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Abstract 
 
Precision medicine is an innovative approach that involves tailoring medical treatments 

to the specific needs of individual patients and revolutionized cancer treatment with 

many targeted therapies. However, suitable biomarkers for predicting patient-

individual targeted drugs are missing. The currently used biomarkers are mostly 

descriptive, while functional tests for biomarker prediction are just starting, so far 

restricted to drug testing in vitro. Functional tests are of particular interest as numerous 

anti-cancer drugs cannot be assigned to a specific descriptive biomarker so far. 

The present proposal aimed to evaluate whether CRISPR/Cas9 dropout screens might 

represent a suitable tool to prioritize therapeutic targets in individual leukemic patient 

samples using patient-derived xenograft (PDX) models in vivo. The aim of the 

CRISPR/Cas9 screens was to identify patient-specific dependencies by knocking out 

specific genes for patient-individual drug prediction. We designed a sgRNA library 

targeting druggable and cancer-relevant genes; while most published CRISPR/Cas9 

screens targeted the whole genome in vitro in cell lines, we tested small customized 

screens in an in vivo model. To ensure the quality of our screen, we implemented 

several thresholds and quality measures. We started with ten different PDX models, 

five from acute lymphoblastic leukemia (ALL) and five from acute myeloid leukemia 

(AML) samples. All ALL samples passed the quality control, while three of the five AML 

PDX models had to be excluded at this step. 

Through the in vivo CRISPR/Cas9 screening, we discovered 24 commonly depleted 

genes, shared between several, but not all PDX models and thus represent patient-

individual gene dependencies. Several dropout genes participate in epigenetic 

pathways and chromatin remodeling via the SWI/SNF complex. The strongest 

depleted genes for which targeted drugs are available were XPO1, HDAC3, NEDD8, 

MCL1, and BCL2. In future work and as an outlook, others will now use my results and 

target these genes with the respective targeted drugs in preclinical trials in PDX models 

in vivo.  

All in all, I established CRISPR/Cas9 screens in PDX models in vivo as an attractive 

functional tool for precision medicine and showed that the screens identify patient-

individual gene dependencies. Warranting further research, our CRISPR/Cas9 tool 

might add to the precision medicine pipeline to predict patient-individual drug 

responses.  
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Zusammenfassung 
 
Personalisierte Medizin ist ein innovativer Ansatz um eine Therapieform auf das 

spezifische und individuelle Bedürfnis eines Patienten anzupassen. Zielgerichtete 

Therapie ist solch ein Ansatz und hat die Krebsbehandlung in den letzten Jahren 

immer mehr personalisiert. Jedoch sind die dafür verwendeten Biomarker meist 

deskriptiv und funktionale Tests für die Bestimmung neuer Biomarker sind noch selten 

und auf in vitro Tests beschränkt. Funktionale Test sind aber daher wichtig, da es viele 

Krebs Medikamente gibt, die keinem spezifischen, deskriptiven Biomarker zugeordnet 

werden können. 

In der vorliegenden Arbeit haben wir untersucht, ob CRISPR/Cas9-Dropout-Screens 

ein geeignetes Tool zur Priorisierung therapeutischer Targets in einem in vivo 

Patienten-abgeleiteten Xenograft-Modell (PDX) der akuten Leukämien sind. Das Ziel 

des CRISPR/Cas9 Screens war, durch Knockouts Patienten-spezifische 

Abhängigkeiten zu identifizieren, welche dann eine personalisierte Therapie 

Vorhersage ermöglichen. Wir haben eine sgRNA Library entworfen, die auf 

krebsrelevante Gene, mit einem assoziierten Medikament abzielt. Während die 

meisten veröffentlichen Screens in vitro und in Ziellinien durchgeführt wurden, haben 

wir eine kleine, spezifische Library in einem in vivo Model getestet. Um die Qualität 

unserer Screens sicherzustellen, haben wir mehrere Schwellenwerte und 

Qualitätsmaßstäbe eingeführt. Wir sind insgesamt mit zehn verschiedenen PDX 

Proben gestartet (fünf ALL und fünf AML Proben). Nach dem Durchlaufen der 

Qualitätskontrollen mussten jedoch zwei AML Proben exkludiert werden.  

Mit den in vivo Screens in den restlichen sieben Proben haben wir 24 generelle 

Abhängigkeiten identifiziert, welche in mehrerer aber nicht allen Proben gefunden 

wurden und somit Patienten-spezifische Abhängigkeiten darstellen. Mehrere dieser 

Gene sind über den SWI/SNF Komplex an epigenetischen Signalwegen und der 

Chromatin Umstrukturierung beteiligt. Die Gene mit der signifikantesten Abhängigkeit, 

und für die spezifische Medikament verfügbar sind, waren XPO1, HDAC3, NEDD8, 

MCL1 und BCL2. In Folgeexperimeten und als Ausblick werden meine Ergebnisse 

verwendet um die PDX Proben mit den entsprechenden zielgerichteten Medikamenten 

in präklinischen in vivo Versuchen zu therapieren.  

Zusammengefasst habe ich in vivo CRISPR/Cas9-Screens in PDX-Modellen als 

attraktives funktionelles Tool für die personalisierte Medizin etabliert und gezeigt, dass 

die Screens patientenindividuelle Genabhängigkeiten identifizieren können. Unser 
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CRISPR/Cas9-Tool könnte die Pipeline der personalisierten Medizin ergänzen, um ein 

patientenindividuelles Ansprechen auf spezifische Medikamente vorherzusagen. 
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1. Introduction 

 

1.1 Acute leukemia 

Leukemia is a disease of the hematopoietic system, once thought to be a single 

disease and first described in the 4th century (MD et al. 2020). A more detailed 

classification was done at the end of the 19th century, dividing leukemia into four 

subgroups based on the altered cell type and their rate of growth: acute myeloid 

leukemia (AML), acute lymphoblastic leukemia (ALL), chronic myeloid leukemia (CML) 

and chronic lymphoid leukemia (CLL) (Blackburn, Bender, and Brown 2019; Siegel et 

al. 2022).  

Acute leukemia is the most common cancer in children, with most patients diagnosed 

with ALL, whereas only 15-20% of children suffer from AML (Quessada et al. 2021). 

On the other hand, AML predominates in adults with a median age of 68 at diagnosis 

(Blackburn, Bender, and Brown 2019).  

The cancer statistics 2022 revealed 60 650 new leukemia cases per year in the United 

States, including 6 660 acute lymphoid leukemia cases and 20 050 acute myeloid 

leukemia cases (Siegel et al. 2022). A closer look at their origins is needed to 

understand better the differences between the mentioned leukemias. 

 

1.1.1 Acute myeloid leukemia 

AML is described as a heterogeneous disease of the hematopoietic system. AML is 

defined by the abnormal growth and differentiation failure of hematopoietic stem cells 

(HSCs), resulting in an accumulation of myeloblasts (myeloid precursors) in the bone 

marrow and peripheral blood. In healthy individuals, an HSC gives rise to myeloid or 

lymphoid progenitors. Myeloid progenitor cells differentiate into mature types of blood 

cells like erythrocytes, granulocytes, granulocytes and platelets, whereas lymphoid 

progenitors give rise to B- and T- lymphocytes (Figure 1) (Duan and Mukherjee 2016).  
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Figure 1: Differentiation arrest causing AML or ALL 
Differentiation block results in an accumulation of blast cells (red circles) (Created with BioRender). 

 

The block of differentiation and accumulation of non-functional myeloblasts in AML 

leads to the typical but unspecific symptoms of bone marrow failure: fatigue, bleeding, 

recurrent infections and shortness of breath (Khwaja et al. 2016). Patients with those 

symptoms are diagnosed with AML when myeloblast counts are higher than 20% in 

the peripheral blood. Additionally, molecular characterization, cytogenetics, 

cytochemistry and immunophenotyping are used to strengthen the diagnosis further. 

After the characterizations mentioned above, the AML subtype can be determined. The 

World Health Organization defined seven different subtypes of AML based on 

chromosomal translocations, mutations, and cytogenetic parameters (Hwang 2020).  

The cytogenetic analysis allows the identification of changes at the chromosomal level. 

Cytogenetic abnormalities are recognized in 75 to 80% of pediatric AML cases. In de 

novo AML in adults, the rate of chromosomal abnormalities is lower by approximately 

56% (Bendari et al. 2020).  

The most frequently detected karyotypic abnormality in AML is the t(8;21)(q22;q22.1) 

rearrangement, occurring in up to 12% of all patients (P. Lin et al. 2008). This 

translocation is defined by a fusion between the AML1 gene on chromosome 21 and 

the ETO gene on chromosome 8, resulting in the two fusion genes: AML1-ETO and 

ETO-AML1 (Bendari et al. 2020). Patients with t(8;21) have an overall favorable 

prognosis, defined by a higher response to treatment and a longer median survival 

compared to other types of AML (Bendari et al. 2020; P. Lin et al. 2008). Opposing 

this, more complex karyotypes (≥3 cytogenetic abnormalities) or specific chromosomal 
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aneuploidies are considered to have a poor prognosis due to their more 

chemoresistant phenotype (Short et al. 2020).  

Besides cytogenetics, the advances in genomic techniques improved the 

understanding of the mutational landscape of AML. The AML genome shows a 

significantly lower number of mutations than most solid tumors, with an average of five 

mutations per genome (Short et al. 2020). Despite this small number of mutations, in 

around 98% of the patients with de novo AML, one driver mutation can be identified, 

with 86% of them harboring ≥ two driver mutations (Papaemmanuil et al. 2016; 

‘Genomic and Epigenomic Landscapes of Adult De Novo Acute Myeloid Leukemia’ 

2013).  

Therefore, the most frequent mutations and clinically relevant genetic markers in AML 

are FLT3, KIT, TP53 and RAS mutations (Hou and Tien 2020). Besides these 

mutations, several genes involved in epigenetic modification such as IDH, TET2, 

DNMT3A, ASCL1, EZH2 and KMT2A are frequently mutated in AML patients (Hou and 

Tien 2020).  

The prognostic impact of most of the identified mutations is still uncertain. Currently, 

only some can be correlated to a clear prognosis, like mutations in the FMS-like 

tyrosine kinase 3 (FLT3), the most frequent genetic alteration in AML patients. Those 

patients are known to have a poor prognosis. There are two major types of FLT3 

mutations: internal tandem duplication (ITD) mutations in the juxtamembrane domain 

(FLT3-ITD) or a deletion or point mutation in the tyrosine kinase domain (FLT3-TKD) 

(Kiyoi, Kawashima, and Ishikawa 2020).  

Nevertheless, the knowledge about frequently occurring mutations, chromosomal 

aberrations and karyotypes lays a foundation to understand better the disease and its 

underlying mechanisms, a pitfall to refine and invent therapeutics. 

 

1.1.2 Current treatment strategies in AML 

Although the recent advances in the genetic characterization of AML, the standard of 

care has mostly stayed the same since its development in 1970.  

The combination of Anthracycline and Cytarabine, known as the “7 + 3” regimen, is 

used as induction therapy in young adults (age < 60) and fit elderly patients to achieve 

complete remission (CR) preferably without the measurable residual disease (MRD). 

MRD describes a small number of leukemic cells that remain after and during 

treatment. Complete remission is achieved in 60-80% of the young, de novo AML 

patients (Blackburn, Bender, and Brown 2019; Medinger, Lengerke, and Passweg 
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2016a). The rate of CR is strongly reduced to 38-62% in elderly patients (>60 years) 

(Medinger, Lengerke, and Passweg 2016a). The poor complete remission rate in 

elderly patients is caused by a lower tolerance of high-dose chemotherapeutics and a 

higher likelihood of an adverse cytogenetic risk profile (De Kouchkovsky and Abdul-

Hay 2016).  

After successful induction therapy, it is essential to eradicate residual disease by 

following consolidation therapy. There are two main options for consolidation 

therapies: further chemotherapy or hematopoietic stem cell transplantation (HSCT) 

(Medinger, Lengerke, and Passweg 2016b). In younger adults with a favorable 

prognosis, the follow-up chemotherapy successfully prolongs remission and improves 

survival. Patients with intermediate or high risk instead receive high doses of 

chemotherapy followed by HSCT (Medinger, Lengerke, and Passweg 2016a). 

Especially in fit patients with an intermediate or high-risk AML, who achieve CR during 

induction therapy, the HSCT is the most effective long-term treatment with a cure rate 

of 50-60% (Medinger, Lengerke, and Passweg 2016a; Passweg et al. 2016).  

Nevertheless, most treated patients relapse (40-50% in younger and the majority in 

elderly patients). Patients that do not reach complete remission after two cycles of 

induction therapy are diagnosed with a refractory AML (Thol and Ganser 2020). The 

high percentage of relapse or refractory patients and the poor treatment options of 

elderly patients show the need for new treatment options.  

The progress of genetic technologies led to a better description and understanding of 

the mutational profile of AML and several new agents for AML treatment. Between 

2017 and 2019, the Food and Drug Administration (FDA) approved eight new agents 

for treating AML (DiNardo and Perl 2019). The development of targeted therapies for 

some of the common genetic mutations has led for example to the approval of FLT3 

and IDH1/2 inhibitors (Short et al. 2020).  

Although new treatment options became available, therapy resistance and relapse 

remain major clinical challenges. This problem became more pronounced when the 

first patients developed resistance to the targeted therapies (Scholl et al. 2020). 

 

1.1.3 Acute lymphoblastic leukemia 

A differentiation block in the lymphoid lineage defines acute lymphoblastic leukemia 

(ALL). This block in differentiation results in an accumulation of lymphoid progenitor  

cells in the bone marrow and peripheral blood. ALL is seen in children and adults, while 

80% of ALL occurs in children (Terwilliger and Abdul-Hay 2017). Pediatric ALL is 
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curable in 90% of the cases, whereas in adults diagnosed with ALL the cure rate drops 

below 40% (Samra et al. 2020). This dismal prognosis originates from a poor prognosis 

biology and lower tolerance of intensive chemotherapy.  

The World Health Organization differentiates between ALL as B-lymphoblastic 

leukemia/lymphoma (B-ALL9 or T-lymphoblastic leukemia/lymphoma (T-ALL) with T-

ALL summing up to 10-15% of diagnosed cases (Arber et al. 2016; Teachey and Pui 

2019). Patients diagnosed with T-ALL are mainly older, show a poorer tolerance of 

chemotherapy, are in general more resistant to chemotherapy and are known to have 

a worse outcome prediction than B-ALL patients do (Teachey and Pui 2019). B-ALL is 

divided into two subgroups for further classification: B-ALL not otherwise specified and 

B-ALL with recurrent genetic abnormalities (Terwilliger and Abdul-Hay 2017).  

Patients with ALL mainly present with nonspecific symptoms and signs of bone marrow 

failure and “B-symptoms” like night sweats, fever and weight loss (Terwilliger and 

Abdul-Hay 2017). ALL is diagnosed by 20% or more lymphoblasts in the peripheral 

blood or bone marrow (Alvarnas et al. 2015). Following the blast count, flow cytometry 

complemented by cytogenetics and immunophenotyping are used for further risk 

evaluation and diagnosis. Since involvement of the central nervous system (CNS) 

occurs in 5-8% of ALL patients a cerebrospinal fluid (CSF) analysis is the standard of 

care to detect migrated blasts in the CSF (Terwilliger and Abdul-Hay 2017; Deak et al. 

2021).  

Chromosomal alterations are the hallmark of ALL patients and are therefore described 

for decades. In patients with B-ALL chromosomal alterations are defined by 

hyperdiploidy with a gain of at least five chromosomes, hypodiploidy with less than 44 

chromosomes and recurrent chromosomal translocations like the Philadelphia 

chromosome (Ph) t(9;22)(q34;q11). This translocation encodes the BCR-ABL1 protein, 

leading to a constitutively active tyrosine kinase (Inaba, Greaves, and Mullighan 2013). 

Rearrangements of KMT2A (also known as mixed lineage leukemia, or MLL), a histone 

methyltransferase, involving 11q23 with different fusion partners are an additional 

possible translocation (Inaba, Greaves, and Mullighan 2013). T-ALL is characterized 

by chromosomal aberrations that activate different oncogenes like TAL1, LMO2, TLX1, 

TXL3 and HOXA (Mroczek et al. 2021). The most common pathway abnormality 

observed in 70-80% of all T-ALL patients is found in the Notch1 pathway, often together 

with a loss of the CDKN2A locus, which encodes tumor suppressors like p16INK4A 

and p14ARF (Mroczek et al. 2021; Teachey and Pui 2019). In general, there is much 
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more knowledge about B-ALL's genetic abnormalities than T-ALL due to its rare 

occurrence and higher heterogeneity (Mroczek et al. 2021).  

The increase in the genetic profiling capabilities of patient cells during the last years 

utilizes the technological progress of innovative technologies like next-generation 

sequencing (NGS). This made several more precision treatment options available and 

enhanced risk stratification.  

 

1.1.4 Current treatment strategies in ALL 

The standard chemotherapy treatment procedure in ALL patients consists of induction, 

consolidation and maintenance therapy steps. Induction therapy aims to achieve CR 

together with normal hematopoiesis. Induction therapy includes chemotherapeutics 

like Vincristine, Corticosteroids and Anthracycline (Terwilliger and Abdul-Hay 2017). 

For patients diagnosed with a Philadehia-positive leukemia, tyrosine kinase inhibitors 

(TKI) like Imatinib and Dasatinib are included as targeted therapy (De Kouchkovsky 

and Abdul-Hay 2016). For CNS treatment or prophylaxis, chemotherapy is directly 

injected into the cerebrospinal fluid (intrathecal chemotherapy) (Thastrup et al. 2022). 

After the induction therapy and achieving remission, consolidation treatment follows. 

Generally, consolidation and maintenance treatment aim to remove any remaining 

leukemic cells and maintain this status. Depending on the risk, genetic background 

and MRD status, there are several further treatment options. Patients may receive 

more chemotherapy in higher doses and more cycles, adding immunotherapy and 

targeted therapy or as a last option a HSCT.  

With these treatment strategies, the cure rate of pediatric ALL patients reached 90% 

(Samra et al. 2020; Rose-Inman and Kuehl 2014), whereas adults diagnosed with ALL 

have a dismal prognosis and a cure rate below 40% (Samra et al. 2020; Rose-Inman 

and Kuehl 2014). Noteworthy, the adaption of pediatric-inspired intense chemotherapy 

for the treatment of young adults (<40 years) led to an improvement in the overall 

survival rate of 65-80% (Stock et al. 2019; Wieduwilt et al. 2021).  

Before TKIs became available in 2000, Philadelphia-positive patients' outcomes were 

very poor. Nevertheless, the combinatory treatment of TKIs and chemotherapeutics 

led to complete remission rates of 90-95% and long-term survival of 40-50% in 

Philadelphia-positive patients (Salvaris and Fedele 2021). The application of TKIs 

showed the power of targeted therapy. These numbers contribute to the notion that 

targeted therapies can elevate cure rates to new heights, as shown for other agents. 

Patients with KMT2A rearrangements are associated with a poor prognosis and the 
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arrangement indicates HSCT. KMT2A-fusion proteins are known to bind DNA and 

chromatin which results in an aberrant gene expression pattern, promoting 

leukemogenesis. Menin, a KMT2A cofactor is the most promising target for the 

treatment of KMT2A-rearranged leukemias (Salvaris and Fedele 2021).  

Besides those targeted agents that target only disease-specific mutations there are 

additional immunotherapeutic approaches for targeting more general vulnerabilities in 

ALL. The CD19/CD3 bispecific T-cell engager Blinatumomab, the anti-CD22 antibody-

drug conjugate Inotuzumab ozogamicin (InO) and the chimeric antigen receptor (CAR) 

T-cell therapy are new treatment options for patients with B-ALL (Salvaris and Fedele 

2021). Especially for patients with relapsed or refractory ALL the treatment with 

Blinatumomab and InO improved the remission and survival rate, regardless of the 

patient’s age when compared to the standard chemotherapy regimen (H. M. Kantarjian 

et al. 2016; H. Kantarjian et al. 2017). Anti-CD19 CAR-T cell therapy for the treatment 

of B-cell malignancies was approved by the US Food and Drug Administration (FDA) 

in 2017 (Schuster et al. 2017). A treatment study of children and young adults (3 to 23 

years) with second generation anti-CD19 CAR-T cells led to an overall remission rate 

of 81% (Maude et al. 2018). An additional advantage of the anti-CD19 CAR-T therapy 

cells is their reported presence within the cerebrospinal fluid of treated ALL patients, 

resulting in a clearance of the CNS from leukemic cells (Grupp et al. 2013; He et al. 

2019). But besides its great potential to improve the survival of B-cell malignancies 

there are some serious challenges such as cytotoxicity, cytokine release syndrome 

and immune effector cell-associated neurotoxicity syndrome (ICANS) (Sheykhhasan, 

Manoochehri, and Dama 2022). 

The development of new therapies improved the cure rate as well as the survival rate 

of patients diagnosed with ALL. Besides these treatment advances there remain 

several challenges and needs for new approaches e.g. treatment of T-ALL cells and 

older patients.  

 

1.1.5 Remaining challenges 

After induction therapy, a chemotherapy-surviving leukemia cell population remains in 

some patients. This cell population gives rise to relapse of the disease and is defined  

as MRD. The detection of those chemotherapy-surviving leukemia cells is important 

for the outcome prediction and the selection of further therapy strategies in both ALL 

and AML patients (Heuser et al. 2021; Kruse et al. 2020; Saygin et al. 2022). Therefore, 

targeting the MRD is crucial for long-term survival. The recent years improved its 
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detection by sensitizing the evaluation method and by the enhanced knowledge about 

the genetic landscape of patients. New approaches helped eradicate MRD in patients 

with B-ALL whereas approaches to target MRD in T-ALL are urgently needed (Saygin 

et al. 2022). The detection of MRD in AML patients is more challenging due to the 

genetic and immunophenotypic heterogeneity of AML and needs further investigation 

(Blachly, Walter, and Hourigan 2022).  

Besides MRD, drug resistance is a huge challenge and the main reason for 

treatmentfailure. Resistance can either be primary or acquired. Primary resistance 

describes the phenomena of being resistant to treatment before the usage of any anti-

tumor drug whereas tumor cells with acquired drug resistance are first sensitive to the 

treatment and develop resistance during induction therapy (J. Zhang, Gu, and Chen 

2019).  

Certain types of gene mutations, aberrant activation of PI3K/AKT and autophagy 

pathways as well as abnormal expression of miRNAs are known to be related to drug 

resistance in AML patients (J. Zhang, Gu, and Chen 2019). By accessing the status of 

these risk factors, it is possible to predict an individual patient’s risk for developing 

treatment resistance, nevertheless, it is still unclear how to use those discovered 

mechanisms to reverse resistance. Resistance not only occurs upon standard 

chemotherapy but also after targeted treatment. The knowledge on how to overcome 

resistance to targeted therapies is mainly restricted to in vitro and mice findings and 

needs further patient-closer investigation (Mecklenbrauck and Heuser 2022).  

Resistance towards the standard therapy or targeted therapy is also observed in ALL 

patients. In the majority of cases the resistant patient cells are treated by using a 

different combination of drugs, without knowing the resistant-causing mechanism 

(Follini, Marchesini, and Roti 2019). For example, research on resistance mechanisms 

in ALL patients revealed certain point mutations in the BCR::ABL1 gene resulting in 

resistance towards TKIs (Jędraszek et al. 2022). 

To achieve complete remission in the majority of patients and to be able to treat a 

relapsing patient successfully, more research on the underlying mechanisms is 

needed, as well as strategies to provide an even more individually tailored treatment 

approach.  

 

1.2 Precision medicine  

Hematology is a field where the concepts of precision medicine are implemented 

successfully by several approved targeted therapies. In general, the idea of precision 
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medicine is the prediction of the right treatment, for the right patient at the right time. 

The most prominent example is the approval of imatinib (TKI) for the treatment of 

Philadelphia-positive CML patients. Due to their BCR::ABL1 rearrangement, 

Philadelphia-positive patients are characterized by a constitutively activated tyrosine 

kinase. The treatment with a TKI shifted the prognosis of Philadelphia-positive patients 

from a severe outcome to a favorable prognosis. Besides the TKIs, the development 

of several small-molecule inhibitors of FLT3, IDH1/IDH2 and BCL-2 for the treatment 

of AML improved those patients’ outcomes, too (Döhner, Wei, and Löwenberg 2021). 

Although these precision medicine tools often result in treatment improvement, their 

implementation in the health care systems is difficult and as well as their affordability 

(Valent et al. 2021). Besides the challenge of providing precision medicine to all 

leukemia patients, only a small fraction of these patients harbor mutations that can be 

targeted, even fewer respond to the assigned treatment and several develop 

resistance (Malani et al. 2022). This shows that not every detected mutation is a 

dependency for the patient’s leukemogenesis. This highlights the need for more 

functional screening tools for the prediction of a personalized treatment strategy.  

 

1.2.1 Characterization of patient cells for treatment prediction 

Although there are disadvantages as described above, precision medicine is 

increasingly used for therapy decision with descriptive omics-based methods. Omics 

informally describes different molecular methods like genomics, transcriptomics, 

proteomics and metabolomics in a large-scale approach.  

Several studies and research groups designed clinical trials to access the predictive 

potential of different sequencing methods for effective drugs.  

The ‘Individualized Therapy for Relapsed Malignancies in Childhood’ (INFORM) is an 

example of a precision medicine study in Germany. The study includes children with 

high-risk relapsed/refractory malignancies and aims at predicting individual therapeutic 

targets. The used descriptive methods for these predictions are whole-exome, low-

coverage whole-genome and RNA sequencing together with methylation and 

expression microarray analyses (Worst et al. 2016; van Tilburg et al. 2021). The 2016 

published pilot study characterized 52 patients with an average turnaround time from 

sampling to the first report of 28 days, identifying potential druggable alterations in 50% 

of the cohort (Worst et al. 2016). The follow-up study, published in 2021, included a 

total of 519 pediatric patients with 38 patients suffering from acute leukemias. In 43% 

of the screened patients, a genetically altered target was identified. Those alterations 
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were then used to determine the target priority level and patients were sorted into the 

following priority groups: very high, high and moderate. 42 patients were sorted into 

the highest target priority group. Out of these patient 42 patients, 20 patients received 

an individual targeted therapy which resulted in a significantly longer progression-free 

survival when compared to all other patients (van Tilburg et al. 2021).  

A collaborative precision medicine study for AML patients is the BEAT AML trial taking 

place in the United States, initiated by the Leukemia & Lymphoma Society (LLS). Until 

then, genetic data of AML patients were predominately used for prognostic measures 

or treatment decisions after induction therapy, but not for the initial induction therapy 

decision itself (besides the additional use of FLT3 inhibitors to standard chemotherapy) 

(Stone et al. 2017; Uy et al. 2017). Genetic profiling is used to categorize AML patients 

(≥60 years) into molecularly defined, subtype-specific therapies within 7 days (Burd et 

al. 2018). The central treatment decision is based on NGS and cytogenetics. A huge 

achievement of this study is the 7-day window for genetic characterization and 

treatment since an earlier study showed that a treatment delay of 8 days after diagnosis 

has no effect on the overall survival of AML patients (Bertoli et al. 2013). In an efficacy 

update in 2021, 395 suitable patients were enrolled in the study. For 95% of those 

patients, the genetic and cytogenetic analysis was completed within the 7-day window. 

224 patients were assigned to sub-study groups like KMT2A-rearranged, TP53 

mutated and hypermethylation, defined by the TET2/WT1 mutations. The 30-day 

mortality rate was less frequent accompanied by a significantly longer overall survival 

in patients receiving the targeted treatment in comparison to patients treated with 

standard chemotherapy (Burd et al. 2018). Overall the BEAT AML study showed a 

successful precision medicine strategy that is feasible within 7 days, allowing a rapid 

inclusion of the genomic data into the treatment decision (Burd et al. 2018).  

A recently emerging field for better matching of patients to drugs is artificial intelligence, 

using machine learning. As input these approaches rely on genome-wide expression 

profiles and ex vivo drug screens, leading to therapeutic strategies and disease 

prediction (S.-I. Lee et al. 2018; Gimeno et al. 2022). This field carries great potential 

but until now suffers from limited available data sets.  

A remarkable fact in the above-described trials is the number of patients that cannot 

be assigned to a certain group due to lack of identified genetic alterations. For those 

patients, there is a high need to add more functional tools for the prediction of 

individualized therapy options. Additionally, there are many therapies that do not have 

a confirmed biomarker. This also shows the need for a more functional way to predict 
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individual therapies. A 2022 published study by Malani et al. established a functional 

precision medicine tumor board (FPMTB) where they generated ex-vivo drug response 

data and multiomics profiling for 186 AML patients. Actionable drugs were found in 

97% of all patients and finally 37 patients were selected for treatment with the predicted 

drugs. They report a 59% response rate to individual therapies. Additionally this study 

was able to associate IL-15 overexpression with resistance to FLT3 inhibitors through 

combining functional drug response data with multiomics data (Malani et al. 2022).  

In January 2023 a group from the St. Judes Hospital in the USA published a similar 

study, analyzing samples from pediatric patients with ALL (S. H. R. Lee et al. 2023). 

Performing pharmacogenetic read-outs they accessed the drug response rates of 805 

patients, followed by genomics to search for the biological basis of the patien’s’ drug 

sensitivity. The study tested the sensitivity of primary leukemia cells to 18 different 

drugs, from patients representing 23 genetics-defined molecular subtypes. The trial 

revealed various drug sensitivities across different ALL subtypes. For example, they 

identified a varying sensitivity of BCR-ABL1 (Ph) and BCR-ABL1 like (Ph-like) leukemic 

cells to Dasatinib, Mercaptopurine and Prednisolone although their transcriptional 

profile and somatic genomic composition are comparable.  

This work marks a big step to make precision medicine more functional and helps 

identify the right drug for the right patient at the right time or stage of the disease.  

 

1.2.2 Additional tools to make personalized medicine more functional 

The above-mentioned diagnostic methods to make precision medicine more functional 

are all based on ex vivo cultivation of patient cells. Primary patient cells are often hard 

to culture in vitro and limited to a two-dimensional culture. Ongoingly these models are 

unable to represent the in vivo microenvironment and cannot precisely predict drug 

performance in vivo (Dozzo et al. 2022). Despite progresses in the development of 

three-dimensional cell culture models and the attempt to mimic the bone marrow niche 

and microenvironment in these models, the use of patient-derived cells in animal 

models represents a powerful preclinical tool to study leukemogenesis and perform 

drug screens (Lau et al. 2022).  

 

1.2.3 The patient-derived xenograft (PDX) model for studying leukemia in vivo 

Mice are a popular mammalian model in research due to their genetic similarity to 

humans, their small size, short breeding time and low costs for maintenance (Kohnken, 

Porcu, and Mishra 2017). There are different strategies to study leukemia in mice and 
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classification is as spontaneous, xenograft, syngeneic mouse models, genetically 

engineered mouse models and humanized models( Almosailleakh and Schwaller 

2019).  

The engraftment of patient-derived cells in immune-compromised mice was first 

described in 1990 and improved lately by using NOD/scid IL2 receptor gamma chain 

knockout (NSG) mice (Agliano et al. 2008). These model systems are called patient-

derived xenograft (PDX) models and are known to be biologically stable and reflect the 

patient’s tumor regarding histopathology, gene expression, genetic mutations and 

inflammations accurately (Lai et al. 2017). Therefore PDX models are a powerful tool 

for the investigation of human tumor biology, the identification of therapeutic targets as 

well as their utilization as preclinical models (Lai et al. 2017; Hidalgo et al. 2014). 

Although the PDX model brings improvements to cancer research, there remain 

several limitations like a long engraftment period as well as engraftment failure(Hidalgo 

et al. 2014).  

Our lab established an in vivo leukemia model system, allowing serial transplantation 

that provides a continuous supply of patient-derived xenograft (PDX) cells which can 

be used for several further studies (Figure 2). Our model system is not limited to ALL 

samples, but also includes AML samples, which makes it unique worldwide. These 

repetitively transplanted cells can be genetically engineered by using lentiviral 

transduction (Vick et al. 2015).  

 

 

Figure 2: The patient-derived xenograft (PDX) model 
Xenotransplantation of primary patient cells generates either AML or ALL PDX models. Transduction 
and enrichment of PDX cells with lentiviral constructs result in transgenic PDX cells that can be used 
for further experiments (Created with BioRender). 

 

The establishment and improvement of this leukemia in vivo model made several 

options available and allows research on primary patient material in a suitable 

microenvironment. To study these patient cells, for example, by introducing specific 

primary 
cells 
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knockouts, a genetic engineering tool would be helpful. This was found with the 

described CRISPR/Cas9 system.  

 

1.2.4 CRISPR/Cas9 system as a functional tool 

In 1987 researchers from Osaka University in Japan discovered unusual repetitive 

sequences, later named CRISPR (clustered regularly interspaced short palindromic 

repeats), together with their gene of interest, the iap gene from the genome of 

Escherichia coli (Y Ishino et al. 1987). Years later, in 1993 a group of Spanish 

researchers described similar repetitive sequences in an archaeal genome which was 

followed by more detections in an increasing number of bacteria and archaea (F. J. M. 

Mojica, Juez, and Rodriguez-Valera 1993). In 2005 the same Spanish researcher 

identified similarities between the found sequences and sequences of bacteriophages, 

from which he concluded CRISPR could be an adaptive immune system (Francisco 

J.M. Mojica et al. 2005). A major addition to the discovery of CRISPR sequences came 

with the finding of a set of homologous genes, encoding CRISPR-associated (Cas) 

proteins (Jansen et al. 2002). In 2007 Philippe Horvath and colleagues experimentally 

showed that the CRISPR system indeed is an adaptive immune system(Barrangou et 

al. 2007). Following this, in 2012 the CRISPR system was first used to cleave a 

determined target DNA in an in vitro experiment. This experiment, using the CRISPR 

system as a gene editing tool by Jennifer Doudna and Emmanuelle Charpentier 

revolutionized molecular life science. The importance of this adaption was honored in 

2020 by the Nobel Prize in Chemistry (‘The Nobel Prize in Chemistry 2020’ n.d.).  

The most widely used gene editor is the CRIPSR/Cas9 protein, belonging to the 

CRISPR/Cas Class 2 system, subtype II. The Cas9 system is defined by just one 

effector protein, a CRISPR RNA (crRNA) having a sequence homologous to the target 

site and a trans-activating CRISPR RNA (tracrRNA) together forming a functional 

guide RNA (gRNA) (Yoshizumi Ishino, Krupovic, and Forterre 2018) (see Figure 3).  
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Figure 3: The CRISPR/Cas9 system as a tool for genomic engineering 
The system has three components: the endonuclease Cas9, the crRNA, and a tracrRNA. The 20-
nucleotide-long crRNA complements the target DNA site and must be followed by a PAM sequence. 
Guided Cas9 finally introduces a double-strand break of three nucleotides upstream of the PAM 
sequence (Created with BioRender). 

 

Besides this and due to its origin, the CRISPR system relies on the recognition of self 

versus non-self sequences. These short foreign motifs, called protospacer adjacent 

motif (PAM) vary in their sequence and position across the different CRISPR/Cas 

system types. In the Staphylococcus pyogenes Type II system (effector protein = 

Cas9) the PAM sequence corresponds to a NGG consensus sequence (Gleditzsch et 

al. 2018).  

After the DNA target site was identified by the Cas9 complex, the Cas9 nuclease 

introduces DNA Double Strand Breaks (DSBs). The activated intrinsic DNA repair 

machinery then repairs those breaks with one of the two available repair mechanisms 

in mammals: non-homologous-end-joining (NHEJ) or homology-directed repair (HDR) 

(Lieber 2010). NHEJ, as the major repair process, reconnects the two ends of the 

DSBs and by doing so this frequently leads to small insertions or deletions (called 

indels) which results in a frameshift and therefore to gene knockout.  

Due to this mechanism, the CRISPR/Cas9 system is widely used as a genome 

engineering tool to generate knockouts in different model systems. Besides this, its 

establishment also enables a fast creation of knockout animals, and multiplex editing 

in plants and thanks to further improvements the possibility to perform single base 

editing (J. Y. Wang and Doudna 2023). CRISPR base editors, using a dead Cas9 

(lacking nuclease activity) fused to a deaminase, allow changes of single nucleotides 

without introducing double-strand breaks (Komor et al. 2016).  

Besides the mentioned applications, the CRISPR system can also be used to perform 

functional genetic screens. CRISPR screens allow the simultaneous testing of 

thousands of individual knockouts in a single experiment and were first performed in 
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2014 by three different groups. The first performed CRISPR/Cas9 screens were done 

in cell lines using sgRNA libraries targeting the whole genome, resulting in a library 

size of around 70 000 sgRNAs and showed its potential as a powerful tool for genetic 

analysis (Shalem et al. 2014; T. Wang et al. 2014; Koike-Yusa et al. 2014).  

Thanks to this potential the Cancer Dependency Map (DepMap) project emerged. This 

project aims at identifying genes essential for the proliferation/survival of cancer cells 

by performing genome-wide loss of function screens (Tsherniak et al. 2017). These 

screens already revealed hundreds of potential cancer vulnerabilities.  

Many in vitro cell line screens were performed, but the desire to screen in models with 

a proper in vivo microenvironment makes in vivo screens particularly interesting. But 

also, in vivo screens reveal several additional challenges like the number of cells that 

engraft and subsequently contribute to the tumor and the need to determine the cell 

number over the screen time (Doench 2018). These limitations allow no genome-wide 

in vivo screens and require screens with smaller customized sgRNA libraries.  

Recently our group and others described the feasibility of a CRISPR/Cas9 screen 

using a small library in a human leukemia xenograft model (Wirth et al. 2022; S. Lin et 

al. 2022; Ghalandary et al. 2023; Bahrami et al. 2023). Although technical still 

challenging, this development brought CRISPR/Cas9 screens closer to clinical 

applications.  

 

1.3 Aim of the project 

Precision medicine has become an increasingly popular approach for treating patients, 

focusing on identifying and targeting patient-specific dependencies. Lots of targeted 

therapies already exist or are in clinical trials and development. However, the lack of 

biomarkers that predict which targeted drugs will work for specific patients remains a 

challenge. The current workflow for identifying biomarkers is mainly descriptive and 

lacks functional testing. Researchers have just begun using functional tests, such as 

ex vivo drug screens in patient cells, to address this issue. In addition, new 

technologies like the CRISPR/Cas9 system offer a powerful tool for identifying 

functional biomarkers and developing new drugs.  

In this work, we used CRISPR/Cas9 screens to determine biomarkers in an in vivo 

patient-derived xenograft model of acute leukemia. By identifying patient-specific 

dependencies, this approach can help predict which patients are most likely to respond 

to a specific drug.  



Introduction 

16 

Overall, precision medicine holds great promise for improving patient outcomes, but 

continued investment in new technologies and tools is critical to fully realize its 

potential. 
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2. Material 

 

2.1 Animals, cell lines and bacterial strains 

 
Table 1: Animals, cell lines and bacterial strains 

Category Name Provider 

Bacterial strain E.coli DH5α Thermo Fisher Scientific 
(Waltham, USA) 

Bacterial strain Endura electrocompetent cells Lucigen (Middleton, USA) 

human embryonic 
kidney cell line 

HEK-293T DSMZ (Braunschweig, 
Germany) 

human B cell precursor 
leukemia cell line 

Nalm-6 DSMZ (Braunschweig, 
Germany) 

human AML cell line OCI-AML3 DSMZ (Braunschweig, 
Germany) 

human AML cell line MOLM13 DSMZ (Braunschweig, 
Germany) 

Laboratory animal NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ (NSG) mice 

Jackson Laboratory (Bar 
Harbor, USA) 

 

2.2 Plasmids, enzymes and primers 

 
Table 2: Plasmids, enzymes and primers 

Plasmid name Provider 

pCDH-H1-CD19sgRNA 1-EF1α-mTagBFP cloned by Martin Becker 

pCDH-H1-CD33sgRNA-EF1α-mTagBFP-
mutBbsI-Puromycin 

cloned by Diana Amend 

pCDH-H1-sgRNA-iScaffold-EF1α-mTagBFP-
mutBbsI-Puromycin 

cloned by Diana Amend 

pCDH-H1-stuffer-Druggables3_all-
sgRNA_iScaffold-EF1a-H2K-k-BFP 

cloned by Diana Amend 

pCDH-H1-stuffer-Druggables3_all-
sgRNA_iScaffold-EF1-mTagBFP-P2A-Puro 

cloned by Diana Amend 

pCDH-H1-stuffer-Druggables3_sublibrary1-
sgRNA_iScaffold-EF1-mTagBFP-P2A-Puro 

cloned by Diana Amend 

pCDH-H1-stuffer-Druggables3_sublibrary2-
sgRNA_iScaffold-EF1-mTagBFP-P2A-Puro 

cloned by Diana Amend 

pCDH-H1-stuffer-sgRNA_iScaffold-EF1a-H2K-k-
BFP 

cloned by Martin Becker 

pCDH-H1-stuffer-sgRNA_iScaffold-EF1-
mTagBFP-P2A-Puro 

cloned by Martin Becker 

pMD2.G Addgene (Cambridge, USA) 

pMDLg/pRRE Addgene (Cambridge, USA) 

pRSV-Rev Addgene (Cambridge, USA) 

pCDH-SFFV-YN-N-Cas9-N-Intein cloned by Martin Becker 

pCDH-SFFV-C-Intein-C-Cas9-P2A-CC cloned by Martin Becker 

pCDH-EF1a-H2Kk-T2A-NGFR-DNABC 
(Version-2017-01-24)-eBC(Version-2017-04-20) 
(w/o NheI, with AvrII) 

cloned by Daniel Richter 
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Oligo pool with all sgRNA sequences was designed using the published CLUE pipeline 

(Becker et al. 2020) at www.crispr-clue.de and ordered from Twist Bioscience (South 

San Francisco, USA). 

 

Table 3: Enzymes 

Enzyme Company 

BbsI-HF New England Biolabs (Frankfurt am Main, Germany) 

FastDigest BpiI Thermo Fisher Scientific (Waltham, USA) 

GoTaq Polymerase Promega (Madison, USA) 

T4 DNA Ligase Thermo Fisher Scientific (Waltham, USA) 

 

Table 4: Primers 

Sequence Application 

TGCGGATCATTCAATACGG Initial oligo pool amplification (PCR1_fwd) 

CGCCATAACGATGTTTGAG Initial oligo pool amplification (PCR1_rev) 

GCGTGTTTGAATTCCACT Sublibrary amplification (PCR2.1_fwd) 

GAGCCGACGAGGAAATTT Sublibrary amplification (PCR2.1_rev) 

AGGATCTCTAGCCTCAAA Sublibrary amplification (PCR2.2_fwd) 

CAGTTACGATGCTTCATC Sublibrary amplification (PCR2.2_rev) 

AACTGCGATCGCTAATGT Sublibrary amplification (PCR2.3_fwd)  

AATAAGGCACTGGAGAAC Sublibrary amplification (PCR2.3_rev) 

CTGTATGAGACCACTCTTTCCC PCR for cloning-ready fragments (PCR3_fwd) 

TGTTTCCAGCATAGCTCTTAAAC PCR for cloning-ready fragments (PCR3_rev) 

CAAGCAGAAGACGGCATACGAGATNN
NNNNNNGTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGGAGCGGATAACAA
TTTCACACAGG 

NGS rev primer for TOPO pool_1 
(TOPO_rev1) 

CAAGCAGAAGACGGCATACGAGATNN
NNNNNNGTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGGTTTTCCCAGTCA
CGACGTTG 

NGS rev primer for TOPO pool_2 
(TOPO_rev2) 

AATGATACGGCGACCACCGAGATCTAC
ACNNNNNNNNTCGTCGGCAGCGTCAG
ATGTGTATAAGAGACAG[N]GTATGAGA
CCACTCTTTCCCG 

NGS fwd. primer for TOPO pool and cloned 
Library (NGS_fwd) 

CAAGCAGAAGACGGCATACGAGATNN
NNNNNNGTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGAAAAAGGCGGAG
CCAGTACA 

NGS rev primer for cloned library (NGS_rev) 

CGATCTGCAATATTTGCATGTCGC NGS fwd Primer nested PCR from gDNA (610) 

ATTCGAATTCGCTAGCTCTAGAGTAGG
CGC 

NGS rev Primer nested PCR from gDNA (663 

[N] NGS barcodes, [N] nucleotides for staggers 

 

Table 5: Illumina adapter sequences 

P5 barcode Sequence P7 barcode Sequence 

N503 TATCCTCT D701 CGAGTAAT 

N504 AGAGTAGA D702 TCTCCGGA 

N505 GTAAGGAG D703 AATGAGCG 

N506 ACTGCATA D704 GGAATCTC 

N507 AAGGAGTA D705 TTCTGAAT 

http://www.crispr-clue.de/
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N508 CTAAGCCT D706 ACGAATTC 

A501 TGAACCTT D707 AGCTTCAG 

A502 TGCTAAGT D708 GCGCATTA 

 

2.3 Oligonucleotides and sgRNAs 

 
Table 6: sgRNAs 

sgRNA sequence Application 

AAACCGGTGCTCATAATCACCCCAC Oligonucleotide for sgCD33 cloning (-) 

TCCCGTGGGGTGATTATGAGCACCG Oligonucleotide for sgCD33 cloning (+) 

TGGGGTGATTATGAGCACCG sgRNA targeting CD33 

TTCACCACTAGAGGTTCCTC sgRNA targeting CD19 

 

2.4 Antibodies and MACS beads 

 
Table 7: Antibodies 

Antibody Company 

anti-human CD19-APC (HIB19) BioLegend (San Diego, USA) 

anti-human CD33-PE BD Biosciences (San Jose, USA) 

anti-human CD38-PE BD Biosciences (San Jose, USA) 

anti-mouse CD45-APC (30-F11) BioLegend (San Diego, USA) 

anti-mouse H2K-k-APC Miltenyi (Bergisch Gladbach, Germany) 

 

Table 8: MACS beads 

MACS beads Company 

Dead Cell Removal Kit Miltenyi (Bergisch Gladbach, Germany) 

MACSelect Kk MicroBeads Miltenyi (Bergisch Gladbach, Germany) 

 

2.5 Reagents and chemicals 

 
Table 9: Reagents and chemicals 

Name Company 

100bp/1 kb DNA ladder Thermo Fisher Scientific (Waltham, USA) 

2-propanol Merck Millipore (Darmstadt, Germany) 

Acetic acid Carl Roth (Karlsruhe, Germany) 

Agar-Agar Kobe I Carl Roth (Karlsruhe, Germany) 

Agarose Invitrogen (Carlsbad, USA) 

Ampicillin Sigma Aldrich (St. Louis, USA) 

Annexin V Binding Buffer Miltenyi (Bergisch Gladbach, Germany) 

BSA Carl Roth (Karlsruhe, Germany) 

CaCl2 Carl Roth (Karlsruhe, Germany) 

DMEM Gibco (San Diego, USA) 

DMSO Sigma Aldrich (St. Louis, USA) 

DNA loading dye Thermo Fisher Scientific (Waltham, USA) 

DNase I Thermo Fisher Scientific (Waltham, USA) 

DPBS Gibco (San Diego, USA) 

EDTA (0.5 M) Lonza (Basel, Switzerland) 

Endura recovery medium Lucigen (Middleton, USA) 

Enrofloxacin Bayer (Leverkusen, Germany) 

Ethanol Carl Roth (Karlsruhe, Germany) 
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FACS buffer BD Bioscience (Heidelberg, Germany) 

FACS Lysing solution BD Bioscience (Heidelberg, Germany) 

Fast Digest Buffer Thermo Fisher Scientific (Waltham, USA) 

FBS Gibco (San Diego, USA) 

Ficoll GE Healthcare (Solingen, Germany) 

Glycerin 98% Carl Roth (Karlsruhe, Germany) 

GlycoBlue Coprecipitant Thermo Fisher Scientific (Waltham, USA) 

GoTaq reaction buffer Promega (Madison, USA) 

Heparin Ratiopharm (Ulm, Germany) 

K-Acetate Sigma Aldrich (St. Louis, USA) 

Kanamycin Thermo Fisher Scientific (Waltham, USA) 

KCl Merck Millipore (Darmstadt, Germany) 

L-Glutamine Gibco (San Diego, USA) 

LB-Medium (Luria/Miller) Carl Roth (Karlsruhe, Germany) 

MEM α Thermo Fisher Scientific (Waltham, USA) 

Midori Green 
Biozym Scientific (Hessisch Oldendorf, 
Germany) 

MnCl2 Sigma Aldrich (St. Louis, USA) 

MOPS Sigma Aldrich (St. Louis, USA) 

NaCl Carl Roth (Karlsruhe, Germany) 

Penicillin/Streptavidin (P/S) Gibco (San Diego, USA) 

Polybrene Sigma Aldrich (St. Louis, USA) 

Polyethylenimine Polysciences (Warrington, USA) 

Puromycin Invivogen (San Diego, UAS) 

recombinant human FMS-like tyrosine 
kinase 3 ligand (FLT3L) 

R&D Systems (Minneapolis, USA) 

recombinant human interleukin 3 (IL3) Thermo Fisher Scientific (Waltham, USA) 

recombinant human stem cell factor (SCF) Thermo Fisher Scientific (Waltham, USA) 

recombinant human thrombopoietin (TPO) Thermo Fisher Scientific (Waltham, USA) 

RPMI-1640 Gibco (San Diego, USA) 

StemPro-34 Medium Thermo Fisher Scientific (Waltham, USA) 

StemSpan SFEM II Stemcell Technologies (Vancouver, Kanada) 

T4 DNA Ligase Buffer Thermo Fisher Scientific (Waltham, USA) 

Tris-HCl Carl Roth (Karlsruhe, Germany) 

Trypan blue Sigma Aldrich (St. Louis, USA) 

Trypsin Gibco (San Diego, USA) 

β-Mercaptoethanol Sigma Aldrich (St. Louis, USA) 

  

 

2.6 Buffer and media 

 
Table 10: Buffer 

Buffer Composition 

Annealing buffer T4 DNA Ligase Buffer diluted 1:8 

TAE buffer 40 mM Tris-base, 1 mM EDTA, 20 mM acetic acid 

TFB I 
100 mM KCl, 10 mM CaCl2, 30 mM K-Acetate, 50 mM 
MnCl2, 15% Glycerin, pH 5.8 

TFB II 
10 mM KCl, 75 mM CaCl2, 10 mM MOPS, 15% Glycerin, pH 
7.0 
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Table 11: Medium 

Medium Company 

Freezing medium FBS + 20% DMSO 

HEK-293T culture medium DMEM supplemented with 10% FBS and 2 mM glutamine 

Nalm-6 and MOLM13 culture 
medium  

RPMI-1640 supplemented with 10% FBS and 2 mM 
glutamine 

OCI-AML3 culture medium MEM α supplemented with 20% FBS and 2 mM glutamine 

PDX-ALL culture medium StemSpan SFEM II supplemented with 1% P/S 

PDX-AML culture medium 
StemPro-34 medium including Nutrient Supplement 
supplemented with 2mM glutamine, 1% P/S, 10ng/mL 
FLT3L, 10ng/mL SCF, 10 ng/mL IL3 and 10ng/mL TPO 

 

2.7 Commercial Kits 

 
Table 12: Kits 

Kit Company 

DNeasy Blood & Tissue Kit Qiagen (Hilden, Germany) 

KAPA HiFi PCR Kit Roche (Basel, Switzerland) 

NEBuilder HiFi DNA Assembly Master Mix New England Biolabs (Frankfurt, Germany) 

NucleoBond Xtra Maxi Kit Macherey-Nagel (Düren, Germany) 

NucleoBond Xtra Midi Kit Macherey-Nagel (Düren, Germany) 

NucleoSpin Gel and PCR Clean-Up Kit Macherey-Nagel (Düren, Germany) 

NucleoSpin Plasmid Easy Pure Macherey-Nagel (Düren, Germany) 

Zero Blunt TOPO PCR Cloning Kit Invitrogen (Carlsbad, USA) 

 

2.8 Consumables 

 
Table 13: Consumables 

Consumable Company 

6-/24- and 96-Well PCR Plates BioRad (Hercules, USA) 

Amicon-Ultra centrifugal filter units Merck Millipore (Darmstadt, Germany) 

Bacterial tubes Corning (Corning, USA) 

Cell culture EasyFlask T75 Thermo Fisher Scientific (Waltham, USA) 

Cell culture flasks (T25, T75) Greiner bio-one (Kremsmünster, Germany) 

Cell scraper Sarstedt (Nürmbrecht, Germany) 

Cell strainer (45 mm, 70 mm) Greiner bio-one, Frickenhausen, Germany 

Cryotubes Thermo Fisher Scientific (Waltham, USA) 

Disposable serological pipettes Greiner bio-one (Kremsmünster, Germany) 

Electroporation Cuvettes, 0.1 cm gap,  BioRad (Hercules, USA) 

FACS tubes (with and without filter) Corning (Corning, USA) 

Freezing container Corning (Corning, USA) 

Glass beads VWR International (Radnor, USA) 

LS columns Miltenyi (Bergisch Gladbach, Germany) 

Microcentrifuge tube, DNA LoBind Sigma Aldrich (St. Louis, USA) 

Microvette Sarstedt (Nürmbrecht, Germany) 

Neubauer Counting Chamber Optik Labor, Lancing, United Kingdom 

Nunc Square BioAssay Dishes Thermo Fisher Scientific (Waltham, USA) 

PCR plate seal  BioRad (Hercules, USA) 

PCR tubes Sigma Aldrich (St. Louis, USA) 

Petri dishes Greiner bio-one, Frickenhausen, Germany 

Pipette tips (with and without filter) Starlab (Hamburg, Germany) 

Well plates for tissue culture Corning (Corning, USA) 
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2.9 Equipment 

 
Table 14: Equipment 

Equipment Company 

Cell sorter BD FACS AriaIII BD Biosciences (San Jose, USA) 

Flow cytometer BD LSRFortessa X20 BD Biosciences (San Jose, USA) 

Gel documentation station E-box VX5 Peqlab (Erlangen, Germany) 

Gene Pulser Xcell Electroporation Systems BioRad (Hercules, USA) 

Illumina HiSeq 2000 Illumina (San Diego, USA) 

Illumina NextSeq 1000 Illumina (San Diego, USA) 

Nanodrop OneC Thermo Fisher Scientific (Waltham, USA) 

PCR Theromcycler Thermo Fisher Scientific (Waltham, USA) 

Quietek CO2 Induction Systems Next Advance (Troy, USA) 

 

2.10 Software 

 
Table 15: Software 

Software Provider 
BioRender Biorender, Toronto, Canada 

FlowJo 10 FlowJo LLC (Ashley, USA) 
Genious 11.1.5 Biomatters Ltd, Auckland, New Zealand 

GraphPad Prism 8 Graphpad Prism (La Jolla, USA) 

Microsoft Office 2016 Microsoft Corporation (Tulsa, USA) 

MyIMouse 
Python Software Foundation (Wilmington, 
USA) 

Python (version 3.7.11) 
Python Software Foundation (Wilmington, 
USA) 

RStudio (R version 3.6.1) Rstudio, Inc. (Boston, USA) 

Zotero 
George Mason University, Washington DC, 
USA 
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3. Methods 

 

3.1 Ethical statement 

3.1.1 Patient material 

Fresh AL patient material was collected from bone marrow aspiration or peripheral 

blood obtained in the Department of Internal Medicine III, LMU Munich; Dr. von Hauner 

Children’s Hospital, Munich; University Hospital Tübingen and the Charité University 

Hospital, Berlin. Written informed consent was obtained from all patients or 

parents/caregivers/legal guardians when patients were minors. The study was 

performed in accordance with the ethical standards of the responsible committee on 

human experimentation (written approval by Ethikkommission des Klinikums der 

Ludwig-Maximilians-Universität Munich, number 068–08 and 222–10) and with the 

Helsinki Declaration of 1975, as revised in 2000. 

 

3.1.2 Animal work 

NSG mice were kept under the pathogen-free condition on a 12 h light-dark rhythm, 

with constant temperature, food, and water ad libitum in the research animal facility of 

the Helmholtz Zentrum München.  

All animal trials were performed in accordance with the current ethical standards of the 

official committee on animal experimentation (written approval by Regierung von 

Oberbayern, tierversuche@reg-ob.bayern.de; May 2016, ROB-55.2Vet2532.Vet_02–

16-7 and August 2016, ROB-55.2Vet-2532.Vet_03–16-56, ROB-55.2-2532.Vet_02-

20-159, ROB-55.2-2532.Vet_03-21-9). 

 

3.2 Xenograft mouse model of acute leukemia 

AL cells were amplified and studied in NSG mice using the established individualized 

PDX mouse model (Vick et al. 2015). 

 

3.2.1 Engraftment of PDX cells 

Up to 107 fresh or thawed cells were re-suspended for engraftment in 100 µL sterile-

filtered PBS and injected intravenously into the tail vein of 6-20 weeks old NSG mice. 

To prevent an infection followed by injection, 2.5% Enrofloxacin was added to the 

drinking water for seven days. The growth of human cells was monitored by flow 

cytometry measurement in peripheral blood (see 3.2.2). Mice were sacrificed (see 
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3.2.3) at defined time points, at signs of advanced leukemia or any clinical signs of 

illness (rough fur, hunchback, reduced mobility). Engrafted cells were isolated from 

bone marrow and spleen (see 3.2.4 and 3.2.5). 

 

3.2.2 Quantification of human cells in murine peripheral blood 

The growth of leukemic cells was monitored by measuring human cells in the 

peripheral blood using flow cytometry. Around 50 µL blood from the tail vein was 

collected in a heparin-coated glass capillary and transferred to a reaction tube with 5 

µL heparin. For staining of human cells, the samples were incubated with 1:100 anti-

human CD38-PE (ALL specific marker) or anti-human CD33-PE (AML specific marker) 

and 1:100 anti-human CD45-APC for 30 min at RT. Followed by erythrocytes lysis with 

1 mL FACS Lysing solution for 15min at RT. Samples were washed twice with 3 mL 

FACS Buffer (5 min, 300 g, RT) and measured by flow cytometry (see 3.3.7). Analysis 

was done using the FlowJo software. 

 

3.2.3 Sacrificing mice by cervical dislocation 

Mice were sacrificed by cervical dislocation. Reflex movements verified clinical death, 

and organs were isolated for further analysis. 

 

3.2.4 Isolation of PDX cells from bone marrow 

Bone marrow, femora, hip, sternum, and spine are dissected and crushed using a 

mortar and pestle to isolate PDX cells. Cells were suspended in PBS, and bone 

remains were removed using a 70 µm cell strainer. After washing (400 g, 5 min, RT), 

cells were re-suspended in the needed buffer or medium depending on the following 

application.  

 

3.2.5 Isolation of PDX cells from spleen 

The dissected spleen was homogenized by squashing through a 70 µm cell strainer, 

and isolated cells were suspended in PBS. To separate the certain cell types 10 mL 

Ficoll was added, and a density gradient was created by centrifugation (400 g, 30 min, 

RT, no brake). The desired mononuclear cells are located in the interphase layer of 

the gradient and were carefully removed. After washing twice (400 g, 5 min, RT), the 

cells were re-suspended in the needed buffer or medium depending on the following 

application. 
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3.3 Cell culture methods 

3.3.1 Maintenance of PDX cells ex vivo 

Fresh or thawed PDX cells were washed once with PBS (400 g, 5 min, RT) and re-

suspended in the appropriate medium (AML or ALL PDX culture medium). AML PDX 

cells were seeded with a 1 x 106 cells/mL medium density in 6-well plates or T75 flasks 

and incubated at 37 °C and 5% CO2. ALL PDX cells were seeded with a density of 5 x 

106 cells/mL medium in 6-well plates and incubated at 37 °C and 5% CO2.  

 

3.3.2 Maintenance of cell lines 

HEK-293T cells were cultured with a density of 0.5 – 2 x 106 cells/mL in DMEM 

supplemented with 10% FBS and 1% glutamine at 37 °C and 5% CO2. Cells were 

passaged every 2-3 days by washing with PBS and using 0.05% trypsin-EDTA for 

dissociation. Cells were diluted 1:10 with the appropriate medium and seeded in a T75 

flask. 

MOLM13 were passaged 1:2 or 1:3 and Nalm-6 cells 1:10 every 2-3 days and therefore 

maintained at a density of 0.5 – 2 x 106 cells/mL in RPMI supplemented with 10% FBS 

and 1 % glutamine at 37 °C and 5% CO2. 

OCI-AML3 cells were passaged 1:2 or 1:3 every 2-3 days and maintained in MEM α 

supplemented with 20% FBS and 1 % glutamine at 37 °C and 5% CO2. 

 

3.3.3 Cell counting 

PDX cells and cell lines were counted using a Neubauer chamber. An aliquot of cells 

was diluted 1:10 - 1:1000 and stained 1:10 with trypan blue for counting. Cell numbers 

were calculated using the following formula:  

 

𝐶𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑚𝐿 = 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 ∗  104 ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟  

 

3.3.4 Cryopreservation of PDX cells and cell lines 

Freshly isolated PDX cells from bone marrow, spleen, or cultivated cell lines were 

pelleted and re-suspended in FBS. The freezing medium was added carefully 1:2 to 

the cell suspension. 0.5 – 1 x 107 cells/mL were quickly transferred to cryopreservation 

tubes, and the tubes were placed into a freezing container that ensured slow cooling 

of 1 °C/min in a -80 °C freezer. For long time storage, the cells were transferred to -

196 °C. 
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ALL PDX cells and cell lines were thawed quickly in a 37 °C water bath. Cell 

suspensions were immediately diluted and washed with 10 mL PBS (400 g, 5 min, RT) 

and afterward diluted in a culture medium or the needed buffer.  

AML PDX cells were thawed quickly in a 37 °C water bath, and 0.1 mg/mL DNase was 

added dropwise. After 1 min incubation, the cells were transferred to a 50 mL tube, 

and FBS was added dropwise in a 1:2 ratio. After 1 min incubation, 10 mL PBS + 2% 

FBS was added slowly and incubated for 1 min. Up to 30 mL PBS + 2% FBS was 

added slowly, and cells were filtered (70 µm cell strainer) and centrifuged (200 g, 5 

min, RT). The cell pellet was re-suspended in a culture medium or the needed buffer.  

 

3.3.5 Lentivirus production 

HEK-293T cells with a 50-80% density were transfected to produce third-generation 

lentiviral particles. Packaging plasmids, transfer plasmids, and transfection reagents 

were mixed, as shown in the following table: 

 

Table 16: Transfection for lentivirus production 

Reagent/Plasmid Volume/amount 

DMEM 1 mL 

PEI 1mg/mL 34 µL 

pRSV-Rev 2.5 µg 

pMDLg/pRRE 5 µg 

pMD2.G 1.25 µg 

pCDH transfer plasmid 2.5 µg 

 

After 20 min incubation at RT, HEK-293T cells were transfected with the plasmid mix 

and incubated for three days at 37 °C and 5% CO2. After incubation, the supernatant 

was transferred to a 50 mL tube, and cell debris was removed by centrifugation (400 

g, 5 min, RT) and filtering (0.45 µm filter). The filtered supernatant was concentrated 

by ultrafiltration using Amicon-Ultra 15 mL (2000g, 30 min, RT). The concentrated virus 

was stored in aliquots at 80 °C. 

 

3.3.6 Lentiviral transduction 

Before experimental usage of lentiviruses, the virus titer was determined by 

transducing Nalm-6 cells. For transduction, Nalm-6 cells were seeded with a density 

of 1 x 106 cells/mL in a 24-well plate, transduced with several amounts of virus (e.g., 

0.3 µL, 1 µL, and 3 µL) together with 8 µg/mL polybrene. After overnight incubation (37 
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°C and 5% CO2.), cells were washed three times with PBS (400 g, 5 min, RT), and 

transgene expression was analyzed using flow cytometry (see 3.3.7).  

For sgRNA library transduction, 108 PDX cells were transduced at a low multiplicity of 

infection (0.3-0.5) to ensure each cell contained a single sgRNA (Doench 2018). 

For transduction of PDX cells, cells were seeded in a 6-well plate at a density of 107 

cells/mL using the appropriate PDX medium (AML or ALL PDX culture medium) 

together with 8 µg/mL polybrene. The needed amount of virus was added, and cells 

were incubated overnight (37 °C and 5% CO2.). Cells were washed three times with 

PBS the next day (400 g, 5 min, RT) and re-suspended in the needed volume of 

medium or buffer (see 3.3.1).  

 

3.3.7 Flow cytometry staining 

The expression of human markers (CD33, CD19, CD38, and CD45) or transgenes like 

H2Kk were analyzed by antibody staining. 0.1 – 1 x 106 cells/mL were re-suspended 

in 100 µL PBS, and the antibody was added in the respective dilution (1:25 or 1:50) 

and incubated (20 min, RT, dark). Cells were washed twice with PBS (400 g, 5 min, 

RT) and analyzed by flow cytometry (see 3.3.8). 

 

3.3.8 Flow cytometry 

Flow cytometry was performed using a BD LSR Fortessa X-20. The analysis was 

based on gating for viable lymphocytes (FSC, SSC) and expression of fluorochromes 

(eGFP, mTagBFP) or antibody-conjugated fluorochromes (APE, PE) using the 

following laser and filter settings: 

 

Table 17: Filter setting LSRFortessa X-20 

Laser Long pass filter Bandpass filter Parameters/Fluorochromes 

Blue (488 nm) 
none 488/10 SSC 

505 530/30 eGFP 

Violet (405 nm) none 450/50 mTagBFP 

Red (640 nm) none 670/30 APC 

Yellow/Green 
(561 nm) 

600 610/20 mCherry 

none 586/15 PE 

 

Analysis of flow cytometry data was done using the FlowJo software. The gating 

strategy is shown in Figure 4. 
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Figure 4: Exemplary gating strategy on fluorochrome expressing cells.  
Gating on lymphocytes in SSC-A/FSC-A followed by exclusion of doublets. Next, cells were gated on 
fluorochrome. 

 

3.3.9 Enrichment of PDX cells by magnetic cell separation (MACS) 

Magnetic cell separation (MACS) enriched living or transduced PDX cells. Living cells 

were enriched when viability post-puromycin selection was below 10%. H2Kk-MACS 

selection was used after the transduction of sgRNA libraries. 

The enrichment of living cells was done using negative selection by a dead cell removal 

kit (Miltenyi, Bergisch Gladbach, Germany). PDX cells were re-suspended in 100 µL 

dead cell removal beads per 1 x 107 cells (15 min, RT). LS columns were placed into 

a magnet and prepared by washing with Binding Buffer. Cells were filled to 500 µL with 

Binding buffer and loaded onto the column. Columns were washed four times with 

Binding buffer, and flow-through containing living PDX cells was collected and washed 

(400g, 5 min, RT) and re-suspended in a desired buffer. 

ALL-PDX cells transduced with an H2Kk expressing transgene were enriched by 

positive selection using MACSelect Kk System (Miltenyi, Bergisch Gladbach, 

Germany). On day four post-transduction, PDX cells were suspended in 2 mL PBS + 

0.5% BSA, filtered (70 µm cell strainer), and 20 µL MACSelect Kk beads per 1 x 107 

cells were added, and the mix was incubated (15 min, RT, dark, rotating). LS columns 

were placed into a magnet and prepared by washing once with PBS + 0.5% BSA. The 

cell suspension was loaded onto the column and washed with PBS + 0.5% BSA four 

times. The positive fraction was eluted by adding 5 mL PBS + 0.5% BSA, removing 

the column from the magnet, and flushing the enriched cells using a plunger. 

 

3.3.10 Enrichment of PDX cells by puromycin selection 

AML-PDX cells transduced with a puromycin resistance transgene, co-expressing 

mTagBFP for monitoring, were enriched using puromycin for two to four days. On day 
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four post-transduction, the selection was started by adding 1.5 µg/mL puromycin to the 

culture medium. From now on, cells were monitored for enrichment every second day 

by flow cytometry (see 3.3.8). When the enrichment reached over 90%, cells were 

prepared for injection into NSG mice.  

 

3.3.11 Enrichment of PDX cells by fluorescent-activated cell sorting 

PDX cells were enriched based on the expression of a fluorochrome marker (eGFP, 

mTagBFP) using the BD FACS AriaIII (BD Bioscience, Heidelberg, Germany) cell 

sorter. Cells were prepared for sorting by filtering (70 µm cell strainer), washing with 

PBS (400g, 5min), and resuspension in PBS. Gating was performed based on viable 

lymphocytes and transgene expression (Figure 4). 

 

Table 18: Configurations of BD FACS AriaIII 

Laser Long pass filter Bandpass filter Parameters/Fluorochromes 

Violet  
(405 nm) 

none 450/40 mTagBFP 

Blue  
(488 nm) 

488 530/30 eGFP 

488/10 SSC 

 

3.3.12 Reducing clonal heterogeneity of AML PDX samples 

The clonal composition of AML is known to be heterogeneous. This background could 

have a negative impact on a CRISPR/Cas9 screen, as sgRNAs may integrate into 

clones that are dominantly outgrowing. To minimize this risk, we aimed at generating 

AML PDX samples with a reduced clonal heterogeneity. Therefore, we aimed at 

injecting a small number of cells into NSG mice. The frequency of leukemia-initiating 

cells (LICs) was used to calculate this small number of cells. The frequency of LIC for 

our PDX samples was earlier determined by limiting dilution transplantations assays 

(Ebinger et al. 2020). For PDX with a known frequency, we defined injecting less than 

ten times the frequency of LICs (AML388, AML393, and AML602).  

For the AML356, one sample without data, we proceeded without limiting the number 

of injected cells. However, because of the low transduction efficiency of the Split-Cas9 

constructs in this sample, the minimum number of cells injected was 60,000. 

Due to time issues and since no mutations were annotated after performing the 

standard AML sequencing panel, the AML346 sample was handled without limiting the 

number of injected cells. The lowest injected number was 250 000 cells, representing 

100 times the LIC frequency. 
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3.3.13 In vitro cell line screen procedure 

For the cell line in vitro test screen, 6 x 106 cells with and without Cas9 were transduced 

with the sgRNA library plasmid. On day four post-transduction cells were selected for 

transduced cells by adding 1.5 µg/mL puromycin to the medium. Puromycin was 

removed two days later (d4 post-transduction) when cells showed more than 90% 

mTagBFP expression. 2 x 106 cells were taken as an input control. Cells were 

passaged 1:2 every 2-3 days to ensure a library coverage of at least 500 per sgRNA 

and high cell viability. 14 days after successful selection, the screen was ended by 

sampling DNA for the final read-out (see 3.5.12, 3.6.2). 

 

3.3.14 In vivo and in vitro PDX screen procedure 

Per PDX sample, around 1 x 108 fresh PDX cells, with or without Cas9 construct, were 

isolated from bone marrow and spleen (see 3.2.4,3.2.5), filtered (70 µm cell strainer) 

and transduced (see 3.3.6) with library virus. During washing the next day, 2 x 106 cells 

were taken as the first input sample (Input_1). At day four, cells are selected with 

puromycin (see 3.3.10) or enriched using K2Kk-MACS (see 3.3.9). To ensure each cell 

contains a single sgRNA, the enrichment was started when transduction efficiency did 

not exceed 30-50%. MACS-selected cells were directly prepared for injection, aiming 

at 1 x 107 cells per mouse in three mice and around 2 x 106 as Input_2. If possible, an 

in vitro screen was started by seeding 2 x 106 cells in a 6-well plate three times. 

Endpoint DNA was collected depending on the cell viability at d7 and/or d14. 

Puromycin selection was defined as finalized when cells reached an enrichment level 

of over 90%. Cells that did not recover well and showed viability below 10% were 

MACS enriched for living cells (see 3.3.9). After taking around 2 x 106 cells as Input_2, 

1 x 107 cells per mouse in three mice were injected. If possible, an in vitro screen was 

started by seeding 2 x 106 cells in a 6-well plate three times. Endpoint DNA was 

collected depending on the cell viability at d7, d14, d21, and the endpoint of mice. 

Mice were taken down at signs of advanced leukemia or any clinical signs of illness. 

For further analysis, 2-4 x 106 bone marrow cells per PDX sample were taken for gDNA 

isolation (see 3.5.8) and prepared for NGS ( see 3.5.12, 3.6.2). In parallel, an aliquot 

was used for flow cytometry to analyze the expression of the library, Cas9, and the 

number of human cells (see 3.3.8).  
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3.4 Microbiology methods 

3.4.1 Generation of competent E.coli DH5α 

100 mL LB medium was inoculated with 1 mL E.coli DH5α overnight culture. At an OD 

of 0.4-0.5 nm, bacteria suspension was cooled down and centrifuged down (4000 g, 5 

min, 4 °C). Bacteria pellets were re-suspended in 15 mL TFB I buffer followed by 

incubation (5 min, 4 °C) centrifugation (4000 g, 5 min, 4 °C) and re-suspended in 4 mL 

TBF II buffer. Bacteria were aliquoted and stored at -80 °C.  

 

3.4.2 Heat shock transformation 

For the amplification of plasmid DNA in E.coli, the heat shock method was used. 

Therefore 5 µL ligation product was added to 50 µL DH5α and incubated (30 min, on 

ice), followed by heat shock (90 s, 42 °C) and an incubation (2 min, on ice). 400 µL 

pre-warmed LB medium was added, and the bacteria culture was incubated (60 min, 

37 °C, shaking). Around 250 µL were plated on LBAmp agar plates and incubated 

overnight at 37 °C. Single colonies were picked the next day and further expanded in 

LBAmp (overnight, 37 °C, shaking). The cell suspension was collected for plasmid DNA 

isolation (see 3.5.9 and 3.5.8).  

 

3.4.3 Transformation using electroporation 

sgRNA library plasmids were amplified by electroporation into Endura 

electrocompetent bacteria. 2 µL DNA was mixed with 25 µL Endura electrocompetent 

cells. Bacteria suspension was transferred to a pre-chilled electroporation cuvette and 

electroporated using the following settings: 1.8 kV, 600 Ohm, 10 µF. Bacteria were re-

suspended with 975 µL Endura recovery medium, transferred into a tube, and 

incubated (37 °C, 1 h shaking). The suspension was plated onto 245 mm square dishes 

with LB Agar containing either Ampicillin for the pCDH backbone or Kanamycin for the 

Topo plasmid backbone and incubated overnight at 37 °C. To determine 

electroporation efficiency, 1:10 000 and 1:100 000 dilutions were plated on small LB 

Agar plates containing Kanamycin or Ampicillin. Bacterial colonies on 245 mm square 

dishes were scratched and floated off using LB medium and collected for isolation of 

plasmid DNA (see 3.5.8) 
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3.5 Molecular biology methods 

3.5.1 Annealing of oligonucleotides 

To clone sgRNAs into a lentiviral backbone, single-stranded oligonucleotides (oligos), 

including sgRNA sequence and adjacent nucleotides to enable cloning, were ordered 

from Sigma-Aldrich (St. Luis, USA). Complementary oligos were annealed using the 

following protocol:  

 

Reagent Volume 

Forward oligo 1 µL 

Reverse oligo 1 µL  

Annealing buffer 16 µL  

 

The reaction was incubated at 95 °C for 5 min and cooled to 25 °C (ramp down with 

0.1 °C per s). Annealing created double-stranded oligos with 5’ and 3’ overhangs 

compatible with BpiI restriction digestion overhangs.  

 

3.5.2 Restriction digestion of backbone 

The backbone plasmids were digested at 37 °C overnight.  

 

Reagent Volume/Amount 

Plasmid 5 µg  

FastDigest BpiI 10 U  

10x FastDigest Buffer 5 µL 

H2O ad 50 µL 

 

Digested DNA fragments were separated by agarose gel electrophoresis (see 3.5.7) 

and cleaned up using NucleoSpin Gel and PCR Clean‑up Kit (Macherey-Nagel, Düren, 

Germany) according to the manufacturer’s instructions. 

 

3.5.3 Golden Gate cloning 

Annealed oligos were ligated into digested lentiviral backbones with compatible 

overhangs. The ligation was performed as indicated. 

 

Reagent Volume/Amount 

Plasmid backbone 100 ng  

Annealed oligos 2 µL 

FastDigest BpiI 10 U 

T4 Ligation Buffer 2 µL 

T4 Ligase 5 U 

H2O ad 20 µL 
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3.5.4 Design and cloning of sgRNA libraries 

Design and cloning of sgRNAs libraries were done as previously described (Becker et 

al. 2020). Five sgRNAs sequences per target gene and control gene as well as non-

targeting sgRNAs, were chosen based on published genome-wide libraries (T. Wang 

et al. 2015; Doench et al. 2016) and the Project Achilles 

(https://depmap.org/portal/achilles/). For each library, the sgRNA sequences were 

prolonged with adapters to amplify the oligo pool, specific library adapters, and an H1 

promoter and sgRNA scaffold sequence. The generated oligo pool containing all library 

sequences and additional libraries was ordered from Twist Bioscience (South San 

Francisco, USA) as a lyophilized pool of double-stranded DNA oligos. In the first step, 

the reconstituted oligo pool was amplified using a universal PCR primer, amplifying all 

libraries, followed by cloning into a TOPO vector to enable unlimited amplification (see 

3.5.5). The library composition of the generated Topo library plasmid was checked by 

NGS (see 3.5.11). Next, library-specific primers were used to amplify individual sgRNA 

libraries from the generated TOPO library plasmid (see 3.5.6). The resulting PCR 

products were purified and used as input for the following PCR, generating fragments 

ready for cloning into lentiviral sgRNA expression backbones. For both PCRs, several 

reactions were run in parallel to ensure sufficient coverage of all oligos of the different 

libraries. In parallel, the lentiviral sgRNA expression backbone was digested using BpiI 

(see 3.5.2). Digested backbone and sgRNA inserts were cloned using Gibson 

assembly (see 3.5.6), transformed into bacteria using electroporation (see 3.4.3), and 

re-isolated by Maxi prep (see 3.5.8). The distribution of sgRNAs in every generated 

library was controlled by NGS (see 3.5.11). 

 

3.5.5 Oligo Pool amplification and Topo cloning 

Reconstituted oligo pool DNA with a concentration of 10 ng/µL was amplified using 

PCR1 primer and the following settings: 

 

 

 

 

Temperature Time Cycles 

37 °C 5 min 20 

16 °C 10 min 

55 °C 5 min 1 

80 °C 5 min  1 

https://depmap.org/portal/achilles/
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Reagent Volume/Amount 

Oligo pool DNA 10 ng 

Primer PCR1_fwd (10 µM) 0.75 µL 

Primer PCR1_rev (10 µM) 0.75 µL 

5X KAPA HiFi Buffer 5 µL 

KAPA dNTP Mix (10 mM) 0.75 µL 

KAPA HiFi Polymerase (1 U/µL) 0.5 µL 

H2O ad 25 µL 

 

 

 

 

 

 

Next, the PCR product was cloned using Zero Blunt TOPO PCR Cloning Kit 

(Invitrogen, Carlsbad, USA) with the following setup: 

 

Reagent Volume 

PCR product 2 µL 

TOPO plasmid 1 µL 

Salt Solution 1 µL  

H2O 2 µL 

 

To ensure sufficient library coverage, two reactions were performed in parallel, 

incubated (30 min, RT), pooled, DNA was precipitated (see 3.5.10), and finally 

electroporated for amplification (see 3.4.3). Electroporation efficiency was checked by 

counting colonies on the small dilution plates. After Maxi prep of plasmid DNA (see 

3.5.8), the generated TOPO library plasmid was verified by NGS (see 3.5.11).  

 

3.5.6 Amplification and cloning of specific sgRNA libraries 

To amplify specific libraries from the TOPO library plasmid, individual library-specific 

primer pairs were used. The optimal annealing temperature for each primer pair was 

determined by gradient PCR. PCR was performed with the following protocol:  

 

Reagent Volume/Amount 

TOPO library plasmid 50 pg 

Primer PCR2.1-3_fwd (10 µM) 0.75 µL 

Primer PCR2.1-3_rev (10 µM) 0.75 µL 

5X KAPA HiFi Buffer 5 µL 

KAPA dNTP Mix (10 mM) 0.75 µL 

KAPA HiFi Polymerase (1 U/µL) 0.5 µL 

H2O ad 25 µL 

Temperature Time Cycles 

98 °C 3 min 1 

98 °C 30 sec  
15 62 °C 30 sec 

72 °C 15 sec  

72 °C 2 min 1 
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Per library, eight PCR reactions were done in parallel, pooled, and the correct PCR 

product size was verified by agarose gel electrophoresis (see 3.5.7) of an aliquot. The 

remaining PCR product was purified using NucleoSpin Gel and PCR Clean‑up Kit 

(Macherey-Nagel, Düren, Germany) according to the manufacturer’s instructions. DNA 

quantity was determined by NanoDrop (Thermo Fisher Scientific, Waltham, USA). 

The PCR product was diluted to 50 pg/µL and used for Gibson cloning with the 

following PCR settings:  

 

Reagent Volume/Amount 

amplified sgRNA library 50 pg 

Primer PCR3_fwd (10 µM) 0.75 µL 

Primer PCR3_rev (10 µM) 0.75 µL 

5X KAPA HiFi Buffer 5 µL 

KAPA dNTP Mix (10 mM) 0.75 µL 

KAPA HiFi Polymerase (1 U/µL) 0.5 µL 

H2O ad 25 µL 

 

 

 

 

 

 

Per library, eight PCR reactions were done in parallel, pooled, and the correct PCR 

product size was verified by agarose gel electrophoresis (see 3.5.7) followed by DNA 

precipitation (see 3.5.10).  

The products were cloned into digested lentiviral sgRNA expression backbones using 

Gibson assembly (50 °C, 1h).  

 

Reagent Volume/Amount 

sgRNA Library fragments  100 ng 

linearized sgRNA expression backbone 100 ng 

NEBuilder HiFi DNA Assembly Master Mix 5 µl 

H2O ad 10 µL 

 

Temperature Time Cycles 

98 °C 2 min 1 

98 °C 20 sec  
20 
 

52-65 °C 15 sec 

72 °C 1 sec  

72 °C 2 min 1 

Temperature Time Cycles 

98 °C 2 min 1 

98 °C 20 sec  
30 62 °C 15 sec 

72 °C 1 sec  

72 °C 2 min 1 
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The product was DNA precipitated (see 3.5.10) and electroporated into Endura 

electrocompetent cells and the sgRNA distribution of every library was checked by 

NGS (see 3.5.11). 

 

3.5.7 Agarose gel electrophoresis 

Agarose gel electrophoresis was performed to separate and determine DNA fragments 

by size. Agarose gels were prepared by heating 1-2% Agarose solved in TAE buffer. 

For DNA detection, 0.01% Midori Green was added before the gel was poured into a 

gel chamber for polymerization. DNA samples were mixed with loading dye and loaded 

onto the gel next to a 1 kb DNA ladder to determine fragment size. Gel electrophoresis 

was performed in TAE buffer (45 min, 85V), and DNA fragments were visualized using 

a gel documentation station. The desired DNA fragments were cut from the gel and 

purified for cloning based on restriction digestion using NucleoSpin Gel and PCR 

Clean‑up Kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s 

instructions. 

 

3.5.8 Isolation of plasmid DNA 

Depending on the amount of bacterial suspension or plates, plasmid DNA was isolated 

using NucleoSpin Plasmid Easy Pure, NucleoBond Xtra Midi, or NucleoBond Xtra Maxi 

Kit (all Macherey-Nagel, Düren, Germany) according to the manufacturer’s 

instructions. 

 

3.5.9 Isolation of genomic DNA 

According to the manufacturer’s instructions, genomic DNA from up to 107 cells was 

isolated using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany). The quantity 

and quality of the isolated DNA were checked using the NanoDrop (Thermo Fisher 

Scientific, Waltham, USA). 

 

3.5.10 DNA precipitation 

During sgRNA library cloning, plasmid DNA and PCR fragments were precipitated for 

purification. DNA was mixed 1:1 with 2-Propanol, 1% 5 M NaCl, and 0.5% Glycoblue 

was added additionally. Mix was incubated (15 min, RT) and centrifuged (full speed, 

15 min, RT). The DNA pellet was washed twice with 70% Ethanol (full speed, 5 min, 

RT). The DNA pellet was re-suspended in H2O. 
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3.5.11 Amplification of plasmid DNA for NGS 

The composition of libraries in the TOPO library plasmid and the distribution of sgRNAs 

in the individual libraries were analyzed by NGS like previously described (Becker et 

al. 2020). Due to the blunt end-based cloning of the TOPO library plasmid, two PCR 

reactions were necessary to cover both insert directions. NGS PCR of the sgRNA 

library plasmid was performed using one primer pair. PCRs were set up with primers 

containing Illumina adapters and barcodes to facilitate sequencing using the following 

protocol:  

 

Reagent Volume/Amount 

TOPO library plasmid/sgRNA library plasmid 50 ng 

NGS_fwd (10 µM) 0.75 µL 

TOPO_rev1 or rev2 or NGS_rev (10 µM) 0.75 µL 

5X KAPA HiFi Buffer 5 µL 

KAPA dNTP Mix (10 mM) 0.75 µL 

KAPA HiFi Polymerase (1 U/µL) 0.5 µL 

H2O ad 25 µL 

 

  

 

 

 

 

Correct PCR product size was checked by agarose gel electrophoresis (see 3.5.7) and 

purified using NucleoSpin Gel and PCR Clean‑up Kit (Macherey-Nagel, Düren, 

Germany) according to the manufacturer’s instructions and utilized for NGS (see 

3.6.2). 

 

3.5.12 Amplification of genomic DNA for NGS 

To analyze in vivo and in vitro screens by NGS, genomic DNA (gDNA) was isolated 

from collected cells (see 3.5.9), and integrated sgRNA sequences were amplified using 

nested PCR. To ensure sufficient coverage of the sgRNA library the gDNA input was 

calculated:  

 

𝑚𝑎𝑠𝑠 (𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 𝐷𝑁𝐴) = 𝑙𝑖𝑏𝑟𝑎𝑟𝑦 𝑠𝑖𝑧𝑒 𝑥 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 (
𝑐𝑒𝑙𝑙𝑠

𝑠𝑔𝑅𝑁𝐴
) 𝑥 𝑚𝑎𝑠𝑠 (

𝑔𝐷𝑁𝐴

𝑐𝑒𝑙𝑙
) 

𝑚𝑎𝑠𝑠(𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 𝐷𝑁𝐴) = 811 𝑜𝑟 408 𝑥 500 𝑥 6.6 𝑝𝑔 = 2.68 µg or 1.35 µg 

 

Temperature Time Cycles 

98 °C 2 min 1 

98 °C 30 sec 

25 62 °C 15 sec 

72 °C 20 sec  

72 °C 2 min 1 
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Two reactions per sample were performed for the first PCR of samples screened with 

the drug_sub1/2 library (408 sgRNAs) to ensure sufficient coverage of individual 

sgRNA sequences. Three reactions were set up for samples screened with the drug-

all library containing 811 sgRNAs. The first PCR run was done using the following 

conditions:  

 

Reagent Volume/Amount 

Template DNA 1 µg 

610 or NGS:fwd (10 µM) 1.5 µL 

663 or NGS_rev (10 µM) 1.5 µL 

5X KAPA HiFi Buffer 10 µL 

KAPA dNTP Mix (10 mM) 1.5 µL 

KAPA HiFi Polymerase (1 U/µL) 1 µL 

H2O ad 50 µL 

 

 

 

 

 

 

The PCR product was checked by agarose gel electrophoresis (see 3.5.7) and purified 

using NucleoSpin Gel and PCR Clean‑up Kit (Macherey-Nagel, Düren, Germany) 

according to the manufacturer’s instructions. The second PCR was set up using the 

same protocol with 100 ng PCR product from the first PCR and primers containing 

sample-specific Illumina sequence barcodes for multiplexed NGS. PCR product size 

was again checked by agarose gel purification (see 3.5.7), purified as described above, 

and submitted for NGS (see 3.6.2). 

 

3.5.13 Identification of PDX samples  

To check the identity of PDX samples across several in vivo passages, sample-specific 

single nucleotide variants (SNVs) were analyzed like previously published (Hutter et 

al. 2004). Isolated gDNA from PDX cells (see 3.5.9) was used to amplify Hypervariable 

Region1 of mitochondrial DNA: 

 

 

 

 

Temperature Time Cycles 

98 °C 2 min 1 

98 °C 20 sec  
30 
 

62 °C 15 sec 

72 °C 30 sec  

72 °C 1 min 1 



Methods 

39 

Reagent Volume/Amount 

gDNA 300 ng 

Forward Primer (10 pmol/µL) 5 µL 

Reverse Primer (10 pmol/µL) 5 µL 

5X GoTaq reaction buffer 10 µL 

dNTPs (10 mM) 1 µL 

GoTaq Polymerase 0.25 µL 

H2O ad 50 µL 

 

 

 

 

 

 

The PCR product was checked by agarose gel electrophoresis (see 3.5.7) and purified 

using NucleoSpin Gel and PCR Clean‑up Kit (Macherey-Nagel, Düren, Germany) 

according to the manufacturer’s instructions and analyzed by Sanger Sequencing (see 

3.6.1). Sequences were compared to reference sequences of the analyzed PDX 

sample.  

 

3.6 Sequencing methods 

3.6.1 Sanger sequencing 

PCR products were sequenced by Microsynth (Balgach, Switzerland) using 30 ng/µL 

purified product and 10 pmol/µL primer. Sequences were analyzed using Genious 

version 11.1.5. 

 

3.6.2 Next Generation Sequencing 

The composition of sgRNA libraries in cloned plasmids and cells transduced with 

libraries was analyzed by NGS. Generated PCR products (see 3.5.11, 3.5.12) with 

sample-specific Illumina Sequencing barcodes were sequenced at the Laboratory of 

Functional Genome Analysis (LaFuGa, LMU, Munich). Sequencing was performed 

using either an Illumina HiSeq 2000 (Illumina, San Diego, USA) with 50 bp single-end 

reads or an Illumina NextSeq 1000 (Illumina, San Diego, USA) with 60 bp paired-end 

reads. At least 500 reads per sgRNA were requested to ensure sufficient sequencing 

coverage. Demultiplexing of samples was done either by LaFuGa or on the Galaxy 

server using a provided tool by LaFuGa. Readcount tables, including counts per 

individual sgRNA, were generated using a customized Python script like previously 

Temperature Time Cycles 

95 °C 2 min 1 

94 °C 30 sec  
35 
 

60 °C 30 sec 

72 °C 30 sec  

72 °C 5 min 1 
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described (Becker et al. 2020). This script generated a readcount file, a bar graph, a 

histogram, and a density plot, all showing the sgRNA distribution and the calculated 

Gini index to measure even sgRNA distribution. Readcount files were used to further 

analyze cloning efficiency or dropouts from in vivo and in vitro screens (see 3.7.1). For 

a detailed analysis of readcounts and comparison between different samples, the 

readcount of every sgRNA in a sample was normalized to the total number of reads in 

this sample.  

 

3.7 Statistics and analysis 

All statistical analyses were performed using GraphPad Prism 8.2.0 or MAGeCK 0.5.9. 

Statistical information is shown in figure legends. 

 

3.7.1 Analysis of CRIPSR/Cas9 screens using MAGeCK 

Significant dropouts of in vivo and in vitro CRISPR/Cas9 screens were identified using 

the Model-based Analysis of Genome-wide CRISPR/Cas9 Knockout (MAGeCK) 

method (Li et al. 2014). MAGeCK ranks genes using a robust ranking aggregation 

(RRA) algorithm, which assumes a uniform distribution of sgRNAs targeting a gene 

that does not affect selection. The final gene ranking tests how much the distribution 

of sgRNAs per gene differs from all sgRNAs in the library. The MAGeCK pipeline was 

processed using Python 3.7.11 on a MAC system. When starting from raw readcounts, 

the following command line was used: 

 

mageck test -k readcountfile_name.txt -t sample1,sample2,… -c Input1, Input2 -n filename 

 

-k: provided readcount file 

-t: treatment sample (bone marrow 1-3) 

-c: control sample (Input1+Input2 or just Input1) 

-n: individual prefix of the output file 

 

For AML PDX, Input_1 was used as a control sample, whereas for the ALL PDX, both 

inputs were used. The bone marrow samples were used as test samples. MAGeCK 

generates two output files: “gene summary” (ranking of genes by RRA score) and 

“sgRNA summary” (showing individual sgRNA data). A significant dropout was defined 
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by an RRA score below 0.003, representing a p-value below 0.05 and a maximum FDR 

of 0.15.  

 

3.7.2 Calculation of the Gini index as a measure of an even sgRNA distribution 

To calculate the evenness of sgRNAs in the library pool plasmids and Cas9 negative 

control samples, the Gini index was calculated (D. Wang 2018): 

 

𝐺𝐼𝑁𝐼 𝐼𝑛𝑑𝑒𝑥 =
𝑎𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 𝑐𝑢𝑟𝑣𝑒 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝑎𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 𝑐𝑢𝑟𝑣𝑒 (𝑝𝑒𝑟𝑓𝑒𝑐𝑡 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛)
 

 

The calculation results in Gini indices between 0 and 1, whereas a Gini index of 0 

reflects perfect equality and a higher index indicates greater inequality. 
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4. Results 

As we move toward the future of medicine, precision medicine has become an 

increasingly important field. With many targeted therapies available, it is crucial to 

identify the right treatment for each patient. Biomarkers can help identify patient-

individual therapies and descriptive omics are frequently used to identify them and 

make treatment decisions, as evidenced by the INFORM study (Worst et al. 2016). 

However, since more drugs exist than biomarkers, additional tools are required.  

Functional genomics has the potential to enhance drug-gene relationships. In this 

project, we plan to use CRISPR/Cas9 in vivo screening in PDX cells to evaluate the 

potential of a functional tool for identifying biomarkers and determining patient-specific 

treatment (see Figure 5). 

 

 

Figure 5: CRISPR/Cas9 screening pipeline enables in vivo screening in AML and ALL PDX 
samples 
Including the generation of PDX cells stably expressing a Split Cas9/eGFP construct followed by the in-
silico design of a targeted library. Transduction of PDX cells with sgRNA-library labeled with mTagBFP 
for monitoring, collection of DNA samples prior to injection, injection into NSG mice, and collection of 
DNA after in vivo time. Final NGS analysis of the collected samples allows a statement on depleted 
genes (Created with BioRender). 

 

To screen multiple PDX samples, a small sgRNA library was created with druggable 

targets. All genes in the library have known direct or indirect drugs. The CRISPR/Cas9 

screen was conducted in vivo to identify essential genes for in vivo growth. Depleted 

genes (dropouts) are potential therapeutic targets and are believed to be essential for 

in vivo growth. To confirm the identified dependency of an AL PDX sample on a gene, 
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we plan to treat the PDX sample with the gene-associated drug in vivo. This in vivo 

drug treatment was part of Katharina Hunt's doctoral studies. 

 

4.1 Generation and testing of PDX cells for in vivo CRISPR/Cas9 

screening 

Establishing a robust screening process to provide a tailored drug recommendation 

based on a CRISPR dropout screen was crucial. This involved creating PDX cells that 

expressed a functional Cas9. To ensure the effectiveness of Cas9, we conducted a 

test by transducing the PDX samples with a sgRNA targeting a well-known surface 

marker. 

 

4.1.1 Generation of Cas9-expressing PDX cells 

Our laboratory has encountered difficulties in transducing PDX cells. To address this 

issue, we utilized a Split-Cas9 construct that reduces plasmid size and potentially 

enhances transduction efficiency (see Figure 6A) (Truong et al. 2015). Both constructs 

were transduced simultaneously, with Cas9 proteins reconstituted via intein-mediated 

trans-splicing and GFP proteins via Leucin-Zipper-directed protein reassembly. eGFP 

expression was utilized as a surrogate marker for Cas9 expression and to enable the 

identification and enrichment of cells via flow cytometry. 

Transduced cells were enriched by flow cytometry and transplanted into NSG mice for 

amplification. This process was repeated until over 90% of the PDX cells displayed a 

stable Cas9/eGFP expression. Figure 6B+C show an exemplary generation of 

AML388 cells expressing the Cas9/eGFP construct. The initial transduction efficiency 

was 15.1%, but with two rounds of flow cytometry-based enrichment and in vivo 

amplification, more than 90% of the cells expressed Cas9/eGFP. Although we followed 

a standardized protocol for transduction, the initial transduction efficiency varied for 

different PDX samples, with some requiring more rounds of sorting and transplantation. 

We repeated the experiment twice if the initial transduction showed no Cas9/eGFP 

expression to ensure accuracy. If there was still no visible Cas9/eGFP expression after 

the third experiment, we excluded the PDX sample from this work as it was defined as 

not transducible for Cas9. 
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Figure 6: Generation of Cas9 expressing PDX cells using a Split-Cas9 construct 
A: Split-Cas9 constructs are made of N- and C-terminal domains of either Cas9 or eGFP. B: Serial 
transplantation of PDX cells into NSG mice allows cultivation and engineering using lentiviral constructs 
and FACS enrichment. C: Representative generation of a PDX sample stably expressing Cas9/eGFP. 
Initial transduction efficiency of the AML388 is shown in the upper part, the enrichment after the two 
sorting steps below (Created with BioRender). 

 

Ultimately, the generation of Cas9-transgenic PDX cells was successful for ten PDX 

samples, five of them AML and five ALL PDXs. The genetic background and patient 

information are shown in Table 19 and Table 20. 

All generated ALL PDX samples with Cas9 originate from B-ALL patients; most 

alterations are based on chromosomal rearrangements. 

 

Table 19: ALL PDX samples used in this work 

PDX sample Age Sex Disease stage Mutations 

ALL1034 20 M relapse ETV6::ABL1 (Ph-like) 

ALL199 7 F relapse germline +21; somatic homozygous 9p 
deletion (CDKN2A); P2RY8::CRLF2 

ALL265 5 F relapse High hyperdiploidy 

ALL50 7 F diagnosis t(1;19) TCF3::PBX1 

ALL502 9 F relapse IGH::DUX4 
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The point mutations display the genetic aberrations of the AML PDX samples, and the 

variant allele frequency (VAF) of each mutation is shown in brackets behind.  

 

Table 20: AML PDX samples used in this work 

PDX sample Age Sex Disease stage Mutations 

AML346 1 F relapse no hits found with NGS panel 

AML356 5 M relapse U2AF1 S34Y (0.5), KRAS A146T (0.5) 

AML388 57 M diagnosis KRAS Q61H (0.4), KMT2A::AF6 

AML393 47 F relapse 
KRAS G12A (0.5), BCOR P1012Lfs*8 
(0.5), KMT2A::AF10 

AML602 40 F relapse 

 FLT3-ITD positive (0.2), TET2 N281* 
(0.4), TET2 S1369* (0.3), NPM1 
W288Cfs*12 (0.5), CEBPA D262Rfs*59 
(0.5)  

 

4.1.2 Cas9 functionality proven by knockout of AML and ALL specific surface 

molecules 

To assess the functionality of Cas9 in the generated cells, Cas9-expressing cells were 

transduced with a sgRNA targeting a surface marker. We used a sgRNA to target 

CD33 in AML PDX cells, as this protein is present on over 90% of AML myeloblasts 

(Ehninger et al. 2014). ALL PDX cells were transduced with a sgRNA that targets 

CD19, a marker found on all B-ALL cells (He et al. 2019). A surface marker ensures 

an easy read-out by antibody staining of the CD marker, followed by flow cytometry.  

The two sgRNAs were cloned into a lentiviral backbone (cloning of CD19 sgRNA 

performed by Martin Becker). The identical backbones were later used for the 

CRISPR/Cas9 screening experiments. The used backbones for AML and ALL differ in 

the selection marker (see Figure 7). 
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Figure 7: sgRNA/library expressing constructs 
A: Construct with H2Kk-mTagBFP fusion for transduction of ALL PDX. B: Construct with puromycin 
resistance gene and mTagBFP as fluorochrome to monitor expression level used for AML PDX (Created 
with BioRender). 

 

In previous experiments, we observed that H2Kk-MACS effectively enriched 

transduced ALL cells, while AML PDX cells undergo cell death upon MACS 

enrichment. In conclusion, we have decided to utilize puromycin to select AML cells 

and H2Kk-MACS to select ALL cells. 

Therefore, sgRNAs targeting CD33 were cloned into a backbone expressing a 

puromycin-resistant gene, whereas sgRNAs targeting CD19 were cloned into an 

H2Kk-expressing backbone. Additionally, every sgRNA plasmid encoded the 

fluorophore marker mTagBFP under the control of the human EF1a promoter, allowing 

monitoring by flow cytometry. The H2Kk construct was designed to express an H2Kk-

mTagBFP fusion protein, whereas the puromycin selection gene was cloned 

downstream of a mTagBFP and P2A self-cleavage peptide sequence. We transduced 

every Cas9-expressing PDX sample with a CD33 or CD19-expressing sgRNA with the 

suitable selection marker. After 4-14 days, we analyzed the expression of CD33 or 

CD19 using flow cytometry (Figure 8).  
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Figure 8: Functionality of Cas9 in AML and ALL PDX cells  
A: Representative analysis of PDX AML388 four days post-transduction. Showing a CD33 knockout in 
the Cas9/eGFP and sgRNA/mTagBFP double-positive population compared to the Cas9/eGFP-only 
population. B: Representative CD19 knock out in ALL50 four days after transduction. A CD19 knockout 
can be seen in the double-positive population compared to the Cas9/eGFP-only population. 

 

Gating was performed based on lymphocytes and pre-existing Cas9/eGFP expression. 

eGFP-positive cells were analyzed for sgRNA expression using mTagBFP as a 

marker. mTagBFP negative cells were used as an internal control of CD marker 

expression. Staining of CD19 or CD33 in the internal control showed the expected high 

expression, while the expression of CD33 or CD19 was strongly reduced in the 

eGFP/mTagBFP double positive cell fraction. Since the gene knockout of the CD19 

and CD33 locus was successful, the Cas9 nuclease was defined as functional in all 

PDX cells. 

 

4.2 Design, cloning and quality controls of CRISPR/Cas9 KO library 

After testing the functionality of Cas9 in all PDX cells, the sgRNA library was designed 

and cloned. Previous experiments conducted in our laboratory have revealed that the 

size of a sgRNA screening library is restricted when screening in vivo (Wirth et al. 2022; 
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Bahrami et al. 2023; Ghalandary et al. 2023). The maximum estimated size for each 

library is 200 target genes.  

For this project, we based our target decisions on a list of drug-target pairs from the 

INFORM project, which contained 371 genes. We narrowed our focus to 146 specific 

genes through a series of selection processes. The in-silico design of all sgRNA 

sequences and the cloning were done according to the published CLUE pipeline 

(Becker et al. 2020). With CLUE, it's possible to create an oligo pool that includes 

multiple libraries, each specified by its adapter sequence. This work included 

optimizing the PCR process to amplify specific libraries. (PCR2 in Figure 11). As a final 

quality check of all cloning steps, the sgRNA library plasmid was sequenced using 

next-generation sequencing. After completing quality control, two Cas9-expressing 

AML cell lines were transduced with the cloned library plasmid for a test screen in vitro. 

To ensure that the library size was suitable for each PDX sample, all samples were 

transduced with the library plasmid, and the distribution of sgRNAs was checked after 

in vivo time. An even distribution of sgRNAs indicates an appropriate library size for in 

vivo screening in the tested sample, as these cells did not express Cas9. 

 

4.2.1 Design of a CRISPR/Cas9 library targeting druggable genes 

All target selection steps were done in collaboration with Katharina Hunt.  

Our goal was to create a library comprising a maximum of 200 genes, each of which 

would be targeted by five sgRNAs, including positive and negative controls. This 

project aims to predict individual targets using a CRISPR/Cas9 screening pipeline in 

AL PDX and subsequently validate the target-specific drug in vivo. We used a drug-

target list of 371 cancer-related genes and over 800 drugs (unpublished data) obtained 

from the INFORM project in Heidelberg as the basis for selecting the targets. However, 

given the size limitations of the library, we had to narrow down the list of possible target 

genes (Figure 9).  

First, we excluded leukemia-irrelevant targets and all kinases. This decision was made 

based on the fact that there are cheaper and easier ways to screen for relevant kinases 

like LC-MS/M (Abdelhameed, Attwa, and Kadi 2017), ATP assays(Singh et al. 2004) 

and kinase-assay linked phosphoproteomics (Xue et al. 2012). 

Additionally, we excluded immunotargets from our model as we are working with an 

immunodeficient mouse model, making these targets unsuitable for our purposes. After 

excluding all targets where we were unable to purchase the drug, we narrowed down 
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our list to 146 target genes. These genes can be linked to 240 drugs, with 48 of them 

being FDA approved. 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

Figure 9: Generation of sgRNA library leading to 146 target genes 
Exclusion of kinases, immunotargets and focus on leukemia-relevant targets as well as the availability 
of the gene-associated drug result in 146 target genes (Created with BioRender). 

 

Previous experiments indicated that the maximum library size for AML PDX is lower 

than that of ALL PDX (Wirth et al. 2022; Bahrami et al. 2023; Ghalandary et al. 2023). 

To adjust the library size while working with AML PDX, we split the 148 targets into two 

smaller libraries. As a result, we created two smaller libraries, each consisting of 73 

target genes, which modulate all 146 targets. To ensure the quality of our planned in 

vivo screens and finalize the library design, we added approximately 10% controls (see 

Table 21). Our positive controls, listed as pan-essential genes, came from the Achilles 

project (Table 22). This dataset contains the results of genome-scale CRISPR 

knockout screens for over 18,000 genes in over 600 cancer cell lines (Dempster et al. 

2019). For our negative controls, we chose several non-targeting sgRNAs from the 

Brunello Whole Genome Library (Doench et al. 2016). Our final library size, which 
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includes all controls, was 811 sgRNAs (Drug_all). We adjusted the number of controls 

when we divided the library into two smaller parts (Drug_sub1 and Drug_sub2), and 

each small library was made up of 408 sgRNAs. 

 

Table 21: Library compositions 

Library genes sgRNAs positive 
controls 
(genes) 

positive 
controls 
(sgRNAs) 

negative 
controls 
(sgRNAs) 

total size 
(sgRNAs) 

Drug_all 146 730 11 55 26 811 

Drug_sub1 73 365 6 30 13 408 

Drug_sub2 73 365 6 30 13 408 

 

Table 22: List of pan-essential genes used as positive controls 

Positive controls 

CDK7 

HSPE1 

POLR2L 

PSMB3 

RAN 

RPL12 

RPL37 

RRM2 

SARS 

SNRNP200 

SS18L2 

 

4.2.2 Cloning of CRISPR/Cas9 library using CLUE 

Large commercial sgRNA libraries can be difficult to handle and require high cell 

numbers to ensure proper coverage during each screening step. However, a 

customized small library can be used for more complex and limited environments, such 

as a PDX model. The CLUE pipeline, which allows for easy generation and cloning of 

customized libraries, was utilized for this purpose (Becker et al. 2020). By using CLUE, 

a single oligo pool containing all necessary sgRNA libraries could be designed. Each 

sgRNA library has different adapter sequences that are used for specific PCR 

amplification. Additionally, the easy-to-use web interface of CLUE aids in designing a 

customized library and generating oligos for all subsequent cloning steps. For more 

information on CLUE, visit (www.crispr-clue.de).  

The CLUE wet lab work is defined by three PCRs (see Figure 10). The first PCR 

amplifies the whole oligo pool and the product is used for cloning into a TOPO plasmid 

for long-time storage. The second PCR amplifies the specific sgRNA library as defined 

http://www.crispr-clue.de/
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by the library-specific PCR primers. Lastly, the third PCR prepares the generated PCR 

fragments for the final Gibson cloning into a lentiviral sgRNA expression backbone. 

 

 

Figure 10: Utilization of the CLUE protocol allowed parallel cloning of all sgRNA libraries 
Starting from an oligo pool with many different sgRNA libraries, defined by library-specific adapter 
sequences, to the final sgRNA fragments ready for cloning into a sgRNA expression plasmid (Becker et 
al. 2020). 

 

As the paper was a joint effort between our lab and another, we conducted some 

optimization under the guidance of the first author, Martin Becker. The original paper 

recommended a relatively high number of cycles, 30, for amplifying the library (PCR2). 

To enhance this amplification process and guarantee an unbiased and precise DNA 

target amplification, we conducted tests on various cycles and assessed the evenness 

of sgRNA distribution using NGS and the Gini Index. 

We optimized the PCR using 20, 23, 26, and as a control 30 cycles, and then followed 

the methods as described (see 3.5.6 and 3.5.12). Afterward, we submitted the 

plasmids for NGS and analyzed the data using the methods outlined in 3.6.2. We 

calculated the Gini index as described in 3.7.1. The generated density plots can be 

found in Figure 11. Unfortunately, the NGS quality of the data for the 23-cycle sample 
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was not high enough, so we had to exclude it from our final analysis. However, all three 

remaining attempts successfully restored the entire size of the library, and none of the 

sgRNA was missing, as shown by the density plots. The lower the cycle number, the 

lower the Gini index, which means that the sgRNA distribution is more equal. 

Concluding, we utilized the lowest cycle number (20 cycles) for all further experiments.  

 

 

Figure 11: Reduction of PCR cycles improved evenness of sgRNA distribution 
Gini index is indicated above every density plot.  

 

For the screening purpose of the project, we cloned Drug_all, Drug_sub1, and 

Drug_sub2 in the AML-specific sgRNA expressing backbone with puromycin serving 

as the selection marker. For screening the ALL PDX samples, we used the H2Kk-BFP 

expression plasmid to clone the Drug_all library. All libraries underwent parallel cloning 

using the optimized procedure outlined in chapters 3.5.5 and 3.5.6. The resulting 

plasmids were prepared and sent for NGS to assess the quality of the cloned libraries, 

as described in 3.5.11. The NGS data was analyzed as described in 3.6.2, and the 

Gini indices and density plots (Figure 12) revealed an even distribution of sgRNAs and 

no loss of sgRNAs during any cloning step. 
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Figure 12: Cloning according to CLUE protocol generated a narrow sgRNA distribution  
Gini index is indicated above every density plot.  

 

After successfully cloning and conducting quality checks, the sgRNA expression 

constructs are ready for both in vivo and in vitro screening. 

 

4.2.3 In vitro screen test in AML cell lines shows functional sgRNA library 

The successful cloning of the sgRNA libraries was ensured through NGS. To now 

confirm their functionality, we conducted an in vitro screening in two AML cell lines. 

We transduced Cas9-negative cells to observe how the library was distributed during 

in vitro passaging. The sgRNA sequences served as "barcodes," so we anticipated 

that the input and endpoint distribution would be similar. We used the Gini index to 

represent the distribution, as shown in Figure 13. As expected, there was no significant 

difference in the distribution between the two time points. 
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Figure 13: Even sgRNA distribution after 14 days in Cas9 negative cell lines  

 

The in vitro screen using Cas9-expressing cells was performed as described in 3.3.13. 

We prepared input and output samples for NGS and analyzed the received data using 

the MAGeCK algorithm (as described in 3.7.1). The algorithm produces RRA scores 

for every gene, and we used these scores to rank the dropouts for both cell lines. 

Figure 14 displays the ranking of these dropouts, where a score smaller than 0.003 

indicates a significant dropout, marked by a dotted line. 
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Figure 14: CRISPR/Cas9 test screen in two cell lines showed a functional sgRNA library 
Dropouts are depicted by RRA score. The dotted line represents the threshold of significance of 0.003. 
A: Overview of all dropouts and non-dropouts. B: Depiction of 50 strongest depleted genes. Positive 
controls are marked by “+”.  
 

Our analysis of the AML cell lines revealed several dropouts, with HDAC3 being the 

main one. To strengthen our findings, we compared the five strongest dropouts to the 

open-access data of the Cancer Dependency Map (DepMap) portal 

(www.depmap.org). DepMap is an ongoing project that identifies gene essentialities 

across hundreds of cancer cell lines using whole genome CRISPR knockout screens 

(Meyers et al. 2017b). The bioinformatic analysis of the DepMap screen data is done 

using CHRONOS (Dempster et al. 2021). A gene effect score with a value of -1 is 

defined by the median of all common essential genes and therefore indicates a 

substantial dependency. In each cell line screen, the top five most significant dropouts 

http://www.depmap.org/
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produced a total of seven genes. Out of these, six genes exhibited significant dropouts 

in both cell lines. Only NRAS showed a dependency in the OCI-AML3 cells but not in 

the Molm13 cells. 

When we compared the dropouts from our cell line screen with the DepMap data, we 

found that 13 out of 14 dropouts were identified by both methods, as shown in Figure 

15. 

 

 
Figure 15: High overlap between own and DepMap data reinforced functionality of the sgRNA 
library 
Dropouts from DepMap are represented by gene effect, originating from the Chronos algorithm. The 
dotted line marks the significance. Significant RRA score: < 0.003. Significant gene effect: < -1. 

 

The gene TSC2 was the only one that differed between the two data sets. Based on 

our analysis, OCI-AML3 shows a dropout in TSC2. However, DepMap does not identify 

this dependency. 

Nevertheless, our data was supported and confirmed by the identified overlaps, which 

further demonstrated the effectiveness of the cloned sgRNA library. 

Further, we tested the quality of the screens by analyzing the dropout significance of 

the positive controls and checking the non-targeting controls. The selected positive 

control genes are expected to dropout due to their essentiality. Of 11 positive controls, 

ten displayed a significant dropout in both cell lines. To analyze this further, the 

average readcount for each gene was determined. Then, the average of the input and 

output samples was calculated (as shown in Figure 16) revealing a decrease in 

normalized readcounts for the output samples compared to the input samples in both 

cell lines. 
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Figure 16: Depletion of positive controls showed the functionality of Cas9 during the screening 
process 

 

The non-targeting controls remained consistent or seemed to have increased because 

the cells with a non-targeting sgRNA were not affected by Cas9 cutting and therefore 

did not experience any DNA damage.  

Based on the fact that both screens passed the quality controls and most dropouts 

were confirmed by the DepMap data, we have defined the test screens as successful. 

As a result, the library is now ready to be used in the upcoming in vivo screens. 

 

4.2.4 Transduction of a Cas9 negative PDX sample to control suitability of in 

vivo library size 

As we anticipated a limited maximum library size for an in vivo screen, we planned a 

control experiment. We tested the libraries by transducing PDX samples without Cas9. 

As the libraries were transduced in a Cas9-negative background, the distribution of all 

sgRNAs should remain unchanged in the output samples. 

Cas9-negative PDX samples were transduced and processed for screening as 

described in chapters 3.3.6, 3.3.9, 3.3.10 and 3.3.14. We injected two mice each with 

1 x 107 cells intravenously and ended the experiments once the mice showed the first 

signs of disease. We collected samples from the bone marrow and spleen (if possible) 

and used them for gDNA isolation (3.5.9) and preparation for NGS (3.5.12). The data 

was analyzed like the Cas9 negative samples in the cell line test screen chapter 4.2.3. 

The Gini index for every PDX sample was calculated and can be seen in Figure 17. 
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Figure 17: The analysis of the sgRNA distribution after in vivo growth of cells without Cas9 led 
to the exclusion of two AML PDX samples 
A: Distribution of sgRNAs of AML PDX cells depicted by the Gini index.Including the follow-up 
experiment of the AML356 samples using the smaller sub-library B: sgRNA distribution of ALL PDX 
samples. The dotted line represents the quality threshold of a Gini index of 0.4.  

 

We used the Gini index of the cloned libraries, as shown in Figure 12, to determine the 

maximum Gini index that a sgRNA distribution should reach when transduced in cells 

without a Cas9 construct. Based on this analysis, we decided to double the Gini index 

value by 0.2 and use it as a threshold. Therefore, any PDX screened with a specific 

library size in a Cas9 negative background that generated a Gini index below 0.4 is 

considered screenable with the tested library size or any smaller library. 

Previous in vivo screening experiments with the AML388 sample suggested that this 

sample be screened with the Drug_all library (unpublished data). As PDX sample 

AML356 had not been screened before, we also decided to use the Drug_all library. 

However, data from previous experiments indicated that a smaller library size would 

be suitable for the three remaining AML PDX samples, so we used the Drug_sub1/2 

sub-libraries for these (unpublished data). 

After analyzing the control experiment, we found that the Gini index of the AML388 and 

AML393 samples was below 0.4. Therefore, we classified those samples as 

screenable with the tested libraries. The Gini index of AML602, AML346, and AML356 

exceeded the threshold. We found that AML602 and AML346 were not screenable with 

our smallest library, Drug_sub, and were therefore excluded. On the other hand, 

AML356 was initially tested with the larger Drug_all library, and since it also exceeded 

the threshold, the test was repeated with the smaller Drug_sub library (as shown in 

Figure 17A). This confirmed that the AML356 sample can be screened using the 

Drug_sub libraries. 
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As some of the ALL PDXs were previously screened in vivo (Wirth et al. 2022; Bahrami 

et al. 2023), using an even larger library, we chose to utilize the Drug_all library for all 

screenings. Of the five ALL PDX samples tested, four had a Gini index below the 

threshold and are considered screenable using the Drug_all library. 

The ALL50 sample had a higher Gini index in the output than other samples, but even 

the input samples had a higher Gini index than any other ALL input sample. The 

second input sample had a single Gini index value of 0.4475. We suspected that a 

handling step post-injection reduced the number of cells, leading to a coverage 

problem and an uneven sgRNA distribution. This coverage problem was also observed 

in the output samples. As a result, we concluded that it was a technical issue rather 

than a biological one, and therefore, we used the ALL50 sample for screening with the 

Drug_all library. 

 

4.3 Technical setup and quality controls of screen data 

We created a CRISPR/Cas9 library, specifically targeting druggable genes. With this, 

we aim to determine whether an in vivo screen in PDX samples can be used to predict 

patient-specific drugs. We cloned and tested the library and confirmed its suitability in 

three out of five AML PDX samples (AML388, AML356, and AML393) and all five ALL 

PDX samples (ALL265, ALL199, ALL502, ALL1034, and ALL50) as depicted in Figure 

17.  

To ensure quality control throughout the entire screening process, we conducted 

various tests such as checking the percentage of mapped reads, coverage of sgRNA 

in the NGS procedure, and number of zero reads in the read count file. Additionally, 

we analyzed the positive and non-targeting controls in the sgRNA libraries as further 

quality control for the in vivo screen. 

 

4.3.1 Screening procedure in AML PDX cells 

In order to conduct a knockout screen, it is necessary to introduce a Cas9 nuclease 

and a sgRNA library that targets specific genomic loc. For this purpose, freshly isolated 

AML PDX cells expressing Cas9 were utilized for the transduction with the library-

expressing backbone. Previous experiments have demonstrated the effectiveness of 

puromycin as a selection method for AML PDX samples. Hence, the library backbone 

contains a puromycin resistance gene and a mTagBFP gene for tracking the entire 
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screening process. Figure 18 provides an overview of the screening procedure for AML 

PDX samples. 

 

 

Figure 18: Experimental set-up of in vivo screening in AML PDX cells 
Tubes represent the time points of DNA sampling (Created with BioRender). 

 

After transduction and collection of Input_1, the cells were kept in vitro for four days to 

enable the expression of the puromycin resistance gene, which is crucial for enriching 

sgRNA-positive cells later on. The puromycin selection was started on day four post-

transduction. Depending on the PDX sample and the initial transduction efficiency, 

successful selection typically occurred two to four days later. A successful selection 

was defined as having at least 90% of cells positive for Cas9/eGFP and library 

(mTagBFP). Following the collection of the second input sample, the cells were 

prepared for injection into NSG mice as described in the methods (3.2.1).  

To control any potential ex vivo skewing or loss of library coverage due to cell death, 

specific time points were chosen for collecting the input samples. The period between 

the two input sample time points is typically 5-7, depending on the length of puromycin 

selection. Due to the extended ex vivo time, it is expected to see some dropouts of 

strong candidates in Input_2. Figure 19 shows a correlation of the two collected input 

samples in the AML388 PDX sample, where the normalized readcounts were 

compared. The R2 score of 0.6244 shows a low correlation, which suggests that there 

were knockouts in the Input_2 sample. As a result, only Input_1 was used for MAGeCK 

analysis of the AML PDX samples. Input_2 serves as a control for library coverage and 

skewing before being injected into mice. 
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Figure 19: Exclusion of Input_2 from AML PDX sample analysis 
The correlation (depicted by the R2) between the collected input samples. 

 

A representative flow cytometry analysis of the AML388 sample before injection is 

shown in Figure 20. Before transduction, the cells were checked by flow cytometry for 

a sufficient Cas9/eGFP expression of over 90%. The initial transduction efficiency of 

the AML388 sample, measured at day four post-transduction, is represented by a 

mTagBFP expression of 17%, and therefore low enough to ensure single integrations.  

Good cell viability and suitable transduction efficiency allowed for puromycin selection. 

After two days of incubation with puromycin, the enrichment efficiency was measured 

and monitored through the expression of mTagBFP. With an enrichment rate of over 

90%, the library-expressing cells were prepared for injection into NSG mice. 
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Figure 20: Transduction and enrichment of library expressing AML388 cells 
Analysis on the day of transduction showed the number of Cas9-positive cells. Day four after 
transduction, depicted the initial library transduction efficiency. Two days after puromycin and on the 
day of injection, the percentage of library-positive cells showed successful enrichment. 

 

Mice were taken down at first signs of leukemia and bone marrow cells were isolated. 

The expression of Cas9/eGFP and library (mTagBFP) was determined using flow 

cytometry, measuring the percentage of double-positive cells (see Figure 21). 

 

 

Figure 21: High expression of Cas9 and sgRNA library in BM samples of the AML388 cells after 
in vivo screening 
For both samples, the percentage of Cas9 and library-positive cells is shown.  
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Representative flow cytometry analysis of two bone marrow samples of the AML388 

cells shows Cas9/eGFP and library expression on the day of cell isolation. Both 

samples show more than 80% double positive cells. Collected cells were processed 

for DNA isolation and used for NGS PCR as the final read-out (3.5.9 and 3.5.12).  

 

4.3.2 Screening procedure in ALL PDX cells 

The screening process for ALL PDX is different from that of AML PDX in terms of the 

selection method and the shorter ex vivo time prior to injection into mice (Figure 22).  

 

 

Figure 22: : Experimental set-up of in vivo screening in ALL PDX cells  
Tubes represent the time points of DNA sampling (Created with BioRender). 

 

On day four after transduction, the selection process began using H2Kk-MACS 

enrichment, which was previously used in experiments conducted by (Wirth et al. 2022; 

Bahrami et al. 2023). On the same day, both enrichment and injection were carried 

out. Prior to selection, the transduced cells were examined for their expression of 

Cas9/eGFP and library (mTagBFP), as indicated by a double-positive eGFP/mTagBFP 

cell population in flow cytometry. The representative flow cytometry analysis of 

ALL1034 revealed an initial library expression of 13.6% and Cas9 expression in over 

90% of the cells (see Figure 23). In order to ensure the successful H2Kk-MACS 

selection, the cells were verified by flow cytometry before being injected into NSG mice. 

The analyzed data indicated an enrichment of library-expressing cells of over 90%. 

These enriched cells were prepared for injection into NSG mice after collecting 

Input_2. 



Results 

64 

 

Figure 23: Transduction and enrichment of library expressing ALL1034 cells 
Analysis on the day of transduction showed the number of Cas9-positive cells. Day four after 
transduction, depicted the initial library transduction efficiency and MACS enrichment was started. The 
negative and positive fractions showed the successful enrichment of the library positive cell fraction.  

 

The ALL PDX samples showed a stronger correlation between Input_1 and Input_2 

compared to the AML PDX samples, as shown in Figure 24 through the R2 score. This 

difference can be attributed to the shorter ex vivo time of three days in the PDX 

samples screening process, as opposed to 5-7 days in AML PDX samples. This high 

correlation led to using both input samples in the MAGeCK analysis. 

 

 

Figure 24: Input_1 and Input_2 were used for ALL sample analysis 
The correlation (depicted by the R2) between the collected input samples. 
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Mice were taken down at the first sign of disease and the sample handling was carried 

out as detailed in section 0 for the AML PDX cell. Figure 25 displays a representative 

FACS analysis of one BM output sample. 

 

 

Figure 25: High expression of Cas9 and sgRNA library in BM samples of the ALL1034 cells after 
in vivo screening 
For both samples, the percentage of Cas9 and library-positive cells is shown.  

 

The ALL1034 cells showed around 80% of library and Cas9 expressing cells (double 

positive). We collected and processed quality-checked bone marrow samples for NGS 

analysis as the final readout. 

 

4.3.3 Mapped reads and zero counts as quality control of generated readcount 

files 

To analyze the screened PDX samples, cells were prepared for NGS. The fastq files 

obtained were then used to generate readcount tables for each submitted sample and 

replicate. The detailed method of using a python script to create density plots, Gini 

indices, and readcount tables is described in sections 3.6.2 and 3.7.1.  

The readcount tables were used to check the quality of sequencing and the performed 

in vivo screen. The authors of the MAGeCK algorithm recommend specific values to 
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evaluate the data quality (Li et al. 2014; 2015), with an important value being the total 

number of reads in the fasq file. It is recommended to have at least 100-300 times the 

number of sgRNAs. All the fastq files obtained from the submitted samples passed this 

threshold (see Table 23 and Table 24).  

Additionally, it is recommended that the mapped reads constitute a minimum of 60%. 

This value represents the number of reads that can be accurately matched to the library 

compared to the total number of reads. All samples with available data met the criteria, 

as indicated in Table 23 and Table 24. It is assumed that the quality of the missing 

samples (ALL50, ALL502, and ALL1034) was comparable. 

As a third quality marker, it's important to check the total number of missing sgRNAs 

(sgRNAs with 0 readcounts). The authors of the MAGeCK algorithm recommend that 

no more than 1% of sgRNAs should have no assigned readcounts. This value is 

particularly relevant for whole genome screens in homogeneous cell models, such as 

established cell lines. However, when using a customized library targeting leukemia-

relevant genes in a leukemia background, there will be a larger decrease in 

readcounts. After reviewing the ALL PDX samples, the recommended threshold of 1% 

can be underscored by three out of five samples. The highest percentage of zero 

counts was found in the ALL50 sample, which had 3.84%. The value is still quite low, 

particularly compared to the average rate of zero counts found in the AML PDX 

samples. In a study by Yamauchi and colleagues, they used a customized library of 

470 genes and ended up with 65.4% of zero counts in their output file (Yamauchi et al. 

2018). However, they could still successfully validate one of their dropouts, confirming 

their data. Based on this information, we decided to proceed with all three AML PDX 

samples, despite their percentage of zero counts ranging from 7-35%. 

 

Table 23: Quality checks of AML PDX readcounts 
 AML388 AML356 AML393 

average reads/sgRNA 312 921 1544 

average % of mapped reads 90,56 90,96 91,20 

average % of zero reads in output 
samples 

15,45 7,46 34,74 

 

Table 24: Quality checks of ALL PDX readcounts 
 ALL265 ALL199 ALL50 ALL502 ALL1034 

average reads/sgRNA 839 1224 445 2269 2231 

average % of mapped reads 88,55 89,34 no data no data no data 

average % of zero reads in output 
samples 

1,34 0,35 3,86 0,25 0,27 
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4.3.4 Positive and negative controls as quality control of in vivo screen  

To ensure the quality and reliability of the generated screen data, positive and non-

targeting controls were included and checked. The Drug_all library contained 11 pan-

essential genes, while the Drug_sub libraries had six. Additionally, there were 26 or 13 

non-targeting sgRNA controls used in the two different types of libraries. 

The positive controls should drop out in all samples to confirm the functionality of the 

Cas9 nuclease. We calculated the average normalized readcounts of all positive 

controls in both the input and output samples and compared them (see Figure 26). In 

all eight PDX samples, the positive controls showed a significant reduction in the output 

compared to the input. This provided clear evidence of the functionality of Cas9. 

 

 

Figure 26: Dropout of positive controls showed the functionality of Cas9 
A: Mean of normalized readcounts of positive controls comparing input and output samples of AML PDX 
cells. B: Mean of normalized readcounts of positive controls comparing input and output samples of ALL 
PDX cells. 

 

The non-targeting sgRNAs were used as a second measure of quality. The readcounts 

of the non-targeting controls in the ALL PDX samples remained the same or increased 

due to the absence of DNA damage caused by Cas9, representing the expected 

results. In the AML388 and AML356 samples, the non-targeting sgRNAs showed 

similar results. However, in the AML393 sample, most of the non-targeting sgRNAs 

showed a decrease in readcounts. This could be due to a low number of injected or 

engrafted cells, resulting in inadequate library coverage. Consequently, we have 

excluded the AML393 sample from all subsequent analyses. 

After completing the screen internal quality control tests, which included checking both 

non-targeting and positive controls, the final analysis was conducted on seven PDX 
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samples using the MAGeCK algorithm. This allowed for the prediction of significant 

dropouts.  

 

4.4 Analysis of CRISPR/Cas9 screen using MAGeCK 

In order to identify targets that are crucial for the in vivo growth of leukemic cells, the 

MAGeCK algorithm was utilized, as previously described by (Li et al. 2014). Biological 

replicates of collected bone marrow samples were used for the MAGeCK analysis. 

After comparing input and output groups, the algorithm sums up all five sgRNAs of a 

gene into an overall analysis of each gene, resulting in an overall analysis of each gene 

and producing an RRA score, a p-value, a false discovery rate (FDR), and a log2-fold 

change. Significant depleted genes (dropouts) were determined by an RRA score < 

0.003, representing a p-value below 0.05 and an FDR below 0.15. In addition to the in 

vivo screening of seven PDX samples, an in vitro screening was also conducted in the 

AML388 and ALL265 samples. 

 

4.4.1 In vivo screen in two AML PDX 

Romina Ludwig performed the wet lab work for the AML356 screens using the two sub-

libraries, while I conducted the analysis and quality checks. 

The CRISPR/Cas9 screen has the potential to identify general AML dependencies by 

depletion of those genes in all or most of the samples or the identification of AML PDX 

sample-specific genes essential for in vivo growth and leukemia maintenance.  

After conducting quality controls, we found that only two out of the five AML PDX 

samples were appropriate for in vivo screening (see 4.24.2). Due to the complexity and 

clonality of AML cells, the total number of sgRNAs is more limited compared to our 

ALL PDX samples. We tested the different generated libraries (Drug_all or Drug_sub) 

in PDX cells without Cas9 and found that AML388 is suitable for screening with the 

Drug_all library. However, AML356 had a lower screening capacity (indicated by a Gini 

index above 0.4 in the Cas9 negative background). Therefore, we conducted two 

screening experiments using the two Drug_sub libraries. We screened the same 

targets in both samples in one or two screening experiments. Mice were taken down 

at first signs of disease, and isolated from bone marrow cells were used for NGS and 

MAGeCK analysis.  
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To analyze the in vivo screen, we calculated the average RRA score of each gene in 

both samples and ranked them from lowest to highest. For easier data presentation, 

we utilized the log10 of the RRA score (Figure 27). 

 

 

Figure 27: MAGeCK analysis of CRISPR/Cas9 in vivo screen in two AML PDX samples.  
Dropouts are depicted by RRA score. The dotted line represents the threshold of significance of 0.003. 
A: Overview of all dropouts and non-dropouts. B: Depiction of 50 strongest depleted genes. Positive 
controls are marked by “+”. 

 

The RRA score of the 50 strongest dropouts is displayed in Figure 27B. Dotted lines 

are used to mark an RRA score of 0.003. Positive controls are indicated by a "+" before 

the gene name. Most of the positive controls show a significant dropout, with an RRA 
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score below 0.003. In sample AML388, six out of 11 positive controls were significantly 

depleted. In sample AML356, an average of five out of six (Drug_sub = total of six 

positive controls) had an RRA score below 0.003, indicating successful gene editing 

by Cas9.  

The four most depleted genes in both AML PDX samples were HDAC3, XPO1, 

RPTOR, and CXCR4, which suggests that these genes may be essential for the growth 

of leukemic cells in vivo. The Venn diagram in Figure 28 demonstrates the shared and 

unique dropouts of the AML388 and AML356 samples (Venn diagram generated using 

the following online tool: https://bioinformatics.psb.ugent.be/webtools/Venn/) 

SMARCB1 is only depleted in the AML388 sample, while the AML356 sample has five 

unique dropouts. It is possible that those distinct dropouts are specific dependencies 

of the PDX sample. 

 

 

Figure 28: Venn diagram of significant dropouts in AML PDX in vivo screen showing shared and 
unique depleted genes  

 

The CRISPR/Cas9 in vivo screen quality controls for AML PDX produced the expected 

results, which suggests that the dropouts identified are dependable candidates. 

 

4.4.2 In vivo screen in five ALL PDX 

Romina Ludwig conducted the wet lab work for the in vivo screen of sample ALL199, 

while I performed the analysis and quality checks. 

By utilizing the CRISPR/Cas9 screening technologies in an in vivo approach in ALL 

PDX samples, we can identify targets that are crucial for the growth of leukemia cells 

in vivo. The dropouts we receive are potential treatment options since all genes used 

in the libraries are targetable by drugs. If dropouts occur in many ALL PDX samples, 

https://bioinformatics.psb.ugent.be/webtools/Venn/
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they are potential ALL dependencies, whereas dropouts that arise in one specific PDX 

sample are more sample-specific targets. 

All five ALL samples passed the required quality controls before screening, making it 

possible to screen all of them. The screening was done as described in chapter 3.3.14. 

Mice were taken down at the earliest signs of leukemia. For NGS, the DNA samples 

collected from the bone marrow were processed and prepared for sequencing, 

followed by MAGeCK analysis. The RRA scores generated by the MAGeCK analysis 

of the ALL PDX samples were used to analyze the in vivo CRISPR/Cas9 screens 

(Figure 29). To make the data more accessible, the average RRA score of each gene 

from the five samples was calculated and used to sort the samples according to their 

average score. The gene with the lowest RRA score on average is depicted as the first 

gene close to the graph origin, with the log10 of the RRA score used for depiction. 
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Figure 29: MAGeCK analysis of the CRISPR/Cas9 in vivo screens in five ALL PDX samples  
Dropouts are depicted by RRA score. The dotted line represents the threshold of significance of 0.003. 
A: Overview of all dropouts and non-dropouts. B: Depiction of 50 strongest depleted genes. Positive 
controls are marked by “+”. 

 

The Figure 29B displays the 50 genes with the lowest average RRA score across all 

five PDX samples. Positive controls are marked by a “+” before their gene name. These 

positive controls were expected to show significant depletion, which confirmed the 

functionality of the cas9 nuclease. In all ALL PDX samples, except for ALL502, eight 

or nine out of the eleven positive controls were significantly depleted. Only three out of 

the eleven positive controls showed depletion in the ALL502 data, but the sample also 

showed fewer significant dropouts overall when compared to the other four samples. 
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The average number of significant dropouts in the remaining four PDX samples is 27, 

whereas the ALL502 sample only showed 12 significant dropouts.  

The two strongest depleted genes are CXCR4 and XPO1, as already seen in the AML 

PDX in vivo screen. Furthermore, in all five ALL PDX samples, the BRD4 gene is also 

strongly depleted (see Figure 30). The Venn diagram (Venn diagram generated using 

the following online tool: https://bioinformatics.psb.ugent.be/webtools/Venn/) displays 

both unique depleted genes from the five samples and all shared dropouts between 

them. 

 

 

Figure 30: Venn diagram of significant dropouts in ALL PDX in vivo screens showing shared and 
unique depleted genes  

 

The CRISPR/Cas9 in vivo screen quality controls were successfully passed by all five 

samples from ALL PDX. It is assumed that the dropouts found can be considered 

reliable candidates. These dropouts can be used for further testing and analysis.  

 

https://bioinformatics.psb.ugent.be/webtools/Venn/
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4.4.3 Correlation of in vivo and in vitro data shows overlapping in vivo specific 

dropouts between AML and ALL PDX 

When using a suitable culture medium, it is possible to cultivate AML PDX samples for 

a certain period in vitro. For the AML388 sample, it was possible to screen in vivo and 

in parallel in vitro. These two data sets of the AML388 sample allow the correlation of 

in vivo and in vitro generated dropouts. Both screens had the exact duration of 

screening time, either in vivo or in vitro.  

In vitro cultivation of ALL PDX is more challenging than the AML PDX sample. The 

cells can be kept for up to 14 days in vitro using an improved culture medium. The 

preparation of the ALL265 cells for the in vivo screen was very efficient, leading to 

leftover cells that could be used for an additional in vitro screen. The endpoint of the in 

vitro screen was after 14 days due to a drop in cell viability.  

The two in vivo – in vitro data sets of the two PDX samples were compared using the 

RRA scores from the MAGeCK analysis (Figure 31). The dotted lines represent the 

threshold of significance (RRA score of 0.003). The orange marked part represents the 

in vivo-only dropouts. The in vitro-only depleted genes are in the red square. Shared 

dropouts are represented in the square located at the graph’s origin. Positive controls 

are marked by a “+”. The correlation was calculated by using the R2 score.  

Dropout screening in the AML388 PDX cells (Figure 31A+C) revealed more in vitro-

only dropouts than in vivo-only or shared dropouts. HDAC3 and XPO1 are shared 

dropouts also identified in the AML356 sample in vivo screen. BCL2 and MDM2 are 

strong in vitro-only depleted genes. A detailed check of the in vivo-only genes showed 

that SMARCB1, RPTOR, and CXCR4 were depleted (Figure 31C). CXCR4 is a known 

niche modulator crucial for interaction with in vivo environment (Burger and Bürkle 

2007). This shows the potential of a CRISPR/Cas9 screen to identify in vivo specific 

targets. Further, the dropout of CXCR4 in vivo but not in vitro strengthens the validity 

of this data.  

CRISPR/Cas9 in vivo and in vitro screens in ALL265 cells share the most significant 

dropouts. No strong in vitro depletions can be identified. The depleted genes only seen 

in vivo are depicted in more detail in Figure 31D. CXCR4, SMARCB1, and RPTOR are 

in vivo-only dropouts like already seen in the AML388. In vivo dropout of CXCR4 again 

functions as a positive control. The dropout of SMARCB1 and RPTOR in both in vivo 

screens but not in the performed in vitro screens suggests they are more critical in vivo 

than in vitro. 
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Figure 31: CRISPR/Cas9 screens showed shared dependencies between both leukemia types as 
well as the importance of in vivo screens 
A: Comparison of the in vivo and in vitro screen of the AML388 sample. B: Comparison of the in vivo 
and in vitro screen of the ALL265 sample. C: in vivo-only dropouts of the AML388 sample. D: in vivo-
only dropouts of the ALL265 sample. The dotted line represents the threshold of significance of 0.003. 
The orange square indicates “in vivo-only” candidates and the red square “in vitro-only” dropouts. 
Positive controls are marked by “+”. 

 

The correlation between these data sets highlights the consistency of dropouts across 

various types of leukemia. It also emphasizes the significance of an in vivo screen to 

identify essential genes in an in vivo environment but not in vitro. 

 

4.1 In vivo CRISPR/Cas9 screens revealed more common dropouts 

than sample-specific depleted genes in the seven screened PDX 

samples 

The in vivo CRISPR/Cas9 screen in the two AML and five ALL PDX samples led to 24 

depleted targets that dropout in at least two PDX samples (Table 25).  
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Table 25: Shared dropouts in at least two PDX samples 

significant dropout in at least two PDX samples occurrence 

CXCR4, XPO1  7/7 

HDAC3  6/7 

SMARCB1, BRD4  5/7 

NEDD8, RPTOR, BRD2, KRAS, RAD51, BCL2, MDM2  4/7 

MCL1, ARID1A, MTOR; RAD51D, SS18, TSC2  3/7 

DNMT1, DOT1L, EZH2, HSP90B1, BRCA1, EIF4E  2/7 

 

There are unique dropouts present in only three samples of ALL PDX. During the 

screening, five unique dropouts (BCL2L1, PTEN, PARP1, and SMARCA4) were 

discovered in the ALL50 sample, while one unique target (ERG) was found in sample 

ALL265 (see Figure 30). The ALL1034 sample revealed HDAC1 as a unique target 

when comparing the AML and ALL in vivo screening data. This means there are no 

AML-specific dropouts when comparing all the dropouts in the two AML screens with 

the data of the five ALL screens. However, all screened ALL PDX samples show 20 

ALL-only dropouts, concluding that ten shared dropouts exist between the screened 

AML and ALL PDX samples. 

Further analysis of significant dropouts in more than two samples reveals that BRD2 

and BRD4 seem more critical in the ALL PDX samples. BRD4 drops out significantly 

in all five screened ALL samples, while BRD2 is depleted in four out of five ALL PDX 

samples, and no AML samples. A more detailed look, including all screened 

Bromodomain and Extra-Terminal Domain (BET) gene family members, confirmed this 

ALL sample tendency (see Figure 32). Four out of five ALL PDX samples show a less 

significant dependency on the BRD3 gene. Additionally, none of the screened samples 

showed any dependency on the BRDT gene. 
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Figure 32: Genes of the BET family are more important in ALL than in AML PDX samples 
The dotted line indicates the threshold of significance of a RRA score of 0.003.  

 

While the BET gene family members appear to be primarily important in ALL samples, 

most of the 24 depleted targets are shared candidates. These shared candidates, 

listed in Table 25, were utilized for further analysis. 

 

4.2 Pathway analysis of shared dropouts reveals an epigenetic 

dependency and the importance of the SWI/SNF complex  

We analyzed the 24 most significant dropouts in all seven PDX samples (as shown in  

Table 25) to identify the pathways associated with our target. We conducted a gene 

set enrichment analysis using the Enrichr online tool (https://maayanlab.cloud/Enrichr/) 

(Chen et al. 2013; Kuleshov et al. 2016; Xie et al. 2021). The results suggested that 

the epigenetic pathways were the most important among our 24 target genes (as seen 

in Table 26). Other significant pathways were DNA repair, PI3K signaling, and 

apoptosis. 

 

Table 26: Target genes associated with several pathways  
*Pathways depicted with at least two associated genes. 

Pathway* Number of depleted genes Pathway associated genes 

Epigenetic pathways  9/24 
ARID1A,  BRD2, BRD4, DNMT1, DOT1L, 
EZH2, HDAC3, SMARCB1, SS18  

DNA repair  4/24 BRCA1, MDM2, RAD51, RAD51D 

PI3K signaling  3/24 MTOR, RPTOR, TSC2 

Apoptosis  2/24 BCL2, MCL1 
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Using the CORUM database as a reference (see Figure 33A), the gene set enrichment 

analysis identified various enriched protein complexes. The CORUM database 

contains information about experimentally characterized protein complexes and their 

biological features, as described by (Tsitsiridis et al. 2023). Out of all the protein 

complexes, the SWI/SNF complex has the highest number of associated subunits, 

followed by mTOR-related complexes. As a result, we examined the depletion score 

of every SWI/SNF component in the library across all seven samples (Figure 33B). 

 

 

Figure 33: The seven screened PDX samples are dependent on the SWI/SNF complex  
A: Enriched protein complexes identified by pathway analysis and comparison of the 24 target genes to 
the CORUM database. Bars sorted by p-value ranking. B: RRA score of all SWI/SNF genes included in 
the screened library. 
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Our library includes genes from the SWI/SNF complex: SMARCB1, SS18, SMARCA4, 

and ARID1A. However, SMARCA4 was excluded from the network analysis as it only 

dropped out in the ALL50 sample. SMARCB1 was found to be depleted in five out of 

seven samples. There is no significant depletion of a complex-important gene in the 

two samples, AML356 and ALL199. 

It looks like the SWI/SNF-associated genes play a significant role in most of the 

screened PDX samples. The ALL50 sample had a depletion in all four genes, while the 

ALL265 and ALL502 samples had a depletion in three of four genes but not in 

SMARCA4. On the other hand, the ALL1034 and AML388 samples only had a 

depletion in SMARCB1. Overall, these results suggest that the SWI/SNF-associated 

genes are particularly relevant to the ALL samples. 

 

4.3 Selection of targets for upcoming drug treatment trials as part of 

our validation process 

The CRISPR/Cas9 library comprises genes that can be associated with drugs, allowing 

for individualized prediction of treatment based on the in vivo screening results. 

Currently, in vivo drug trials based on the screening results are ongoing. Katharina 

Hunt conducted drug treatment trials as part of her doctoral studies.  

To choose the targets for the upcoming drug treatment trials, the average RRA score 

of the top 10 depleted genes was determined and is displayed in Table 27. The 

average RRA scores are ranked in order of significance, with XPO1 being the most 

significant target. 

 

Table 27: Average RRA score of the top depleted genes  
First 10 genes are depicted.  

Number Genes Average RRA score in all seven samples 

1 XPO1 0,000183404 

2 CXCR4 0,000381765 

3 HDAC3 0,002636594 

4 RPTOR 0,003701259 

5 RAD51D 0,004287196 

6 NEDD8 0,005486814 

7 MCL1 0,0066546 

8 RAD51 0,007331536 

9 BCL2 0,008601877 

10 SMARCB1 0,010842427 
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We have decided to exclude RPTOR, RAD51D, RAD51, and SMARCB1 from any 

upcoming drug treatment trials since there are no direct drugs available that target 

them specifically. Furthermore, we used CXCR4 as a positive control for in vivo 

screening and therefore did not take CXCR4 into account.  

Based on the ranking and the excluded genes, we plan preclinical treatment trials using 

the available specific inhibitors targeting XPO1, HDAC3, NEDD8, MCL1, and BCL2. 

We predict that PDX samples with a gene dropout in our CRISPR/Cas9 screens will 

respond to the respective drug inhibiting the respective protein. The drug treatment 

trials will test our hypothesis that testing gene function via CRISPR/Cas9 in vivo 

screens in PDX models represents a reliable tool for predicting individual drug 

responses in acute leukemias. 
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5. Discussion 

For the last decades, classical chemotherapy was the standard of care for patients 

with acute leukemia. The approval of several targeted therapies improved the therapy 

options and the overall survival of patients. Nevertheless, personalized treatment of 

patients is still challenging. Different studies use descriptive methods like NGS for 

treatment assignment and genome profiling (van Tilburg et al. 2021; Burd et al. 2020). 

Nevertheless, problems like the establishment of resistance to targeted therapies and 

the lack of a suitable biomarker for treatment planning remain (Small, Oh, and 

Platanias 2022). To overcome those challenges functional tools emerged. Studies 

using ex vivo drug screens with primary patient cells are such a functional tool (S. H. 

R. Lee et al. 2023). However, drug tests performed ex vivo do not accurately reflect 

the clinical situation. 

To address this limitation, we established a functional precision medicine tool by 

performing CRISPR/Cas9 knockout screens in a patient-derived xenograft model of 

acute leukemias. An additional advantage of using the CRISPR/Cas9 system is the 

possibility of screening for several dependencies of one sample in only one 

experiment. With this screen, we aimed at identifying genes that are essential for the 

in vivo growth of leukemia cells, thereby representing putative new therapeutic targets. 

Since every gene included in our library could be pharmacologically targeted by at 

least one drug, we planned to use the gene-associated drug to validate the identified 

dependency.  

The CRISPR/Cas9 knockout screen in seven different PDX samples (five ALL, two 

AML) revealed more shared dependencies than individual dropouts. The seven 

samples share 24 genes, that were depleted in more than one sample. The shared 

deleted genes are important for epigenetic regulation, DNA repair, PI3K signaling, and 

apoptosis. After excluding targets with indirect or unspecific drugs, we could name the 

PDX sample-specific treatment strategies.  

 

5.1 Quality control measures applied to small-library in vivo screens 

revealed notable differences between AML and ALL samples. 

When starting this project, we aimed at generating a robust in vivo CRISPR/Cas9 

screening pipeline. However, most published studies focused on in vitro screens in cell 

lines. To ensure the quality of our unique screening procedure, we investigated several 

quality measurements.  
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As measures, we checked the quality of the NGS sequencing and the resulting 

redcount tables. All seven PDX samples passed those measures (Table 23 and Table 

24). To control the suitability of the used library size we performed an experiment using 

Cas9-negative PDX cells and the sgRNA library as “barcodes” (Figure 17). As a screen 

internal quality measure we analyzed the included positive and non-targeting controls 

(Figure 26). Whereas all ALL samples passed those controls, just two of the five AML 

samples succeeded.  

Although the screening procedure of AML and ALL samples differ in their selection 

methods, this does not cause the observed discrepancies. The AML388 sample was 

used for both in vivo and in vitro screening, originating from the same transduction and 

puromycin-selection experiment. Although the in vivo sample passed quality controls, 

the in vitro screen data was more consistent in quality (data not shown). Therefore, the 

difference in screening quality between the AML and ALL samples is likely due to an 

in vivo phenomenon. Also, a reduction of homing and/or engraftment due to the 

puromycin treatment can be excluded since puromycin is a standard selection method 

and was used in several in vivo CRISPR/Cas9 screens in AML samples (S. Lin et al. 

2022; Manguso et al. 2017; Mercier et al. 2022).  

Besides quality controls, the number of depleted genes appeared different between 

AML and ALL samples. In the AML PDX in vivo screens, eight depleted genes out of 

146 (~5%)were found on average. In the five ALL samples, an average of 17 depleted 

genes (~11,5%) were identified, indicating a difference between the screened AML 

and ALL PDX samples. 

As the screening procedure has been eliminated as the cause of the identified 

difference, the basic biology of the two ALs may provide a possible explanation. 

Several studies on AML and ALL demonstrated the importance of leukemia-initiating 

cells (LICs) for the development and maintenance of leukemia (Tsvee Lapidot et al. 

1994; Bonnet and Dick 1997; Senft and Jeremias 2019; Bernt and Armstrong 2009). 

LICs are defined as cells with the potential to give rise to leukemia in a xenotransplant 

model (Bonnet and Dick 1997). LIC or leukemic stem cells (LSCs) are well studied and 

described in AML and CML whereas the concept of LSCs in ALL is less established 

(Ebinger et al. 2016; Lang, Wojcik, and Rieger 2015; Senft and Jeremias 2019).  

The general concept of LSCs is based on the hypothesis of two cancer stem cell (CSC) 

models. The stochastic model or clonal evolution (CE) model and the hierarchy or CSC 

model as indicated in Figure 34 (Dick 2008; Rich 2016).  
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Figure 34: Cancer stem cells model hypothesis..  
Adapted from ((Xiao et al. 2017) Created with BioRender). 

 

In the hierarchy model, the LSCs are a rare subset of cells that can perform self-

renewal and give rise to clonal daughter cells. This model is hypothesized to be the 

organization of normal HSCs. The stochastic model is defined by a biological 

homogeneity, where every cell has the potential to behave like an LSC initiated by 

intrinsic or extrinsic factors (Dick 2008; Elder et al. 2017; Rich 2016). Intra-tumor 

heterogeneity of AML cells was shown to be organized in a hierarchical model (Bonnet 

and Dick 1997; Dick 2008; T. Lapidot et al. 1994). Since leukemia-initiating capacity 

was identified In various numbers of ALL cells with different immunophenotypes, ALL 

is suggested to follow a stochastic cancer stem model (Elder et al. 2017; Rehe et al. 

2013).  

The difference between AML and ALL in their LSC model may cause a different 

engraftment capacity. For AML samples where just a rare subtype of cells can give 

rise to leukemia, the step of engraftment is more limiting. This limitation might reduce 

the number of homed and engrafted cells drastically and could affect the coverage of 

the library. This could explain the missing of several sgRNAs after the screen (zero 

readcounts) and the lower quality of the controls in AML samples. For ALL samples, 

where possibly every cell has the capacity to initiate leukemia, the step of homing and 

engraftment is less limiting.  
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To ensure sufficient library coverage during homing and engraftment, it is especially 

important for AML samples to enhance their homing/engraftment capacity. In most of 

the published AML in vivo screens, the AML cells were injected into irradiated 

immunocompromised mice (S. Lin et al. 2022; Mercier et al. 2022; Yamauchi et al. 

2018). Those researchers claim the importance of irradiation to maximize the 

engraftment capacity of AML cells. The engraftment of more cells might result in better 

library coverage during this step. An additional option for enhancing engraftment could 

be a different mouse model. Krevvata et al. showed enhanced engraftment of primary 

AML samples when using an NSG-S mouse model, which has transgene expression 

of human cytokines. They increased the percentage of engraftment (n=77) from 50% 

to 82% when using NSG-S compared to NSG mice and additionally observed a higher 

tumor burden and a shorter survival time of the injected mice (Krevvata et al. 2018). 

An improvement in the engraftment of AML cells might allow more AML samples to 

pass the quality controls by ensuring sufficient coverage of the library during the step 

of homing and engraftment. 

 

5.2 Comparison of in vivo and in vitro data showed the importance of 

an in vivo screening pipeline 

For the AML388 and ALL265 samples, it was possible to perform an in vivo and in vitro 

screen in parallel (see Figure 31). When comparing the in vivo screen analysis to the 

obtained in vitro data, the AML388 sample showed a weaker correlation between the 

two screens compared to the ALL265 sample. As mentioned in chapter 5.1, the homing 

and engraftment of AML PDX samples may be more limited, which can impact the 

library coverage.  

The AML388 screens revealed the most dropouts in the in vitro-only square, whereas 

the ALL265 sample shared most of the depleted genes between the in vivo and in vitro 

screen and revealed only three in vitro-only dropouts with an RRA value close to the 

significance threshold of 0.003. The shorter experiment time of the ALL265 in vitro 

screen (14 days) is a possible explanation for the smaller number of dropouts (12 in 

vitro and 19 in vivo). In the AML388 sample screen, most dropouts appeared in vitro-

only. However, some robust in vivo-only dropouts were found in the in vivo screen, 

indicating that the AML388 samples is more difficult to screen in vivo and adaption of 

the screening protocol is necessary.  
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Interestingly both samples share CXCR4, SMARCB1 and RPTOR as in vivo-only 

depleted genes, suggesting them to be important for homing, engraftment and/or in 

vivo proliferation of leukemic cells.  

In normal hematopoiesis CXCR4 is essential for homing and maintenance of 

hematopoietic stem cells (HSCs) in the bone marrow (Foudi et al. 2006; Sugiyama et 

al. 2006). In T-ALL, CXCR4 was shown to be important for the LIC activity (Passaro et 

al. 2015). The role of CXCR4 in AML is discussed controversially, especially its role in 

homing (Ramakrishnan et al. 2020). A recently published CRISPR/Cas9 screen in an 

AML mouse model showed CXCR4 to be important for in vivo growth of leukemic cells 

but seems to be not critical for homing to the bone marrow (Ramakrishnan et al. 2020). 

Since we injected cells earliest at day four after library transduction, we are able to 

either identify essential targets for homing, engraftment or in vivo growth. Concluding, 

CXCR4 is depleted in vivo-only due to its described important role in homing, 

engraftment and or in vivo growth, whereas it is not essential in vitro (Cancilla, Rettig, 

and DiPersio 2020). 

SMARCB1 is a core component of the SWI/SNF chromatin remodeling complex which 

is one of the most commonly mutated chromatin modulators in human cancer (> 20%) 

and important for gene regulation, maintenance and differentiation of hematopoietic 

cells (Centore et al. 2020). Three mammalian SWI/SNF complexes have been 

identified, consisting of at least 29 proteins each: BAF (BRG1/BRM-associated factor), 

PBAF (polybromo-associated BAF) and the non-canonical BAF (ncBAF) (Wanior et al. 

2021) (see Figure 35).  

 

 

Figure 35: The mammalian SWI/SNF complexes BAF, PBAF and ncBAF and their subunits. 
 (Wanior et al. 2021). 
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SMARCB1 is described to be essential for different hematological malignancies due to 

its crucial function as a structural scaffold. The loss of Smarcb1 was shown to induce 

the development of T-cell lymphoma in a mouse model (Roberts et al. 2002). Besides 

this, SMARCB1 is described as a tumor suppressor in AML and the SWI/SNF complex 

seems to be crucial for the maintenance of an oncogenic gene expression program in 

AML. An aberrant SMARCB1 is associated with Rac GTPase activation and 

hypermigration of AML cells. Rac GTPases are important for homing, engraftment, 

survival, and trafficking in the bone marrow in myeloid leukemias (Chatterjee et al. 

2018). Although this is just described for AML, a similar role of SMARCB1 is possible 

in ALL and therefore would explain the identification of an in vivo-only dependency in 

our CRISPR/Cas9 knockout screen. To close the circle, in normal hematopoiesis 

Rac1, a Rac GTPase is associated with the regulation of the CXCR4 receptor 

conformation in HCSs and their progenitor cells and therefore controls the signaling 

efficiency of the receptor (Zoughlami et al. 2012).  

RPTOR (Raptor) is a scaffold subunit of the mTORC1 complex and is important for its 

stability and assembly. mTORC1 signaling controls proliferation and cell survival and 

is reported to be a critical pathway in cancer, including AML (Oki et al. 2021). Raptor-

deficient AML stem cells showed a defective leukemia-initiating capacity, indicating the 

importance of Raptor/mTORC1 for homing and engraftment (Hoshii et al. 2012; Oki et 

al. 2021). Although to my knowledge nothing comparable is described in ALL, this 

suggests Raptor-depleted cells to have a disadvantage for leukemia initiation at least 

in AML samples and a disadvantage in in vivo proliferation.  

All three targets can be associated with either leukemia initiation or proliferation in vivo, 

reinforcing our results.  

To strengthen the in vivo-only targets of the ALL265 screen the dropouts of SS18 and 

ARID1A need to be mentioned. Both are subunits of the above-described SWI/SNF 

complex (Andrades et al. 2023; Middeljans et al. 2012).  

The importance of in vivo screening is highlighted by the comparison of in vivo and in 

vitro data. The three in vivo-only dropouts, identified in both samples of different types 

of AL, suggest an in vivo dependency in both of them. 
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5.3 Comparison of the target genes to the DepMap database reinforced 

the importance of in vivo screens 

The established in vivo CRISPR/Cas9 screening pipeline allowed screening of seven 

PDX samples, five of them ALL, and two AML samples. The screens resulted in 24 

depleted targets in at least two samples (see Table 25). Nineteen of the 24 targets are 

also described as a dependency in at least one acute leukemias cell line in the DepMap 

database (Dempster et al. 2019; 2021; ‘DepMap 22Q2 Public’ 2022; Meyers et al. 

2017a; Pacini et al. 2021). The following five genes have no assigned dependency: 

CXCR4, ARID1A, BRCA1, BRD2, and SS18. ARID1A and SS18 are subunits of the 

epigenetic remodeling complex SWI/SNF (Middeljans et al. 2012). BRCA1 is a tumor 

suppressor gene commonly mutated in breast and ovarian cancer. It interacts with 

BRG1 (SMARCA4), a subunit of the SWI/SNF complex (Bochar et al. 2000). 

Supporting the possible in vivo dependency of the SWI/SNF complex as discussed in 

chapter 5.2. Besides those epigenetic modulators, BRD2 a member of the BET 

(bromodomains and extra terminal domain) family showed no dependency in AL cell 

lines in the DepMap database (Doroshow, Eder, and LoRusso 2017). BRD2 exhibits 

various mechanisms of action, such as transcriptional regulation and control of the cell 

cycle. There is evidence that BRDs promote aberrant gene expression in leukemia and 

additionally, a reduction of leukemic cells can be achieved by treatment with BET 

inhibitors (Lucas and Günther 2014; L. Zhang et al. 2021). The last target without a 

described AL dependency in the DepMap database is CXCR4. The importance of 

CXCR4 in vivo was already discussed in chapter 5.2. 

A possible explanation is the experimental setup of the DepMap CRISPR/Cas9 

knockout screens. All screens were performed in vitro, using several cancer cell lines. 

In vitro cell line screens lack a suitable microenvironment and cannot identify genes 

important for engraftment, homing, niche interaction, or in vivo growth. Four of the five 

above-mentioned genes were already described in chapter 5.2. as in vivo-only 

depleted genes in the ALL265 sample screen.  

The discussed data in this chapter and chapter 5.2.highlights the importance of in vivo 

screens. Relying solely on in vitro screens could result in missing out on several 

potential targets. 
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5.4 CRISPR/Cas9 screens identified well-described targets and 

revealed an epigenetic dependency in all seven samples 

Besides demonstrating the general importance of in vivo screens we were able to 

reproduce several targets, earlier described as dropouts in other CRISPR/Cas9 

knockout screens. BCL2, SMARCB1, and DOT1L were identified in a whole genome 

in vitro screen in AML cell lines (Tzelepis et al. 2015; 2016). BCL2, as well as DOTL1, 

are well-described leukemia-important genes. The expression of BCL2, an 

antiapoptotic factor, is important for the survival of AML cells (Waclawiczek et al. 2023). 

The H3K79 methyltransferase DOT1L participates in key processes like gene 

expression, DNA repair, and cell cycle progression and is involved in the development 

of KTM2A-rearranged leukemia (McLean, Karemaker, and van Leeuwen 2014). The 

role of SMARCB1 in leukemia is described in chapter 5.2.  

Additionally, several in vivo screens describe targets identified by our screens. The 

receptor CXCR4 was earlier described as a dropout in an in vivo AML screen 

(Ramakrishnan et al. 2020). The importance of CXCR4 in AL is described in chapter 

5.2. KRAS was recently identified as an in vivo dropout in five AML PDX samples by 

our group (Ghalandary et al. 2023). KRAS is one of the most frequently mutated genes 

in human cancers, including AML (T. Wang et al. 2017). Additionally an in vivo 

CRISPR/Cas9 screen-induced knockout of BCL2 in treatment-resistant ALL PDX 

samples was shown to sensitize them toward treatment (Wirth et al. 2022). 

The described leukemia importance of these targets and their identification in several 

other performed CRISPR/Cas9 knockout screens reinforce our identified dropouts.  

In addition to comparing our targets to existing literature, we performed a pathway 

analysis of them. The pathways associated with at least two genes from the 24 targets 

are depicted in Table 26. The epigenetic pathways have the most associated genes, 

with 9 out of 24 (ARID1A, BRD2, BRD4, DNMT1, DOT1L, EZH2, HDAC3, SMARCB1 

and SS18). The process of epigenetics allows cells with the identical genome to 

express specific subsets of genes based on their function and development stage, and 

failure in implementing this process can lead to abnormal gene expression and 

potentially cancerous outcomes (Sarkies and Sale 2012). This has been shown in 

different types of leukemia. Epigenetic dysfunction is a hallmark of AML and also in 

ALL epigenetic dysregulations in DNA methylation, histone modifications and 

regulation of non-coding RNA have been shown to play a role in leukemia progression 

(Drożak, Bryliński, and Zawitkowska 2022; Fennell, Bell, and Dawson 2019). 

Treatments of epigenetic targets are now considered novel and effective treatment 
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options, aiming at a reduction of abnormal epigenetic modifications in patient cells (Liu 

et al. 2020).  

The number of epigenetic-associated dropouts in our screen reinforces the importance 

of epigenetic pathways for leukemic cells in vivo. The nine epigenetic-related genes 

include three genes described as subunits of the SWI/SNF complex (ARID1A, 

SMARCB1, and SS18). Besides subunits of the SWI/SNF complex, BRD2 and BRD4, 

belonging to the BET family were depleted in most screens. The BET family is 

described by BRD2, BRD3, BRD4, and the testis-specific BRDT. BRD4 was identified 

to be important for leukemia maintenance in AML (Zuber et al. 2011). BRD4 is widely 

expressed and was identified as an important functional protein and therefore became 

one of the most examined epigenetic targets (Feng et al. 2022). In preclinical studies, 

BRD4 inhibitors have shown effectiveness against AML and ALL cells. However, in 

clinical trials, single treatment resulted in limited response and dose-limiting toxicity. 

Combination with other targeted therapies or classical chemotherapy may show more 

promise (L. Zhang et al. 2021). Besides the limited response to monotherapy, 

resistance acquisition is another constraint (Fong et al. 2015).  

Although epigenetic targeted therapies are now the new wave of treatment options for 

AL, they show the same tendency of problems as drugs approved in the first wave of 

targeted therapies. Patients develop resistance to target therapies, and monotherapies 

are mainly not effective enough. Perhaps the issue lies not with the drug's efficiency, 

but with treating the wrong patients. A precise tool for patient-specific treatment 

prediction might reduce the need for combinatorial treatment, higher doses, and even 

the development of resistance to the targeted therapy. 

 

5.5 Potential biomarkers identified by the in vivo CRISPR/Cas9 screen 

Our in vivo CRISPR/Cas9 knockout screens identified 24 genes with dropout in at least 

two PDX samples. The generated dropouts were considered as biomarkers for drug 

choice. For example, a sample with a BCL2 dropout was expected to be sensitive to 

Venetoclax, a BCL2 inhibitor.  

For the final proof of our hypothesis, we aim to validate the targets with an associated 

direct drug. Among the 146 target genes in our library, 109 can be directly targeted by 

drugs, while the remaining genes can only be targeted by indirect drugs. An example 

of an indirect drug-target pair is SMARCB1, a subunit of the SWI/SNF complex. The 

assigned drug for targeting this gene is an EZH2 inhibitor. EZH2 is the catalytic subunit 

of the Polycomb repressor complex 2 (PRC2) and is antagonized by the SWI/SNF 
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complex (Wilson et al. 2010). Due to our interest in studying the direct effect of a drug 

on a specific target, we have excluded such dropouts from the study. In addition to the 

indirect drugs mentioned, our dropouts are also assigned to various unspecified drugs. 

HDAC inhibitors are an example of an unspecific inhibition since most inhibitors are 

pan HDAC inhibitors, like Valproic acid and Vorinostat (Suraweera, O’Byrne, and 

Richard 2018). Nevertheless, several inhibitors with a described specific function exist. 

For example, RGFP966 targets HDAC3 without inhibiting other HDACs with a dose 

below 15 µM (Beyer et al. 2019).  

For the final drug treatment experiment, we identified the following target genes: BCL2, 

MCL1, XPO1, NEDD8, and HDAC3. Resulting in drug treatments using: (i) Venetoclax 

as a BCL2 inhibitor, (ii) S63845 for targeting MCL1, (iii) XPO1 inhibition by Eltanexor, 

(iv) targeting of NEDD8 by Pevonedistat and RGFP966 as an inhibitor of HDAC3. 

Venetoclax is an FDA-approved inhibitor for treating AML patients (Guerra, DiNardo 

and Konopleva, 2019; Griffioen et al., 2022). The MCL1 inhibitor S63845 showed 

activity in in vitro and in vivo studies of diverse hematological diseases (Kotschy et al., 

2016; Carlet et al., 2021). Eltanexor is currently in Phase II clinical trials for AML 

treatment (NCT02649790). RGFP966 showed activity in vivo and in vitro in treating 

AML cells (Long et al., 2017; Beyer et al., 2019). Pevonedistat was tested in clinical 

trials as a combinatorial treatment with Azacytidine for AML patients (NCT03268954). 

Based on the CRISPR/Cas9 screens, we anticipate that all seven samples will be 

reliant on XPO1 and therefore show some impact upon Eltanexor treatment. 

Additionally, we expect that all samples, with the exception of ALL1034, will exhibit a 

reduction in leukemic cell growth in vivo due to HDAC3 inhibitor treatment. Venetoclax 

treatment is believed to affect ALL50, ALL199, ALL265, and ALL502 in vivo cell growth. 

Similarly, the NEDD8 inhibitor should result in an effect on ALL50, ALL199, ALL265, 

and ALL1034. Finally, the MCL1 inhibitor is expected to reduce in vivo growth for 

ALL50, ALL199, and AML356 samples but will not affect the remaining four samples. 

In summary, we could predict patient-individual drug treatments in all screened 

samples. The accordance of those predictions will be validated by in vivo drug tests of 

the gene-associated drugs.  
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5.6 Conclusion and outlook 

Our functional, precision medicine tool identified 24 dependencies in the seven 

screened AL PDX samples. Out of those 24 dependencies, we defined patient-specific 

drugs for each PDX sample. In conclusion, we generated biomarkers that can be used 

for further treatment decisions. 

Our next step is to validate these results through in vivo drug treatments using patient-

individual drugs. Furthermore, we intend to molecularly validate our dropouts by single 

knockout experiments of the target genes. This has proven to be a useful tool for 

enhancing in vivo screening data obtained from AML and ALL PDX samples (Bahrami 

et al. 2023; Ghalandary et al. 2023). 

Additionally, the 24 obtained target genes suggest a shared importance in AML and 

ALL samples and it is conceivable to use those genes for further screens in more AL 

PDX samples. The small number of genes would allow screening in more samples 

since the library size would not exceed 150 sgRNAs including all needed controls. 

Even screening of primary cells could be an option with this small library. The hurdle 

of Cas9 transduction could be circumvented by using Guide Swap (Ting et al. 2018). 

Guide Swap just requires the transduction of the sgRNA library construct followed by 

an electroporation of the Cas9 protein bound to a non-targeting crRNA that will be 

swapped by a targeting sgRNAs.  

Concluding, the present study showed the potential of a CRISPR/Cas9 knockout 

screen as a functional tool for the precise prediction of drugs by using an in vivo model 

of ALs.  
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