV 

Transilluminator ECX-F20.C. For gel extraction after polymerase chain reaction (PCR) experiments 

(2.2.1.1.5) samples were loaded on 2.7% agarose gels. The gel electrophoresis was performed as 

described above. 

2.2.1.1.4 Nucleic acid quantification  

Plasmid DNA was quantified and quality assessed using the Qubit 2.0 Fluorometer with the Qubit 

double-stranded (ds) DNA broad range assay kit and the 4200 TapeStation System using the High 

Sensitivity D1000 ScreenTape, both according to manufacturer’s instructions [222, 223]. The 

TapeStation is an automated electrophoresis system, which separates samples based on their 

molecular weight and detects them using a laser-induced fluorescence detection [224]. Sample bands 

are then quantified as the amount of nucleic acid correlates with the amount of measured 

fluorescence [224]. The ScreenTapes as well as the Qubit use fluorescent dyes that, assay dependent, 

specifically bind DNA or ribonucleic acid (RNA) [225]. Furthermore, the TapeStation enables to assess 

RNA or DNA quality by calculating the RNA Integrity Number (RIN) or DNA Integrity Number (DIN), 

respectively [224]. The RIN and DIN are classified in categories from 1 to 10, 10 indicating intact RNA 

or DNA [224, 226]. 

As nucleic acids can also be quantified using a UV spectrophotometer due to their absorption 

maximum at 260 nm pDNA concentrations and purity were also assessed using 1 µL sample on the 

NanoDrop [227, 228]. The absorption maximum at 260 nm for nucleic acids is observed due to the 

nucleobases and their conjugated double bonds [227, 228]. Using the Beer-Lambert law, the nucleic 

acid concentration can be calculated using the measured absorbance, the optical pathlength and the 
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extinction coefficient [229, 230]. Furthermore, the purity of nucleic acids can be assessed by 

calculation of the absorbance ratio at 260 nm and 280 nm, to check for protein contamination [231]. 

A 260 nm/280 nm ratio of 1.8 is considered for pure DNA and 2.0 for pure RNA [231]. 

2.2.1.1.5 Polymerase chain reaction (PCR) 

To confirm the maintenance of the library representation after amplification of the pDNA pool, the 

Brunello pDNA library was amplified by PCR. Reagents and sample were mixed according to Table 2-19 

and the PCR performed on 5 reactions using the cycling conditions stated in Table 2-20 . 

Table 2-19: PCR reaction mix for Brunello pDNA pool amplification. 

Component Volume/amount 

Brunello pDNA pool 200 ng 

Equimolar P5 primer mix 1 µM 

P7 A01 primer 1 µM 

Ultra II Q5 Master Mix Polymerase 1x 

H2O to a final volume of 100 µL 

 

Table 2-20: Cycling conditions for amplification of Brunello pDNA library. 

Step Temperature Time Cycles 

Initial Denaturation 95°C 1 min 1 

Denaturation 95°C 30 s 

28 Annealing 53°C 30 s 

Extension 72°C 30 s 

Final Extension 72°C 10 min 1 

Hold 4°C ∞ 1 

 

All five PCR reactions were pooled and loaded on an agarose gel as described in 2.2.1.1.3. 

The PCR amplified Brunello pDNA library loaded on an agarose gel was gel extracted using a scalpel 

and gel purification performed using the NucleoSpin Gel and PCR-Clean Up kit according to 

manufacturer’s instructions [232]. Subsequently, the sample was further purified using AMPure XP 

beads according to manufacturer’s instructions to prepare the pDNA library for NGS [233]. 
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2.2.1.1.6 Next generation sequencing- DNA sequencing 

The purified, quantitated and quality assessed PCR amplified Brunello pDNA library sample was 

sequenced to assess sgRNA distribution in the plasmid pool. The sample was submitted for sequencing 

at the Berlin Institute of Health sequencing core facility and sequenced using the paired-end 150 

MiniSeq Mid Output kit with 10% PhiX on a MiniSeq system. To assess sgRNA distribution in the 

plasmid pool the respective sequencing data was analysed using MAGeCK-VISPR [234]. 

2.2.1.2 Lentiviral packaging of Brunello library plasmid pool 

2.2.1.2.1 Cell lines 

For CRISPR/Cas9 knockout screens to investigate genes associated with ALK-inhibitor resistance, the 

ALK-mutated, human neuroblastoma cell line SH-SY5Y was chosen. It was obtained from the German 

Collection of Microorganisms and Cell Cultures (DSMZ) and cultured in a Roswell Park Memorial 

Institute (RPMI) 1640-based medium, supplemented with 10% fetal calf serum (FCS) and 1% 

penicillin/streptomycin (P/S) at 37°C, 5% carbon dioxide (CO2) and 21% oxygen (O2) in humid 

atmosphere. The cell line was authenticated by short tandem repeat (STR) DNA typing at the DSMZ. 

Tests for mycoplasma contamination were performed regularly using the PlasmoTest kit. The 

HEK293FT cell line was purchased from Thermo Fisher and cultivated in Dulbecco's modified Eagle 

Medium (D-MEM) supplemented with 10% FCS, 1% P/S, 1 mM non-essential amino acids (NEAA), 1mM 

sodium pyruvate and 500 μg/mL Geneticin and kept in the same atmosphere as the SH-SY5Y cells. 

 

2.2.1.2.2 Cell thawing  

Cell stock aliquots stored at -187°C or at -80°C were rapidly thawed in a water bath at 37°C. Cells were 

transferred into pre-warmed complete growth medium in a collection tube and spun at 300 x g for 

5 min. The supernatant was discarded, cells resuspended in complete growth medium and transferred 

to an appropriate tissue culture vessel. 

 

2.2.1.2.3 Cell passaging 

For general maintenance of cell lines, cells were passaged once they were 80% confluent. Old growth 

medium was discarded, and cells washed once with 1x phosphate buffered saline (PBS). To detach cells 

Accutase was added for 5 min and cells incubated at 37°C until cells detached from the tissue culture 

vessel. The reaction was stopped using complete growth medium and the cell suspension transferred 

into an appropriate collection tube and cells centrifuged at 300 x g for 5 min. The supernatant was 

discarded, and cells resuspended in complete growth medium. Depending on subsequent experiments, 

a certain number of cells were seeded in complete growth medium on an appropriate tissue culture 

vessel. 
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2.2.1.2.4 Cell counting 

To assess cell viability and cell density, detached cells were pre-diluted in complete growth medium to 

be in the optimal range of the TC20 cell counter (1 x 105 cells to 5 x 106 cells). Next, cells were mixed 

1:1 with 0.4% trypan blue solution. Trypan blue was used to stain dead cells or cells with a 

compromised cell membrane [235]. After a one-minute-incubation the mixture was pipetted into the 

counting slide and counted using the TC20 cell counter and default settings. 

2.2.1.2.5 Transfection 

In order to perform a CRISPR/Cas9 knockout screen, the validated pDNA pool had to be packed into 

lentiviral particles using a third-generation lentiviral system. A high viral titer (a total of 76,441,000 

transducing units (TU)) had to be produced to meet the coverage criterium of 1,000x of each sgRNA. 

Therefore 8x 19*106 HEK293FT cells were seeded one day prior to transfection on T225 flasks and 

transfected using the CalPhos™ mammalian transfection kit according to manufacturer’s instructions 

[236]. The following envelope and packaging plasmids as well as the lentiviral transfer plasmid 

lentiCRISPRv2 (Brunello library) were used in a 1:2:2:3 ratio: pMD2.G, pMDLg/pRRE, pRSV-REV and the 

Brunello plasmid library. One additional T225 flask was transfected with the lentiCas9-EGFP lentiviral 

transfer plasmid as transfection control. A medium change was performed approximately 16 h after 

transfection and the medium supplemented with 6 mM sodium butyrate. Virus was harvested 48 h 

after sodium butyrate treatment. Therefore, the supernatant (30 mL/T225 flask) was removed from 

the cells and centrifuged for 10 min, 1,321 x g and 4°C. The supernatant gained after centrifugation 

was then filtered using stericups durapore 0.45 µm on ice and ultracentrifugated at 103,000 x g and 

4°C for 1 h and 30 min using the ultracentrifuge Optima L90K. The supernatant was discarded, and viral 

pellets resuspended in 1,120 µL D-MEM medium. This viral solution was transferred to a 1.5 mL tube 

and incubated for 2 h at 4°C under agitation. The virus containing solution was then aliquoted, to avoid 

freeze-thaw cycles and resulting titer reduction, and stored at -80°C. 

2.2.1.2.6 Virus titer (TU/µL) determination 

To perform the CRISPR/Cas9 knockout screen with a low multiplicity of infection (MOI), to aim for only 

one viral genome integration event per cell, the virus titer (TU/µL) had to be determined for the cell 

line of interest. 0.7*106 SH-SY5Y cells were seeded per well on a 6-well plate one day prior to infection. 

On the day of transduction different volumes of virus were used to infect the cells. The medium was 

supplemented with 5 µg/mL polybrene. 24 h post transduction the medium was changed. 48 h post 

transduction the medium was changed again to select for positively infected cells using 0.8 µg/mL 

puromycin. The optimal puromycin concentration was determined in a titration experiment 

beforehand. Cells were kept in selection medium until all cells in the control well (not transduced) 

were dead. Cells were then stained using crystal violet, as this dye binds to proteins and DNA and 
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enables the detection of adherence cells [237]. The old medium was discarded, and 

4% paraformaldehyde added for 15 min and left on a plate shaker. Afterwards cells were washed once 

with water. 1% crystal violet staining solution (dissolved in 10% ethanol) was added to the cells for 

20 min. After incubation the staining solution was aspirated, and cells washed three times with water. 

The water was discarded, and samples left to dry. Stained cell colonies were counted for each condition 

using a Axio Vert.A1 microscope and the viral titer in TU/µL calculated. 

2.2.1.3 Performance and evaluation of the CRISPR/Cas9 knockout screens 

2.2.1.3.1 Performance of CRISPR/Cas9 knockout screens 

CRISPR/Cas9-based knockout screens were performed in the neuroblastoma cell line SH-SY5Y. To 

achieve one viral genome integration event per cell an MOI of 0.3 was used, which should result in an 

infection rate of 30% infected cells. To maintain a 1,000x representation of each sgRNA at the 

timepoint of transduction, 76,441,000 cells had to be infected with an MOI of 0.3. Therefore 

7x 36.4*106 SH-SY5Y cells were transduced per T300 flask. One transduction control sample was 

prepared infecting 36.4*106 SH-SY5Y cells with lentiCas9-EGFP virus and one selection control sample 

prepared with 36.4*106 not infected SH-SY5Y cells. 24 h post transduction medium was changed. 48 h 

post transduction puromycin selection medium (0.8 µg/mL puromycin) was added to the cells and 

selection stopped after 6 days (once all cells of the selection control sample were dead). Positively 

selected cells were expanded for 14 days to perform the screen with a 1,000x coverage per sgRNA. On 

the day of selection start one sample was harvest as baseline sample (t0) and the other samples treated 

in two technical replicates with DMSO, 0.3 µM ceritinib or 0.1 µM lorlatinib for a total of 13 days. The 

inhibitor or DMSO containing medium was changed every third day. Cells were passaged as described 

in the section 2.2.1.2.3 and counted as described in 2.2.1.2.4. For each condition a total of 

76,441,000 cells were seeded on 5x T300 flasks to keep the representation of 1,000x coverage per 

sgRNA. Cells were harvested on day 13 to have a coverage of at least 500x cells per sgRNA per condition.  

2.2.1.3.2 DNA isolation 

After 13 days of selection using ceritinib, lorlatinib or DMSO, cells were harvested, and gDNA isolated 

of all samples using the ZymoResearch Quick-gDNA MidiPrep kit according to manufacturer’s 

instructions [238]. Quantity and quality of the genomic DNA was assessed as described in 2.2.1.1.4. 

2.2.1.3.3 Polymerase chain reaction (PCR) 

Isolated gDNA of CRISPR/Cas9 screening samples was used for PCR amplification. A total of 26 µg gDNA 

was used as input to maintain a sufficient library representation and 12 PCR reactions per condition 

performed. For each condition another P7 primer (Table 2-11) was used in the PCR reaction to allow 

sample demultiplexing of next generation sequencing data. 
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Table 2-21: PCR reaction mix for 1 reaction to gDNA of Brunello screen samples. 

Component Volume/amount 

gDNA Brunello screen per condition 2.2 µg 

Equimolar P5 primer mix 1 µM 

Specific P7 primer per condition 1 µM 

Ultra II Q5 Master Mix Polymerase 1x 

H2O to a final volume of 100 µL 

 

The same PCR cycling conditions were used as described for the PCR of the pDNA pool (see 2.2.1.1.5, 

Table 2-20). The input amount of 26 µg gDNA was isolated from 58.3*106 cells and represented a 

coverage of 763x per sgRNA. 

2.2.1.3.4 Agarose gel electrophoresis 

For gel extraction after PCR experiments samples were loaded on 2.7% agarose gels. The gel 

electrophoresis was performed as described in 2.2.1.1.3. 

2.2.1.3.5 Gel purification 

Genomic DNA of Brunello screen samples that was PCR amplified and pooled per condition, was loaded 

on an agarose gel and gel extracted as described for the pDNA library in 2.2.1.1.3. 

2.2.1.3.6 Next generation sequencing of CRISPR/Cas9 knockout screen derived gDNA 

Genomic DNA of Brunello screen samples was pooled in equimolar concentrations before the pooled 

sample was sent to the German Cancer Research Center (Deutsches Krebsforschungszentrum, DKFZ) 

sequencing facility. The sample was sequenced on a NextSeq 550 sequencer using the paired-end 150 

High Output kit and 10% PhiX. The amount of sequencing reads aimed for per sample was 

38.28*106 reads to have a 500x coverage of sgRNAs per condition. 

2.2.1.3.7 Data analysis 

Sequencing data derived from samples of the CRISPR/Cas9 knockout screens were analysed using 

MAGeCK-VISPR [234]. A MAGeCK-VISPR derived list of genes which had enriched sgRNAs in all ALK 

inhibitor treated samples with a P-value ≤ 0.01 was subjected to a Gene Set Enrichment Analysis (GSEA). 

The GSEA [217, 218] was performed using the “c2” gene set from the MsigDB database and specific 

significance cut-offs (FDR<0.25 (false discovery rate), NES>1.5 (normalized enrichment score) and 

FWER<0.1 (familywise-error rate)) used. Furthermore, the results of the GSEA were used for a leading-

edge analysis. 19 of the 5508 gene sets were again chosen based on the above stated cut offs. Those 

were the following gene sets: 
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REACTOME_MITOCHONDRIAL_TRANSLATION;REACTOME_TRANSLATION;REACTOME_NONSENSE_M

EDIATED_DECAY_NMD;REACTOME_COMPLEX_I_BIOGENESIS;REACTOME_RESPIRATORY_ELECTR

ON_TRANSPORT;REACTOME_RESPIRATORY_ELECTRON_TRANSPORT_ATP_SYNTHESIS_BY_CHEMI

OSMOTIC_COUPLING_AND_HEAT_PRODUCTION_BY_UNCOUPLING_PROTEINS;REACTOME_SRP_DE

PENDENT_COTRANSLATIONAL_PROTEIN_TARGETING_TO_MEMBRANE;REACTOME_MITOCHONDRIA

L_TRNA_AMINOACYLATION;WP_MITOCHONDRIAL_COMPLEX_I_ASSEMBLY_MODEL_OXPHOS_SYST

EM;REACTOME_EUKARYOTIC_TRANSLATION_INITIATION;MALONEY_RESPONSE_TO_17AAG_DN;

BIOCARTA_EIF_PATHWAY;WP_ELECTRON_TRANSPORT_CHAIN_OXPHOS_SYSTEM_IN_MITOCHOND

RIA;REACTOME_REGULATION_OF_EXPRESSION_OF_SLITS_AND_ROBOS;REACTOME_EUKARYOTI

C_TRANSLATION_ELONGATION;RHODES_CANCER_META_SIGNATURE;REACTOME_TRNA_AMINOAC

YLATION;SCHLOSSER_MYC_TARGETS_REPRESSED_BY_SERUM;BIOCARTA_PROTEASOME_PATHWA

Y 

The CRISPR/Cas9 knockout screen datasets are available as FASTQ Files in the NCBI Sequence Read 

Archive (SRA) with the BioProject accession number PRJNA765129 and SRA accession numbers 

SRR16003117 to SRR16003122. 

2.2.2 CRISPR/Cas9 gene editing 

2.2.2.1 Generation and validation of NF1 knockout cell lines 

2.2.2.1.1 CRISPR/Cas9 sgRNA design and preparation 

In order to knockout the NF1 gene in human neuroblastoma cell lines two sgRNAs were designed to 

target exon 1 and two sgRNAs to target exon 30 of NF1 using the web tool CHOPCHOP [218]. Oligos 

were ordered as listed in Table 2-9 following the design recommendations described in Ran et al. [212]. 

Oligos were dissolved in 0.1xTE-buffer to have a concentration of 50 µM. Each sgRNA pair was mixed 

using 200 nM of each oligo, sgRNA-top and sgRNA-bottom, in a total volume of 500 µL 0.1xTE-buffer. 

This mixture was then incubated for 5 min at 95°C and afterwards left at room temperature for 30 min. 

2.2.2.1.2 Restriction enzyme digest of CRISPR/Cas9 backbone and ligation with sgRNAs 

The PX458 and PX459 backbones were digested using the reaction mix stated in Table 2-22 . The digest 

reaction was incubated overnight at 37°C. 

Table 2-22: Restriction digest of PX458 and PX459 for vector linearization. 

Component Volume/amount 

PX458 or PX459 pDNA 5 µg 

Buffer 2 1x 

BbsI 30 Units 

H2O to a final volume of 50 µL 
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The digested vector was loaded on an agarose gel and gel electrophoresis performed as described in 

2.2.1.1.3 using a 1% agarose gel. The linearized plasmid bands were gel-extracted as described in 

2.2.1.3.5. PDNA concentrations and their purity were assessed as described in 2.2.1.1.4. The linearized 

vectors were then ligated with the annealed oligo pairs. This was performed for all four sgRNAs with 

both backbones. Annealing reactions (as outlined Table 2-23) were incubated at 16°C overnight. 

Table 2-23: Ligation reaction for cloning of CRISPR/Cas9 sgRNA containing plasmids. 

Component Volume/amount 

PX458 or PX459 pDNA 2 µL 

annealed oligo pair 1 µL 

T4 ligase Buffer  1x 

T4 ligase 1 µL 

H2O to a final volume of 20 µL 

 

For each backbone a water control without annealed oligos was prepared to evaluate after a 

transformation in E. coli cells, how many colony forming units contain re-circularized backbones. This 

would indicate the background signal of the vector and oligo ligation reaction. Resulting plasmids were 

PX458-E1-1, PX458-E1-2, PX458-E30-1, PX458-E30-2 as well as PX459-E1-1, PX459-E1-2, PX459-E30-1, 

PX459-E30-2.  

2.2.2.1.3 Transformation 

Ligation reactions were transformed into XL10-Gold ultracompetent E. coli cells. Therefore, 200 µL of 

XL10-Gold cells were added to each ligation reaction. A heat shock was performed at 42°C in a water 

bath for 1 min and 30 s. Samples were placed on ice immediately afterwards for 2 min. 800 µL of 

pre-warmed SOC medium were added and samples incubated for 1 h at 37°C while shaking. This 

incubation was followed by a short centrifugation of 2 min at 2,700 x g. The supernatant was discarded, 

and cells resuspended in 50 µL SOC medium. The total volume of each sample was spread on 50 µg/mL 

amp-containing agar plates using glass beads. Plates were incubated overnight at 37°C. For each 

construct one CFU was picked to inoculate 4 mL of LB-medium supplemented with 100 µg/mL amp. 

2.2.2.1.4 Plasmid DNA isolation 

For pDNA isolation of low volume cultures inoculated with transformed E. coli cells buffers from the 

QIAprep Spin Miniprep kit were used. 1.5 mL of overnight cultures were transferred to 1.5 mL tubes 

and centrifuged for 2 min with 2,350 x g. Pellets were resuspended in 200 µL buffer P1 and placed on 

ice. 200 µL of buffer P2 were added and samples mixed by inversion. This step was followed by addition 

of 200 µL of buffer P3. Samples were mixed again and spun for 10 min at 4°C and 25,000 x g. 600 µL of 
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supernatant were then mixed with 800 µL isopropanol and incubated on ice for 10 min. Samples were 

again spun at 4°C using 25,000 x g for 30 min. The supernatant was discarded, and pellets resuspended 

in 500 µL of 70% ethanol. Subsequently samples were centrifuged for 10 min at 4°C and 25,000 x g. 

Again, the supernatant was discarded, and remaining pDNA-pellets air-dried. In a final step 

pDNA-pellets were dissolved in 30 µL 0.1% TE-buffer. DNA concentrations were determined as 

described in 2.2.1.1.4.The different constructs were then sent for sanger sequencing to validate the 

correct sequence, using the human U6 promoter forward primer (Table 2-12) according to service 

provider recommendations (LGC Genomics GmbH). 

For high volume cultures pDNA was isolated using the NucleoBond Xtra Maxi kit according to 

manufacturer’s instructions [221]. 

2.2.2.1.5 Cell lines 

Cell lines used to generate NF1 knockout cell lines were obtained, cultivated, authenticated, and tested 

for mycoplasma as described in 2.2.1.2.1. The human neuroblastoma cell line LAN-5 was cultured in 

RPMI 1640-based medium supplemented with 20% FCS, 1% P/S at 37°C and 1 mM NEAA. The 

neuroblastoma cell line Kelly was cultured as SH-SY5Y described in 2.2.1.2.1 . Cell lines were thawed, 

passaged and counted as described in 2.2.1.2.2 , 2.2.1.2.3 and 2.2.1.2.4. 

2.2.2.1.6 Cell stock preparation 

Cells were detached and prepared as described in 2.2.1.2.3. Cells were then resuspended in complete 

growth medium containing 10% DMSO. Cell suspension was aliquoted, and stocks frozen using a 

Mr Frosty (freezing container) at -80°C. For long-term storage cell stocks were kept at -187°C. 

2.2.2.1.7 Transfection 

The neuroblastoma cell lines SH-SY5Y, LAN-5 and Kelly were seeded with 150,000 cells per well on a 

12-well plate and transfected with each plasmid listed in 2.2.2.1.2 using Lipofectamine™ LTX according 

to manufacturer’s instructions [239]. After 24 h control cells transfected with PX458-constructs were 

checked for GFP signals using a microscope. If GFP was detected cells were successfully transfected 

and therefore the medium changed and supplemented with 0.7 µg/mL puromycin to select for 

positively transfected cells until all cells in control wells, not transfected cells and all cells transfected 

with PX458-constructs, were dead. Puromycin selected cell pools were expanded to confluence in 

15 cm tissue culture dishes for subsequent experiments. 

2.2.2.1.8 Generation of isogenic cell lines  

Once positively transfected cell pools were expanded and investigated for edits, isogenic cell lines were 

isolated. This was done using serial dilution. To this end, cell pools of transfected cells were passed 

through a 40 µm cell strainer to get single cell suspensions, which were diluted and transferred to a 
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96-well plate. Dilutions and transfer volumes were chosen to ensure a theoretical transfer of half a cell 

per single well of that plate. 24 h after seeding wells were checked for cells using a microscope. Wells 

with one cell were marked and cells with no cell or more than one cell crossed. Single cell clones were 

expanded to generate isogenic cell lines that were further investigated. 

2.2.2.1.9 DNA isolation 

Genomic DNA of cell bulk populations and isogenic cell lines was isolated using the NucleoSpin Tissue 

kit according to manufacturer’s instructions [240].  

2.2.2.1.10 Polymerase chain reaction (PCR) 

DNA of positively transfected cell bulk as well as of single cell clones was used to investigate editing of 

the CRISPR/Cas9-targeted NF1 sequences using PCR with primers flanking the region of the expected 

double strand break, which is mediated by Cas9 nuclease to be 3 bp upstream of the protospacer 

adjacent motif (PAM) [212]. The sequences of the respective primers used for PCR analyses are 

described in Table 2-10. 

Table 2-24: PCR reaction for INDEL detection. 

Component Volume/amount 

gDNA 60 ng 

NF1 forward primer 1.67 µM 

NF1 reverse primer 1.67 µM 

KAPA2G Fast HotStart ReadyMix 1x 

H2O to a final volume of 15 µL 

 

PCRs were performed using the cycling conditions stated in Table 2-25. 

Table 2-25: Cycling conditions for amplification of CRISPR cut site region. 

Step Temperature Time Cycles 

Initial Denaturation 95°C 5 min 1 

Denaturation 95°C 10 s 

35 Annealing 62°C 15 s 

Extension 72°C 10 s 

Final Extension 72°C 5 min 1 

Hold 4°C ∞ 1 
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2.2.2.1.11 T7 assay 

A T7 assay was performed as a first screening experiment to detect editing events in cell bulk and later 

for isogenic cell lines. The T7 endonuclease catalyses the cleavage of mismatched DNA [241]. 200 ng 

of PCR products from cell bulk populations or isogenic cell lines generated as described in 2.2.2.1.10 

were mixed with 1 µL NEB buffer 2.1 and water in a total volume of 10 µL. Samples were then 

incubated using the conditions listed in Table 2-26. 

Table 2-26: Rehybridization of PCR products for T7 assay performance. 

Temperature Time 

95°C 5 min 

85°C ramp down -2°C/s 

25°C ramp down -0.1°C/s 

4°C ∞ 

 

Each reaction was then supplemented according to Table 2-27. 

Table 2-27: Reaction mixture for T7 endonuclease I DNA cleavage of mismatched DNA. 

Component Volume/amount 

Rehybridized mix 10 µL 

T7 endonuclease I 5 Units 

NEB buffer 2.1 1x 

H2O to a final volume of 15 µL 

 

Samples were incubated for 30 min at 37°C. Subsequently digested and undigested control samples 

were loaded on a 2% agarose gel as described in 2.2.1.1.3. For some samples PCR products of edited 

pools or isogenic cell lines were mixed in equimolar ratios with PCR product of the respective parental 

cell line before the rehybridization step.  

2.2.2.1.12 Protein isolation 

To investigate cell bulk populations and isogenic cell lines for an NF1 knockout, western blot 

experiments were performed. For protein lysate preparation cell pellets were resuspended in cell lysis 

buffer I supplemented with 1x PhosSTOP™ phosphatase inhibitor cocktail and 1x cOmplete™ Mini 

EDTA free protease inhibitor cocktail. Samples were incubated for 30 min on ice at 4°C, vortexed for 

10 s and centrifuged for 30 min at 4°C and 25,000 x g. The supernatant was transferred on ice into new 

tubes and protein concentrations determined using a bicinchoninic acid assay (BCA). 
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2.2.2.1.13 Protein quantification using a BCA assay 

Protein concentrations were determined using the Pierce™ BCA Protein assay kit according to 

manufacturer’s instructions [242]. Absorbance was measured using the Epoch microplate 

spectrophotometer at 562 nm. 

2.2.2.1.14 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

To detect NF1 protein using western blot, 15 µg of sample were prepared for SDS-PAGE. Samples were 

supplemented with 4x Laemmli buffer containing 355 mM -mercaptoethanol and denatured at 95°C 

for 5 min. Samples were loaded on NuPAGE 3-8% Tris-Acetate Protein Gels and electrophoresis 

performed in NuPAGE Tris-Acetate SDS Running Buffer (1x). Before performance of the SDS-PAGE the 

buffer was supplemented with NuPAGE Antioxidant (0.25%). 15 µL HiMark Pre-stained Protein 

Standard or 3 µL PageRuler™ Prestained Protein Ladder were used as size standard. SDS-PAGE 

experiments were performed at 80 V for 4 h. 

2.2.2.1.15 Western Blot 

In order to investigate NF1 protein, proteins were transferred from SDS-PAGE gels onto a 

polyvinylidene fluoride (PVDF) membrane using a wet blot method. Wet blot experiments were 

performed using the wet blot transfer buffer (Table 2-14) at 4°C, 30 V/90 mA for 16 h. Subsequently, 

membranes were blocked in 10% milk in TBS-T (Table 2-14) for 1 h and 30 min. Afterwards membranes 

were washed 3x for 10 min in 1xTBS-T. Membranes were then incubated with respective primary 

antibodies diluted in 5% milk-TBS-T (see Table 2-13) overnight at 4°C. The next day membranes were 

again washed 3x for 10 min in 1xTBS-T. Membranes were incubated with secondary antibodies diluted 

in 5% milk-TBS-T for 1 h and 30 min at room temperature. Membranes were again washed 3x for 

10 min in 1xTBS-T. Subsequently blots were developed using a western blotting luminol reagent and 

documented with a Fusion FX imaging system. Antibodies used for NF1 detection were the rabbit 

monoclonal anti-Neurofibromin 1 (D7R7D) as primary antibody and goat polyclonal anti-rabbit as 

secondary antibody. As loading control Vinculin was detected using a rabbit polyclonal anti-Vinculin 

primary antibody. 

 

2.2.2.1.16 INDEL identification in NF1 knockout cell lines  

Isogenic cell lines were further validated by identification of sequences resulting from insertions or 

deletions (INDEL) in NF1 due to Cas9 induced double-stranded breaks (DSBs) and the subsequent DNA 

damage repair at the targeted locus by the error-prone non-homologous end joining pathway (NHEJ) 

[212]. Therefore, gDNA was isolated as described in 2.2.2.1.9. The region of interest was amplified as 

described in 2.2.2.1.10. The PCR product was then used for TOPO cloning using the TOPO™ TA 

Cloning™ kit for sequencing with one shot™ TOP10 chemically competent E. coli. 10 ng PCR product 
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were mixed with 1 µL salt solution and water to a final volume of 5 µL. Then 1 µL of TOPO® vector was 

added, the reaction mixed and incubated for 60 min at room temperature. A water control was 

prepared as well. After the incubation samples were placed on ice. The ligation reaction was then 

transformed into one shot™ TOP10 chemically competent E. coli cells and incubated on ice for 30 min. 

As a transformation control pUC19 was transformed as well. A short heat shock was performed at 42°C 

for 30 s. Pre-warmed SOC medium was added, and this pre-culture incubated at 37°C for 1 h while 

shaking. Different volumes were spread on agar plates (50 µg/mL amp) using glass beads. These agar 

plates were then incubated at 37°C overnight. The next day multiple CFU were used to inoculate 4 mL 

of LB-medium supplemented with 100 µg/mL amp. Plasmid DNA was isolated as described in 2.2.2.1.4. 

Plasmids were control digested as described in  

Table 2-28.  

Table 2-28: Control digest TOPO cloning. 

Component Volume/amount 

pDNA 1 µg 

NEB buffer 2.1 1x 

EcoRI 10 Units 

H2O to a final volume of 30 µL 

 

Samples were incubated for 2 h at 37°C and analysed using gel electrophoresis as described in 2.2.1.1.3. 

Samples with a confirmed PCR product insertion were send for sanger sequencing using the M13-24 

reverse primer (Table 2-12) according to service provider recommendations (LGC Genomics GmbH). 

Sequencing data was analysed and compared to the parental control using SnapGeneViewer and the 

online tool for pairwise sequence alignment EMBOSS Needle. 

2.2.2.2 Functional analysis of NF1 knockout cell lines 

2.2.2.2.1 CellTiter-Glo® ATP quantification assay 

Effects of cell line exposure to ALK inhibitors as well as other inhibitors was assessed using the 

luminescent cell viability assay CellTiter-Glo®. This assay quantifies ATP. It was shown, that the amount 

of ATP is directly proportional to the amount of living cells in the sample [243]. The measured 

luminescent signal is proportional to the amount of ATP as this bioluminescent signal is one of the 

products in the oxidation of luciferin catalysed by the recombinant luciferase, that requires ATP (Figure 

2.2) [244]. 
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Figure 2.2: Schematic showing the basis of the CellTiter-Glo® reaction to quantify adenosine triphosphate (ATP). 
Luciferin is oxidized, a reaction catalysed by the luciferase in the presence of magnesium (Mg2+) and oxygen (O2) 
[244]. 

For inhibitor treatments the cell lines LAN-5 (5,000 cells/well), SH-SY5Y (3,000 cells/well) and 

respective model systems were seeded in white 96-well plates 24 h before the inhibitor treatment to 

reach a confluence of approximately 30%. Inhibitors dissolved in DMSO were applied using a Tecan 

D300e digital dispenser and each concentration applied in triplicates. Cell viability was assessed after 

72 h performing the CellTiter-Glo® assay according to manufacturer’s instructions [244].The 

luminescent signal was measured using the multi-plate reader GloMax® (Promega). Each experiment 

was performed at least three times. Each data point was subtracted by background signals of blank 

controls and normalized to untreated controls. Median values of each biological replicate for each 

tested concentration were used for evaluation of data with GraphPad Prism 9.0.  

2.2.2.2.2 Incucyte 

Cell numbers over and after 72 h of exposure to inhibitors were investigated using the live-cell analysis 

system Incucyte® S3. Therefore, LAN-5, SH-SY5Y and respective model systems were seeded with initial 

cell numbers according to their specific growth rate in clear 96-well plates 24 h before addition of 

inhibitors (LAN-5 15,000 cells/well, LAN-5 NF1 KO #1 17,000 cells/well, LAN-5 NF1 KO #2 

17,000 cells/well, SH-SY5Y 15,000 cells/well, SH-SY5Y NF1 KO #1 19,000 cells/well, SH-SY5Y NF1 KO #2 

8,000 cells/well). Inhibitors dissolved in DMSO were applied using a Tecan D300e digital dispenser and 

each concentration applied in triplicates. For each well of the 96-well plate 4 images using a 

10x objective were taken and analysed using the cell-by-cell module, which allows counting of 

individual cells. For each well the median cell number was calculated of the 4 images taken. 

Subsequently, the median of the three technical replicates was calculated per concentration. Each data 

point was normalized to a blank control as well as to the untreated control. Median values of each 

biological replicate for each tested concentration were used for evaluation of data with GraphPad 

Prism 9.0. 
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2.2.2.2.3 Modelling of concentration-response data 

To describe CellTiter-Glo® and Incucyte derived concentration-response data the statistics software 

GraphPad Prism 9.0 was used. Outlier were defined to have a viability or response value >100% and 

were excluded from the data set. The least square method was used to fit the respective model to the 

data. Two different models were tested to describe the data, the 3- and the 4-parameter logistic model 

(3PL and 4PL respectively). The 4PL is defined in Equation 2.1 [245-248]. 

 

𝑌 =
𝑎−𝑑

1+(
𝑋

𝑐
)
𝑏 + 𝑑  (2.1) 

 

X= concentration 

Y= response 

b= slope factor, Hill slope, determines steepness of the curve 

d= top plateau, response when concentration=0, baseline effect 

a= bottom plateau, maximum response, Emax 

c= inhibitory dose or concentration, that results in a response halfway between the top and bottom 

plateau, relative IC50 

In GraphPad Prism 9.0 the 3PL was defined with the Hill slope set to 1. The goodness of fit of the model 

to describe the data was assessed by standard deviation of the residuals. Furthermore, a D'Agostino-

Pearson omnibus K2 normality test was performed to test whether the distribution of residuals follows 

a Gaussian distribution. This is assumed by a least-square regression [249]. Additionally, a QQ residual 

plot was generated to further assess the assumption of Gaussian distribution. For some analysis, the 

Top was constraint at 100%. For comparison of concentration-response data, all settings were kept 

consistent between cell lines to be compared.  

2.2.2.2.4 Differential gene expression in NF1 knockout cell lines 

To investigate differential gene expression in NF1 knockout cell lines in comparison to the parental cell 

line messenger RNA (mRNA) sequencing experiments of chemically perturbed cell line models were 

performed as shown in Figure 2.3. 
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Figure 2.3: Schematic showing the experimental workflow of the performed messenger ribonucleic acid 
(mRNA)-sequencing experiments of perturbed NF1 knockout cell lines and the parental cell line. Cells were 
exposed to the ALK inhibitor ceritinib, to the MEK 1/2 inhibitor trametinib and to DMSO (vehicle control) for 
1 hour and 6 hours. Cells were harvested on ice to isolate RNA. Quality control was performed using the 
NanoDrop and TapeStation to assess RNA concentration, purity, and integrity. RNA meeting the quality criteria 
was used for sequencing and respective sequencing data analysed to assess differential gene expression. 

For the experiments 4.2*106 SH-SY5Y cells and respective NF1 knockout clones were seeded 24 h 

before inhibitor exposure to reach 70%-80 % confluence at the time of exposure. Each cell line was 

incubated with 605 nM ceritinib, 49 nM trametinib, 605 nM ceritinib and 49 nM trametinib or DMSO 

for 1 h and 6 h. Before adding inhibitors to the cells one t0 control sample was taken for each cell line. 

All experiments were performed in three biological replicates. 

The cells were harvested on ice and washed with ice cold PBS and detached using a cell scraper. Cells 

were spun down at 300 x g and 4°C for 5 min. Half of each cell pellet was resuspended in TRIzol™ 

reagent and frozen on dry ice. Samples were stored at -80°C before the RNA isolation was continued. 

To continue RNA isolation, frozen cell pellets in TRIzol™ were thawed on ice and left for 5 min at 

room temperature. The RNA was further isolated according to manufacturer’s guidelines [250]. Due to 

low material input 10 µg RNase-free glycogen were added to the samples during RNA precipitation. 

Furthermore, after glycogen addition samples were vortexed and incubated at -20°C overnight. The 

protocol was continued. Precipitated RNA samples were then treated with RQ1 RNase-free DNAse I 

for cleavage of potential residual DNA in the sample. The DNase I digestion reaction was performed as 

listed in Table 2-29. 
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Table 2-29: DNase I digest of RNA samples. 

Component Volume/amount 

RNA in water or TE buffer 1–8 µL 

RQ1 RNase-Free DNase reaction buffer 1x 

RQ1 RNase-Free DNase 1 U/µg RNA 

Protector RNase inhibitor 1 U/µL 

RNA nuclease-free water to a final volume of 10 µL 

 

The digest was incubated at 37°C for 1 h. Afterwards a phenol:chloroform extraction was performed 

using equal volumes of phenol-chloroform-isoamyl alcohol and RNA sample. Samples were shaken for 

15 s, incubated for 3 min at room temperature and spun for 15 min at 12,000 x g and 4°C. The aqueous 

phase was transferred into a reaction new tube and equal amounts of aqueous solution and 

chloroform mixed. This was shaken for 15 s and spun for 5 min at 12,000 x g and 4°C. Again, the 

aqueous phase was used for further processing. Sodium acetate was added to a final concentration of 

0.3 M to the samples. Afterwards two volumes of 100% isopropanol and 10 µg RNase-free glycogen 

were added, and samples incubated overnight at -20°C. After the incubation, the samples were 

centrifuged for 10 min at 25,000 x g and 4°C. The supernatant was discarded, and 1 mL 75% ethanol 

added. After samples were vortexed for 1 min, they were again centrifuged for 10 min at 4°C with 

25,000 x g. The steps of ethanol addition, vortexing and spinning were repeated once. The ethanol was 

discarded, and samples spun again for a few seconds to discard residual ethanol. Resulting RNA pellets 

were air dried for 10 min and resuspended in nuclease free water. RNA concentration and quality were 

assessed using the NanoDrop and 1 µL sample. Furthermore, the TapeStation 4200 was used with an 

RNA Screen tape according to manufacturer’s instructions [251]. Samples with confirmed quality were 

sent to FASTERIS for library preparation using the Illumina Stranded mRNA Prep. Samples were then 

sequenced on an Illumina HiSeq4000 using 75 bp paired-end sequencing by FASTERIS. 

2.2.2.2.5 Analysis of mRNA-seq data  

The mRNA-sequencing (mRNA-seq) data FASTQ files were transferred from FASTERIS. The data was 

further processed and analysed as shown in Figure 2.4. 
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Figure 2.4: Schematic showing the bioinformatic pipeline to analyse mRNA-sequencing data regarding 
differential gene expression. Raw sequencing reads were aligned to the reference genome using STAR and 
subsequently assigned to genes using subread featureCounts. The R package DESeq2 was then used to normalise 
reads-per-gene and to transform these via variance-stabilising transformation. DESeq2 was also used to perform 
principal component analysis (PCA). 

In brief, raw reads were aligned to the human reference genome (hg38) using STAR [252]. The 

transcriptome annotation was obtained from Gencode (v31) (RefSeq assembly accession: 

GCF_000001405.38). The aligned reads were assigned to genes on the same strand at the same 

position using subread featureCounts [253]. Reads-per-gene counts were normalised and transformed 

using the variance-stabilising transformation (VST) from the R package DESeq2 [254]. The quality of 

reads was verified using FastQC and results summarized and visualized using MultiQC [255]. A principal 

component analysis (PCA) was performed using the plotPCA function of DESeq2 and visualized using 

ggplot2 [256]. 

To assess differential gene expression between sample groups a linear model was used which takes 

into account various factors influencing gene expression: cell type, treatment type and duration of the 

treatment. By inclusion of an interaction term between cell types and treatment the model allowed 

that each cell type reacts differently to a certain treatment.  

2.2.2.2.6 Perturbation experiments and computational modelling 

A systems biology approach was used to investigate the effect of different perturbations on 

downstream signalling in NF1 knockout cell lines in comparison to the parental cell line. The 

experimental workflow is shown in Figure 2.5 and is described in Berlak et al. [1]. 
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Figure 2.5: Schematic showing the experimental workflow of perturbation experiments. Isogenic cell lines with 
a knockout of the NF1 gene and respective parental cell lines, were serum starved for 24 h and then exposed to 
ceritinib (anaplastic lymphoma kinase (ALK) inhibitor), trametinib (MAPK (mitogen-activated protein kinase)/ERK 
(extracellular signal-regulated kinase)-Kinase 1/2 (MEK 1/2) inhibitor), rapamycin (mammalian target of 
rapamycin (mTOR) inhibitor), pictilisib (phosphatidylinositol 3-kinase (PI3K) inhibitor) or DMSO (vehicle control) 
and subsequently stimulated for 30 min with epidermal growth factor (EGF), insulin-like growth factor-1 (IGF1) 
or phosphate-buffered saline (PBS) (carrier). Cells were harvested on ice and lysed. Protein lysates were then 
used to quantify phosphoproteins of certain target proteins using a bead-based ELISA assay. This perturbation 
data together with a prior network knowledge was used to model ALK downstream signalling using the R package 
of steady-state analysis of signalling networks (STASNet). This figure is based on Berlak et al. [1]. 

SH-SY5Y and LAN-5 as well as the respective NF1 knockout cell lines were seeded with 0.35*106 cells 

and 0.5*106 cells per 12well plate, and serum-starved for 24 h. Then the cells were exposed to different 

inhibitors (see Table 2-30) inhibiting ALK downstream signalling or DMSO for 90 min. Ceritinib as well 

as lorlatinib were also used for a combined exposure with trametinib. The cells were incubated at 37°C. 

Table 2-30: Chemical perturbations of neuroblastoma cell lines. 

Inhibitor Molecular target SH-SY5Y LAN-5 

ceritinib ALK 600 nM 337 nM 

lorlatinib ALK experiment not performed 478 nM 

trametinib MEK 49 nM 31 nM 

pictilisib PI3K 1 µM 31 nM 

rapamycin mTORC 100 nM 100 nM 

 

Subsequently cells were stimulated with 25 ng/mL EGF, 100 ng/mL insulin like growth factor 1 (IGF-1) 

or PBS for 30 min. The cells were harvested on ice and subsequently washed twice with ice-cold PBS, 

supplemented with 1x PhosSTOP™ and 1x cOmplete™ Mini. The supplemented PBS was discarded, and 

cell lysis buffer BioRad (see Table 2-14) was added. The cells were harvested using a cell scraper, the 

sample plates frozen on dry ice and stored at -80°C. Protein concentrations were determined using a 

BCA assay as described in 2.2.2.1.13. Subsequently samples were used for Bio-Plex Pro™ cell signalling 

assay experiments, which enable phosphoprotein and total target detection, according to 

manufacturer’s instructions [257]. Protein lysates were incubated with antibody-coated magnetic 
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beads (fluorescently dyed microspheres) as described by Klinger et al. [258].These magnetic beads 

bind proteins of interest via their capture antibodies. Biotinylated detection antibodies specific for 

phosphorylated analytes of AKT (Ser473), ERK1/2 (Thr202/Tyr204, Thr185/Tyr187), MEK1 (Ser217/Ser221) and 

RPS6KB1 (Thr389) were added to quantify analytes. These were then bound by a 

streptavidin-phycoerythrin conjugate, which functioned as a fluorescent reporter. The samples were 

measured using the Bio-Plex MAGPIX multiplex reader. Subsequently perturbation data was used for 

computational modelling using the R package STASNet [259]. Model parameters of isogenic cell line 

triplets were constrained such that they were identical between the isogenic cell line triplets and 

allowed divergence of parameters between these cell lines only if it was necessary to fit the data, as 

quantified by a likelihood ratio test [1]. 

2.2.2.2.7 Perturbation experiments and western blots to investigate ALK downstream signalling  

To investigate ALK downstream signalling with a complementary approach to the systems biology 

experiments, NF1 knockout cell lines and respective parental cell lines were perturbed with different 

inhibitors. Similar to the experiments described in 2.2.2.2.6 , cells were seeded on 10 cm dishes 

according to Table 2-31 to reach 80% confluence at the time of inhibitor exposure, and serum starved 

for 24 h. 

Table 2-31: Cell numbers used for perturbation experiments and subsequent western blot. 

SH-SY5Y 
SH-SY5Y 

NF1 KO #1 

SH-SY5Y 

NF1 KO #2 
LAN-5 

LAN-5 

NF1 KO #1 

LAN-5 

NF1 KO #2 

3*106 cells 2.3*106 cells 1*106 cells 3*106 cells 3*106 cells 3*106 cells 

 

Cells were treated with trametinib or ceritinib as stated in Table 2-30 or DMSO for a total 1 h which 

included 30 min of stimulation with 25 ng/mL EGF or PBS (carrier). Afterwards the cells were washed 

twice with ice cold PBS, supplemented with 1x PhosSTOP™ and 1x cOmplete™ Mini. The supplemented 

PBS was discarded, and cells harvested on ice using a cell scraper in cell lysis buffer II. Cell lysis and 

protein concentration determination were performed as described in 2.2.2.1.12 and 2.2.2.1.13. 

Proteins were separated using hand casted SDS-PAGE gels (Table 2-32).  
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Table 2-32: Components of hand casted SDS-PAGE gels. 

Component 4% Stacking gel 10% Resolving gel 

Polyacrylamide (30%) 3.3 mL 330 µL 

Buffer 2.5 mL 250 µL 

H2O 4 mL 1.4 mL 

SDS (20%) 50 µL 10 µL 

APS (10%) 100 µL 20 µL 

TEMED 4 µL 2 µL 

 

10 µg of sample were supplemented with 4x Laemmli buffer containing 355 mM -mercaptoethanol 

and denatured at 95°C for 10 min. Samples were loaded on self-made 10% Tris-Glycine-SDS 

polyacrylamide gels and electrophoresis performed in 1x TRIS-Glycine SDS running buffer. 

5 µL PageRuler™ Prestained Protein Ladder were used as size standard. SDS-PAGE experiments were 

performed at 80 V for approximately 4 h. Proteins were then transferred from SDS-PAGE gels onto a 

PVDF membrane using a semi-dry blot method. Semi-dry blots were performed using 1x semi-dry blot 

transfer buffer and a trans-blot turbo transfer system at 25 V for 30 min. Membranes were developed 

as described in 2.2.2.1.15. For the detection of phosphoproteins, membranes were blocked and 

incubated with antibodies using 10% bovine serum albumin (BSA) or 5% BSA in TBS-T. Antibodies used 

are listed in Table 2-13. 

 

2.2.3 Statistics 

The arithmetic mean and the median were calculated with Microsoft Excel. Model fitting to describe 

concentration-response data was performed using GraphPad Prism 9.0. 

As described in 2.2.1.3.7 data of CRISPR screens was analysed using MAGeCK. For ALK inhibitor treated 

samples the correlation was investigated by calculating the Pearson correlation coefficient r based on 

beta scores for respective genes and associated sgRNAs. The null hypothesis, that there is no trend in 

the population was tested using a two-tailed t-test. This analysis was also performed using GraphPad 

Prism 9.0. 

Concentration-response data was evaluated using the software GraphPad Prism 9.0 as described in 

2.2.2.2.3. 
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3 Results 

The results presented in the following sections are published in Berlak et al. [1]. 

3.1 Identification of ALK inhibitor resistance associated genes in ALK-driven neuroblastoma cell lines 

As up to 60% of high-risk neuroblastoma patients relapse despite intensive multimodal therapy and as 

ALK pathway activation is recurrently found in relapsed neuroblastoma, small molecule inhibitors 

against ALK have been the subject of paediatric clinical trials [33, 52, 159-162, 208]. In those clinical 

trials, it was observed that some neuroblastoma patients first experienced disease regression but 

eventually relapsed during the treatment [161]. To investigate resistance mechanisms to ALK inhibitors 

in neuroblastoma, genome-wide CRISPR/Cas9 knockout screens were performed to identify ALK 

inhibitor resistance associated genes in the neuroblastoma cell line SH-SY5Y. 

3.1.1 Amplification of a CRISPR plasmid library  

In order to perform CRISPR/Cas9 negative selection screens in the ALK-driven neuroblastoma cell line 

SH-SY5Y, the plasmid pool of the genome-wide Brunello sgRNA library had to be expanded and its 

sequence had to be validated before lentiviral packaging. To sequence this plasmid pool for 

determination of sgRNA containing plasmid distribution in the pool a PCR protocol was optimized. The 

recommended settings by Doench et al. yielded a distinct DNA band at about 350 bp as shown in Figure 

3.1 in the sample PCR1 [209]. The expected band size was 290 bp.  

 

Figure 3.1: Agarose gel image of a test PCR experiment to amplify the region of interest using the Brunello 
plasmid DNA pool. GeneRuler 100 bp was used as a DNA ladder (L). Two different PCR programs were used for 
the experiment. PCR 1= PCR program as reported by Doench et al., PCR 2= PCR program recommended by New 
England BioLabs for the use of the NEBNext Ultra II Q5® Master Mix PCR. 

 

The quality of the plasmid DNA pool, that was amplified by transfer into ultracompetent E. coli cells 

using electroporation and subsequent bacterial expansion, was verified by restriction enzyme digest 
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using BamHI and ACC65I. This was performed as a quality control before next generation sequencing 

to verify the sequence of the plasmids. An undigested as well as the digested sample were loaded on 

an agarose gel and expected bands at ~5,000 bp (expected 4,829 bp) and ~8,500 bp (expected 

8,188 bp) were observed in the digested samples confirming sequence identity (see Figure 3.2).  

 

Figure 3.2: Agarose gel image of a control restriction digest. The amplified plasmid DNA pool containing the 
sgRNAs of the Brunello library was digested using BamHI and ACC65I. An undigested control sample was also 
loaded onto the agarose gel and samples eluted in different solutions compared. For the digested plasmid pools 
expected DNA bands were observed. Digestion of the samples is indicated below the image with a +. 

 

The PCR product of the sequencing library generation PCR with the plasmid pool as a template showed 

additional DNA bands in the sample (see Figure 3.3). As these unspecific PCR products would lead to 

an incorrect quantification of the actual sequencing library samples and therefore would have resulted 

in an incorrect loading of those samples to the flow cell and subsequently compromised the 

sequencing read coverage of the correct plasmid library derived amplicons, the band of interest at 

~300 bp was extracted after agarose gel electrophoresis.  
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Figure 3.3: Agarose gel image of the PCR product of the sequencing library generation PCR using the amplified 
plasmid DNA pool as template. The expected 300 bp DNA amplicon was observed but additional DNA bands as 
well. The 300 bp band was extracted to be submitted for next generation sequencing to determine the 
distribution of constructs within the plasmid pool. GeneRuler 100 bp was used as a DNA ladder (L). 

 

After quality control experiments the gel-extracted sequencing library sample was sent for NGS to 

check for even distribution of the constructs in the pool. Furthermore, it allowed to compare the data 

of the plasmid pool with the data of the t0 sample to evaluate if essential genes or if sgRNAs have been 

lost during virus production or infection. The distribution of the plasmid DNA library was assessed by 

frequency plots and a Lorenz curve (see Figure 3.4). An ideal distribution would resemble a diagonal 

line with an AUC of 0.5 [260-262]. For the Lorenz curve of the pDNA pool an AUC of 0.646 was 

calculated indicating a library that is not ideally distributed [260-262]. This was in agreement with the 

observation that seven genes were represented by less than the four sgRNAs per gene designed. Those 

genes were SPHAR, ZNF502, CT45A2, CT45A1, DEFB107B, DEFB106B and MTRNR2L1. As the abundance 

of sgRNAs of actual CRISPR/Cas9 library screens is always evaluated relative to the t0 sample the 

distribution of sgRNA containing plasmids in the pDNA pool should be considered if sgRNAs dropped 

out during the screen before interpretation but does not prevent the performance of meaningful 

selection screens. In the CRISPR/Cas9 knockout screens described in this thesis an uneven distribution 

might have prevented the identification of further genes associated with a resistant phenotype. 

Analysis of sequencing data for sgRNA containing plasmid distribution was kindly provided by 

Dr. Filippos Klironomos. 
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Figure 3.4: Distribution of sgRNA containing plasmids. (A) Frequency plot showing the distribution of individual 
sgRNA containing plasmids (Brunello library) in the plasmid DNA pool that was used for lentivirus production 
to perform CRISPR/Cas9 knockout screens. Normalized sequencing read counts were multiplied by 106 and a 
pseudocount of one added and then log10-transformed. CPM= counts per million. (B) The distribution of 
individual sgRNA containing plasmids was also assessed by plotting the cumulative fraction of next generation 
sequencing (NGS) reads and the sgRNAs ranked by abundance as a Lorenz curve. The black diagonal line 
indicates an ideal distribution with an AUC of 0.5 [260, 261]. The sample is shown in blue with an area under 
the curve (AUC) of 0.646. 

 

3.1.2 Performance of CRISPR/Cas9 negative selection screens 

To identify ALK inhibitor resistance associated genes CRISPR/Cas9 knockout screens were performed 

in SH-SY5Y by exposure to ceritinib, lorlatinib or DMSO for 13 days. A t0 sample was harvested before 

exposure of the cell pool to ceritinib, lorlatinib or DMSO as distribution reference. The Sequencing data 

derived from the performed CRISPR/Cas9 knockout screens was used to quantitate the abundance of 

sgRNA sequences and retrieved read count matrices were analysed using MAGeCK-VISPR [234]. 

Analysis of CRISPR/Cas9 knockout screens derived sequencing data using MAGeCK-VISPR was kindly 

provided by Jun.-Prof. Dr. Michael Boettcher. 

The reproducibility of technical screen replicates for samples exposed to a certain ALK inhibitor was 

high, indicated by high correlation (r ≥ 0.98) (Figure 3.5). Based on MAGeCK-VISPR ‘’ scores 109 genes 

with significantly enriched sgRNAs (P-value ≤ 0.01) were identified in both ALK inhibitor-treated 

samples (Table 8.1). Overall, the correlation of ‘’ scores for respective sgRNAs between ALK inhibitor 

exposed samples was high (r>0.89) (Figure 3.6). 
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Figure 3.5 Quality control of CRISPR/Cas9 knockout screen. (A and B) The correlation between sgRNA 
phenotypes from two technical screen replicates based on normalized read counts per sgRNA for each ALK 
inhibitor is shown. The correlation coefficients (r) were calculated using Pearson correlation and tested using 
a two-tailed t-test; P<0.0001. Previously published in Berlak et al.[1]. 

 

In order to identify pathway and molecular function annotations for the 109 genes with significantly 

enriched sgRNAs the gene list was uploaded to the PANTHER classification tool to perform a 

functional classification analysis [220]. Therefore, the PANTHER GO- Slim Molecular Function 

annotation set, and the PANTHER-Pathway annotation set were used. Several genes with 

significantly enriched sgRNAs were associated with various ALK downstream signalling pathways, 

like PIAS3 protein being part of the JAK/STAT pathway, inhibiting the DNA-binding activity of STAT3 

[263]. The overexpression of PIAS3 was described to lead to cell growth suppression in human lung 

cancer cells and its loss suggested to drive high-grade serous ovarian carcinoma [264, 265]. Other 

interesting candidate genes were CSK and RACK1 (also known as GNB2L1) encoding proteins that 

regulate Src activity [266-272]. The tyrosine kinase Src is described to interact with the ALK 

receptor [90]. 

 

Furthermore, a GSEA was performed querying the entire data set for enrichment of sgRNAs 

targeting certain genes based on beta scores between both ALK inhibitor treated samples and the 

DMSO control. The GSEA was performed using the C2 curated gene sets from the MsigDB database 

[218, 219, 273-275]. This analysis revealed enriched gene sets associated with translation, nonsense 

mediated decay (NMD) and the respiratory electron transport (Table 8.2). Using the GSEA tool 4.1.0 

a leading-edge analysis was performed to determine the gene sets within the defined cut off criteria 

that showed the highest enrichment and the corresponding genes. The Set-to-Set comparison 

(Figure 3.7) indicated an overlap of leading-edge genes between subsets. 
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Figure 3.6 Overview of results of genome-wide CRISPR/Cas9 knockout screens. Negative beta scores, derived 
from the MAGeCK-VISPR analysis, indicate a depletion of sgRNAs targeting denoted genes during treatment, 
whereas positive beta scores indicate an enrichment of sgRNAs targeting a respective gene. Significant candidate 
genes (P<0.01) with highly abundant sgRNAs during treatment are highlighted in red. Genes identified to 
influence ALK downstream signalling pathways are labelled. Previously published in Berlak et al.[1]. 

 

For the three gene sets representing genes of the respiratory chain (reactome respiratory electron 

transport, reactome respiratory electron transport ATP synthesis by chemiosmotic coupling and heat 

production by uncoupling proteins, WP electron transport chain oxphos system in mitochondria signal), 

an overlap of leading-edge genes was observed only within this group of respiratory chain gene sets, 

indicating a result specific to this biological process. Identified genes were NDUFA1, NDUFA2, NDUFA6, 

NDUFB2, NDUFB3, NDUFB4, NDUFS1, NDUFS2, NDUFS6, NDUFC2, NDUFU3, NDUFAB1 and NDUFB6. 

These genes all encode subunits of the NADH:ubiquinone oxidoreductase (complex I), which is 

composed of 45 subunits and the first enzyme of the respiratory chain, oxidizing nicotinamide adenine 

dinucleotide hydrogen (NADH) [273].  

In addition to the functional classification analysis and the GSEA a literature search was performed on 

the 109 genes with significantly enriched sgRNAs. Thereby the NF1 gene, encoding the Ras-GTPase 

Activating Protein (Ras-GAP) NF1, which is also a negative regulator of RAS signalling, was identified as 

a mediator of ALK inhibitor response (Figure 3.6) [129, 274]. 
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Figure 3.7 A gene set enrichment 
analysis (GSEA) was performed 
comparing enrichment of 
sgRNAs targeting certain genes 
based on beta scores between 
both ALK inhibitor treated 
samples and the DMSO control. 
The GSEA was performed using 
the C2 curated gene sets from 
the MsigDB database. A GSEA 
leading edge analysis was 
performed to determine the 
gene sets within the defined cut 
off criteria that showed the 
highest enrichment and the 
corresponding genes. These 
gene sets are shown in this set-
to-set map. The extent of 
overlap between gene sets is 
indicated with darker colour. 
White squares indicate that gene 
sets have no overlapping leading 
edge genes. 

 

Data indicated that cells expressing one of the four sgRNAs against NF1, enrich over time when treated 

with lorlatinib or ceritinib, suggesting a role for NF1 in ALK signalling in neuroblastoma cell lines and 

an association with ALK inhibitor resistance (Figure 3.8). Interestingly, NF1 was also described to be 

inactivated in some neuroblastoma tumours [42, 274].  

A 

 

B 

 

Figure 3.8 Histograms depicting the abundance distribution of all sgRNAs to their log2 fold change (mean ALK 
inhibitor/mean DMSO) for both ALK inhibitors. The enrichment of sgRNAs targeting NF1 is shown below, with 
each colored line representing one of the four sgRNAs targeting NF1. The enrichment of sgRNAs is consistent 
between both ALK inhibitors. Previously published in Berlak et al.[1]. 
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Taken together, some of the genes identified, with enriched sgRNAs overtime in ALK inhibitor exposed 

samples using a genome-wide CRISPR/Cas9 knockout screen, encode proteins modulating ALK 

downstream signalling. A knockout of the respective genes may lead to ALK inhibitor resistance. 

 

3.2 Generation and validation of NF1 knockout cell lines using the CRISPR/Cas9 system 

A loss of NF1 function was reported to confer resistance against a variety of targeted therapies, such 

as EGFR-inhibition in lung cancer, BRAF-inhibition in melanoma, BCR-ABL-inhibition in chronic myeloid 

leukaemia and endocrine therapies in advanced breast cancer [275-278]. Furthermore, genomic data 

of tumour biopsies from ALK inhibitor-resistant neuroblastoma of patients treated at the Charité in a 

paediatric phase 1 study for ceritinib were analysed regarding mutations. This data was compared with 

genomic data of tumour biopsies of the same patients before resistance development. In the biopsies 

of ALK inhibitor-resistant neuroblastoma inactivating NF1 mutations were detected as reported in 

Berlak et al.[1]. Therefore, isogenic cell lines with an NF1 knockout were generated, to investigate 

whether a knockout of NF1 mediates ALK inhibitor resistance in neuroblastoma cell lines. 

Respective ALK-driven neuroblastoma cell lines of interest were shown to be authentic upfront. 

Furthermore, the cell lines SH-SY5Y and LAN-5 were investigated for mutations in ALK downstream 

signalling pathways using NGS and no mutations in ALK downstream signalling pathways were 

identified (see Berlak et al.[1]). Isogenic cell lines were generated as described in the methods section. 

In the following example data for one cell line will be shown. 

Respective cell line bulk populations were analysed for editing events after transfection with the sgRNA 

containing plasmids, targeting exon 1 or exon 30 of the NF1 gene, using a T7 assay. T7 endonuclease 

digested samples of SH-SY5Y bulk populations showed additional DNA bands in comparison to the 

undigested sample and the parental samples indicating editing events (Figure 3.9). 

Cell line pools found positive for editing events were used for limited dilution experiments. Isolated 

single cell clones were also analysed for INDELS using the T7 assay (Figure 3.10). 
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Figure 3.9: Testing of SH-SY5Y bulk populations for INDELS using T7 endonuclease. DNA of bulk populations 
transfected with a sgRNA containing plasmids targeting NF1 in exon 1 or exon 30 were digested with T7 
endonuclease to detect mismatched DNA, which indicates INDELS. Samples were loaded on an agarose gel for 
analysis. In comparison to the undigested as well as the parental sample (P) all bulk populations showed 
additional DNA bands. GeneRuler 100 bp was used as a DNA ladder (L). Digestion of the samples is indicated 
below the image with a +. 

 

Single cell clones SH-SY5Y E1-2 #1 as well as SH-SY5Y E30-2 #2 showed additional DNA bands in T7 

digested samples in comparison to the respective undigested sample and the parental sample, 

indicating INDELS. Therefore, these single cell clones were used for further analysis. 

A 

 

B

 

Figure 3.10 Testing of SH-SY5Y isolated single cell clones for INDELS using T7 endonuclease. DNA of isolated single 
cell clones of INDEL positive bulk populations were digested with T7 endonuclease to detect mismatched DNA, 
which indicates INDELS. Samples were loaded on an agarose gel for analysis. In comparison to the undigested as 
well as the parental sample (P) single cell clones with additional DNA bands were used for further analysis. 
GeneRuler 100 bp was used as a DNA ladder (L). Digestion of the samples is indicated below the images with a +. 
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Sequences of INDELS for respective isogenic cell lines were determined by subcloning of PCR products, 

subsequent Sanger sequencing and comparison to the parental sequence (Figure 3.11). Determined 

INDEL sequences are listed in Table 3-1. For SH-SY5Y E1-2 #1 a 16 bp deletion was observed 6 bp 

upstream of the PAM sequence GGG. 

 

 

Figure 3.11 Comparison of sequencing chromatograms of Sanger sequencing. The top panel shows the sequence 
of the parental cell line SH-SY5Y. The sgRNA sequence is framed in black and followed by the PAM sequence GGG. 
The sequence deleted in the isolated single cell clone SH-SY5Y E1-2 #1 is shown in yellow in the top panel. The 
bottom panel shows the sequencing chromatogram of SH-SY5Y E1-2 #1. 

 

Table 3-1: INDEL sequences of isogenic cell lines in the NF1 gene. 

Isogenic cell line INDEL 

SH-SY5Y E1-2 #1 16 bp deletion 

TGGAATGGGTCCAGGC 

SH-SY5Y E30-2 #2 15 bp deletion 

CCCCCCTCAACTTCG 

40 bp deletion 

CTTCGAAGTGTGTGCCACTGTTTATACCAGGTATGCTTACAG 

LAN-5 NF1 KO #1 181 bp insertion 

GCAGCGGACCTTCGACAACGGCAGCATCCCCCACCAGATCCACCTGGGAGAGCTGCA

CGCCATTCTGCGGCGGCAGGAAGATTTTTACCCATTCCTGAAGGACAACCGGGAAAA
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GATCGAGAAGATCCTGACCTTCCGCATCCCCTACTACGTGGGCCCTCTGGCCAGGGG

AAACAGCAGA 

LAN-5 NF1 KO #2 195 bp insertion 

CCGACGTGCTTCGCGCGCAACTTTGCCCGCGCTTCTTCGTCCATATTATGTAGCGGTT

GTCCCACCAGACTCACTTCGCCACTGCTGCCGTCATCAAGCCCGGCGAGGATCGCCA

GCAAGGCTGACTTACCCGATCCCGACTCGCCCACCAGTGCGATGGTCTCGCCACGTTT

GACAACCAGCTCAACTCCGGT 

1 bp deletion 

G 

 

The identified INDELS either led to premature stop codons or modified amino acid sequences, which 

might not allow proper protein folding. Western blot experiments confirmed the NF1 knockout on a 

protein level indicated by absence of a protein band (Figure 3.12). SH-SY5Y E1-2 #1 and SH-

SY5Y E30-2 #2 are hereafter named SH-SY5Y NF1 KO #1 and SH-SY5Y NF1 KO #2 respectively. 

 

Figure 3.12 NF1 protein levels were investigated in isogenic NF1 knockout cell lines using western blot. SH-SY5Y 
as well as LAN-5 NF1 knockout cell lines showed an absence of NF1 protein in comparison to the respective 
parental line (P). Staining of Vinculin was used as a loading control. Previously published in Berlak et al.[1]. 

 

In addition to NF1 protein levels ERK1/2 as well as phosphorylated ERK1/2 protein levels were 

investigated in NF1 knockout clones and increased levels of phosphorylated ERK1/2 observed in 

comparison to the parental cell lines (Figure 3.13), indicating increased RAS/MAPK signalling as 

expected from the literature due to the role of NF1 as a negative regulator of RAS signalling [128, 129].  
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Figure 3.13 Western blot analysis of total and phosphorylated ERK 1/2 indicates increased RAS/MAPK signalling 
in NF1 knockout single cell clones in comparison to the parental line (P). Beta Actin staining was used as a loading 
control. Previously published in Berlak et al.[1]. 

In summary, isogenic ALK-driven neuroblastoma cell lines harbouring an NF1 knockout were generated 

and validated on a DNA as well as protein level and were characterized by increased RAS/MAPK 

signalling.  

3.3 Functional analysis of NF1 knockout cell lines  

3.3.1 Investigation of ALK inhibitor sensitivity of NF1 knockout cell lines 

To investigate whether a knockout of NF1 can lead to an ALK inhibitor resistance phenotype in 

ALK-driven neuroblastoma cell lines, as indicated by the genome-wide CRISPR/Cas9 knockout screen, 

isogenic NF1 knockout cell lines were exposed to different ALK inhibitor concentrations and cell 

viability assessed. In order to use the ATP quantification assay CellTiter-Glo® quenching effects of 

inhibitors and media compositions were investigated upfront (Figure 8.1 and Figure 8.2). Based on the 

definition of resistance by McDermott et al., three of the four isogenic NF1 knockout cell line models 

were resistant to ceritinib treatment (Figure 3.14 and Figure 3.15, Table 3-2 and Table 3-4) [194]. Based 

on the resistance definition LAN-5 NF1 KO #2 was not resistant to ceritinib.  
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Figure 3.14 Cell viability of NF1 knockout clones and the parental cell line was assessed during ALK inhibitor 
exposure with ceritinib or lorlatinib for 72 h using the live-cell imaging system Incucyte. NF1 knockout cell lines 
showed a decreased sensitivity towards ALK inhibitors. The 4-parameter logistic model was fitted to the 
concentration-response datasets using the least square method; values represent cell viability mean ± SD, 
n=3. Previously published in Berlak et al.[1]  

 

Table 3-2: Best-fit parameter and 95% confidence intervals derived of nonlinear regression models to 
describe live-cell imaging analysis derived concentration-response data for ceritinib. 

Cell line 

relative 

IC50 

in nM 

95% CI IC50 

in nM 

Fold 

resistance 
m 95% CI m 

Emax 

in % 

SH-SY5Y 50.7 44.2 to 58.8 na -2.17 -3.12 to -1.64  84.1 

SH-SY5Y NF1 KO #1 750 562 to 1000 14.8 -1.40 -1.95 to -1.00 79.4 

SH-SY5Y NF1 KO #2 619 387 to 1200 12.2 -1.45 -2.42 to -0.840 83.0 

LAN-5 42.7 34.2 to 53.8 na -1.31 -1.73 to -1.01 75.7 

LAN-5 NF1 KO #1 440 286 to 1000 10.3 -0.871 -1.19 to -0.62 90.4 

LAN-5 NF1 KO #2 61.7 47.2 to 80.3 1.44 -1.25 -1.69 to -0.94 72.0 
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All four isogenic NF1 knockout cell lines were less sensitive to lorlatinib exposure in comparison to the 

respective parental line (Table 3-3 and Figure 3.14). 

Table 3-3: Absolute IC50 values and Emax derived of live-cell imaging analysis-based 
concentration-response data for lorlatinib. 

 SH-SY5Y SH-SY5Y NF1 

KO #1 

SH-SY5Y NF1 

KO #2 

LAN-5 LAN-5 NF1 

KO #1 

LAN-5 NF1 

KO #2 

lorlatinib 

absolute 

IC50 

42.7 nM na na 21.9 nM na na 

Emax 58.0% 35% 26% 75.0% 30.0% 25.1% 

 

Attempts to fit the 4PL as well as the 3PL using the least square method did not result in a good 

description of the concentration-response data of lorlatinib. For the investigated concentration range 

of lorlatinib only the Emax values could be compared. The less sensitive phenotype of NF1 knockout 

clones for lorlatinib in comparison to the respective parental lines was observed by decreased Emax 

values.  

 

 

Figure 3.15 Cell viability of NF1 knockout clones and the parental cell line was assessed after 72 h of ALK 
inhibitor exposure with ceritinib using an ATP quantification assay. The 4-parameter logistic model for SH-
SY5Y with a Top constraint at 100% or the 3-parameter logistics model for LAN-5 with a Top constraint at 
100% were fitted to the concentration-response data using the least square method. NF1 knockout cell lines 
showed a decreased sensitivity towards ALK inhibitors; values represent cell viability mean ± SD, n=3. For 
LAN-5 n=1. 
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Table 3-4 Best-fit parameter and 95% confidence intervals derived of nonlinear regression models to 

describe CellTiter-Glo® derived concentration-response data for ceritinib. 

Cell line 

relative 

IC50 

in nM 

95% CI IC50 

in nM 

Fold 

resistance 
m 95% CI m 

Emax 

in % 

SH-SY5Y 168 129 to 236  na -0.760  -0.882 to -0.652 100 

SH-SY5Y NF1 KO #1 445 305 to 896  2.65 -0.835 -1.08 to -0.643  100 

SH-SY5Y NF1 KO #2 358 274 to 517  2.13 -0.860 -1.01 to -0.733 100 

LAN-5 152 133 to 174  na - - 100 

LAN-5 NF1 KO #1 374 325 to 430  2.46 - - 100 

LAN-5 NF1 KO #2 249 223 to 277  1.64 - - 100 

 

Taken together, a knockout of NF1 leads to an ALK inhibitor resistant phenotype in ALK-driven 

neuroblastoma cell lines. This further confirmed the results of the genome-wide CRISPR/Cas9 knockout 

screen. 

3.3.2 Differential gene expression in NF1 knockout cell lines 

To further investigate the ALK inhibitor resistant phenotype of ALK-driven neuroblastoma 

NF1 knockout cell lines, differential gene expression during ALK inhibitor exposure was investigated 

for two different time points.  

Analysis of mRNA sequencing data was kindly provided by Dr. Joern Toedling. By investigation of mRNA 

sequencing reads the detected INDELS in the NF1 gene were further confirmed in NF1 knockout cell 

lines (Figure 8.3) and NF1 expression still observed in these isogenic lines (Figure 3.16). This was 

expected, as it was reported that mRNA transcripts of CRISPR/Cas9 knocked out genes are still 

generated but no functional protein synthesized due to NMD [279]. Predicted sgRNA off-target genes 

like NINL, ELK3, CTNNA3 and EPHB1 were also investigated for the occurrence of INDELS but predicted 

off-target sequences showed an absent or very low sequencing read coverage. These off-target 

sequences should be further investigated using targeted sequencing approaches to preclude off-target 

editing. Furthermore, sequencing reads were used to check for the presence of ALK mutations, which 

were confirmed (Figure 8.4) and a decreased ALK expression observed in NF1 knockout cell lines in 

comparison to the parental line (Figure 3.16). Other studies reporting on ALK inhibitor resistant 

neuroblastoma cell lines described reduced ALK expression in resistant cells as well [181]. The reduced 

ALK expression in NF1 knockout cells might be explained by a reduced PHOX2B expression (Figure 3.17), 
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a transcription factor, that was described to bind to the ALK promoter and regulates its expression 

[280]. 

 

A 

 

Figure 3.16 SH-
SY5Y and 
generated 
isogenic NF1 
knockout lines 
were exposed to 
DMSO (vehicle 
control) or 
ceritinib (ALKi) for 
1 h and 6 h. 
Isolated mRNA of 
the different 
samples was 
submitted for 
mRNA 
sequencing. (A) 
shows the 
expression of NF1 
for different 
timepoints and 
treatments on a 
log2 scale and (B) 
the expression of 
ALK. 

B 

 

 

Furthermore, the mRNA-sequencing data was used to investigate the expression of genes of the RAS 

pathway signature as an additional indirect measurement of RAS-activity [114]. ETV4, ETV5, DUSP4, 

DUSP6 and SPRY4 showed decreased expression in the parental cell line during ALK inhibitor exposure 

but were stable or only little affected in NF1 knockout clones indicating increased RAS-activity (Figure 

3.18). 

 

Figure 3.17 SH-SY5Y and generated isogenic NF1 knockout lines were exposed to DMSO (vehicle control) or 
ceritinib (ALKi) for 1 h and 6 h. Isolated mRNA of the different samples was submitted for mRNA sequencing. 
Expression of PHOX2B is shown on a log2 scale. 
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IRS2 expression, encoding a signalling adaptor protein, that was described to be activated by the ALK 
kinase and is ALK inhibitor sensitive was stable during ceritinib exposure in NF1 knockout clones (Figure 

3.19) further indicating an ALK inhibitor resistant phenotype of these cell lines. [79]. 

 

A 

 

Figure 3.18 SH-SY5Y 
and generated 
isogenic NF1 
knockout lines were 
exposed to DMSO 
(vehicle control) or 
ceritinib (ALKi) for 1 h 
and 6 h. Isolated 
mRNA of the different 
samples was 
submitted for mRNA 
sequencing. 
Expression of several 
genes of the RAS 
pathway signature is 
shown on a log2 scale 

B 

 

C 

 

D 
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To identify genes differentially expressed in NF1 knockout cell lines in comparison to the parental cell 

line the mRNA-sequencing data was analysed using a linear regression model taking into account 

different factors influencing gene expression, like the drug exposure duration, the specific drug and 

the cell line type.  

 

 

Figure 3.19 SH-SY5Y and 
generated isogenic NF1 
knockout lines were 
exposed to DMSO (vehicle 
control) or ceritinib (ALKi) 
for 1 h and 6 h. Isolated 
mRNA of the different 
samples was submitted for 
mRNA sequencing. 
Expression of IRS2 during 
DMSO (control) or ceritinib 
(ALKi) exposure over time 
for SH-SY5Y or respective 
NF1 KO cell lines is shown 
on a log2 scale. 

 

TMEM229A, SGK1, CHST11, SPRY4, ETV5, ADAM29, AC118758.1 and SHISA3 were genes with 

significant differential expression during 6 h of ALK inhibitor exposure in both NF1 knockout clones. 

One of them was ETV5 is a gene of the RAS pathway signature (Figure 3.20) [115]. ETV5 expression was 

stable during ALK inhibitor exposure in NF1 knockout cell lines but not in the parental cell lines as 

expected, due to the increased RAS activity in these cells. Furthermore, the expression of the receptor 

kinase RET was increased in NF1 knockout cell lines in comparison to the parental line (Figure 3.20), 

but also affected during ceritinib exposure.  

It has been described, that ETV5 expression is regulated by ALK-RAS-ERK activity in neuroblastoma and 

that ETV5 binds to the RET promoter regulating its gene expression [116, 290, 291]. RET is a 

proto-oncogene encoding a receptor tyrosine kinase and its activation can mediate activation of e.g., 

RAS/MAPK, JAK/STAT and PI3K/AKT signalling [281, 282]. Therefore, it might be that a ETV5-RET loop 

is a bypass mechanism leading to ALK inhibitor resistance in addition to the increased RAS activity. This 

should be further investigated using qPCR and western blot. 
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Figure 3.20 SH-SY5Y 
and generated isogenic 
NF1 knockout lines 
were exposed to DMSO 
(vehicle control) or 
ceritinib (ALKi) for 1 h 
and 6 h. Isolated mRNA 
of the different 
samples was submitted 
for mRNA sequencing. 
Expression of ETV5 and 
RET during DMSO 
(control) or ceritinib 
(ALKi) exposure over 
time for SH-SY5Y or 
respective NF1 KO cell 
lines is shown on a log2 
scale. 

 

 

In summary, the presence of ALK mutations and NF1 INDELS was confirmed by mRNA sequencing reads 

as well as their gene expression. Furthermore, increased RAS signalling could be confirmed by 

increased expression of genes of the RAS pathway signature. Additionally, it could be hypothesised 

that a possible bypass mechanism, consisting of an ETV5-RET loop, might mediate ALK inhibitor 

resistance. 

3.3.3 Investigating collateral sensitivities of NF1 knockout cell lines 

To understand how a loss of NF1 protein alters ALK signalling pathways and to identify collateral 

sensitivities pointing towards new treatment options for patients with ALK-driven neuroblastoma 

resistant to ALK inhibitors, perturbation experiments and subsequent computational modelling of 

signalling networks using steady-state analysis of signalling networks (STASNet) were performed [259]. 

3.3.3.1 Computational modelling of signalling networks using STASNet 

The quantification of phosphorylation of signalling components downstream of ALK associated an NF1 

protein loss with increased RAS/MAPK signalling (Figure 3.21), in line with the role of NF1 as a negative 

regulator of RAS/MAPK signalling [129]. Furthermore, increased phosphorylated MEK, ERK and AKT 

level were measured in NF1 knockout cell lines with and without subsequent stimulation with growth 

factors after inhibitor exposure. The same response on a protein level was observed for LAN-5 NF1 

knockout cell lines exposed to either lorlatinib or ceritinib (Figure 3.21 C). The perturbation-response 

data together with a prior knowledge network of the signalling topology served as input for the 
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STASNet signalling network modelling pipeline. The output of the modelling procedure were quantified 

signalling interactions and differences due to the loss of NF1 protein. STASNet adjusted model 

parameters representing the strength of signalling interactions in the signalling network and inhibitor 

efficacy until the model simulations fitted the data optimally. This analysis and sample processing 

upfront were kindly provided by Dr. Mathurin Dorel. Using this modelling approach, a weakened 

negative feedback from ERK to RAF in isogenic NF1 knockout clones in comparison to the respective 

parental cell line was observed (Figure 3.22). This negative feedback from ERK to RAF restricts MAPK 

signalling in parental cells in agreement with the observation, that EGF stimulation only activated MEK 

during MEK inhibitor exposure. In NF1 knockout cells EGF activated MAPK signalling efficiently 

regardless of MEK inhibition. 
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A 

 

Figure 3.21 NF1 knockout 
cell line models show 
increased RAS/MAPK 
signalling. (A and B) 
Measurement and 
quantification of 4 
phosphoproteins after 
perturbation with ceritinib 
(ALKi), trametinib (MEKi), 
rapamycin (mTORi), 
pictilisib (PI3Ki) or DMSO 
and subsequent stimulation 
with EGF, IGF or PBS 
(carrier) of NF1 knockout 
models and respective 
parental lines. Values are 
shown as log2(fold change) 
to PBS+DMSO control. NF1 
knockout cell lines show 
increased RAS/MAPK 
signalling in comparison to 
the respective parental cell 
line. (C) LAN-5 NF1 
knockout models show a 
similar response to different 
ALK inhibitors. Previously 
published in Berlak et al. [1]. 

 

 

B 

 

C
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A strong negative ERK to RAF feedback as detected in the parental neuroblastoma cell lines, is a known 

resistance mechanism against MEK inhibitors as it results in an accumulation of phosphorylated MEK 

leading to reactivation of downstream targets [168, 170]. 

 

  

Figure 3.22 Outcome parameters for the ERK to RAF inhibitory feedback are shown as bar chart with separate 
scaling for LAN-5 and SH-SY5Y cell lines. NF1 knockout models show a weaker ERK to RAF inhibitory feedback in 
comparison to the respective parental cell line. Negative feedback is indicated by a negative relative outcome 
parameter and interaction strength by decreased negative values.  

 

Taken together these results suggested that a knockout of NF1 in ALK-driven neuroblastoma cell lines 

is associated with loss of a negative ERK to RAF feedback. This weakened or absent negative feedback 

might lead to an increased MEK inhibitor sensitivity of NF1 knockout cells. 

3.3.3.2 Investigating collateral sensitivities: MEK and RAF inhibitor sensitivity  

Based on the results of computational modelling of signalling networks in ALK-driven NF1 knockout 

neuroblastoma cell lines using STASNet, their MEK inhibitor sensitivity was investigated. The 4PL was 

fitted to the concentration-response data derived from a CellTiter-Glo® assay after 72 h of MEK 

inhibitor exposure of the cell lines using the least square method. The decreased absolute IC50 and 

increased Emax values indicated an increased MEK inhibitor sensitivity of NF1 knockout clones in 

comparison to the respective parental cell lines (Figure 3.23 and Table 3-5). This was not observed for 

SH-SY5Y NF1 KO#2.  
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Table 3-5 Absolute IC50 values and Emax derived of CellTiter-Glo® concentration-response data for 
trametinib. 

 
SH-SY5Y SH-SY5Y NF1 

KO #1 

SH-SY5Y NF1 

KO #2 

LAN-5 LAN-5 NF1 KO 

#1 

LAN-5 NF1 

KO #2 

absolute 

IC50 
1.29 µM 0.0164 µM 0.068 µM na 0,0300 µM 0,0300 µM 

Emax 80% 100% 58% 33.6% 70.6% 72.5% 

 

Furthermore, NF1 knockout clones showed increased sensitivity towards exposure with the pan-RAF 

inhibitor LY3009120 in comparison to the parental cell line, again with the exception of SH-SY5Y NF1 

KO #2 (Table 3-6 and Figure 3.24). A similar sensitivity to RAF inhibitors was described by Whittaker et 

al. for melanoma and colorectal cancer cell lines that were characterized by an increased RAS/MAPK 

signalling due to deactivating NF1 mutations [281]. 

 

Figure 3.23 Cell viability of NF1 knockout clones and the parental cell line was assessed after 72 h of MEK 
inhibitor exposure with trametinib using the ATP quantification assay CellTiter-Glo®. The 4-parameter logistic 
model with a Top constraint at 100% was fitted to the concentration-response data using the least square 
method. NF1 knockout cell lines showed an increased sensitivity towards MEK inhibitors; values represent cell 
viability mean ± SD, n=3. Previously published in Berlak et al. [1].  
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Figure 3.24 Cell viability of NF1 knockout clones and the parental cell line was assessed after 72 h of pan-RAF 
inhibitor exposure with LY3009120 using the ATP quantification assay CellTiter-Glo®. The 4-parameter logistic 
model with a Top constraint at 100% was fitted to the concentration-response data of LAN-5 using the least 
square method. The 3-parameter logistic model with a Top constraint at 100% was fitted to the concentration-
response data of SH-SY5Y using the least square method. NF1 knockout cell lines showed an increased sensitivity 
towards this pan-RAF inhibitor; values represent cell viability mean ± SD, n=3. 

 

Table 3-6 Absolute IC50 values and Emax derived of CellTiter-Glo® concentration-response data for 
LY3009120. 

 
SH-SY5Y SH-SY5Y NF1 

KO #1 

SH-SY5Y NF1 

KO #2 

LAN-5 LAN-5 NF1 KO 

#1 

LAN-5 NF1 

KO #2 

absolute 

IC50 
0.383 µM 0.134 µM 0.348 µM 10,06 µM 0.393 µM 0.335 µM 

Emax 55.2% 94.2% 63.5% 50.7% 82.4% 88.2% 

 

Taken together this data suggests MEK inhibition as a new collateral sensitivity in ALK-driven NF1 

knockout neuroblastoma cell lines, which confirms observations made using computational modelling. 

In addition, NF1 knockout models showed an increased RAF inhibitor sensitivity. 

 

3.3.3.3 Validation of ALK downstream signalling with Western Blots 

To further investigate and confirm observations made by quantification of phosphorylated protein 

levels using a bead-based ELISA assay as well as computational modelling and ATP quantification 

derived concentration-response data, cell responses during inhibitor exposure were investigated using 

western blot. Increased activity of ALK downstream signalling in NF1 knockout clones was further 

confirmed by elevated pMEK, pERK and pAKT protein levels (Figure 3.25). An ALK inhibitor resistant 

phenotype was further confirmed by increased pMEK, pERK and pAKT protein levels during ALK 
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inhibitor exposure. Furthermore, low levels of MEK phosphorylation (Ser217/221) and an absence of 

ERK phosphorylation in NF1 knockout clones was observed during trametinib treatment. These results 

were consistent with computational modelling data, which indicated a weak or missing ERK to RAF 

feedback.  

A 

 

Figure 3.25 Western 

blot analysis of 24 h-

serum-starved NF1 

knockout and 

respective parental 

cell lines exposed to 

DMSO, ceritinib, 

lorlatinib or 

trametinib for 1 h 

with subsequent 

stimulation for 

30 min with EGF or 

PBS (carrier). Total 

as well as 

phosphorylated 

protein levels of 

MEK, ERK and AKT 

were investigated. 

Staining of -Actin 

was used as a 

loading control. 

Previously published 

in Berlak et al. [1]. 

B 

 

 

In conclusion, a NF1 protein loss leads to increased ALK downstream pathway signalling and an ALK 

inhibitor resistant phenotype in ALK-driven neuroblastoma cell lines. Furthermore, a knockout of NF1 

might lead to loss of the ERK to RAF inhibitory feedback (Figure 3.26), which results in a new collateral 

sensitivity towards MEK inhibitor exposure of NF1 knockout clones. 
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Figure 3.26 Schematic representation of ALK downstream signalling pathways in ALK-driven neuroblastoma 

cell lines without and with NF1 knockout. NF1 knockout (KO) clones shift their dependency towards the 

RAS/MAPK axis and have a weakened negative ERK to RAF feedback. Colour intensity from grey to black as 

well as arrow thickness from thin to fat describe pathway activity. ALK= anaplastic lymphoma kinase, RAS-

GTP= GTP-bound RAS, Raf= RAF proto-oncogene serine/threonine-protein kinase, MEK= dual specificity 

mitogen-activated protein kinase kinase, ERK= mitogen-activated protein kinase, PI3K= Phosphatidylinositol 

3-kinase, AKT= protein kinase B (PKB), red P= inhibitory phosphorylation. 
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4 Discussion 

Refractory high-risk neuroblastoma is a devastating malignancy with limited treatment options that 

may benefit from a more profound understanding of targeted, ALKi treatment strategies and 

associated resistance mechanisms. This thesis successfully identified genes associated with an ALK 

inhibitor resistant phenotype and unveiled genomic alterations conferring ALKi resistance. Further, it 

was elucidated how these genomic alterations alter transduction signalling cascades. The following 

chapters will focus on the discussion of in vitro methods to identify genes associated with drug 

resistance and methods for functional validation as well as elaborate on the role of identified genes in 

signalling transduction cascades and accompanying collateral sensitivities with respect to clinical 

applications. 

4.1 RAS/MAPK pathway signalling alterations render NB models ALKi resistant 

4.1.1 Forward genetic screens 

CRISPR-based genetic forward screening approaches have successfully been used to elucidate cell 

response to targeted therapies and to identify response-associated genes putatively responsible for 

resistance development to different inhibitors in a variety of malignancies [277, 282, 283]. Such 

screens can be performed using various CRISPR systems, which either mediate gene knockouts or 

knockdowns (CRISPR interference) as well as CRISPR systems that enhance gene expression (CRISPR 

activation) [284]. Each of these systems is compatible with one or more sgRNA libraries, and this library 

diversity can be used to address a variety of scientific questions, i.e., some enable a genome-wide 

screen, while others are focused on a certain class of genes, biological functions, or signalling pathways 

[209, 285]. Screens can be divided into negative as well as positive selection screens. The type to be 

used depends on the scientific question or hypothesis to be investigated. During negative selection 

screens, sgRNAs that affect a certain gene and thereby lead to selection disadvantages will be depleted 

or absent at the endpoint of the screen [286]. In a positive selection screen cells of interest, containing 

a certain sgRNA which alters the target gene and thereby confers selection advantages, will be 

enriched over time under a selective pressure [286]. Major challenges of CRISPR screens include 

identifying genes associated with the investigated phenotype among the derived gene ʽhit listʼ and 

evaluating specificity and robustness of the results. 

In this study, positive selection CRISPR/Cas9 knockout screens, during which cells of interest are 

enriched over time, were performed to identify genes associated with ALKi resistance in the 

ALK-mutated neuroblastoma cell line SH-SY5Y. After exposure to lorlatinib and ceritinib, the sgRNAs 

targeting the tumour suppressor gene NF1 [287] were found to be highly enriched in the ALK inhibitor 

treated samples in comparison to the spectrum of sgRNAs in the baseline (t0) and vehicle control 

(DMSO) samples. Both technical replicates for lorlatinib and ceritinib showed an enrichment of all four 
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sgRNAs for NF1, further supporting NF1 as a robust hit. A loss of NF1 had already been described to be 

associated with resistance towards targeted therapies in other malignancies, e.g., BRAF-inhibition in 

melanoma, BCR-ABL-inhibition in chronic myeloid leukaemia and endocrine therapies in advanced 

breast cancer [275-278]. De Bruin et al. reported reduced NF1 expression in lung cancer in association 

with resistance to the EGFR-inhibitor (EGFRi) erlotinib [275]. In this study, a genome-wide RNA 

interference screen was performed in an EGFRi-sensitive human lung adenocarcinoma cell line in the 

presence and absence of erlotinib [275]. De Bruin et al. observed that a knockdown of NF1 expression 

resulted in enhanced cell survival during erlotinib exposure and confirmed this in a murine model [275]. 

They further confirmed the clinical relevance of their findings by analysing human EGFR-mutant lung 

adenocarcinoma samples before and after acquired resistance to erlotinib [275]. Interestingly, in 

contrast to the results of the present thesis, De Bruin et al. reported, that cells with reduced NF1 

expression were resistant to erlotinib and the MEKi AZD-6244 (selumetinib), but sensitive to a 

combination treatment [275]. Both MEKi, trametinib and selumetinib, are allosteric MEKi and bind to 

a pocket in the inactive conformation of MEK 1/2 [288]. 

There are currently multiple tools available to analyse CRISPR screens, but MAGeCK emerged as a 

standard tool for this task [234]. MAGeCK determines -scores (similar to fold change values) and a 

gene ʽhit listʼ is derived based on calculated P-values (determined by performance of a permutation 

test) [234]. Genes and respective -scores were subjected to a GSEA [217, 218]. Using specific 

significance cut-offs (FDR<0.25, NES>1.5 and FWER<0.1) this analysis revealed enriched gene sets 

associated with translation, NMD and the respiratory electron transport. The identification of enriched 

gene sets associated with translation was in accordance with the literature as it has been described, 

that a knockout of ribosomal genes results in a strong negative selection phenotype [289, 

290] ,showing an enrichment of respective gRNAs, which is therefore used as quality control [234]. The 

subsequently performed leading-edge analysis indicated an overlap of leading-edge genes between 

subsets representing genes of the respiratory chain. As an overlap was observed only within this group 

of respiratory chain gene sets this indicated a result specific to this biological process. Leading-edge 

genes associated with the respective gene sets should be further investigated regarding their 

association with a ALKi resistant phenotype by generating respective NB knockout cell line models or 

performance of RNA interference experiments or CRISPR interference to downregulate the expression 

of the respective genes. Subsequently, cell signalling should be investigated during exposure to ALK 

inhibitors. 

With regard to the analysis of CRISPR screens it is important to keep in mind, that MAGeCK-derived 

-scores and hits should be in line with the extent of enrichment of sgRNAs per gene. Furthermore, 

potential hits retrieved from CRISRP/Cas9 knockout library screens should be validated as each sgRNA 
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has a certain number of off-targets with a predicted off-target activity [286]. In particular, hits called 

with only one enriched sgRNA should be interpreted with caution as single sgRNAs targeting a gene 

might be enriched in samples treated with inhibitors, but the observed effect could result from an 

off-target effect. It should also be kept in mind that some sgRNA containing constructs are lost in the 

long screening process either at the stage of plasmid library amplification, the state of virus production 

or at the timepoint of infection. Especially a comparison of sequencing data derived of the plasmid 

pool itself as well as of the cell pool after infection with lentiviral particles containing these plasmids 

(t0, baseline sample) provide information about which sgRNA containing plasmids are lost (e.g., due to 

technical issues) and which gene knockouts can be lethal in the investigated model system. A 

comparison derived gene list could be further compared to already published data of reports from 

three research groups that investigated essential genes [291-293]. Hart et al. as well as Wang et al. 

investigated essential genes in human cancer cell lines performing CRISPR/Cas9 knockout screens, but 

also pointed to differences in core fitness genes dependent on cancer type, oncogenic drivers, 

developmental origin and further additional factors [292, 293].  

The chosen duration and concentration to perform the screen may affect the selection of resilient and 

resistant cell clones. Kinetic experiments of CRISPR/Cas9 knockout positive selection screens revealed, 

that a quarter of cells infected with virus containing sgRNAs targeting essential genes are depleted at 

day 7 and the rest within the next 18 days [294]. In contrast the study by Cross et al. detected the 

deletion of those cells between 3 and 7 days [295]. In a positive selection screen with an applied 

selection pressure as e.g., a compound, the screen durations should be dependent on the drug’s 

mechanism of action as well. In addition, some CRISPR-mediated gene alterations may lead to a 

resilient phenotype but not to a resistant phenotype. This resilient phenotype may arise during the 

screen due to cell plasticity allowing cells a phenotypic switch to adapt to environmental conditions 

e.g., to drug exposure, without the need for de novo mutations [296, 297]. 

So far only one research group has previously reported the performance of a CRISPR screen in 

ALK-mutated neuroblastoma cell lines to investigate ALKi resistance. Trigg et al. performed a CRISPR 

activation screen using the CRISPR-synergistic activation mediator (SAM)-system in a 3-vector format 

[284], which induced overexpression of targeted genes, in SH-SY5Y and CHLA-20 cells [204]. Cells were 

exposed to respective IC50 and IC75 concentrations of ceritinib and brigatinib for 14 days [204]. They 

identified overexpression of PIM1, a gene encoding the PIM1 kinase, to be associated with ALKi 

resistance [204] in contrast to the knockout screen described in this thesis, that identified the tumour 

suppressor gene NF1. Meanwhile, other CRISPR knockout or knockdown systems have been described, 

like Cas9 nickase variants that introduce knockouts, CasRX-mediated knockdown systems (and other 

CRISPRi systems) or base editor systems, that are reported to be superior to the classic CRISPR/Cas9 
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knockout system, due to less frequent off-targets, increased target specificity and increased efficiency 

[298-301]. 

An alternative approach to identify resistance-conferring genes is the continuous exposure of cell lines 

of interest to increasing concentrations of investigated drugs. This approach was also utilized in the 

study Berlak et al. to render the ALK-mutated NB cell line NBLW-R resistant to ceritinib and lorlatinib. 

It was postulated that cell line models generated by a constant drug exposure represent clinically 

irrelevant resistance models [194], which was not confirmed by Berlak et al.[1]. For all technical 

replicates of ceritinib or lorlatinib treatments the well-described oncogenic NRASQ61K mutation, that 

leads to increased RAS/MAPK pathway signalling, was detected using panel sequencing [101]. Cells 

were exposed to ALK inhibitors for a period of 3 months, which is a comparatively short duration, in 

contrast to 8-12 months used in previous studies to render cells resistant [181, 203]. In the study by 

Debruyne et al., acquired genomic alterations of resistant cell lines had been investigated by PCR 

amplification of the ALK kinase domain sequence and subsequent amplicon sequencing [181]. Only 

increased activity of other RTKs was considered to lead to an ALKi-resistant phenotype, which was 

investigated using a phospho-RTK array [181]. As this type of experimental approach to identify new 

resistance mechanisms requires extensive passaging and long cultivation times of cell lines in vitro, cell 

models should be thoroughly sequenced on a whole-genome-scale for multiple genomic alterations 

and compared to a control, which was not exposed to the compound of interest. It has been reported, 

that an extensive passaging of cell lines causes a genetic drift and a higher frequency of mutations 

[302]. Taking this into account, it would not be possible to distinguish whether a certain mutation was 

acquired due to specific inhibitor treatment or due to a genetic drift derived from long passaging. 

Therefore, single cell clones of resistant cell populations should be isolated to generate isogenic cell 

lines. In case of multiple mutations appropriate perturbed models need to be generated.  

In the study by Berlak et al., even though ALKi-resistant NBLW-R cell populations were sequenced using 

a rather broad approach in comparison to preceding studies, it is highly likely that some mutations 

were not detected due to the design of the targeted sequencing panel [303]. Additional methods to 

further investigate genomic alterations in the NBLW-R cell populations would be whole-genome 

sequencing or whole-exome sequencing. Isolated single cell clones should be sequenced with the 

above-mentioned methods and detected genomic alterations further investigated to distinguish 

between driver and passenger mutations [190]. 

Despite differences in discussed approaches, both methods utilised in this thesis and in Berlak et al. 

identified genes of the RAS/MAPK pathway to mediate ALKi resistance. 
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4.1.2 Assays to assess drug response 

To further elucidate the relevance of the identified mutations, it was indispensable to investigate the 

functional effect of observed genomic alterations separately. ATP quantification assays, colony 

formation assays as well as live-cell imaging experiments are often used to investigate the response 

towards targeted therapies of genetically perturbed in vitro model systems [194, 195]. 

In the present thesis, based on results of unbiased screening approaches, validated SH-SY5Y and LAN-5 

NF1 knockout clones were generated and used to assess ALK inhibitor response in vitro. Cell viability 

was assayed using an ATP-quantification assay and total cell numbers were assessed using a live-cell 

imaging system (Incucyte). A resistant phenotype was defined based on McDermott et al. [194]. 

Accordingly, clinically relevant resistance models show a fold resistance (IC50 resistant cell line / IC50 

parental cell line) of 2-5-fold and high-level laboratory models, which are assumed to be clinically 

irrelevant by McDermott et al., a fold resistances ≥ 12 [194]. The clinical relevance of models with fold 

resistances ≥ 12 might have been questioned as these are often highly adapted models, but the 

definition should be used with caution [194]. McDermott et al. derived this definition for in vitro 

resistance based on comparison of patient derived cancer cells before and after acquisition of clinical 

resistance to chemotherapy [194]. In this thesis, both assays indicated an ALK inhibitor resistant 

phenotype, but assay-dependent either a clinically relevant or a clinically irrelevant high-level 

laboratory model, according to proposed resistance definitions based on FR [194]. Ideally, the 

algorithms implemented in the live-cell imaging system would allow a stringent discrimination 

between viable cells and apoptotic cells, but this was only achieved to a certain extent using brightfield 

microscopy. Hence, a clear discrimination whether these cells are already apoptotic or not is only 

possible by use of membrane penetrating dyes, which bind apoptotic markers. The ATP quantification 

assay on the other hand, neglects the possibility of a metabolic change of the cell upon cell 

perturbation (e.g., CRISPR-mediated knockout). 

Furthermore, ‘loss of cell viability’ detected by this assay cannot be attributed specifically to effects 

caused by either (1) reduced cell numbers due to cell death or reduced proliferation, or (2) reduced 

intracellular ATP levels inherent in apoptotic, senescence or differentiated cells. Additionally, it has 

been reported that apoptotic cells might increase ATP levels and contribute to a false positive readout, 

as increased cytosolic ATP levels have been detected after sub-cellular as well as plasma membrane 

dissociation [304].  

Unexpectedly, the LAN-5 NF1 KO clone #2 (Figure 3.14 and Figure 3.15) was found to be not resistant 

to ceritinib exposure (FR 1.64 and 1.44) as assessed by the CellTiter-Glo® assay as well as live-cell 

imaging and according to the proposed resistance definition (FR ≥ 2), whereas SH-SY5Y and respective 

NF1 KO cell lines as well as LAN-5 and LAN-5 NF1 KO clone #1 had a FR of 2.13 to 2.65 derived from 
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CellTiter-Glo® and FR of 10.3 to 14.8 derived from live-cell imaging experiments. This observation made 

in LAN-5 NF1 KO clone #2 could be explained by a shifted dependency towards ceritinib off-targets 

(ROS1, IGF-1R and INSR) [155, 156] in comparison to the LAN-5 parental line or an increased expression 

of these. However, this cell line was resistant in other assays like ELISA assays and western blot 

experiments as indicated by elevated pMEK and pERK levels during exposure to ceritinib. In general, 

resistance was more pronounced against lorlatinib than ceritinib. The ALK specificity and affinity of 

these two inhibitors may cause these differences, with lorlatinib being more specific for mutant ALK, 

while ceritinib is known to be less specific with more off-target cytotoxic effects [305].  

For a better understanding of clinically relevant resistance models, pairs of patient-derived cell lines 

before and after acquisition of resistance to therapeutics should be established. These would enable 

a more robust or malignancy-specific definition for resistance of in vitro systems and might help to 

further discriminate between clinically relevant and clinically irrelevant high-level laboratory models. 

Patient-derived cell lines could be established as 2D or 3D cell culture models. Those may represent a 

higher genetic likeliness and are a closer representation of the native tumours in comparison to cell 

lines that have been established over 30 years ago [214, 215], which over time have possibly acquired 

additional mutations and are now well-adapted to artificial cell culture conditions. Furthermore, the 

use of patient derived xenograft (PDX) models should be implemented to a bigger extent. 

In this work, an unbiased screening approach identified genomic alterations associated with resistance 

to different ALK inhibitors. One particular genomic alteration was further investigated generating 

appropriate models and was validated to lead to an ALKi-resistant phenotype using different 

techniques to investigate cell viability. 

4.2 Acquisition of mutations conferring ALKi resistance is observed in NB patient samples 

Tumour biopsies of NB patients enrolled in ALKi clinical trials were analysed using diagnostic panel 

sequencing, before and after acquisition of ALKi resistance [1]. Interestingly, de novo NF1 mutations 

were detected in tumours of two patients treated with ceritinib [1]. 

This observation further supports the relevance of results seen in cell line models using CRISPR/Cas9 

knockout screens as well as NF1 knockout models. This is the first study until now investigating ALKi 

resistance in NB cell line models that substantiates genes and mechanisms identified in vitro with 

alterations detected in relevant patient samples. Furthermore, NF1 is the first reported tumour 

suppressor gene to be associated with an ALK inhibitor resistant phenotype in neuroblastoma. Up to 

now, RAS/MAPK pathway mutations have mainly been reported in relapsed neuroblastoma after 

chemotherapy treatment and once for a relapsed neuroblastoma treated with lorlatinib [33, 34, 306]. 

Reported in vitro systems used to investigate ALKi resistance in NB so far, associated increased 
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activation of alternative kinases like PIM1 [204] and AXL [181] as well as upregulation of the 

transcription factor BORIS [203] with an ALK inhibitor resistant phenotype.  

In order to thoroughly address tumour evolution and temporal as well as spatial ITH and to identify an 

optimal time point for effective use of alternative therapies opening by collateral sensitivities 

implementation of dynamic sampling is required [207, 307]. However, dynamic sampling of tumour 

tissue might be problematic in the field of paediatric oncology and could rather be addressed by a 

minimally invasive methodology, e.g. the use of liquid biopsy, which would allow genomic diagnostics 

based on free circulating tumour DNA (ctDNA) in the blood [308]. This approach would on the other 

hand not allow to investigate spatial heterogeneity, and it was shown that only 88% of clonal single 

nucleotide variants (SNVs) detected in tumour tissue are also detected using liquid biopsy [308]. On 

the other hand, if dynamic sampling would be based on tumour tissue, clinicians would be challenged 

by the choice of lesions to take for sequencing and to define optimal sampling timepoints during 

treatment with targeted therapies. In both cases it would be necessary to classify detected mutations 

into driver mutations, leading to a selective advantage and increased proliferation and potentially 

conferring a resistant phenotype, and passenger mutations, not influencing selection but potentially 

rendering tumour cells resilient or resistant at a later timepoint [309]. This distinction will be of great 

importance for profound treatment decisions, e.g., using targeted therapies. Furthermore, the 

detected genomic alterations should be investigated for known collateral sensitivities. Together with 

the possibility of spatial ITH, a profound treatment decision might be challenging, even though 

dynamic sampling was implemented. 

In summary, this thesis provided evidence that mutations associated with an ALKi resistant phenotype 

in vitro are useful to understand genomic alterations in patient samples and resistance mechanisms. 

 

4.3 Analysis of signal transduction cascades in perturbed in vitro systems 

It was shown that a loss of NF1 leads to increased downstream signalling along the RAS/MAPK 

signalling axis [129]. Hence, in the thesis presented here, ALK downstream signalling was investigated 

in NF1 KO clones models using western blot, computational modelling, and inhibitor screens.  

Simulated network response analysis based on experimental perturbation data using the STASNet 

systems biology tool [259] indicated a shift of downstream signalling towards the RAS/MAPK axis, 

which was also observed using western blot for NF1 KO cell lines. These experiments were based on 

detection of phosphorylated (activated) RAS effectors like MEK and ERK [123, 124]. As these RAS 

effectors are not directly downstream of RAS, this approach is an indirect measurement of RAS activity. 

Furthermore, it was postulated by several groups that RAF, which is directly downstream of RAS and 
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directly upstream of MEK, could also be activated RAS independently [310-312]. Therefore, performing 

a RAS activity assay using a direct measurement via RAF would allow the exclusion of RAS-independent 

RAF activity in NF1 KO cell lines. 

Using computational modelling a weakened or absent inhibitory ERK to RAF feedback was identified, 

which in turn gives rise to a new collateral sensitivity. It was shown that BRAF V600E-mutated cell lines, 

that have a disrupted inhibitory ERK to RAF feedback, harbour elevated baseline phosphorylated MEK 

levels and are dependent on MAPK signalling for cell proliferation and MEK inhibitor (MEKi) 

sensitive [170]. On the contrary, intact inhibitory feedback has been reported for a MEKi-resistant 

phenotype, where MEK inhibition with different MEK inhibitors caused increased level of 

phosphorylated MEK and a possible reactivation of the pathway [168, 170]. In addition, it has been 

reported that ALK-mutated neuroblastoma cell lines are MEKi-resistant, which would further support 

the hypothesis that MEK inhibitor sensitivity of NF1 KO models is a result of a weakened or absent ERK 

to RAF feedback [171, 313]. The observed trametinib (MEKi) and LY3009120 (pan-RAFi) sensitivity of 

NF1 KO clones, assessed by an inhibitor screen, further substantiated this hypothesis. Even though the 

increased sensitivity was not observed for SH-SY5Y NF1 KO#2 in concentration-response data, all 

NF1 KO clones showed an absence of pMEK in contrast to elevated pMEK level observed in parental 

cell lines during trametinib treatment. This finding is in line with results for the ALK-mutated 

neuroblastoma cell line CLB-GA. In that study by Redaelli et al. [314], cells which had been rendered 

resistant to lorlatinib by continuous exposure, acquired truncating NF1 mutations as well as activating 

EGFR and Erb4 mutations and became sensitive to trametinib (MEKi) treatment [314]. Furthermore, 

this observation is consistent with a report that postulated a correlation of binimetinib (MEKi) 

sensitivity of NB cell lines and low NF1 expression [315]. The observed collateral sensitivities for 

NF1 knockout cells indicate the opportunity for an effective combination treatment using MEKi and 

RAFi , that has been reported to improve overall survival and progression-free survival in 

BRAF V600E/K-mutant metastatic melanoma, that also harbour a disrupted inhibitory ERK to RAF 

feedback [165]. There is, however, a conflicting report from 2013, describing a loss of NF1 to lead to 

RAFi and MEKi resistance in BRAFV600E-mutant malignancies [276].  

A better understanding of the proposed weakened or absent inhibitory ERK to RAF feedback could 

help to confirm this hypothesis. The feedback should be investigated using western blot analysis during 

ALKi and MEKi treatment using antibodies detecting inhibitory phosphorylation sites of RAF with 

available antibodies detecting p-c-RAF Ser43, p-c-RAF Ser642 and p-c-RAF Ser289, Ser296, Ser301 [316]. 

In addition, RAF inhibitory phosphorylation patterns or cluster could be investigated in NF1 knockout 

cells performing a RAF pull down using antibodies binding inhibitory phosphorylation sites on RAF 

coupled with mass spectrometry (MS) experiments. Alternatively, the inhibitory feedback could be 
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investigated using radioactive labelling of phosphorylation sites with 32Pi (orthophosphate), RAF pull 

down and subsequent SDS-PAGE and e.g., phosphoimaging. NF1 knockout cell lines should also be 

subjected to exposure with selective RAFi and the RAF isoform involved in the absent inhibitory ERK 

feedback identified. 

To date, a regulatory function of NF1 protein for ERK or RAF signalling has not been reported. Several 

interaction partners of NF1 have been described, but neither direct interactions with RAF nor any 

interactions that would diminish inhibitory RAF phosphorylation have been reported so far. Based on 

literature NF1 and RAF could get into proximity via 14-3-3 proteins. RAF, 14-3-3 protein as well as 

MEK 1/2 and ERK 1/2 are all bound by the scaffold protein KSR1 [122]. NF1 on the other hand can be 

bound by 14-3-3 protein upon protein kinase A-mediated phosphorylation, which inhibits its GAP 

activity [148]. The interaction of NF1 with RAF and 14-3-3 protein, both bound by KSR1, might cause a 

steric hindrance, that prevents ERK phosphorylation of RAF. This possible protein-protein interaction 

has to be investigated further using western blot detecting relevant phosphorylation sites on RAF or 

interactive studies of RAF and NF1 need to be performed, e.g., using fluorescence resonance energy 

transfer (FRET) based systems, surface plasmon resonance (SPR) experiments, crystallography or MS 

coupled pull-down experiments. 

In order to elucidate such mechanisms in cell line models with a single perturbation, it is indispensable 

to investigate additional genomic alterations before the system is perturbed. The NF1 KO clones were 

generated in the ALK-mutated neuroblastoma cell lines SH-SY5Y and LAN-5, both free of further 

mutations in ALK downstream signalling pathways, using the CRISPR/Cas9 system and validated using 

Sanger Sequencing and western blot. The mRNA-sequencing data of the parental SH-SY5Y and NF1 KO 

models were used to investigate for the occurrence for editing events in predicted sgRNA off-target 

genes but predicted off-target sequences showed an absent or very low read coverage. These 

off-target sequences should be further investigated using targeted sequencing approaches to preclude 

off-target editing. 

To identify differential expression of genes in NF1 KO cell lines in comparison to the parental cell line 

the mRNA-seq data was analysed using a linear regression model that takes the drug exposure duration, 

the specific drug, and the cell line type as factors influencing gene expression into account. Among the 

genes with significant differential expression was ETV5. Its expression was stable during ALKi exposure 

in NF1 KO cell lines but not in the parental cell lines as expected, due to the increased RAS activity in 

NF1 KO cell lines. Furthermore, the expression of the receptor kinase RET was increased in NF1 KO cell 

lines in comparison to the parental line, but also affected during ceritinib exposure. It has been 

described, that ETV5 binds to the RET promoter regulating its gene expression [317]. Therefore, a 
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ETV5-RET loop might be a bypass mechanism leading to ALKi resistance in addition to the increased 

RAS activity. This should be further investigated in NF1 knockout cell lines using qPCR and western blot.  

NF1 transcripts were still detected in the mRNA-sequencing data, which is in agreement with the 

observation that CRISPR/Cas9-mediated knockouts are primarily detectable on a protein level as 

transcripts are still generated and exported from the nucleus to the cytoplasm, but no functional 

protein is synthesized due to NMD [279, 318]. In genomically modified cell models altered using the 

CRISPR/Cas9 system, it is important to exclude not only predicted off-target effects, but also to 

delineate additional alterations. It was reported that Cas9 nuclease expression itself leads to an 

upregulation of the p53 pathway and that this activation affects the sensitivity for chemical 

perturbations [319]. In this study of Enache et al. [319], the Cas9-coding sequence had been integrated 

into the cell genome via lentiviral infection, in contrast to the approach of transient transfection used 

within this thesis. However, this does not exclude the possibility to observe similar events.  

In addition, it was shown that CRISPR/Cas9-introduced insertions and deletions vary strongly in length 

(1 bp up to 9.5 kb), which could lead to large chromosomal deletions extending beyond the targeted 

region [320, 321]. Therefore, it should be considered to validate CRISPR/Cas9 cell clones using 

whole-genome sequencing to detect all possible alterations. As this is not feasible, other approaches 

should be considered, e. g., a PCR panel with primers, flanking a wide region of the targeted genomic 

sequence as well as predicted off-target regions, coupled with gel electrophoresis or long-read 

sequencing. Furthermore, there is the option to use the GUIDE-seq approach published by 

Malinin et al. [322], where double-stranded oligonucleotide tags are integrated at the site of the 

Cas9-induced DNA double-stranded breaks. This allows an efficient detection of off-target and 

on-target editing on a genome-wide scale. 

Taken together, this study showed that systems used to introduce genomic alterations for 

investigation of resistance-associated mutations can provide interesting findings, but still suffer from 

limitations that need to be addressed. Nevertheless, cell line models with loss of NF1 were found to 

be sensitive to MEK inhibitor treatment, an acquired collateral sensitivity, due to a weakened or absent 

inhibitory ERK-RAF feedback. 

4.4 Resistance mutations lead to new collateral sensitivities  

In this study, new collateral sensitivities to MEK inhibition as well as RAF inhibition have been identified 

in ALKi resistant ALK-mutated NB cells with NF1 loss. The concept of collateral sensitivities, describing 

cells being resistant to one inhibitor acquire new sensitivities towards an alternate agent, was 

described for chemotherapy-resistant malignancies [205, 206]. There are also reports of collateral 

sensitivities for malignancies resistant to targeted therapies. One example is the study by Acar et al.. 
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The authors treated EGFR mutant NSCLC cell lines with trametinib over time to generate a resistant 

cell population [323]. They characterized the cells using whole-exome sequencing and confirmed 

results using digital droplet PCR (ddPCR) and single cell RNA-sequencing [323]. Trametinib-resistant 

NSCLC cells showed a loss of CDKN2A, and Acar et al. observed treatment with the histone deacetylase 

(HDAC) inhibitor quisinostat as effective, identifying a new collateral sensitivity [323]. In the study by 

Grolmusz et al. a ribociclib-resistant breast cancer cell line was generated by ribociclib exposure for 

five months [324]. Cells were characterized by whole-exome and RNA-sequencing and a loss of the 

G2/M checkpoint associated with the resistant phenotype [324]. Grolmusz et al. identified Wee-1 

inhibitor (adavosertib) sensitivity as a collateral sensitivity.  

MEKi sensitivity, as a new collateral sensitivity, has been associated multiple times with low or absent 

NF1 expression in neuroblastoma, in line with the data presented in the thesis discussed here [314, 

315, 325]. Therefore, it should be considered to establish NF1 as a predictive biomarker [326] for MEKi 

treatment with trametinib. A predictive biomarker is defined as biomarker that allows the 

identification of individuals, being more likely to experience a favourable or an unfavourable effect 

when exposed to a medical product or an environmental agent than similar individuals without the 

biomarker [326]. Expression of DUSP6 has been proposed as an alternative predictive biomarker [326] 

for trametinib treatment of ovarian and cervical cancer cell lines as a lack of DUSP6 expression 

correlated with a MEKi-resistant phenotype [327]. This is not reflected by observations made for NF1 

KO models and the respective parental line, as the parental line was not trametinib-sensitive but a 

DUSP6 expression of 210 observed (Figure 3.18 C). RAF inhibition was also observed as a new collateral 

sensitivity in NF1 knockout cells. A similar sensitivity to RAF inhibitors was described by Whittaker et al. 

for melanoma and colorectal cancer cell lines that were characterized by an increased RAS/MAPK 

signalling due to deactivating NF1 mutations [262]. Furthermore, they described a synergy in these cell 

lines of MEKi and a pan-RAF inhibitor, but not between MEKi and the selective BRAF inhibitors PLX4720 

or dabrafenib [281]. Therefore, the role of the three RAF isoforms should be investigated to further 

confirm and refine an effective therapeutic strategy for ALK-driven ALKi resistant neuroblastoma with 

NF1 loss. The combination of the MEKi Trametinib and the selective BRAF inhibitor dabrafenib was 

FDA approved for BRAF V600E-mutated metastatic NSCLC in 2013 [164, 165]. As BRAF V600E-mutated 

cell lines were described to have a disrupted inhibitory ERK to RAF feedback like NF1 knockout clones, 

a combination treatment of MEKi and RAFi should be investigated for ALK-driven ALKi resistant 

neuroblastoma with NF1 loss [170].  

In this study, it could not be determined whether the loss of NF1 and the accompanying MEK inhibitor 

sensitivity were due to tumour evolution, meaning that cells with NF1 loss were present in the primary 

tumour already, or if this was a de novo mutation acquired and selected for during inhibitor exposure. 
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Clonal evolution driven by Darwinian selection can favour cells harbouring mutations that increase cell 

fitness and render these cells the dominant population [296, 328]. The acquired mutations can be 

classified into driver mutations, leading to a selective advantage and increased proliferation, passenger 

mutations, not influencing selection, and disadvantageous mutations [309]. This fitness advantage of 

driver mutant lineages is further supported by the tumour microenvironment. The most prominent 

populations can also arise due to cell plasticity allowing cells a phenotypic switch to adapt to 

environmental conditions [296]. This cell plasticity drives slow-cycling drug-tolerant, i.e. resilient cell 

populations which can become drug-resistant cells [329]. One aspect of cell plasticity has been 

described for neuroblastoma, that is a phenotypic switch from adrenergic to mesenchymal cells, the 

latter presenting as more chemoresistant in vitro and potentially enriched in post-treatment and 

relapsed tumours [57, 58]. This phenotypic switch in NB was postulated to be mediated by NOTCH 

signalling [330]. In case NB patient samples also indicate a phenotypic switch, a combination treatment 

regimen of cytotoxic drugs, targeted therapies and compounds targeting cell plasticity (e.g., 

compounds against NOTCH receptors to abrogate signalling, which are currently investigated in clinical 

trials), should be investigated [331]. Furthermore, a combination therapy of ceritinib or lorlatinib with 

trametinib could also be favourable for patients with ALK-driven neuroblastoma. Though it might not 

be effective, as it is unknown whether the observed inactivating NF1 mutations in ALK inhibitor 

resistant neuroblastoma were de novo mutations due to ALK inhibitor treatment or if the main cell 

population shifted towards cells harbouring those inactivating NF1 mutations due to the selective 

pressure. Taking this into consideration it might be interesting to investigate a sequential treatment of 

patients in question with ALKi and MEKi. This as well as a treatment regimen of cytotoxic drugs, 

targeted therapies and compounds targeting cell plasticity could be investigated using PDX models 

with primary tumour tissue to better mimic this very dynamic process including tumour 

microenvironment and the context of cell fitness, as currently, in vitro cultures do not capture e.g. the 

tumour microenvironment [332]. Organ-on-a-chip experiments might be a suitable alternative or 

complementary approach to PDX models. This reverse engineering of cellular systems enables the 

cultivation of cells in defined microfluidic compartments, but only mimics key aspects of a tissue and 

requires extensive knowledge of tissue interactions, e.g., with the extracellular matrix and 

compositions [333, 334]. The chip surface material can also influence cell behaviour or might interact 

with the drugs as known for polydimethylsiloxane (PDMS), absorbing hydrophobic molecules [333]. 

Experiments with established organ-on-a-chip systems are, compared to PDX models, cost effective 

and results can be derived quickly [333].  
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In summary, the here presented findings further highlight that a dynamic sampling in the clinic is 

inevitable to find the best treatment options at a certain time point and to identify collateral 

sensitivities along this dynamic process.  
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5 Conclusions and perspectives 

The present thesis aimed to identify and understand ALK inhibitor resistance mechanisms in 

ALK-driven neuroblastoma. Genes associated with an ALK inhibitor resistant phenotype in the 

ALK-driven neuroblastoma cell line SH-SY5Y were investigated using a genome-wide 

CRISPR/Cas9-mediated knockout screen. Single guide RNAs targeting genes encoding proteins that 

interact with or that regulate ALK downstream signalling pathways were enriched in both ALK inhibitor 

exposed samples in comparison to the sgRNA spectrum of the t0 and DMSO control samples. One of 

those genes with enriched sgRNAs was NF1, which encodes NF1 protein, a negative regulator of RAS. 

The role of NF1 in ALK inhibitor-resistant cells was further investigated by creating NF1 knockout cell 

line models. These models did not only show increased activity of RAS/MAPK and AKT signalling, which 

was confirmed using different methods, but also an ALKi-resistant phenotype, which was due to 

increased ALK downstream signalling. Furthermore, collateral sensitivities were revealed using 

perturbation experiments and modelling of signalling networks. NF1 knockout cell line models showed 

an increased sensitivity towards the MEK inhibitor trametinib due to a weakened inhibitory ERK to RAF 

feedback and were also more sensitive to the pan-Raf inhibitor LY3009120 than respective parental 

lines.  

The proposed weakened or absent inhibitory ERK to RAF feedback should be investigated by western 

blot during ALKi and MEKi treatment using antibodies detecting inhibitory phosphorylation sites of RAF 

with available antibodies detecting p-c-RAF Ser43, p-c-RAF Ser642 and p-c-RAF Ser289, Ser296, Ser301. 

In addition, RAF inhibitory phosphorylation patterns or cluster could be investigated in NF1 knockout 

cells performing a RAF pull down using antibodies binding inhibitory phosphorylation sites on RAF 

coupled with mass spectrometry experiments. Alternatively, the inhibitory feedback could be 

investigated using radioactive labelling of phosphorylation sites with 32Pi (orthophosphate), RAF pull 

down and subsequent SDS-PAGE and e.g., phosphoimaging. NF1 knockout cell lines should also be 

subjected to exposure with selective RAFi and the RAF isoform involved in the absent inhibitory ERK 

feedback identified. 

ALK inhibitors should be studied as a monotherapy in ALK-driven neuroblastoma as first line treatment 

in high-risk neuroblastoma patients, depending on clinical trial outcomes for primary and relapsed 

neuroblastoma. Tumour evolution should be closely monitored for dynamic treatment decisions and 

to not miss the time point of collateral sensitivities. Not only the aspect of de novo mutations should 

be considered in the choice of therapy, but also accompanying or alternative tumour dynamics should 

be targeted. The development of resistance mechanisms should be further investigated in vitro, in 

order to obtain a standardised definition of resistance in vitro and to define what type of cell line 
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models represent clinically relevant models. Furthermore, models also mimicking the tumour 

microenvironment should be implemented and their influence on resistance development studied. 

Overall, this work demonstrated that CRISPR screens and isogenic cell line models can be used to 

identify genes associated with an ALK inhibitor resistant phenotype that are clinically relevant and to 

provide clinically relevant mechanistic models. Furthermore, the present thesis underlines how 

modelling of signalling pathway can be used to reveal new collateral sensitivities and new potential 

therapy options, which could impact clinical practice and clinical trial design. In addition, it suggests 

NF1 as a predictive biomarker for MEK inhibitor treatment, which should be included in companion 

diagnostics for trametinib therapy. In the future, MEK inhibition should be considered as a treatment 

option in the clinic for patients with ALK-driven neuroblastoma, characterized by inactivating NF1 

mutations, and a sequential treatment or a pre-emptive combination therapy with ALK inhibitor and 

MEK inhibitor exploited.  
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8 Appendix 

8.1 Supplementary figures 

 

Figure 8.1 Quenching of relative luminescence resulting from a performed CellTiter-Glo® assay due to medium 
compositions was investigated. A range of adenosine triphosphate (ATP) concentrations was added to different 
medium of different compositions without or with penicillin/streptomycin (P/S) or foetal calf serum (FCS) and 
different concentrations of FCS. Phosphate-buffered saline (PBS) was used as a reference. The use of Roswell 
Park Memorial Institute (RPMI) medium or the addition of FCS or P/S did not quench relative luminescence, 
values represent mean ± SD, n=1. 

 

A 

 

Figure 8.2 Quenching of relative 
luminescence resulting from a 
performed CellTiter-Glo® assay 
due compound addition was 
investigated. A range or ceritinib 
or trametinib concentrations was 
added to complete medium of the 
investigated cell line and relative 
luminescence measured. The 
signal was normalized to the 
reference which contained the 
complete medium without 
compound. Both investigated 
inhibitors, ceritinib and 
trametinib, did not quench the 
luminescence signal, values 
represent mean ± SD, n=1. 

 

B 
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B 

 

Figure 8.3 Detection of insertions or deletions (INDELS) in the NF1 gene of isogenic NF1 knockout cells due to 
Cas9 nuclease mediated double-strand breaks and non-homologous end joining (NHEJ). Sequencing reads of 
respective cell lines were investigated in exon 1 or 30 for expected INDELS, which were detected beforehand 
by sanger sequencing, using the integrative genomics viewer (IGV_2.8.2). A shows the sequencing reads of 
three biological replicates for the isogenic NF1 knockout cell line SH-SY5Y NF1 KO #1 in the chromosomal 
region indicated on the top (chromosome 17: 31,095,293 to 31,095,386). The reference sequence derived of 
the human reference genome, human genome build 38 (hg38), is shown below the three sequencing read 
panels and the mutated sequence of SH-SY5Y NF1 KO #1 highlighted with a red box. B shows the sequencing 
reads of three biological replicates for the isogenic cell line SH-SY5Y NF1 KO #2 in the chromosomal region 
chromosome 17: 31,249,065 to 31,249,119. As a reference sequence hg38 was used. Below the three 
sequencing read panels is the region of the mutated sequence highlighted with two red boxes, due to two 
different INDELS on each allele. 
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A 

 

B 

 

Figure 8.4 Investigation of ribonucleic acid (RNA) sequencing reads of SH-SY5Y NF1 KO #1 and SH-SY5Y NF1 
KO #2 for anaplastic lymphoma kinase (ALK) mutated transcripts using the integrative genomics viewer 
(IGV_2.8.2). A shows the sequencing reads of three biological replicates for ALK transcripts of SH-SY5Y NF1 KO 
#1 in the chromosomal region indicated on the top (chromosome 2: 29,220,811 to 29,220,851). The reference 
sequence derived of the human reference genome, human genome build 38 (hg38), is shown below the three 
sequencing read panels. Expected was the detection of a heterozygous ALK mutation where 3522 cytosine is 
mutated to adenine. Here the opposing strand is shown and therefore guanine is mutated to thymine. This 
mutation in ALK leads to an exchange of the amino acid phenylalanine 1174 to leucine. B shows the same as 
A just for SH-SY5Y NF1 KO #2.  
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8.2 Tables 

Table 8.1: Common genes with enriched sgRNAs in samples treated with different ALKis and 

corresponding -scores (P-values cutoff <0.01) sorted by P-values for ceritinib sample. 

Gen 
-score 

ceritinib 

P-value 

ceritinib 

-score 

lorlatinib 

P-value 

lorlatinib 

C10orf126 2,63 0,000000 2,88 0,000367 

MED30 2,69 0,000000 3,05 0,000157 

SNRPF 2,64 0,000000 3,48 0,000052 

UBA1 2,66 0,000000 2,93 0,000314 

ZNHIT3 2,66 0,000000 2,90 0,000367 

C16orf59 2,55 0,0000520 2,97 0,000262 

ECD 2,43 0,0000520 2,10 0,00891 

ELP4 2,44 0,0000520 2,85 0,000367 

FDX1L 2,59 0,0000520 2,47 0,00204 

GPN2 2,54 0,0000520 3,07 0,000157 

KIAA0754 2,42 0,0000520 2,72 0,000733 

NOL7 2,46 0,0000520 2,51 0,00168 

RPS27 2,56 0,0000520 3,49 0,000052 

ZNF626 2,42 0,0000520 3,11 0,000052 

HSPA5 2,41 0,000105 3,19 0,000052 

MRPL41 2,41 0,000105 3,56 0,000052 

FOXRED1 2,35 0,000157 3,02 0,000210 

NHLRC2 2,40 0,000157 2,82 0,000367 

HIST1H2BL 2,31 0,000210 2,13 0,00749 

MEPCE 2,25 0,000262 2,48 0,00194 

C19orf52 2,21 0,000367 2,09 0,00906 

CSHL1 2,22 0,000367 2,70 0,000733 

NF1 2,19 0,000419 2,60 0,00110 

OR7E24 2,20 0,000419 2,83 0,000367 

PIAS3 2,20 0,000419 2,67 0,000838 

CD3EAP 2,19 0,000471 3,09 0,000157 

TSPAN17 2,19 0,000471 2,70 0,000733 

SMARCD3 2,18 0,000524 2,81 0,000367 

EIF2S3 2,18 0,000576 2,61 0,00110 
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AURKA 2,15 0,000629 2,41 0,00251 

RAD50 2,15 0,000629 2,51 0,00168 

RPL18A 2,15 0,000629 2,78 0,000471 

DDB1 2,14 0,000681 2,96 0,000262 

NUS1 2,13 0,000733 2,75 0,000576 

C14orf80 2,12 0,000786 2,79 0,000419 

C20orf27 2,13 0,000786 2,39 0,00262 

NDUFA2 2,13 0,000786 2,80 0,000419 

IFNGR2 2,11 0,00110 2,53 0,00152 

MRPL50 2,11 0,00110 2,30 0,00346 

CSK 2,08 0,00115 2,39 0,00262 

FOS 2,09 0,00115 2,18 0,00650 

KIF11 2,09 0,00115 2,20 0,00597 

MRPL9 2,10 0,00115 2,60 0,00110 

DDX42 2,08 0,00126 2,67 0,000838 

CTR9 2,06 0,00141 2,37 0,00288 

SLCO6A1 2,06 0,00141 2,46 0,00215 

P3H1 2,01 0,00189 2,35 0,00309 

ENTHD2 1,99 0,00210 2,68 0,000786 

C19orf12 1,98 0,00225 2,47 0,00204 

LMNTD2 1,99 0,00225 2,35 0,00309 

RUVBL1 1,98 0,00225 2,41 0,00251 

ATP13A1 1,97 0,00246 2,25 0,00461 

MIPEP 1,96 0,00251 2,12 0,00786 

EIF2B5 1,96 0,00257 2,22 0,00555 

NDN 1,96 0,00257 2,53 0,00152 

FITM2 1,95 0,00272 2,20 0,00582 

ZBTB8OS 1,95 0,00278 2,35 0,00309 

KRTCAP3 1,95 0,00288 2,26 0,00403 

DNLZ 1,94 0,00293 2,30 0,00346 

ACAD10 1,93 0,00314 2,23 0,00508 

VARS 1,93 0,00314 2,98 0,000262 

ZPR1 1,92 0,00330 2,28 0,00377 

KIF1BP 1,91 0,00346 2,28 0,00377 

NELL1 1,91 0,00346 2,61 0,00110 
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RC3H1 1,91 0,00346 2,71 0,000733 

SPATA17 1,91 0,00346 2,44 0,00231 

GBF1 1,90 0,00351 2,18 0,00650 

GORASP2 1,90 0,00351 2,51 0,00168 

KRT19 1,90 0,00351 2,22 0,00555 

RPL38 1,91 0,00351 2,72 0,000733 

NSFL1C 1,90 0,00362 2,09 0,00927 

BACH1 1,88 0,00409 2,58 0,00121 

DRAP1 1,88 0,00419 2,56 0,00121 

PPA2 1,87 0,00419 2,09 0,00922 

STMN4 1,88 0,00419 2,13 0,00733 

SLC39A3 1,87 0,00435 2,50 0,00173 

AIMP1 1,86 0,00445 2,17 0,00650 

CEP85L 1,86 0,00445 2,13 0,00739 

DDX11 1,85 0,00482 2,53 0,00157 

CHMP3 1,82 0,00503 2,54 0,00136 

PKN2 1,82 0,00503 2,17 0,00660 

TBCA 1,82 0,00503 2,23 0,00482 

TMEM40 1,82 0,00503 2,50 0,00173 

HIST2H3D 1,81 0,00508 2,53 0,00152 

GNB2L1 1,81 0,00513 2,31 0,00346 

BANP 1,79 0,00550 2,26 0,00419 

TBL1X 1,78 0,00571 2,21 0,00566 

GRIN2A 1,78 0,00582 2,18 0,00634 

GRIA3 1,77 0,00592 2,15 0,00697 

KRBOX1 1,77 0,00613 2,26 0,00424 

RPP21 1,77 0,00613 2,46 0,00204 

PPIL4 1,76 0,00629 2,35 0,00309 

PSMD11 1,76 0,00629 2,62 0,000995 

USP1 1,76 0,00629 2,26 0,00424 

HIRA 1,76 0,00634 2,29 0,00346 

GNB1L 1,75 0,00655 2,14 0,00723 

OSMR 1,75 0,00676 2,09 0,00922 

TANGO6 1,74 0,00707 2,46 0,00215 

PEX13 1,73 0,00723 2,15 0,00702 
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ETV4 1,72 0,00744 2,15 0,00723 

RPS14 1,71 0,00760 2,84 0,000367 

MYC 1,71 0,00796 2,17 0,00660 

TMPRSS6 1,79 0,00828 2,30 0,00346 

GRIN2D 1,69 0,00849 2,33 0,00341 

TBC1D28 1,69 0,00849 2,10 0,00896 

PDCD7 1,69 0,00875 2,17 0,00660 

AKTIP 1,67 0,00948 2,44 0,00231 

OGT 1,66 0,00959 2,76 0,000576 

GOLGA6L2 1,66 0,00974 2,28 0,00377 

 

Table 8.2: Results of a Gene Set Enrichment Analysis (GSEA) using the “c2” gene set listing gene sets 

enriched in the CRISPR knockout screen derived data. 

Name NES FDR q-val FWER p-val 

REACTOME_MITOCHONDRIAL_TRANSLATION 2,37 0,00 0,00 

REACTOME_TRANSLATION 2,33 0,00 0,00 

REACTOME_NONSENSE_MEDIATED_DECAY_NMD 2,14 0,00 0,00 

REACTOME_COMPLEX_I_BIOGENESIS 2,14 0,00 0,00 

REACTOME_RESPIRATORY_ELECTRON_TRANSPORT 2,13 0,00 0,00 

REACTOME_RESPIRATORY_ELECTRON_TRANSPORT_ATP_SY

NTHESIS_BY_CHEMIOSMOTIC_COUPLING_AND_HEAT_PRO

DUCTION_BY_UNCOUPLING_PROTEINS 2,10 0,00 0,0100 

REACTOME_MITOCHONDRIAL_TRNA_AMINOACYLATION 2,09 0,00 0,0100 

REACTOME_SRP_DEPENDENT_COTRANSLATIONAL_PROTEI

N_TARGETING_TO_MEMBRANE 2,09 0,00 0,0100 

WP_MITOCHONDRIAL_COMPLEX_I_ASSEMBLY_MODEL_OX

PHOS_SYSTEM 2,07 0,00 0,0200 

REACTOME_EUKARYOTIC_TRANSLATION_INITIATION 2,06 0,00 0,0200 
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MALONEY_RESPONSE_TO_17AAG_DN 2,05 0,00 0,0200 

BIOCARTA_EIF_PATHWAY 2,04 0,00 0,0300 

WP_ELECTRON_TRANSPORT_CHAIN_OXPHOS_SYSTEM_IN_

MITOCHONDRIA 2,04 0,00 0,0300 

REACTOME_REGULATION_OF_EXPRESSION_OF_SLITS_AND

_ROBOS 2,03 0,00 0,0400 

REACTOME_EUKARYOTIC_TRANSLATION_ELONGATION 2,03 0,00 0,0400 

RHODES_CANCER_META_SIGNATURE 2,02 0,00 0,0600 

REACTOME_TRNA_AMINOACYLATION 2,00 0,00 0,0800 

SCHLOSSER_MYC_TARGETS_REPRESSED_BY_SERUM 2,00 0,0100 0,0900 

BIOCARTA_PROTEASOME_PATHWAY 1,99 0,0100 0,100 

 


