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Abstract 
 

The interaction of leukemic cells with their surrounding bone marrow (BM) microenvironment 

is crucial for leukemia formation and maintenance. Especially dormant leukemia stem cells 

(LSCs) reside in this protective niche, allowing them to evade chemotherapy. As LSCs are 

main drivers of relapse development in leukemia patients, it is of high clinical relevance to 

efficiently eradicate them. We aimed at identifying surface molecules which can be targeted to 

disrupt the interaction between leukemic cells and the BM microenvironment, thereby releasing 

leukemia cells from their niche and re-sensitizing them towards chemotherapeutic agents. 

We employed our recently established pipeline for functional in vivo CRISPR/Cas9 knockout 

(KO) screens to test a customized surface molecule library comprising candidates from the 

lab’s own previous proteome and secretome analysis of LSC-resembling cells, complemented 

with candidates from the literature. While performing screens in two B-ALL patient-derived 

xenograft (PDX) models, we discovered both commonly depleted genes, including the positive 

controls CXCR4 and ITGB1, but also PDX model specific dropouts. We selected ADAM10 as 

our candidate gene because it was depleted in both tested PDX models and showed increased 

expression in primary leukemia cells from patients of diverse subgroups of acute leukemias, 

which correlated with poorer overall survival in these patients. 

We confirmed ADAM10 as a broad vulnerability in numerous ALL and AML PDX models in 

vivo, independently from underlying driver mutations and genetic alterations. In contrast, in 

vitro most PDX models were insensitive to loss of ADAM10. We could confirm the specificity 

of the observed phenotype of the KO through in vivo reconstitution assays, which further 

elucidated ADAM10’s catalytically active metalloproteinase domain to be mainly responsible 

for its role in leukemic cells. Multi-omics analysis revealed that ADAM10 KO affected diverse 

biological processes, such as cell cycle, cell death, metabolism including OXPHOS as well as 

membrane and adhesion associated processes. Proof-of-concept experiments functionally 

confirmed the effect on the first two pathways. Additional functional characterization of PDX 

cells subjected to chemical inhibition or genetic KO of ADAM10 found the early engraftment 

and homing capacity, the frequency of leukemia-initiating cells and the CFU potential to be 

diminished upon ADAM10 reduction or loss, respectively. Moreover, performing in vivo and in 

vitro chemotherapy trials in ALL and AML PDX models, using a mixture of PDX cells with and 

without ADAM10 KO competitively growing within the same mouse, we showed that loss of 

ADAM10 sensitized the cells towards routinely used chemotherapeutic agents. 

In summary, we propose ADAM10 as a potential novel target for the treatment of leukemia 

patients in the future. 
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Die Interaktion leukämischer Zellen mit ihrer Mikroumgebung im Knochenmark ist essenziell 

für die Entstehung und das Fortbestehen von Leukämie. Vor allem ruhende 

Leukämiestammzellen (LSCs) halten sich in dieser schützenden Nische auf und können so 

der Chemotherapie entgehen. Da LSCs hauptursächlich für die Entstehung von Rückfällen bei 

Leukämiepatienten sind, ist es von großer klinischer Bedeutung, diese effizient zu beseitigen. 

Unser Ziel war die Identifizierung von Oberflächenmolekülen mit dem Potenzial, die Interaktion 

zwischen leukämischen Zellen und der Mikroumgebung im Knochenmark zu stören, sie 

dadurch aus ihrer Nische zu lösen und sie gegenüber Chemotherapeutika zu re-

sensibilisieren. 

Hierfür setzten wir unseren kürzlich etablierten Arbeitsablauf für funktionelle in vivo 

CRISPR/Cas9-KO-Screens ein und verwendeten eine maßgeschneiderte 

Oberflächenmolekül-Bibliothek, die Kandidaten aus vorangegangenen Proteom- und 

Sekretomanalysen unseres Labors von LSC-ähnlichen Zellen sowie ergänzend Kandidaten 

aus der Literatur umfasste. Während der Durchführung von Screens in zwei 

Xenotransplantationsmodellen (PDX), die von Patienten mit B-Zell akuter lymphatischer 

Leukämie stammten, entdeckten wir allgemeine Dropouts, darunter die Positivkontrollen 

CXCR4 und ITGB1, aber auch PDX-Modell spezifische Dropouts. Wir untersuchten ADAM10 

im Detail, da es in beiden getesteten PDX-Modellen reduziert war. Darüber hinaus war 

ADAM10s mRNA-Spiegel in primären Leukämiezellen von Patienten verschiedener 

Untergruppen akuter Leukämien erhöht, was mit einer geringeren 

Überlebenswahrscheinlichkeit dieser Patienten korrelierte. 

Wir konnten bestätigen, dass ADAM10 in zahlreichen ALL- und AML-PDX-Modellen 

unabhängig von zugrundeliegenden Treibermutationen und genetischen Veränderungen in 

vivo eine genetische Schwachstelle darstellt, im Gegensatz zu einer Unempfindlichkeit der 

meisten ALL-PDX-Modelle in vitro. Die Spezifität des beobachteten Phänotyps des KOs 

bestätigten wir durch in vivo Rekonstitutionsversuche, die darüber hinaus aufdeckten, dass 

die katalytisch aktive Metalloproteinase-Domäne von ADAM10 hauptverantwortlich für dessen 

Rolle in den leukämischen Zellen ist. Multi-omics-Analysen ergaben, dass durch den ADAM10 

KO verschiedene biologische Prozesse wie Zellzyklus, Zelltod, Stoffwechsel inklusive 

OXPHOS sowie membran- und adhäsionsassoziierte Prozesse betroffen sind, wobei die 

ersten beiden durch weitere Experimente funktionell bestätigt werden konnten. Zusätzliche 

funktionelle Charakterisierungen nach chemischer Inhibition oder genetischem ADAM10 KO 

in PDX-Zellen ergab, dass die Fähigkeit zum erfolgreichen Anwachsen und Finden der Nische, 

die Häufigkeit von Leukämie-initiierenden Zellen sowie das CFU-Potenzial nach einer 
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ADAM10-Reduktion bzw. einem ADAM10-Verlust vermindert sind. Darüber hinaus konnten 

wir in in vivo- und in vitro-Studien in Kombination mit der Gabe von Chemotherapeutika in ALL- 

und AML-PDX-Modellen, in welchen wir eine Mischung aus PDX-Zellen mit und ohne ADAM10 

KO verwendeten und diese kompetitiv in derselben Maus wachsen ließen, feststellen, dass 

der Verlust von ADAM10 die Zellen gegenüber routinemäßig eingesetzten Chemotherapeutika 

sensibilisiert. 

Zusammenfassend schlagen wir ADAM10 als mögliches neues Therapieziel für die zukünftige 

Behandlung von Leukämiepatienten vor. 
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1 Introduction 
 

1.1. Acute leukemias 
 

Leukemias are hematologic malignancies occurring in children and adults initiated by 

malignant transformation of cells of the hematopoietic system (Figure 1). In general, leukemias 

can be divided into acute and chronic depending on the growth kinetics and into lymphoblastic 

or myeloid based on the lineage of origin. In acute leukemias (AL), myeloid or lymphoid 

progenitor cells are blocked in their differentiation, followed by excessive proliferation, leading 

to the accumulation of leukemic blasts in the bone marrow (BM), the peripheral blood as well 

as in extramedullary sites. This eventually results in the disruption of healthy hematopoiesis 

and BM failure (De Kouchkovsky & Abdul-Hay, 2016; Terwilliger & Abdul-Hay, 2017). Typical 

symptoms of acute leukemias are rather unspecific, including pale skin, weight loss, fever, 

fatigue, shortness of breath, more frequent infections and bruises and bleeding (De 

Kouchkovsky & Abdul-Hay, 2016; Khwaja et al., 2016; Terwilliger & Abdul-Hay, 2017). 

Diagnosis of ALL and AML relies on the detection of more than 20% leukemic blasts of the 

respective lineage in the BM (Arber et al., 2016; Brown et al., 2020). 
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Figure 1: Scheme of the origin of acute leukemias. Following a malignant transformation of myeloid 
or lymphoblastic progenitor cells, healthy blood cell differentiation is blocked, leading to proliferation and 
subsequent accumulation of leukemic blast cells. 
 

 

1.1.1 Acute lymphoblastic leukemia: 
 

Acute lymphoblastic leukemia (ALL) is a disease found in both children and adults. The 

incidence is the highest in small children below the age of five, drops throughout childhood, 

reaching the lowest incidence between 25 and 45, before rising slowly in individuals above the 

age of 50 (Malard & Mohty, 2020). The American Cancer Society’s estimate for 2023 are 6.540 

new ALL cases and 1.390 deaths in the US, which are responsible for roughly 0.3% of all 

predicted cancer cases and 0.2% of all cancer-related deaths, respectively. Of note, it is the 

single most common type of cancer in children below 15 years of age (Siegel et al., 2023). 

Treatment of ALL patients has drastically improved in the last decades reaching a five-year 

overall survival of 90% in children (Pulte et al., 2009). Nevertheless, while 60% of patients are 

younger than 20 years, four out of five deaths occur in adults. From the patients above 50 only 

one fourth survives for more than five years post diagnosis, underlining the need for further 

therapy improvements (Malard & Mohty, 2020; Pulte et al., 2014). 
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1.1.1.1 Classification, risk stratification and treatment 
 

ALL is classified by cytogenetic analysis identifying existent chromosomal aberrations and 

immunophenotyping using surface markers. It can be generally divided into B-lymphoblastic 

leukemia (B-ALL) with and without recurrent genetic abnormalities and T-lymphoblastic 

leukemia (T-ALL) with three out of four cases being B-ALL (Terwilliger & Abdul-Hay, 2017). 

Recurrent genetic abnormalities are aneuploidy and chromosomal rearrangements. High 

hyperdiploidy is most frequent in pediatric B-ALL. These can lead to the activation of 

oncogenes or induce the formation and expression of fusion transcripts. Based on these 

genetic alterations, patients are stratified into different risk groups and treated accordingly. 

While Philadelphia chromosome-positive (Ph-pos), Ph-like, MLL or MEF2D rearrangements 

and hypodiploid B-ALLs are associated with poor outcomes, patients with the TCF3-PBX1 or 

EVT6-RUNX1 fusion, deregulated ERG and DUX4 as well as hyperdiploid B-ALLs have 

favorable prognoses (Malard & Mohty, 2020; Roberts & Mullighan, 2015). Current treatment 

for ALL consists of four phases over a period of two to three years. During the initial induction 

phase a combination of glucocorticoids such as prednisolone, prednisone or dexamethasone, 

anthracyclines such as dauno- and doxorubicin, anti-mitotic agents such as the vinca alkaloid 

vincristine (VCR), enzymes such as L-asparaginase, purine analogues such as 6-

mercaptopurine, antifolates such as methotrexate or alkylating agents such as 

cyclophosphamide (Cyclo) are used in order to eradicate ALL cells as rapidly and efficiently 

as possible (Bukowski et al., 2020; Malard & Mohty, 2020). During the consolidation phase the 

pyrimidine antagonists cytarabine (AraC) together with VCR, methotrexate, asparaginase, 

glucocorticoids and mercaptopurines are utilized to eliminate remaining leukemia cells, 

followed by the intensification phase, in which a similar regimen as during the induction phase 

is used. Maintenance is the last phase of routine treatment, during which methotrexate and 

mercaptopurine is either given alone or in combination with glucocorticoids and AraC to 

prevent disease relapse (Brown et al., 2020; Bukowski et al., 2020; Malard & Mohty, 2020). 

 

1.1.2 Acute myeloid leukemia: 
 

Unlike ALL, AML is predominantly found in the elderly with 68 being the average age of initial 

diagnosis. Out of the 59.610 new leukemia cases and 23.710 deaths from leukemia as 

estimated by the American Cancer Society, AML accounts for one third of the cases (20.380) 

and half of the deaths (11.310) (Siegel et al., 2023). Although survival rates have drastically 

improved over the last decades, five-year overall survival rates remain low at 28% in patients 

above 20 years of age compared to 69% for patients below the age of 20, clearly indicating 
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the necessity to enhance available treatment options and therefore improve patient survival 

(Siegel et al., 2023). 

 

1.1.2.1 Classification, risk stratification and treatment 
 

Classification and risk assessment of AML is based on immunophenotyping and cytogenetics 

evaluating the present genetic alterations. While mutations of CEBPA and NPM1 (without 

FLT3-ITD) and the fusions RUNX1::RUNX1T1 and CBFB::MYH11 are considered favorable, 

FLT3-ITD with or without NPM1 mutation and MLLT3::KMT2A fusion belong to the 

intermediate risk group. In contrast, AML with the fusions DEK::NUP214, BCR::ABL1, 

KAT6A::CREBBP, MLL or MECOM(EVI1) re-arrangements, complex karyotypes or mutations 

in ASXL1, EZH2, RUNX1, BCOR, STAG2, SF3B1, U2AF1, SRSF2 or TP53 belong to the 

adverse risk group (De Kouchkovsky & Abdul-Hay, 2016; Döhner et al., 2022; Khwaja et al., 

2016). Although AML patients can be stratified to different risk groups, the routine treatment 

has been constant over decades. During induction therapy the so-called ‘7 + 3’ regimen is 

applied, combining the administration of AraC for seven days with anthracyclines such as 

daunorubicin or idarubicin for three days (Döhner et al., 2022). While anthracyclines inhibit 

topoisomerase II and therefore DNA synthesis, AraC is a cytosine analogue inhibiting both 

DNA and RNA synthesis resulting in cell cycle arrest and apoptosis in the highly proliferating 

AML cells (Galmarini et al., 2001; Hortobagyi, 1997). This induction period is followed by 

consolidation treatment with an intermediate dose of AraC, leading to a complete remission 

(CR) in more than 80% of the patients in favorable, 50-70% in intermediate and below 50% in 

adverse prognostic risk groups. CR is defined by the presence of less than 5% leukemic blast 

cells in the BM (Döhner et al., 2022; Estey, 2016). Low toxicity maintenance therapy is not 

generally required, but can be employed in order to reduce the risk of disease relapse. Lately, 

more individualized therapies have entered clinical trials and some of them have been 

approved by the FDA. For patients suffering from AML with FLT3 mutation, midostaurin is 

routinely included into the induction therapy (Döhner et al., 2022). Further agents, such as the 

antibody drug conjugate (ADC) gemtuzumab ozogamicin, the hypomethylating agents 

decitabine and azacytidine, the BCL2 inhibitor venetoclax or the IDH inhibitor ivosidenib, have 

been tested in clinical trials and are now implemented in routine therapy to enable the 

treatment of patients not eligible for intensive therapy (Baron & Wang, 2018; Castaigne et al., 

2012; De Kouchkovsky & Abdul-Hay, 2016; DiNardo et al., 2018; Döhner et al., 2022; Estey, 

2020; Stone et al., 2017; Wang et al., 2015; Wei et al., 2018). Still, most AML patients in the 

adverse risk group eventually relapse, while only 35-40% of the favorable risk group 

experiences relapses. As treatment options in relapsed patients are very limited, allogeneic 

hematopoietic stem cell transplantation (HSCT) can be performed to achieve long-term 
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remission and survival, in case a fitting donor is available (De Kouchkovsky & Abdul-Hay, 

2016; Döhner et al., 2022). 

 

In summary, although treatment of AL patients has improved drastically during the last 

decades, still new therapies are urgently needed to especially address patients with AMLs in 

adverse risk groups or with relapsed disease (Döhner et al., 2022; Malard & Mohty, 2020). 

There is increasing evidence that the currently used approach to classify patients, which 

depends on cytogenetics, cell morphology, immunophenotyping and genetics of recurrent 

mutations, is not sufficient to find the optimal treatment strategy for each individual patient 

(Arber et al., 2016; Döhner et al., 2022; Khoury et al., 2022). 
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1.2. Patient-Derived Xenograft mouse models of acute leukemias 
 

1.2.1 PDX and other available models to study acute leukemias 
 

It is crucial for model systems of AL to resemble the characteristics of the patient’s disease as 

closely as possible including potential heterogeneity to enable prediction of clinical outcomes 

from pre-clinical studies. Classically, primary patient material, mouse models and leukemic cell 

lines are utilized. Each of these systems harbors distinct benefits and constraints. 

The patient’s disease is certainly best represented by primary patient material. The analysis of 

large patient cohorts with state-of-the-art multi-omics approaches has provided a plethora of 

invaluable insights into leukemogenesis as well as mechanisms of relapse development and 

potential treatment options (Downing et al., 2012; Jayavelu et al., 2022; Ma et al., 2018; 

Mullighan et al., 2008; van Galen et al., 2019; Waanders et al., 2020). Still, studies with primary 

patient material are mainly limited to descriptive approaches. Functional studies are severely 

hampered by the limited availability of primary material, in addition to the difficulty to cultivate, 

amplify or genetically engineer primary material in vitro. 

In stark contrast, the use of leukemic cell lines offers sheer limitless possibilities respecting 

genetic modification, in vitro cultivation or availability of sufficient cell material. Nevertheless, 

cell lines hardly reflect the patient’s disease with regard to tumor heterogeneity or mutational 

background, with heterogeneity being lost and non-physiological mutations being frequently 

acquired (Ben-David et al., 2019; Ben-David et al., 2018; Liu et al., 2019; Pan et al., 2009). 

Therefore, while facilitating functional investigations, leukemic cell lines do not sufficiently 

mimic the patient’s disease, restricting the predictive value of these studies for drug testing or 

the establishment of new treatment strategies (Gillet et al., 2011; Hidalgo et al., 2014; Holohan 

et al., 2013). 

Patient-derived xenografts (PDX) represent a highly suitable compromise between primary 

patient material and cell lines. Here, primary patient-derived material is engrafted into 

immunocompromised mice. PDX models closely mimic the mutational landscape and 

heterogeneity of the patient’s disease, while enabling amplification of PDX cells via serial re-

transplantation and allowing both functional studies as well as approaches involving genetic 

engineering (Hidalgo et al., 2014; Kamel-Reid et al., 1991; Kamel-Reid et al., 1989; Townsend 

et al., 2016; Vick et al., 2015). 

 

1.2.2. Development, characteristics and applications of PDX models 
 

The first acute leukemia PDX model, in this case an ALL model, was successfully generated 

in the late 1980s using severe combined immunodeficiency (SCID) mice lacking functional B- 
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and T-lymphocytes (Bosma et al., 1983; Kamel-Reid et al., 1989). Since then, several different 

mouse models have been developed with even further reduced immune systems to increase 

leukemia engraftment rates. SCID mice were bred with non-obese diabetic (NOD) mice 

harboring impairment of macrophages, dendritic cells, natural killer (NK) cells and the 

complement system (Kikutani & Makino, 1992). Today the most commonly used recipient 

mouse strain for PDX models of leukemia is the NOD / SCID Interleukin-2 receptor γ chain 

mutated (NSG, NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) strain, which is additionally devoid of cytokine 

signaling (McDermott et al., 2010; Shultz et al., 2005; Shultz et al., 1995). NSG mice allow 

comparatively high rates of initial engraftment and improve engraftment rates of serial re-

transplantations (Townsend et al., 2016; Vick et al., 2015). 

New PDX models are established by transplanting primary patient material, either peripheral 

blood (pB) samples or BM aspirates, into NSG mice via intravenous (i.v.) injection. The 

leukemic cells home to the BM during the early engraftment phase. Upon successful 

engraftment, the cells proliferate within their orthotopic niche, mirroring the patient’s disease. 

At advanced stages of leukemia, cells disseminate from the completely filled BM into the pB 

and infiltrate other organs, such as spleen, liver or lung (Ebinger et al., 2016; Townsend et al., 

2016; Vick et al., 2015; Woiterski et al., 2013). At this timepoint, animals start to display clinical 

symptoms of leukemia including apathy, rough fur, hunched back or weight loss. Upon any of 

these signs, animals are sacrificed and the PDX cells retrieved from BM and spleen, if possible 

(Kamel-Reid et al., 1991; Kamel-Reid et al., 1989; Townsend et al., 2016; Vick et al., 2015). 

Freshly isolated PDX cells can be re-transplanted both for passaging and for various in vivo 

experiments. 

Main limitations of the PDX model are: (1) not all primary samples engraft in mice with a bias 

towards relapsed and highly aggressive samples, (2) the presence of low-level background 

skewing of the clonal structure and (3) the compromised immune system of the recipient NSG 

mice (Clappier et al., 2011; Townsend et al., 2016). Nevertheless, PDX mouse models 

represent the current gold standard for modelling and functional analysis of acute leukemias 

with several groups and studies successfully demonstrating that AL PDX cells mimic the 

patient’s disease to a high degree. Genomic, epigenetic and transcriptomic profiles along with 

the main clonal structure of PDX cells correspond closely to the related primary patient material 

(Borgmann et al., 2000; Cassidy et al., 2015; Townsend et al., 2016; Vick et al., 2015; Woiterski 

et al., 2013; Wong et al., 2014). Thus, AL PDX cells can be utilized for studies on leukemia 

stem cells, the interaction between leukemic cells and the BM niche or for testing of new drugs 

or drug combinations in a clinically relevant setting (Ebinger et al., 2016; Habringer et al., 2018; 

Hope et al., 2003; Patel et al., 2014; Townsend et al., 2016; Zong et al., 2016). 
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1.2.3 Genetically engineered PDX models 
 

PDX models of acute leukemias harbor several benefits compared to primary patient’s 

material. Most strikingly, the feasibility to genetically engineer PDX (GEPDX) models using 

lentiviral transduction allows the stable integration of transgenes. Figure 2 gives an overview 

of the typical pipeline for generating GEPDX models. In general, stable expression of 

fluorescent proteins and molecular tags enables enrichment of PDX cells via Fluorescence-

activated Cell Sorting (FACS) and magnetic activated cell sorting (MACS) or the distinction of 

different PDX populations within the same animal. Furthermore, the introduction of 

recombinant luciferases, such as the Gaussia luciferase (GLuc) or the enhanced firefly 

luciferase (eFFly), permit highly sensitive bioluminescence in vivo imaging of the PDX cells 

inside living animals (Barrett et al., 2011; Bomken et al., 2013; Terziyska et al., 2012; Vick et 

al., 2015). This, facilitates monitoring of the leukemic burden especially at early timepoints 

after injection, when only a low number of PDX cells is present, which cannot be detected in 

peripheral blood (Ebinger et al., 2016; Ebinger et al., 2020; Terziyska et al., 2012; Vick et al., 

2015). In addition, manipulation of the expression levels of endogenous genes is feasible using 

for example overexpression or knockdown approaches, both in a constitutive and inducible 

fashion (Carlet et al., 2021; Liu et al., 2020). For this project, particularly the option to knock 

out genes via CRISPR/Cas9 in the PDX model was essential. This allowed us to perform 

functional CRISPR KO screens in patient-derived cells in vivo (Bahrami et al., 2023; 

Ghalandary et al., 2023). Hence, we were able to investigate the vulnerabilities of the patient’s 

individual tumor cells within their corresponding microenvironment in the BM niche. 

 

 
Figure 2: Overview of the GEPDX model. Primary patient’s material is transplanted into NSG mice. 
Upon engraftment, PDX cells can be amplified, directly used for in vivo or in vitro experiments or 
genetically engineered via lentiviral transduction. Fluorochromes and molecular tags allow enrichment 
of transgene-positive PDX cells via FACS and MACS. GEPDX can be amplified, used for experiments 
or further genetically engineered. 
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1.3. CRISPR Cas9 enables functional dropout screens in the PDX model 
 

1.3.1. Personalized medicine benefits from functional assays for improved 
understanding of disease biology 
 

Conventional chemotherapy mainly targets proliferating cells in an unspecific fashion. Based 

on the underlying driver mutations and genetic alteration of the individual disease, interpatient 

response rates therefore vary considerably. Precision medicine aims at elucidating each 

patient’s ideal treatment strategy, which is of high interest in the cancer field including acute 

leukemia (Burd et al., 2020; Dohner et al., 2021; Ho et al., 2020; Hunger & Mullighan, 2015; 

Kansal, 2016; Kirtonia et al., 2020; Malani et al., 2022; Pui, 2020; Tsimberidou et al., 2020). 

Improvements in sequencing technologies combined with ever decreasing costs have resulted 

in their broad application in cancer research and the development of diverse new techniques 

over the last years. Combined with other state-of-the-art technologies such as proteomics, 

these multi-omics approaches have significantly increased our understanding of disease 

biology. However, the vast majority of these studies is of mainly descriptive nature. Here, we 

aimed to acquire functional data on individual patient’s tumor vulnerabilities. 

 

1.3.2. Discovery of CRISPR/Cas systems revolutionized genetic 
engineering 
 

Only three years ago, in 2020, Emmanuelle Charpentier and Jennifer Doudna received the 

nobel prize in chemistry for the discovery of the clustered regularly interspaced short 

palindromic repeats (CRISPR) / CRISPR-associated 9 (Cas9) system. In the short time since 

its introduction, CRISPR/Cas9 has revolutionized genetic engineering in medical, 

biotechnological as well as basic research. Due to its high specificity, broad applicability, ease 

of use and comparatively low costs, the CRISPR/Cas9 system rendered genome engineering 

feasible for almost any research laboratory around the world (Doudna & Charpentier, 2014; 

Moore, 2015). Since then, the Cas9 enzyme has been further modified to allow not only the 

cutting of DNA, but also the activation or repression of certain genes or genomics regions using 

a so-called ‘dead’ version of Cas9 fused to different activator or repressor proteins, 

respectively. Additionally, Cas proteins derived from different organisms have been utilized 

due to certain benefits, such as the enzyme size, the used protospacer adjacent motif (PAM) 

sequence, the produced cut or their preferential activity on DNA or RNA (Liu et al., 2022; 

Pickar-Oliver & Gersbach, 2019). 
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1.3.3. CRISPR/Cas9’s mode of action 
 

CRISPR/Cas9 derived from Streptococcus pyogenes is the most frequently used system. 

Here, the Cas9 acts as nuclease, producing blunt double-strand breaks (DSBs) in the DNA 

(Figure 3). The Cas9 enzyme is directed to the cleavage site by single guide RNAs (sgRNA), 

which are complementary to the targeted region of interest, thereby providing site-specificity. 

Cellular DNA damage repair mechanisms are activated by the introduced double-strand 

breaks. This repair can either occur via homology directed repair (HDR) if a compatible 

template is provided, or by the highly error-prone non-homologous end joining (NHEJ). NHEJ 

often results in the generation of small insertions and deletions (InDels). This can be exploited 

for the generation of gene knockouts. If DSBs are introduced into the coding region of the 

targeted protein, the formation of InDels frequently leads to frameshift mutations, resulting in 

premature stop codons and therefore truncated proteins or proteins with a complete loss-of-

function (Doudna & Charpentier, 2014). 

 

 
Figure 3: Scheme of CRISPR/Cas9’s mode of action. Specific sgRNAs direct Cas9 to the cleavage 
site. Introduced double-strand breaks are repaired either via error-prone NHEJ or through HDR using a 
provided donor template. 
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1.3.4. Establishment of a pipeline for functional CRISPR/Cas9 KO screens 
in patient-derived xenograft models in vivo 
 

In addition to the use of CRISPR/Cas9 for the generation of single gene knock-outs, the 

technique allows genetic screens with high-throughput. Functional in vitro CRISPR/Cas9 KO 

screens have been widely used in a plethora of studies in order to decipher essential and drug-

resistance conferring genes or cancer-specific susceptibilities in cancer cell lines (Shalem et 

al., 2014; Wang et al., 2016; Wang et al., 2014; Yin et al., 2019). For this approach, sgRNAs 

targeting different genes are pooled to form a library. Integration of the sgRNAs is conducted 

at a low multiplicity of infection (MOI) in order to warrant predominantly single integrations and 

therefore single gene knock-outs. As readout, the sgRNA sequence is amplified from the DNA 

and sequenced via next-generation sequencing (NGS) comparing the abundance of each 

individual sgRNA in the input and output samples (Doench, 2018). While sgRNAs targeting 

genes essential for the tested PDX sample are depleted in the output compared to the input, 

the frequency of sgRNAs targeting non-essential genes is unaltered. While most studies use 

genome-wide screening libraries in cells lines, in our lab we started to use customized sub-

libraries for the direct use in our patient-derived xenograft models, rendering the approach 

easier to translate to the clinical setting (Byrne et al., 2017; Guo et al., 2016; Hidalgo et al., 

2014). 

In order to enable functional CRISPR/Cas9 KO screens in the PDX model, several hurdles 

had to be overcome. Firstly, the introduction of Cas9 into the hard-to-transduce PDX cells is 

challenging due to its large size. Therefore, a former Postdoc in our lab, Martin Becker, 

developed a split-version of Cas9 combined with a split version of GFP (Figure 4A). While the 

Cas9 protein parts recombine via inteins, GFP re-assembles mediated by a leucine-zipper. 

This enabled us to reduce on the one side the plasmid size, while on the other side being able 

to track successful re-assembly of the two GFP parts by flow cytometry (Hu & Kerppola, 2003; 

Truong et al., 2015). Using lentiviral transduction of the two plasmids, each of which contains 

one part of Cas9 and GFP, PDX models stably expressing Cas9 were generated. A second 

technical challenge was the enrichment of sgRNA library-positive cells in a large scale for 

which enrichment via flow cytometry was not feasible. Ehsan Bahrami, also a former Postdoc 

in our lab and the person I collaborated with very closely for this project, generated a H-2Kk-

BFP fusion protein (Figure 4B). This allowed both measurement and enrichment of BFP and 

therefore library-positive cells via flow cytometry as well as enrichment of large cell numbers 

using positive MACS selection for the H-2Kk molecular tag. 
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Figure 4: Technical improvements enabled in vivo customized CRISPR KO screens. A Schematic 
representation of the two lentiviral plasmids used for stable integration of Cas9 into PDX models. Each 
plasmid is expressed via the spleen focus-forming virus (SFFV) promoter. In the upper plasmid a leucine 
zipper motif (L-Zip) fused to the N-terminal GFP part is connected via a Thosea asigna virus 2A peptide 
(T2A) to a Flag tag, enabling protein detection and the N-terminal part of Cas9 fused to the N-Intein. In 
the lower plasmid, the C-Intein fused to the C-terminal part of Cas9 is connected via a Porcine 
teschovirus-1 2A peptide (P2A) to another L-Zip fused to the C-terminal part of GFP. The L-Zip motifs 
are used for bimolecular fluorescence complementation (BIFC) of GFP, while the two parts of Cas9 are 
fused mediated by the Inteins. B Schematic representation of the lentiviral plasmid used for stable 
integration of the sgRNA library into PDX models. Expression of the individual sgRNAs comprised within 
the library plasmid pool is driven by the human type 3 RNA Pol III promoter H1. The human elongation 
factor-1 alpha (EF1α) promoter drives expression of the H-2Kk-mTagBFP fusion protein, which enables 
analysis via flow cytometry and enrichment via both MACS and FACS. Adapted from (Bahrami, Schmid 
et al., 2023). 
 

Based on previous experiments in the lab, performed by the former lab member Erbey 

Özdemir, which showed that roughly 1% of the transplanted cells engraft in the BM in the two 

ALL PDX models used for this project, we calculated the maximal feasible size of our 

customized sgRNA library. As the whole library should be represented within each individual 

animal and 107 is the highest number of cells which can be transplanted into a single mouse, 

we calculated a library size with ample safety margins. With 1% homing cells, five sgRNAs per 

gene and an average sgRNA coverage of at least 200 cells, we calculated 100 target genes 

to be included in our customized library. Moreover, both non-targeting sgRNAs as well as 

sgRNAs targeting known essential genes were included, serving as negative and positive 

controls, respectively. In conclusion, we were able to establish a pipeline for functional 

CRISPR/Cas9 KO screens using customized libraries in PDX models which highly resemble 

the individual patient’s disease in the in vivo setting, enabling orthotopic growth in their 

respective niche and thereby interaction with the BM microenvironment, rendering our 

approach highly clinically relevant. 
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1.4. The surface molecule ADAM10 
 

1.4.1. Importance of surface molecules for the interaction of leukemic cells 
with the BM microenvironment 
 

Surface molecules play a crucial role for the interaction between leukemic cells and the 

microenvironment within the BM niche. We and others demonstrated, that this interaction can 

provide a protective environment, especially for leukemia stem cells (LSCs), rendering 

conventional chemotherapy ineffective in eliminating these cells (Delahaye et al., 2020; 

Ebinger et al., 2016; Menter & Tzankov, 2022; Phan & Croucher, 2020; Schepers et al., 2015; 

Zhou et al., 2016). LSCs are a rare and dormant subpopulation of cells with the ability to induce 

a relapse after remission. Thus, there is a high clinical need to efficiently target and, if feasible, 

eradicate LSCs (Bernt & Armstrong, 2009; Konopleva & Jordan, 2011; Misaghian et al., 2009; 

Pollyea & Jordan, 2017). Previously we found, that releasing the LSCs from the BM 

microenvironment renders them more sensitive towards routine chemotherapy (Ebinger et al., 

2016; Ebinger et al., 2020). 

One of the most studied molecule facilitating the interaction between LSCs and the BM niche 

is the CXC motif chemokine receptor type 4 (CXCR4). CXCR4 was shown to be crucially 

important for the early engraftment and homing to the BM, and its targeting via antagonists 

results in the release of leukemic cells into the peripheral blood along with their 

chemosensitization. (Habringer et al., 2018; Juarez et al., 2007; Nervi et al., 2009; Passaro et 

al., 2015; Petit et al., 2002; Tavor et al., 2004; Uy et al., 2012; Zeng et al., 2006). Therefore, 

disrupting the interaction between leukemic cells and the BM microenvironment clearly 

represents an attractive strategy to release LSCs from their sheltering niche and re-sensitize 

them towards routinely used chemotherapeutic agents. 

 

1.4.2. ADAM10 is a member of the A disintegrin and metalloproteinase 
(ADAM) family 
 

In humans, the ADAM family comprises 21 members of which 13 are proteolytically active 

(Edwards et al., 2008). ADAM proteins are enzymes anchored in the plasma membrane 

cleaving diverse transmembrane proteins, such as cytokine precursors, cytokine, phagocytic 

or Notch receptors as well as cell adhesion molecules (Lambrecht et al., 2018). Cleaving the 

ectodomains of these membrane-bound proteins can result in the release of soluble 

ectodomains, referred to as ectodomain shedding. The soluble ectodomains can harbor both 

activating and inhibiting functions on the surrounding proteins and cells (Lambrecht et al., 

2018). Additionally, the residual protein part, which had been cleaved by an ADAM enzyme, is 



1 Introduction 
 

 

 14 

often further processed by a γ-secretase in a process called regulated intra-membrane 

proteolysis (RIPping). This results in the production of a second cleaved molecule, which can 

either act as a transcription factor, be involved in cellular signaling or be designated for 

lysosomal degradation (Lambrecht et al., 2018; Murphy, 2008). Despite the common structure 

of the 13 proteolytically active ADAMs, there is no specific motif shared between potential 

substrates. This prevents in silico prediction and therefore renders the discovery of ADAM 

substrates cumbersome, limiting their identification to cleavage assays along with proteomic 

and secretomic approaches (Lambrecht et al., 2018). 

 

1.4.3. Structure of ADAM10 
 

ADAM10 is a multidomain protein, comprising several structurally and functionally distinct 

domains (Figure 5). Like all members of the ADAM family, ADAM10 carries a signaling 

sequence at the N-terminus crucial for trafficking from the ER to the plasma membrane via the 

secretory pathway (Edwards et al., 2008). The adjacent pro-domain has a dual role in inhibiting 

the enzymatic domain and safeguarding correct protein folding as intramolecular chaperone. 

During ADAM10’s passage from the ER to the cell membrane, the pro-domain is removed by 

the pro-domain convertase protein PC7 and furin in a step-wise process. Thereby, ADAM10 

gradually acquires its catalytical activity (Lambrecht et al., 2018). The pro-domain is followed 

by the metalloproteinase domain, which is the enzymatically active domain responsible for 

ADAM10’s function as a sheddase. Intriguingly, ADAM10’s enzymatic activity and 

metalloproteinase domain is crucial for maintaining its localization at the cell surface (Seifert 

et al., 2021). The neighboring disintegrin domain harbors an amino acid stretch called 

disintegrin loop, which suggests a potential interaction between ADAM10 and integrins 

(Edwards et al., 2008). Its name is derived from its initial discovery in snake venom, where its 

ability to bind integrin αIIbβIIIa disrupts platelet aggregation (Niewiarowski et al., 1994). 

Following the disintegrin domain, ADAM10 is comprised of the cysteine-rich domain, the stalk 

region, the transmembrane domain and the C-terminal domain. While the cysteine-rich domain 

is involved in the interaction with different substrates (Edwards et al., 2008), the cytoplasmic 

domain was described to be involved in signaling, interacting for example with DLG1, MAD2, 

PACSIN3 or the ADAM binding protein EVE-1, which was shown to be essential for cleaving 

of epidermal growth factor receptor ligands (Edwards et al., 2008; Tanaka et al., 2004). 

Furthermore, the interaction with non-receptor tyrosine kinases with SH3 domains, such as 

GRB2, FYN, ITK, LCK and NCK, was discovered (Ebsen et al., 2014; Lambrecht et al., 2018). 
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Figure 5: Structure of ADAM10. Schematic depiction of the individual domains of the ADAM10 protein. 
Starting from the N-terminus, ADAM10 is comprised of the signaling sequence, the pro-domain, the 
metalloproteinase domain, the disintegrin domain, the cysteine-rich domain, the stalk region, the 
transmembrane domain and the cytoplasmic domain at the C-terminus. 
 

1.4.4. Regulation of ADAM10’s activity 
 

ADAM10 mediates an irreversible cleavage of its many substrates. Therefore, tight regulation 

of its enzymatic activity is crucial and occurs on several levels. The first mechanism is 

intracellular retention. Here, the correctly folded ADAM10 protein is restrained within the ER 

or Golgi via a so far not identified interaction of its cytoplasmic domain, whereas interaction 

with DLG1 promotes trafficking towards the cell membrane (Lambrecht et al., 2018). Secondly, 

ADAM10’s activity is controlled at the cell surface. Both ADAM10 and ADAM17 tend to 

dimerize on the cell surface leading to an autoinhibitory conformation. MAP kinases of the p38 

and ERK families were shown to phosphorylate both ADAM10 and ADAM17. The 

phosphorylation of certain key residues, e.g. Thr725 in ADAM17 and potentially Thr719 in 

ADAM10, diminishes dimerization and therefore results in activation of the ADAM’s enzymatic 

activity (Cissé et al., 2011; Deng et al., 2014; Díaz-Rodríguez et al., 2002; Lambrecht et al., 

2018; Soond et al., 2005; Xu et al., 2012). Another crucial mechanism of regulation of 

ADAM10’s activity is its interaction with tetraspanins, a protein family comprising 33 members, 

each harboring four transmembrane domains. A subtype of these, the C8 family is defined by 

the presence of eight conserved cysteines within the larger loop on the extracellular side. 

ADAM10 is known to interact with the following six members of the C8 subgroup: TSPAN5, 

TSPAN10, TSPAN14, TSPAN15, TSPAN17 and TSPAN33. It is proposed and could partially 

be confirmed, that depending on the interacting tetraspanin and formation of the respective 

C8/ADAM10 complex, ADAM10’s localization, enzymatic activity and possibly its preferred 

Pro-domain

Metalloproteinase domain

ADAM10 structure
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substrates might be altered (Binger & Wright, 2022; Lambrecht et al., 2018; Matthews et al., 

2017). Exemplary, the importance of TSPAN5 and TSPAN17 interaction with ADAM10 for the 

regulation of VE-Cadherin in transmigration of lymphocytes could be shown (Reyat et al., 

2017). Additionally, TSPAN5 and TSPAN15 reciprocally regulate ADAM10’s stability on the 

cell surface. TSPAN5 promotes faster endocytosis, while TSPAN15 stabilizes ADAM10 at the 

cell membrane (Eschenbrenner et al., 2020; Harrison et al., 2021). 

 

1.4.5. ADAM10’s role in normal hematopoiesis and disease 
 

ADAM10 is involved in several processes during normal hematopoiesis. One of its best 

characterized roles is the activation of Notch, which is crucial for both the development and 

the correct functioning of immune cells. During Notch activation furin-like convertases cleave 

Notch at the protease site 1 (S1), resulting in an inactive heterodimer. Upon binding of its 

ligand, delta-like ligand 1 (DLL1), the Notch receptor changes its conformation enabling its 

cleavage by ADAM10 directly next to the cell membrane at the S2 site. This Notch external 

truncation (NEXT) is subsequently cleaved by a γ-secretase complex at the S3 site, releasing 

the Notch intracellular domain (NICD), which translocates into the nucleus and subsequently 

induces the transcription of Notch regulated genes, such as MAML1, p300 and RBPjκ 

(Lambrecht et al., 2018). 

In normal T cell biology, ADAM proteins exert important functions through the cleavage of 

cytokines, growth factors and receptors. During T cell development a dominant negative form 

of ADAM10 suppresses T cell development and ADAM10-deficient T cells are blocked in their 

differentiation, phenocopying Notch-1 loss (Lambrecht et al., 2018; Tian et al., 2008). 

Furthermore, the combined recruitment of ADAM10 and Notch1 to immunological synapses 

between dendritic cells and peripheral cells is crucial for T cell proliferation as well as for 

inducing the differentiation of T helper cells (Lambrecht et al., 2018). ADAM10 is also involved 

in the migration of T cells. CD44 is an adhesion molecule expressed by T cells binding both 

vascular endothelium and hyaluronic acid in the extracellular matrix. CD44’s cleavage by 

ADAM10 results in disruption of the adhesive function and the release of intracellular domain 

CD44-ICD, which was connected to transformation in cancer (Lambrecht et al., 2018; Miletti-

González et al., 2012; Nagano & Saya, 2004). Additionally, ADAM10 promotes 

transendothelial migration of T cells via cleavage of VE-cadherin and the chemokine ligands 

CXCL16 and CX3CL1 (Hundhausen et al., 2007; Lambrecht et al., 2018; Schulz et al., 2008). 

ADAM10 is essential for the commitment of marginal zone B cells via shedding of Notch 2 

(Gibb et al., 2010). In germinal center B cells, ADAM10 is higher expressed than in naïve B 

cells, with ADAM10 loss leading to impaired formation of the GC, decreased follicular dendritic 

cells networks and reduced numbers of T follicular helper cells. This in turn results in weaker 
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antibody responses in mice (Chaimowitz et al., 2011; Lambrecht et al., 2018; Lownik et al., 

2017). Moreover, ADAM10 regulates the differentiation of plasma cells by cleaving 

transcription factors, such as BLIMP1, XBP1 or IRF4. 

In natural killer (NK) cells, ADAM10 sheds NKG2D ligands leading to lower surface expression 

levels on the cell itself along with downregulation on surrounding cells mediated by the 

shedded ectodomain. As NK cells are activated by NKG2D and other ligands, the shedding by 

ADAM10 represents a strategy for cancer cells to evade immunosurveillance with higher levels 

of the shedded ligands being associated with poorer survival in patients (Chitadze et al., 2013; 

Kohga et al., 2009; Lambrecht et al., 2018; Nückel et al., 2010). 

In myeloid cells, the shedding of L-selectin on neutrophils which alters their rolling and 

recruitment, or the induction of pro-inflammatory signaling via the STAT1 and NF-κB pathways 

after cleavage of SIRPα are important processes with ADAM10 involvement (Lambrecht et al., 

2018; Londino et al., 2015; Pruessmeyer et al., 2014). 

In addition, ADAM10 activity was associated with disease progression in several tumor types, 

including T-ALL (Atapattu et al., 2016; Lambrecht et al., 2018; Mullooly et al., 2016; Smith et 

al., 2020). ADAM10 was for example shown to promote metastasis formation of colon cancers 

via L1-CAM cleavage and HER2 overexpressing breast cancer cells through shedding of the 

HER2 extracellular domain (Gavert et al., 2007; Liu et al., 2006). 

In summary, ADAM10 is involved in diverse processes in healthy hematopoiesis and in 

disease. Main affected pathways are intracellular signaling, adhesion and transendothelial 

migration as well as cytokine processing. 
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1.5. Aim of the Project 
 

Although enormous improvements have been made in the treatment of acute leukemia in 

recent decades, still many patients succumb to their disease. Today, probably the biggest 

hurdle is when a relapse occurs in patients who initially responded to treatment and achieved 

complete remission. Treatment options are often very limited and overall survival rates 

continue to stay at unacceptable low levels. A rare, dormant cell population of LSCs that 

resides in the bone marrow microenvironment and is thus protected from routine 

chemotherapy is causing these relapses. Disruption of their interaction with the protective 

niche sensitizes them again towards chemotherapeutic agents. This might help to eradicate 

as many LSCs as possible and therefore prevent the development of relapse. 

In this study, we aimed to find a new candidate gene with the potential to serve as a therapeutic 

target in the future treatment of acute leukemia patients. For this we used our recently 

established pipeline for functional CRISPR/Cas9 knockout screens in the PDX model in vivo, 

which represents the currently most clinically relevant model system for functional assays. 

Utilizing this pipeline, we tested a customized surface molecule library targeting around 100 

genes. Our aim was to identify vulnerabilities of acute leukemia, which might help to disrupt 

the interaction of LSCs and their safeguarding BM niche. We molecularly validated candidates 

from the screen using competitive in vivo assays. 

With our top candidate, ADAM10, we performed in vivo reconstitution assays and investigated 

the effect of ADAM10 loss compared to control cells using transcriptome, proteome and 

secretome experiments. To further elucidate its characteristics as a vulnerability of acute 

leukemias we used early engraftment assays, limiting dilution transplantation assays; colony 

formations assays; and competitive chemotherapy trials in vivo. 
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2 Material 
 
2.1 Animals 
 
Table 1: Laboratory animals 

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

Jackson Laboratory (Bar Harbor, USA) 

 
 
2.2 Cell lines 
 
Table 2: Cell lines 

Cell line Provider 
H293T DSMZ (Braunschweig, Germany) 
human CD34+ blood progenitor cells Lonza (Basel, Switzerland) 
NALM-6 DSMZ (Braunschweig, Germany) 
SEM DSMZ (Braunschweig, Germany) 

 
 
2.3 Bacterial strains 
 
Table 3: Bacterial Strains 

Bacterial Strain Provider 
E.coli DH5α Thermo Fisher Scientific (Waltham, USA) 
E.coli XL10-Gold Ultracompetent Cells Agilent Technologies (Santa Clara, USA) 
Endura Competent cells Lucigen (Middleton, USA) 

 
 
2.4 Chemicals and reagents 
 
Table 4 Chemicals and reagents 

Name Manufacturer 
β-Mercaptoethanol Sigma Aldrich (St. Louis, 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) 
Alt-R CRISPR-Cas9 tracrRNA ATTO550 IDT (Leuven, Belgium) 
Ampicillin Sigma Aldrich (St. Louis, USA) 
BD Horizon™ BV711 Annexin V BD Biosciences (Heidelberg, Germany) 
Annexin V Binding Buffer Biozol (Eching, Germany) 
Bambanker NIPPON Genetics EUROPE (Düren, 

Germany) 
BSA Carl Roth (Karlsruhe, Germany) 
CaCl2 Carl Roth (Karlsruhe, Germany) 
Cell lysis buffer (10x) Cell Signaling Technology (Boston, USA) 
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Cut Smart buffer New England Biolabs (Frankfurt am Main, 
Germany) 

DAPI Sigma Aldrich (St. Louis, USA) 
D-Luciferin Biomol GmbH (Hamburg, Germany) 
DMEM Gibco (San Diego, USA) 
DMSO Sigma Aldrich (St. Louis, USA) 
DNA ladder Thermo Fisher Scientific (Waltham, USA) 
DNA loading dye Thermo Fisher Scientific (Waltham, USA) 
DNAse I Thermo Fisher Scientific (Waltham, USA) 
dNTPs Takara Bio Inc. (Kusatsu, Japan) 
DTT (Diethiothreitol) Thermo Fisher Scientific (Waltham, USA) 
EDTA (0.5 M) Lonza (Basel, Switzerland) 
Endura recovery medium Lucigen (Middleton, USA) 
Ethanol Carl Roth (Karlsruhe, Germany) 
ExTaq buffer (10x) Takara Bio Inc. (Kusatsu, Japan) 
FACS Lysing Solution (10x) BD Biosciences (Heidelberg, Germany) 
FBS Gibco (San Diego, USA) 
FD buffer Thermo Fisher Scientific (Waltham, USA) 
Ficoll GE Healthcare (Solingen, Germany) 
Glutamine Gibco (San Diego, USA) 
Glycerin 98% Carl Roth (Karlsruhe, Germany) 
Hepes pH 7.4 Sigma Aldrich (St. Louis, USA) 
IMDM Pan-Biotech 
Isoflurane Sigma Aldrich (St. Louis, USA) 
Isopropyl alcohol Merck Millipore (Darmstadt, Germany) 
Kanamycin Sulfate Thermo Fisher Scientific (Waltham, USA) 
KCl Merck Millipore (Darmstadt, Germany) 
L-Glutamine Gibco (San Diego, USA) 
Leupeptin SERVA Electrophoresis GmbH (Heidelberg, 

Germany 
LightCycler® 480 SYBR Green I Master Roche (Mannheim, Germany) 
Midori Green NIPPON Genetics EUROPE (Düren, 

Germany) 
MnCl2 Sigma Aldrich (St. Louis, USA) 
MOPS Sigma Aldrich (St. Louis, USA) 
Na2HPO4 Sigma Aldrich (St. Louis, USA) 
Na3VO4 Thermo Fisher Scientific (Waltham, USA) 
NaF Thermo Fisher Scientific (Waltham, USA) 
NaCl Carl Roth (Karlsruhe, Germany) 
NP-40 Surfact-Amps™ Detergent Thermo Fisher Scientific (Waltham, USA) 
Paraformaldehyde solution 4% in PBS Santa Cruz Biotechnology (Dallas, USA 
PBS Gibco (San Diego, USA) 
Penicillin/Streptavidin (P/S) Gibco (San Diego, USA) 
PMSF Cell Signaling Technology (Boston, USA) 
Polybrene Sigma Aldrich (St. Louis, USA) 
Polyethylenimine Polysciences (Warrington, USA) 
ProLong™ Gold Antifade Mountant Fisher Scientific GmbH (Schwerte, 

Germany) 
Protein Assay Dye Reagent Concentrate Bio-Rad Laboratories GmbH (Feldkirchen, 

Germany) 
Recombinant human granulocyte 
macrophage-colony stimulating factor (GM-
CSF) 

Sigma Aldrich (St. Louis, USA) 
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Recombinant human FMS-like tyrosine 
kinase 3 ligand (FLT3L) 

R&D Systems (Minneapolis, USA) 

Recombinant human interleukin 3 (IL3) Peprotech (Rocky Hill, USA) 
Recombinant human interleukin 6 (IL6) Peprotech (Rocky Hill, USA) 
Recombinant human interleukin 7 (IL7) Peprotech (Rocky Hill, USA) 
Recombinant human stem cell factor (SCF) Peprotech (Rocky Hill, USA) 
Recombinant human thrombopoietin (TPO) Peprotech (Rocky Hill, USA) 
RLT Plus Buffer Qiagen (Hilde, Germany) 
RPMI-1640 Gibco (San Diego, USA) 
Selected peptone 140 Gibco (San Diego, USA) 
Skim Milk Powder for blotting SERVA Electrophoresis GmbH (Heidelberg, 

Germany) 
Sodium pyruvate Sigma Aldrich (St. Louis, USA) 
StemPro-34 medium Thermo Fisher Scientific (Waltham, USA) 
StemPro-34 Nutrient Supplement Thermo Fisher Scientific (Waltham, USA) 
StemSpan™ SFEM II Stemcell Technologies (Vancouver, 

Canada) 
SYBR™ Green PCR Master Mix Thermo Fisher Scientific (Waltham, USA) 
T4 DNA Ligase Buffer Thermo Fisher Scientific (Waltham, USA) 
Tris Carl Roth (Karlsruhe, Germany) 
Tris-HCl Carl Roth (Karlsruhe, Germany) 
Trypan blue Sigma Aldrich (St. Louis, USA) 
Trypsine dissociation agent Gibco (San Diego, USA) 
Tween® 80 Carl Roth (Karlsruhe, Germany) 
Yeast extract Carl Roth (Karlsruhe, Germany) 

 
 
2.5 Chemotherapeutic agents and chemical inhibitors 
 
Table 5: Chemotherapeutic agents and chemical inhibitors 

Chemotherapeutic agent 
/ chemical inhibitor 

Manufacturer 

Cyclophosphamide TEVA GmbH (Ulm, Germany) 
Aderbasib (INCB007839) MedChemExpress (Monmouth Junction, 

USA) 
Cytarabine incl. Sodium- (S)-lactate solution 
(50%) 

Cell Pharma GmbH (Vilbel, Germany) 

Daunorubicin Pfizer (Ney York City, USA) 
Doxorubicin Medac GmbH (Wedel, Germany) 
GI254023X Selleckchem (Houston, USA) 
Vincristine Cell Pharm GmbH (Hannover, Germany) 

 
 
2.6 Buffers and media 
 
Table 6: Buffers 

Buffer Composition 
Annealing buffer 50 mM Hepes pH 7.4, 100 mM NaCl 
PBS + 0.5% BSA PBS, 0.5% BSA 
TAE buffer 40 mM Tris-base, 1 mM EDTA, 20 mM 

acetic acid 
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Table 7: Media 

Media Composition 
LB Medium 1% selected peptone, 0.5% Yeast extract, 

1% NaCl 
LB Agar 1% selected peptone, 0.5% Yeast extract, 

1% NaCl, 1.5% Agar-Agar Kobe I 
Cultivation medium of H293-T cells DMEM, 10% FCS, 1% L-Glutamine 
Cultivation medium of acute leukemia cell 
lines 

RPMI-1640, 10% FCS, 1% L-Glutamine 

Cultivation medium of PDX ALL cells StemSpan™ SFEM II, 1% Pen/Strep 
Cultivation medium of PDX AML cells StemPro-34 Medium, StemPro-34 Nutrient 

Supplement, 2% FCS, 1% L-Glutamine, 1% 
Pen/Strep, 10 ng/ml FLT3L, 10 ng/ml SCF, 
10 ng/ml IL3, 10 ng/ml TPO 

 
 
2.7 Antibodies 
 
Table 8: Flow Cytometry Antibodies 

Antibody Manufacturer 
APC Mouse IgG1 kappa Isotype Biolegend (San Diego, USA) 
anti-human CD33-PE, clone IV M505, 
#555450 

BD Bioscience (Heidelberg, Germany) 

anti-human CD38 PE, clone HB7, #345806 BD Bioscience (Heidelberg, Germany) 
anti-murine CD45-APC, clone 30-F11, 
#103112 

Biolegend (San Diego, USA) 

anti-human CD156c (ADAM10)-APC, clone 
SHM14, #352706 

Biolegend (San Diego, USA) 

 
Table 9: Western Blot and Simple WES Antibodies 

Antibody Manufacturer 
anti-β-Actin, clone AC-15, #NB600-501SS Novus Biologicals (Centennial, Germany) 
anti-human β -actin, Mouse mAb, clone C4 
HRP, #sc-47778 

Santa Cruz Biotechnology (Heidelberg, 
Germany) 

anti-human ADAM10, Rabbit pAb #14194 Cell Signaling Technology (Boston, USA) 
anti-human GAPDH, Mouse mAb, clone H-
12 HRP, #sc-166574 

Santa Cruz Biotechnology (Heidelberg, 
Germany) 

anti-human Syntaxin-4 (E6W7B) Rabbit 
mAb #67657 

Cell Signaling Technology (Boston, USA) 

Anti-mouse IgG, HRP-linked Antibody 
#7076 

Cell Signaling Technology (Boston, USA) 

Anti-rabbit IgG, HRP-linked Antibody #7074 Cell Signaling Technology (Boston, USA) 
Anti-rat IgG Horseradish Peroxidase-
conjugated Antibody, #HAF005 

R&D Systems (Minneapolis, USA) 

 
 
Table 10: Immunohistochemistry Antibodies 

Antibody Manufacturer 
Anti-Human ADAM-10 Azide Free, clone 
11G2  

Diaclone (Besancon Cedex, France) 

anti-human ADAM10, Rabbit pAb #14194 Cell Signaling Technology (Boston, USA) 
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IgG (H+L) Cross-Adsorbed Goat anti-
Mouse, Alexa Fluor™ 647, Invitrogen™, 
#A21235 

Fisher Scientific GmbH (Schwerte, 
Germany) 

V5-Tag (D3H8Q) Rabbit mAb #13202 Cell Signaling Technology (Boston, USA) 
 
Table 11: MACS beads 

MACS beads Manufacturer 
Dead cell removal kit Miltenyi (Bergisch Gladbach, Germany) 
Mouse cell depletion kit Miltenyi (Bergisch Gladbach, Germany) 
MACSelect Kk MicroBeads Miltenyi (Bergisch Gladbach, Germany) 

 
 
2.8 Enzymes 
 
Table 12: Enzymes 

Enzyme Manufacturer 
AgeI-HF New England Biolabs (Frankfurt am Main, 

Germany) 
Alt-R S.p. Cas9 Nuclease V3 IDT (Leuven, Belgium) 
BamHI-HF New England Biolabs (Frankfurt am Main, 

Germany) 
BpiI FD Thermo Fisher Scientific (Waltham, USA) 
EcoRI-HF New England Biolabs (Frankfurt am Main, 

Germany) 
ExTaq Polymerase Takara Bio Inc. (Kusatsu, Japan) 
NheI-HF New England Biolabs (Frankfurt am Main, 

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

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

Germany) 
OneTaq® DNA Polymerase New England Biolabs (Frankfurt am Main, 

Germany) 
Phusion High-Fidelity PCR Master Mix with 
HF Buffer 

Thermo Fisher Scientific (Waltham, USA) 

Proteinase K Thermo Fisher Scientific (Waltham, USA) 
Q5® High-Fidelity DNA Polymerase New England Biolabs (Frankfurt am Main, 

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

Germany) 
T4 DNA Ligase Thermo Fisher Scientific (Waltham, USA) 
XhoI New England Biolabs (Frankfurt am Main, 

Germany) 
 
 
2.9 Plasmids 
 
Table 13: Plasmids 

Plasmid Provider 
pMD2.G Addgene (Cambridge, USA) 
pMDLg/pRRE Addgene (Cambridge, USA) 
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pRSV-Rev Addgene (Cambridge, USA) 
pCDH-EF1a-ADAM10_variant1-Full-
ADAM10(∆Pro-domain)-T2A-T-Sapphire 

cloned by Jan Philipp Schmid for this 
project 

pCDH-EF1a-ADAM10_variant2-delta-Dis-
ADAM10(∆Pro-domain)-T2A-T-Sapphire 

cloned by Jan Philipp Schmid for this 
project 

pCDH-EF1α-eFFly-T2A-eGFP cloned by Michela Carlet 
pCDH-EF1α-eFFly-T2A-mCherry cloned by Michela Carlet 
pCDH-H1-scrambled sgRNA-scaffold-EF1α-
iRFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-scrambled sgRNA-scaffold-EF1α-
mCherry-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-sgRNA-scaffold-EF1α-mtagBFP-
H2Kk 

cloned by Ehsan Bahrami 

pCDH-H1-sgRNA surface molecule library-
scaffold-EF1α-mtagBFP-H2Kk 

cloned by Ehsan Bahrami 

pCDH-H1-ADAM10 sgRNA 1-scaffold-
EF1α-mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-ADAM10 sgRNA 2-scaffold-
EF1α-mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-ADAM10 sgRNA 3-scaffold-
EF1α-mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-ADAM10 sgRNA 4-scaffold-
EF1α-mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-ADAM10 sgRNA 5-scaffold-
EF1α-mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CD79A sgRNA 1-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CD79A sgRNA 2-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CD79A sgRNA 3-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CD79A sgRNA 4-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CD79A sgRNA 5-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CD81 sgRNA 1-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CD81 sgRNA 2-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CD81 sgRNA 3-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CD81 sgRNA 4-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CD81 sgRNA 5-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CXCR4 sgRNA 1-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CXCR4 sgRNA 2-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CXCR4 sgRNA 3-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-CXCR4 sgRNA 4-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 
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pCDH-H1-CXCR4 sgRNA 5-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-F11R sgRNA 1-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-F11R sgRNA 2-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-F11R sgRNA 3-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-F11R sgRNA 4-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-F11R sgRNA 5-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-ITGB1 sgRNA 1-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-ITGB1 sgRNA 2-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-ITGB1 sgRNA 3-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-ITGB1 sgRNA 4-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-ITGB1 sgRNA 5-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-POTEI sgRNA 1-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-POTEI sgRNA 2-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-POTEI sgRNA 3-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-POTEI sgRNA 4-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-POTEI sgRNA 5-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-SLC3A2 sgRNA 1-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-SLC3A2 sgRNA 2-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-SLC3A2 sgRNA 3-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-SLC3A2 sgRNA 4-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-SLC3A2 sgRNA 5-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-SLC19A1 sgRNA 1-scaffold-
EF1α-mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-SLC19A1 sgRNA 2-scaffold-
EF1α-mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-SLC19A1 sgRNA 3-scaffold-
EF1α-mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-SLC19A1 sgRNA 4-scaffold-
EF1α-mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-SLC19A1 sgRNA 5-scaffold-
EF1α-mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-TFRC sgRNA 1-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 



2 Material 
 

 

 26 

pCDH-H1-TFRC sgRNA 2-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-TFRC sgRNA 3-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-TFRC sgRNA 4-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-TFRC sgRNA 5-scaffold-EF1α-
mtagBFP-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-H1-scrambled sgRNA-scaffold-EF1α-
T-Sapphire-H2Kk 

cloned by Jan Philipp Schmid for this 
project 

pCDH-SFFV-C-intein-C-Cas9-P2A-CC cloned by Martin Becker 
pCDH-SFFV-hspCas9wt-T2A-eGFP cloned by Ehsan Bahrami 
pCDH-SFFV-YN-N-Cas9-N-Intein cloned by Martin Becker 

 
 
2.10 Oligonucleotides and Primers 
 
Table 14: Oligonucleotides for sgRNAs 

Oligonucleotide Sequence 5’ to 3’ 
ADAM10-1F tcccGCCCATAAATACGGTCCTCAG 
ADAM10-2F tcccGTTTCAACCTACGAATGAAGA 
ADAM10-3F tcccGTTCCATCAATAACAGACCCA 
ADAM10-4F tcccGCCGTTTCCCAAATATTGGTG 
ADAM10-5F tcccGGTAATGTGAGAGACTTTGGG 
ADAM10-1R aaacCTGAGGACCGTATTTATGGGC 
ADAM10-2R aaacTCTTCATTCGTAGGTTGAAAC 
ADAM10-3R aaacTGGGTCTGTTATTGATGGAAC 
ADAM10-4R aaacCACCAATATTTGGGAAACGGC 
ADAM10-5R aaacCCCAAAGTCTCTCACATTACC 
CD79A-1F tcccGGGATGATCAGCGTACCATTG 
CD79A-2F tcccGACCGAATCATCACAGCCGAG 
CD79A-3F tcccGTCCTCCATGGCAACTACACG 
CD79A-4F tcccGGAGTCATACCAGCAGTCCTG 
CD79A-5F tcccGAATGTGAACAAGAGCCATGG 
CD79A-1R aaacCAATGGTACGCTGATCATCCC 
CD79A-2R aaacCTCGGCTGTGATGATTCGGTC 
CD79A-3R aaacCGTGTAGTTGCCATGGAGGAC 
CD79A-4R aaacCAGGACTGCTGGTATGACTCC 
CD79A-5R aaacCCATGGCTCTTGTTCACATTC 
CD81-1F tcccGATGAGGATGTAGATGCCTTG 
CD81-2F tcccGCGGGTCATGGCGGAGCCACA 
CD81-3F tcccGTGATGACGCCAACAACGCCA 
CD81-4F tcccGGGCAAACAGGATGACCAGGC 
CD81-5F tcccGGTTGACAAAGCCCCAGATGC 
CD81-1R aaacCAAGGCATCTACATCCTCATC 
CD81-2R aaacTGTGGCTCCGCCATGACCCGC 
CD81-3R aaacTGGCGTTGTTGGCGTCATCAC 
CD81-4R aaacGCCTGGTCATCCTGTTTGCCC 
CD81-5R aaacGCATCTGGGGCTTTGTCAACC 
CXCR4-1F tcccGCAACCACCCACAAGTCATTG 
CXCR4-2F tcccGTGACATGGACTGCCTTGCAT 
CXCR4-3F tcccGCAGGACAGGATGACAATACC 
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CXCR4-4F tcccGTCTTCTGGTAACCCATGACC 
CXCR4-5F tcccGAGGGAAGCGTGATGACAAAG 
CXCR4-1R aaacCAATGACTTGTGGGTGGTTGC 
CXCR4-2R aaacATGCAAGGCAGTCCATGTCAC 
CXCR4-3R aaacGGTATTGTCATCCTGTCCTGC 
CXCR4-4R aaacGGTCATGGGTTACCAGAAGAC 
CXCR4-5R aaacCTTTGTCATCACGCTTCCCTC 
ITGB1-1F tcccGTAGGCCTCTGGGCTTTACGG 
ITGB1-2F tcccGGAACGGGGTGAATGGAACAG 
ITGB1-3F tcccGTTGGCTGGAGGAATGTTACA 
ITGB1-4F tcccGAATGTAACCAACCGTAGCAA 
ITGB1-5F tcccGTACAAGCAGGGCCAAATTGT 
ITGB1-1R aaacCCGTAAAGCCCAGAGGCCTAC 
ITGB1-2R aaacCTGTTCCATTCACCCCGTTCC 
ITGB1-3R aaacTGTAACATTCCTCCAGCCAAC 
ITGB1-4R aaacTTGCTACGGTTGGTTACATTC 
ITGB1-5R aaacACAATTTGGCCCTGCTTGTAC 
F11R-1F tcccGTCAAACTTCCACTCCACACG 
F11R-2F tcccGTCACCTTCAAGTCCGTGACA 
F11R-3F tcccGTGTAACACTGCCCAATGCCA 
F11R-4F tcccGGAGGAGGGGATGTTAACTGT 
F11R-5F tcccGGGAAGGCGGCAACAGCTATG 
F11R-1R aaacCGTGTGGAGTGGAAGTTTGAC 
F11R-2R aaacTGTCACGGACTTGAAGGTGAC 
F11R-3R aaacTGGCATTGGGCAGTGTTACAC 
F11R-4R aaacACAGTTAACATCCCCTCCTCC 
F11R-5R aaacCATAGCTGTTGCCGCCTTCCC 
POTEI-1F tcccGAAGCACGGAAGTACTCACGT 
POTEI-2F tcccGATGCGCTGGATAGATATGGA 
POTEI-3F tcccGGTGGTATCTCGGCTCCACGA 
POTEI-4F tcccGGTAGATAGCGTAGTGTAGAG 
POTEI-5F tcccGACTCCACTATGAAGACACTC 
POTEI-1R aaacACGTGAGTACTTCCGTGCTTC 
POTEI-2R aaacTCCATATCTATCCAGCGCATC 
POTEI-3R aaacTCGTGGAGCCGAGATACCACC 
POTEI-4R aaacCTCTACACTACGCTATCTACC 
POTEI-5R aaacGAGTGTCTTCATAGTGGAGTC 
SLC3A2-1F tcccGCAGGCCCGTGAACTTAGCCG 
SLC3A2-2F tcccGTGAGTGGCAAAATATCACCA 
SLC3A2-3F tcccGGCGCAGAAGTGGTGGCACAC 
SLC3A2-4F tcccGAGAACCACGAGTTCTCACCC 
SLC3A2-5F tcccGGTCTGATTCTGGTTCTACTG 
SLC3A2-1R aaacCGGCTAAGTTCACGGGCCTGC 
SLC3A2-2R aaacTGGTGATATTTTGCCACTCAC 
SLC3A2-3R aaacGTGTGCCACCACTTCTGCGCC 
SLC3A2-4R aaacGGGTGAGAACTCGTGGTTCTC 
SLC3A2-5R aaacCAGTAGAACCAGAATCAGACC 
SLC19A1-1F tcccGCGACTACCTGCGCTACACGC 
SLC19A1-2F tcccGGGCCCGACAAGAACTTCACG 
SLC19A1-3F tcccGTCTTCAACCGCGACGACCGG 
SLC19A1-4F tcccGGGAGGAATAGGCGATGCGCG 
SLC19A1-5F tcccGGGGCTTCGTGAAGATCCGCT 
SLC19A1-1R aaacGCGTGTAGCGCAGGTAGTCGC 



2 Material 
 

 

 28 

SLC19A1-2R aaacCGTGAAGTTCTTGTCGGGCCC 
SLC19A1-3R aaacCCGGTCGTCGCGGTTGAAGAC 
SLC19A1-4R aaacCGCGCATCGCCTATTCCTCCC 
SLC19A1-5R aaacAGCGGATCTTCACGAAGCCCC 
TFRC-1F tcccGGAATACCTCTAGCCATTCAG 
TFRC-2F tcccGCTATACGCCACATAACCCCC 
TFRC-3F tcccGGGAGCTGCAAAATCCGGTGT 
TFRC-4F tcccGAAATTCATATGTCCCTCGTG 
TFRC-5F tcccGAATTGGTGTGTTGATATACA 
TFRC-1R aaacCTGAATGGCTAGAGGTATTCC 
TFRC-2R aaacGGGGGTTATGTGGCGTATAGC 
TFRC-3R aaacACACCGGATTTTGCAGCTCCC 
TFRC-4R aaacCACGAGGGACATATGAATTTC 
TFRC-5R aaacTGTATATCAACACACCAATTC 

All sgRNAs were ordered from Sigma Aldrich (St. Louis, USA). 
 
Table 15: crRNAs for RNPs 

crRNA Sequence 5’ to 3’ 
Alt-R CRISPR-Cas9 
crRNA ADAM10 sg1 

CCCAUAAAUACGGUCCUCAGGUUUUAGAGCUAUGCU 

Alt-R CRISPR-Cas9 
crRNA ADAM10 sg3 

UUCCAUCAAUAACAGACCCAGUUUUAGAGCUAUGCU 

Alt-R CRISPR-Cas9 
crRNA ADAM10 sg5 

GUAAUGUGAGAGACUUUGGGGUUUUAGAGCUAUGCU 

Alt-R CRISPR-Cas9 
crRNA non-targeting 

ACGGAGGCUAAGCGUCGCAAGUUUUAGAGCUAUGCU 

All crRNAs were ordered from IDT (Leuven, Belgium). 
 
Table 16: Primers 

Application Primer Sequence 5’ to 3’ 
Cloning ADAM10-cCDN-

Age-F 
CACACCGTCCACCATGGTGTTGCTGAGAGTGTT
A 

Cloning ADAM10-cCDN-
Xho-R 

CCACTCGAGTTACAGCAGGTCCTCCTCGCTGAT
C 

Cloning iRFP-Bam-F AAGTCGACTCACTTGTACAGCTCGTCCATGC 
Cloning iRFP-Sal-R AAGGATCCATGGTGAGCAAGGGCGAGGA 
Cloning T-Saph-Bam-F AAGGATCCATGGCTGAAGGCTCCGTAGC 
Cloning T-Saph-Sal-R AAGTCGACTCACTCTTCCATCACGCCGAT 
qPCR ADAM10-CisR-q-F TGTGCCAGTTCTGATGGCAA 
qPCR ADAM10-CisR-q-R ATCCAGGTTGCAGGGTGATG 
qPCR ADAM10_qPCR_F TTACGGAACACGAGAAGCTG (probe 61) 
qPCR ADAM10_qPCR_R AAACGGAAAGGATTTGTAGGG (probe 61) 
qPCR GAPDH-fw GAGAGAAACCCGGGAGGCTA 
qPCR GAPDH-rev CCCATGGTGTCTGAGCGATG 
qPCR GAPDH_qPCR_F CTCTGCTCCTCCTGTTCGAC (probe 60) 
qPCR GAPDH_qPCR_R ACGACCAAATCCGTTGACTC (probe 60) 
qPCR HPRT-fw TGCAGACTTTGCTTTCCTTGGT 
qPCR HPRT-rev CGTGGGGTCCTTTTCACCAG 
Sequencing AD10_C-

terminal_R 
CTGACGCTGGGGTTGCTGAAT 

Sequencing AD10_cysteine_R ATCCAGGTTGCAGGGTGATG 
Sequencing EF1_seq_new_F TTCTGCGCCGTTACAGATCCAA 
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Sequencing iRFP2-fwd CGATTGATCTTAGCTTCGCCATCC 
Sequencing Seq_fwd_pCDH-

EF1 
TTTGCCTGACCCTGCTTG 

Sequencing T-Sapphire_seq_R CAGCTTGGACTGGATGCTCA 
Sequencing WPRE-REV CATAGCGTAAAAGGAGCAACA 

All primers were ordered from Sigma Aldrich (St. Louis, USA). 
 
Table 17: NGS Primers 

Primer Sequence 5’ to 3’ 
cppt-
NGS-F 

GGGTACAGTGCAGGGGAAAGAATA 

EF1a-
NGS-R 

GAGCCAGTACACGACATCACTTTCC 

P5-H1-
S0 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC 
GACGCTCTTCCGATCTTGTATGAGACCACTCTTTCCCG 

P5-H1-
S1 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG 
ACGCTCTTCCGATCTCTGTATGAGACCACTCTTTCCCG 

P5-H1-
S2 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACG 
ACGCTCTTCCGATCTGCTGTATGAGACCACTCTTTCCCG 

P5-H1-
S3 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA 
CGCTCTTCCGATCTAGCTGTATGAGACCACTCTTTCCCG 

P5-H1-
S4 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA 
CGCTCTTCCGATCTCAACTGTATGAGACCACTCTTTCCCG 

P5-H1-
S5 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA 
CGCTCTTCCGATCTTGCACCTGTATGAGACCACTCTTTCCCG 

P5-H1-
S6 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA 
CGCTCTTCCGATCTACGCAACTGTATGAGACCACTCTTTCCCG 

P5-H1-
S7 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA 
CGCTCTTCCGATCTGAAGACCCTGTATGAGACCACTCTTTCCCG 

P7-Ef1-
A01 

CAAGCAGAAGACGGCATACGAGATCGGTTCAAGTGACTGGAGTTCA 
GACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
A11 

CAAGCAGAAGACGGCATACGAGATATTGTCAAGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
A12 

CAAGCAGAAGACGGCATACGAGATTATGTCTTGTGACTGGAGTTCAGACG
TGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
B01 

CAAGCAGAAGACGGCATACGAGATATTGGATTGTGACTGGAGTTC 
AGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
B02 

CAAGCAGAAGACGGCATACGAGATATACTCGGGTGACTGGAGTTCA 
GACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
B03 

CAAGCAGAAGACGGCATACGAGATTATGAGAAGTGACTGGAGTTCA 
GACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
B04 

CAAGCAGAAGACGGCATACGAGATGCACAGTTGTGACTGGAGTTCA 
GACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
B05 

CAAGCAGAAGACGGCATACGAGATCGTGGATTGTGACTGGAGTTCA 
GACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
B11 

CAAGCAGAAGACGGCATACGAGATATCACTGGGTGACTGGAGTTC 
AGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
B12 

CAAGCAGAAGACGGCATACGAGATCGCATCAAGTGACTGGAGTTC 
AGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
C01 

CAAGCAGAAGACGGCATACGAGATGCACGACCGTGACTGGAGTT 
CAGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
C02 

CAAGCAGAAGACGGCATACGAGATTACACTCCGTGACTGGAGTTC 
AGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 
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P7-Ef1-
C03 

CAAGCAGAAGACGGCATACGAGATCGGTCTAAGTGACTGGAGTT 
CAGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
C04 

CAAGCAGAAGACGGCATACGAGATATGTTCGGGTGACTGGAGTT 
CAGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
C05 

CAAGCAGAAGACGGCATACGAGATCGTGGACCGTGACTGGAGTT 
CAGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
C06 

CAAGCAGAAGACGGCATACGAGATATTGAGCCGTGACTGGAGTT 
CAGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
C07 

CAAGCAGAAGACGGCATACGAGATTAGTTCGGGTGACTGGAGTT 
CAGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
C08 

CAAGCAGAAGACGGCATACGAGATCGGTGAGGGTGACTGGAGTT 
CAGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
C09 

CAAGCAGAAGACGGCATACGAGATCGTGAGTTGTGACTGGAGTTC 
AGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
C10 

CAAGCAGAAGACGGCATACGAGATATCAGATTGTGACTGGAGTTC 
AGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
C11 

CAAGCAGAAGACGGCATACGAGATTAGTGATTGTGACTGGAGTTC 
AGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
C12 

CAAGCAGAAGACGGCATACGAGATCGGTTCGGGTGACTGGAGTTC 
AGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
E05 

CAAGCAGAAGACGGCATACGAGATGCGTTCAAGTGACTGGAGTTC 
AGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
E06 

CAAGCAGAAGACGGCATACGAGATCGCAAGAAGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
E07 

CAAGCAGAAGACGGCATACGAGATCGACAGCCGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
E08 

CAAGCAGAAGACGGCATACGAGATCGACTCGGGTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
E09 

CAAGCAGAAGACGGCATACGAGATTACAAGAAGTGACTGGAGTTCA 
GACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
E10 

CAAGCAGAAGACGGCATACGAGATCGCAGATTGTGACTGGAGTTC 
AGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
E11 

CAAGCAGAAGACGGCATACGAGATATTGCTCCGTGACTGGAGTTC 
AGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
E12 

CAAGCAGAAGACGGCATACGAGATGCACTCGGGTGACTGGAGTT 
CAGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
F01 

CAAGCAGAAGACGGCATACGAGATATGTTCTTGTGACTGGAGTTC 
AGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
F02 

CAAGCAGAAGACGGCATACGAGATATGTCTCCGTGACTGGAGTT 
CAGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
F03 

CAAGCAGAAGACGGCATACGAGATGCACTCAAGTGACTGGAGTT 
CAGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
F04 

CAAGCAGAAGACGGCATACGAGATTAGTAGCCGTGACTGGAGTT 
CAGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
F05 

CAAGCAGAAGACGGCATACGAGATTAGTAGCCGTGACTGGAGTT 
CAGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
F06 

CAAGCAGAAGACGGCATACGAGATGCGTTCTTGTGACTGGAGTT 
CAGACGTGTGCTCTT CCGATCTGAGCCAGTACACGACATCACTTTC 

P7-Ef1-
F07 

CAAGCAGAAGACGGCATACGAGATGCCAAGCCGTGACTGGAGTT 
CAGACGTGTGCTCTTCCGATCTGAGCCAGTACACGACATCACTTTC 

All primers were ordered from Sigma Aldrich (St. Louis, USA). 
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2.11 Consumables 
 
Table 18: Consumables 

Consumable Manufacturer 
12-230 kDa Wes Separation Module Proteinsimple (San Jose, USA) 
4–20% Mini-PROTEAN® TGX™ Precast 
Protein Gels, 15-well, 15 µl 

Bio-Rad (München, Germany) 

Amicon-Ultra 15ml centrifugal filter units Merck Millipore (Darmstadt, Germany) 
Bacterial tubes Corning (Corning, USA) 
BD microfine 1ml syringe BD Bioscience (Heidelberg, Germany) 
Blunt-End Needles, 16 Gauge Stemcell Technologies (Vancouver, 

Canada) 
Cell culture EasyFlask T75 Thermo Fisher Scientific (Waltham, USA) 
Cell culture flasks (T25, T75) Greiner bio-one (Kremsmünster, Germany) 
Cell strainer (70µm) Greiner bio-one (Kremsmünster, Germany) 
Cell strainer (30µm, 70µm) Miltenyi (Bergisch Gladbach, Germany) 
Cryotubes Thermo Fisher Scientific (Waltham, USA) 
Disposable serological pipettes Greiner bio-one (Kremsmünster, Germany) 
Eppendorf reagent tubes Greiner bio-one (Kremsmünster, Germany) 
Erlenmeyer flasks SCHOTT AG, Mainz, Germany 
FACS tubes (with and without filter) Corning (Corning, USA) 
Filterunit Millex-HV 0.45 µm Merck Millipore (Darmstadt, Germany) 
LightCycler 480 Multiwell plate 96 Roche (Mannheim, Germany) 
LS columns Miltenyi (Bergisch Gladbach, Germany) 
MethoCultTM H4034 Optimum Stemcell Technologies (Vancouver, 

Canada) 
Omnifix® Luer Solo (3, 5, 20 ml) B. Braun SE (Melsungen, Germany) 
Needles RN G32 PST3 51MM Hamilton (Reno, USA) 
Nitrile gloves Starlab (Hamburg, Germany) 
PCR tubes Sigma Aldrich (St. Louis, USA) 
Petri dishes Greiner bio-one (Kremsmünster, Germany) 
Pipette tips (with and without filter) Starlab (Hamburg, Germany) 
QiaShredder Qiagen (Hilden, Germany) 
Sealing Foil for LightCycler 480 Roche (Mannheim, Germany) 
SmartDishTM Stemcell Technologies (Vancouver, 

Canada) 
SuperSignal™ West Femto Maximum 
Sensitivity Substrate 

Fisher Scientific GmbH (Schwerte, 
Germany) 

Surgical disposable scalpel Braun (Melsungen, Germany) 
Well plates for tissue culture (6, 12, 24, 48, 
96) 

Corning (Corning, USA) 

 
 
2.12 Devices and equipment 
 
Table 19: Devices and eqipment 

Device / equipment Manufacturer 
4D-Nucleofector Lonza Group, Basel, Switzerland 
B 6060 microbiological incubator Heraeus (Hanau, Germany) 
Bioanalyzer 2100 Agilent Technologies (Santa Clara, USA) 
Biological safety cabinet Safe 2020 Thermo Fisher Scientific (Waltham, USA) 



2 Material 
 

 

 32 

Calibration check pH meter HI 221 Hanna Instruments Deutschland GmbH 
(Vöhringen, Germany) 

Cell sorter BD FACS AriaIII BD Biosciences (San Jose, USA) 
Centrifuge Rotanta 460R Andreas Hettich GmbH & Co.KG 

(Tuttlingen, Germany) 
Cryotube label printer BMP51 Brady (Egelsbach, Germany) 
BD FACS AriaIII BD Biosciences (Heidelberg, Germany) 
BD LSRFortessa X20 BD Biosciences (Heidelberg, Germany) 
Freezer (−20◦C) Siemens (Berlin, Germany) 
Freezer (−80◦C) Thermo Fisher Scientific (Waltham, USA) 
Fusion FX Vilber Lourmat GmbH (Eberhardzell, 

Germany) 
Gel documentation station E-box VX5 Peqlab (Erlangen, Germany) 
Heating block MixerHC Starlab (Hamburg, Germany) 
Illumina HiSeq 2000 Illumina (San Diego, USA) 
Illumina HiSeq 4000 Illumina (San Diego, USA) 
Illumina NovaSeq 6000 Illumina (San Diego, USA) 
Incubator Hera Cell 150i Heraeus (Hanau, Germany) 
IVIS Lumina II Imaging System Caliper Life Sciences (Mainz, Germany) 
Leica TCS SP5 confocal microscope Leica Mikrosysteme Vertrieb GmbH 

(Wetzlar, Germany) 
LightCycler-® 480 Instrument II Roche (Mannheim, Germany) 
Light microscope 550 1317 Zeiss (Jena, Germany) 
Magnetic stirrer MR3001 Heidolph Instruments (Schwabach, 

Germany) 
Micro Scales Artorius 2001 MP2 Sartorius AG (Göttingen, Germany) 
Microwave MW 1226CB Bomann (Kempen, Germany) 
Mini-PROTEAN Tetra Vertical 
Electrophoresis Cell 

Bio-Rad (München, Germany) 

MACSmix Tube Rotator Miltenyi (Bergisch Gladbach, Germany) 
MiSeq Sequencer Illumina (San Diego, USA) 
MultiMACS™ Cell24 Separator Plus Miltenyi (Bergisch Gladbach, Germany) 
Nanodrop OneC Thermo Fisher Scientific (Waltham, USA) 
Pellet bath Memmert (Schwabach, Germany) 
PerfectBlue Gelsystem Mini S Peqlab (Erlangen, Germany) 
Power supply PowerPac Bio-Rad (München, Germany) 
Primovert Zeiss (Jena, Germany) 
ProFlex PCR system Life Technologies (Carlsbad, USA) 
QuadroMACS™ Separator Miltenyi (Bergisch Gladbach, Germany) 
Refrigerator Liebherr (Bulle, Germany) 
Roller mixer SRT6D Stuart (Staffordshire, UK) 
STEMgrid™-6 Stemcell Technologies (Vancouver, 

Canada) 
Table Centrifuge mini Spin Eppendorf (Hamburg, Germany) 
Trans-Blot Turbo Cassette Bio-Rad (München, Germany) 
Trans-Blot® Turbo™ Transfer System Bio-Rad (München, Germany) 
Wes by Protein Simple ProteinSimple (San Jose, USA) 
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2.13 Commercial Kits 
 
Table 20: Commercial Kits 

Kit Manufacturer 
BCA Protein Assay Kit Cell Signaling Technology (Boston, USA) 
CloneJET PCR cloning Kit Thermo Fisher Scientific (Waltham, USA) 
DNeasy Blood & Tissue Kit Qiagen (Hilden, Germany) 
FIX & PERM Cell Fixation & Cell 
Permeabilization Kit 

Thermo Fisher Scientific (Waltham, USA) 

MinElute PCR purification kit Qiagen (Hilden, Germany) 
NucleoBond Xtra Maxi Kit Macherey-Nagel (Düren, Germany) 
NucleoBond Xtra Midi Kit Macherey-Nagel (Düren, Germany) 
NucleoSpin Gel and PCR Clean-Up Macherey-Nagel (Düren, Germany) 
NuleoSpin Plasmid Easy Pure Macherey-Nagel (Düren, Germany) 
P3 Primary Cell 4D-Nucleofector® X Kit L Lonza Group, Basel, Switzerland 
QIAamp DNA Blood Mini Kit Qiagen (Hilden, Germany) 
QIAamp DNA mini kit Qiagen (Hilden, Germany) 
QIAquick PCR Purification Kit Qiagen (Hilden, Germany) 
QuantiTect Reverse Transcription kit Qiagen (Hilden, Germany) 
RNase-free DNase Set Qiagen (Hilden, Germany) 
RNeasy Micro Kit Qiagen (Hilden, Germany) 
RNeasy Mini Kit Qiagen (Hilden, Germany) 
Trans-Blot Turbo RTA Mini 0.2 µm PVDF 
Transfer Kit 

Bio-Rad (München, Germany) 

 
 
2.14 Software 
 
Table 21: Software 

Software Provider 
Compass for SW 4.0.0 ProteinSimple (San Jose, USA) 
Cytoscape 3 open source 
Endnote 20 Alfasoft GmbH, Frankfurt am Main, 

Germany 
FlowJo 10 FlowJo LLC (Ashley, USA) 
GraphPad Prism 9 Graphpad Prism (La Jolla, USA) 
Living Image Software 4.4 PerkinElmer (Krakow, Poland) 
LightCycler 480 software 1.5.1 Roche, Mannheim, Germany 
Microsoft Office 2019 Microsoft Corporation (Tulsa, USA) 
MyIMouse Bioslava (Hagenbach, Germany) 
R version 4 open source 
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3 Methods 
 
3.1 Ethical Statements: 
 

3.1.1 Patient material: 
 
The written consent of all patients or the consent of their parents/carers in case of minors was 

obtained. The experiments for this project were conducted according to the ethical standards 

of the responsible committee on human experimentation (written approval by Ethikkommission 

des Klinikums der Ludwig-Maximilians-Universität München, 

Ethikkommission@med.unimuenchen.de, April 2008 and September 2012, number 068-08 

and 222-10, respectively) and in concordance with the Helsinki Declaration of 1975, as revised 

in 2013. 

ALL and AML patient’s cells for this project were obtained from residual bone marrow aspirates 

or peripheral blood samples of routine diagnostics in the clinic between diagnosis of primary 

disease or relapse and treatment start. 

 

3.1.2 Animal trials: 
 
All experiments or trials involving animals were conducted according to the most recent ethical 

standards of the official committee on animal experimentation (written approval by Regierung 

von Oberbayern, ROB-55.2Vet-2532.Vet_02-15-193, ROB-55.2Vet-2532.Vet_03-16-56, and 

ROB-55.2Vet-2532.Vet_02-16-7, ROB-55.2-2532.Vet_02-20-159, ROB-55.2-2532.Vet_0321-

9). 

 
 
3.2 Patient-derived xenograft (PDX) models of acute leukemia: 
 
3.2.1 Animal Model: 
 
Female and male six to 16 weeks old NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice (The 

Jackson Laboratory, Bar Harbour, USA) were utilized for this study. Mice were maintained with 

a 12h light-dark cycle, 45–65% humidity, a temperature of 20–24 °C and under specified 

pathogen-free (SPF) conditions in accordance with Annex A of the European Convention 

2007/526 EC. Animals were kept with unlimited water and food access. Structural enrichment 

was always available in the cages, while their maximum stocking density was in concordance 

with Annex III of the 2010/63 EU. All animals were maintained in held ventilated cages (IVCs). 

According to the most recent FELASA recommendation hygiene monitoring was conducted at 

least quarterly. 
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3.2.2 Establishment of PDX models: 
 
ALL and AML PDX models were generated as previously described (Ebinger et al., 2016). 

Primary patient cells were injected into the tail vein of mice. After successful engraftment, 

tumor growth was monitored (see below) and PDX cells were isolated from murine BM and 

spleen of animals with an advanced stage of leukemia for serial re-transplantation or genetic 

engineering of the respective PDX model. Stable expression of transgenes like Luciferase, 

split-Cas9, different marker proteins, shRNA and sgRNA constructs enables addressing of 

various experimental questions within the PDX model, which is highly representative of the 

primary patient’s tumor. 

 

3.2.3 Monitoring of the leukemic burden in the peripheral blood of mice: 
 
Engraftment and growth of leukemia cells in the animals is controlled by sampling of 50 µl 

peripheral blood from the tail vein every one to two weeks starting two weeks before the typical 

advanced leukemia stage of each individual sample is reached, in line with their growth 

kinetics. ALL blood samples were stained for human CD38 and murine CD45, while AML 

samples were stained using human CD45 and human CD33. Stained samples were measured 

using flow cytometry and PDX cell engraftment and growth was monitored by analyzing the 

flow cytometry data. 

 

3.2.4 In vivo bioluminescence imaging: 
 
PDX cells stably expressing a codon optimized form of the eFFly Luciferase were generated, 

enabling in vivo bioluminescence imaging (BLI) as previously described (Barrett et al., 2011; 

Bomken et al., 2013; Rabinovich et al., 2008; Terziyska et al., 2012). Mice were anesthetized 

using isoflurane and bioluminescence signal was quantified in living mice utilizing an IVIS 

Lumina II (Perkin Elmer) after i.v. injection. 150 mg/kg D-Luciferin (BIOMOL GmbH, Hamburg, 

Germany) was used and the signal was measured directly for 30 to 120 seconds using a 12.5 

cm field of view, binning 8, f/stop 1 and open filter setting and the measurement was quantified 

using Living Image Software (Caliper Life Sciences, Mainz, Germany). The entire mouse was 

included in the region of interest and total flux calculated. Pictures and values were always 

depicted in a logarithmic scale. 

 

3.2.5 Experimental endpoints: 
 
If not stated otherwise, experimental and donor mice utilized for the amplification of PDX cells 

were sacrificed at an advanced stage of leukemia, which was monitored using peripheral blood 
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sampling and/or in vivo bioluminescent imaging (see above). Additionally, mice were sacrificed 

in case of apparent early symptoms of sickness (e.g., reduced motility, paralysis, hunchback 

or rough fur). 20 to 25 weeks after injection of the cells, animals were sacrificed if no clinical 

signs of leukemic disease or PDX engraftment (blood sampling, in vivo imaging) could be 

observed. This was again controlled by performing flow cytometry analysis on isolated BM 

cells. During treatment trials, animals were sacrificed upon therapy-related toxicity if they lost 

more than 15% of body weight. Exclusion of mice with leukemia-unrelated symptoms or 

anomalies was stated in the respective legend. Cervical dislocation was utilized as method of 

choice for sacrificing animals. 

 
3.2.6 Isolating PDX cells from the bone marrow: 
 
Murine spine, sternum, hip, femora, tibiae and fibulae were isolated from the sacrificed animals 

and smashed with mortar and pestle. Cells were filtered in order to remove residual pieces of 

bone and debris and washed once (5 min, 400 g @RT), before lysing the red blood cells. 

Following three additional washing steps, cells were resuspended depending on the 

downstream application either in PBS, a corresponding cell culture medium or a buffer of 

choice. 

 

3.2.7 Isolating PDX cells from the spleen: 
 
Enlargement of the spleen can be observed for many ALL and some AML samples at a well-

advanced stage of leukemia. The spleen of these animals was isolated and smashed within a 

70 µm cell strainer using the backside of a plunger of a syringe. The suspension was filled up 

to 10 ml using PBS and 4 ml Ficoll is sub-layered to efficiently separate the different cell types 

by centrifugation (30 min, 400 g @RT without brake). PDX cells were recovered from the 

interphase layer using aspiration. Following two additional washing steps, cells were 

resuspended as describe above. 

 

3.2.8 In vivo competitive assay:  
 
An sgRNA targeting either the gene of interest or a non-targeting control sgRNA was stably 

integrated into Cas9-expressing PDX cells using lentiviral transduction. GOI sgRNA 

expression was coupled to H-2Kk-BFP expression, while H-2Kk-T-Sapphire expression was 

coupled to control sgRNA expression. Maintaining the transduced PDX cells in vitro for 7-10 

days allowed the establishment of the KO of the targeted gene. Cells of the control and KO 

population were checked by flow cytometry, mixed in a 1:1 ratio and injected into mice. At an 

advanced stage of leukemia, the mice were sacrificed and the isolation of PDX cells from BM 
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and spleen was conducted as described above. Using comparative flow cytometry analysis, 

the distribution of the control and the KO population was determined. 

 

3.2.9 Early engraftment and homing assay: 
 
Early engraftment capacity of different groups of PDX cells was investigated by injecting 107 

cells per mouse, sacrificing the animals three days after injection, isolating cells from the BM 

and measuring the absolute number as well as the percentage of human cells within the BM 

utilizing flow cytometry. In order to elucidate the effect of chemical inhibition of ADAM10 on 

the early engraftment capacity of PDX cells, in the treatment group Cas9-positive cells were 

incubated ex vivo with a chemical inhibitor of ADAM10 (GI254023X (100 µM; Absource, 

Germany) or Aderbasib (100 µM; MedChemExpress, USA)) while the control group was 

treated with solvent (DMSO, Thermo Fisher Scientific, USA) for two to three days before 

injection. 

 

3.2.10 Competitive in vivo treatment trials: 
 
PDX cells from the in vivo competitive assays were sorted from the two populations and either 

injected to donor mice or directly used for the treatment trial. In order to start with a close to 

1:1 ratio upon start of therapy (SOT), ADAM10 KO cells were injected in excess (3:1 to 4:1) to 

the control cells. Leukemia growth was followed by in vivo imaging. At a defined tumor load, 

treatment of the animals with a chemotherapeutic agent or the solvent control was started. 

After two weeks of treatment, animals of all groups were sacrificed and PDX cells were isolated 

from BM and spleen. The percentage of human cells and the distribution of the ADAM10 KO 

and the control population was determined using flow cytometry. A summary of the performed 

competitive treatment trials is depicted in the table below (Table 22). 

 

Table 22: Overview of used drugs in competitive in vivo treatment trials 

PDX sample Drug dosage & route of admission Treatment schedule 
ALL-265 Cyclophosphamide 70 mg/kg, i.p. 1 per week, 2 weeks 

ALL-265 Vincristine 0.3 mg/kg, i.v. 1 per week, 2 weeks 

AML-661 Cytarabine 100 mg/kg, i.p. 4 per week, 2 weeks 

 

3.2.11 Competitive limiting dilution transplantation assay (LDTA): 
 
PDX cells were isolated from sacrificed donor animals and counted three times independently 

using the Neubauer counting chamber. In this competitive setting of the LDTA, control and 

ADAM10 KO cells were mixed in a 1:1 ratio, which was checked using flow cytometry. This 
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mix was then serially diluted to the desired cell numbers of each group and injected into mice. 

Successful engraftment and leukemia growth were observed by in vivo bioluminescence 

imaging. When an advanced stage of leukemia was reached for the high cell number groups 

monitored by in vivo imaging, all animals were sacrificed and the cells re-isolated from the BM. 

Using flow cytometry, the distribution of the ADAM10 KO and the control population was 

measured and analyzed utilizing the FlowJo software (FlowJo™ Software, version 10.7, 

Ashland, USA). Positive engraftment was defined as 1% of the respective population within 

the BM, while the associated LIC frequencies were calculated with the help of the ELDA 

software (http://bioinf.wehi.edu.au/software/elda/index.html). 

 

3.2.12 Labeling PDX cells using a proliferation dye: 
 
For this project a far-red proliferation dye (CellTraceTM Far Red – Cell proliferation kit, Thermo 

Fisher Scientific, USA) was used for the labelling of PDX cells similarly as previously described 

for the usage of CFSE (Ebinger et al., 2016), as CFSE is not compatible with the Cas9-GFP 

expressing cells used here. PDX cells were retrieved from sacrificed donor animals and 

labeled according to the manufacturer’s protocol. Cells were washed using PBS to remove 

excessive dye before injection into recipient animals. Per mouse the maximal number of 107 

was injected, in order to enable the retrieval of the highest number of label-retaining cells 

(LRCs) feasible. 

 

3.2.13 Enrichment of LRC PDX cells from the murine BM using flow 
cytometry: 
 
Similarly as previously described (Ebinger et al., 2016), PDX cells were retrieved from the 

murine BM, washed and filtered. Magnetic beads (Mouse Cell Depletion Kit, Miltenyi Biotech, 

Bergisch Gladbach, Germany) were utilized to diminish the number of murine cells with slight 

adaptations to the manufacturer’s protocol using a reduced volume of 200 μl MicroBeads and 

two LS columns per mouse. The LRC and non-LRC cell population was enriched via flow 

cytometry. Events were gated for lymphocytes and singlets by FSC/SSC, for human cells using 

mCherry (EFFly Luciferase) and GFP (Cas9). Purity settings were utilized to enrich LRC and 

non-LRC cell populations with the FACSAriaIII device based on the intensity of the proliferation 

dye. In order to quantify LRCs and non-LRCs, a portion of labeled cells was kept ex vivo for 

48 hours. Intensity of the far-red proliferation dye was measured and the mean fluorescence 

intensity (MFI) defined as zero divisions. This MFI value was then step-wise divided by two to 

simulate cell divisions. Slow-cycling LRCs were defined as cells with less than three divisions, 

while fast-cycling non-LRCs must have undergone at least seven divisions. 

 

http://bioinf.wehi.edu.au/software/elda/index.html
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3.2.14 CRISPR/Cas9 KO screens in PDX models: 
 
PDX cells expressing Cas9 were isolated from sacrificed donor animals and lentivirally 

transduced with a customized surface molecule library at a multiplicity of infection (MOI) lower 

than 0.3, producing mainly single integrations. The sgRNA constructs comprised in the library 

carried a H-2Kk-mTagBFP fusion protein, which enabled measuring the transduction efficiency 

via flow cytometry as well as enrichment of library-positive PDX cells via magnetic beads three 

days post transduction. An additional in vitro culturing period allowed an established KO of the 

targeted gene before injection of the cells to the animals. This approach was chosen to also 

detect genes important for the early engraftment and homing of the leukemic cells into the BM. 

Tumor growth after injection was monitored by blood measurement. Animals were sacrificed 

at an advanced stage of leukemia and cells were re-isolated from spleen and BM as described 

above. 

 

3.2.15 Calculation of the size of customized sgRNA libraries: 
 
Aiming on being able to recover the whole library from a single animal, the maximum number 

of genes within the library was calculated based on sample-specific LIC frequencies (~1% for 

the used ALL-199 and ALL-265), the maximum number of cells, which can be injected into one 

mouse (107), the usage of five sgRNAs targeting each gene and a sgRNA fold coverage of 

200 cells per sgRNA using the following general formula: 

 
injected cell number × sample-specific engraftment efficiency

number of cells harboring each sgRNA × number of	sgRNAs targeting each gene 

 
Entering the pre-defined values for the surface molecule library used in this study leads to the 
following calculation: 

107×0.01
200×5 =100 

 

The number of donor mice required for generating sufficient Cas9-positive PDX cells for each 

biological replicate was determined based on the number of technical replicates, transduction 

efficiency favoring single integration per cell, cell viability after 10-14 days of in vitro culture 

and cells retrievable from each mouse. The following formula was used to determine the 

number of donor mice required for every independent biological experiment:  
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number of replicates × injected cell number
MOI × cell viability in vitro

×
1

number of isolated cells per donor animal 

 

4×107

0.2×0.5 ×
1

1.5*108
=

4*107

0.1 ×
1

1.5*108
=4*108×

1
1.5*108

=
4

1.5 =2,67 

 

Using this formula for our exemplary PDX sample and considering the desired number of 

replicate mice, we determined that three donor mice were needed.  

 
3.3 Molecular biology methods 
 

3.3.1 Agarose gel electrophoresis: 
 
Agarose gels were used to both separate DNA fragments of different sizes and as quality 

controls for PCR reactions. Depending on the fragment size 1-2% (w/v) agarose was dissolved 

in TAE buffer by heating. 8 µl Midori Green (Nippon Genetics Europe, Düren, Germany) per 

100 ml agarose gel was added for DNA visualization before polymerization in the gel chamber. 

Electrophoresis was conducted in TAE buffer for 30 – 60 min at 100 V. A gel documentation 

station was used for the visualization of DNA fragments. If DNA fragments were used for 

restriction enzymatic cloning, they were cut out from the gel and purified according to the 

manufacturer’s protocol. 

 

3.3.2 Restriction digest: 
 

In general plasmids were incubated for 1 hour at 37 °C for restriction enzymatic cleavage with 

one or more enzymes. 

 

Table 23: Reaction mix restriction enzymatic cleavage 

1-2 µg Donor plasmid 

0.5-1 µl (5-20 U) Enzymes (FD or HF) 

2 µl 10x digest buffer 

ad 20 µl H2O 

 

DNA fragments were separated using gel electrophoresis and purified as described above. 
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3.3.3 Ligation: 
 

DNA fragments produced by restriction enzymatic cleavage were ligated into backbone 

plasmids with complementary overhangs using ligase. 50 ng of the backbone vector were used 

with the respective insert in a molar ratio of 1:3 to 1:5 calculated using the NEBiocalculator 

(https://nebiocalculator.neb.com/#!/ligation). 

 

Table 24: Reaction mix ligation 

50 ng Backbone vector 

 Insert 

2 µl 10x ligase buffer 

1 µl T4 ligase 

ad 20 µl H2O 

 

Ligation was performed preferably over night at 16 °C or for 2 hours at RT. 

 

3.3.4 H-2Kk-mTagBFP, -iRFP and -T-Sapphire cloning: 
 
The H-2Kk-mTagBFP fusion cassette was received from IDT as gBlock and transferred to a 

pCDH lentiviral backbone using the EcoRI and SalI restriction sites. Expression of the fusion 

protein was tested both in the NALM-6 and the H293T cell lines by stable integration via 

lentiviral transduction or transient expression after transfection. In order to generate a H-2Kk-

T-Sapphire and H-2kk-iRFP fusion construct, iRFP and T-Sapphire were amplified via PCR 

from a pre-existing plasmid, containing both fluorochromes (pCDH-SFFV-FLIP cassette-iRFP-

T-Sapphire-miR30_Renilla). For the PCR following settings were used: 

 

Table 25: Reaction mix amplification of fluorochrome inserts for cloning 

PCR reaction  Cycler program 
25 ng plasmid  Cycles Temperature Time 

1.5 µl fwd primer  1 95 °C 5 min 

1.5 µl rev primer  25 94 °C 30 s 

1 µl dNTPs  58 °C 30 s 

5 µl Betaine  72 °C 2 min 

2.5 µl Pfu 5x buffer  1 72 °C 5 min 

0.3 µl Pfu polymerase     

Ad 25 µl H2O     
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With both the H-2Kk-mTagBFP plasmid and the amplified PCR products, a restriction digest 

according to the following setting was performed for 1 hour at 37 °C: 

 

Table 26: Reaction mix restriction enzymatic cleavage of inserts and plasmid backbones for 
cloning 

20 µl PCR product (insert)  1 µg plasmid 

0.5 µl BamHI  1 µl BamHI 

0.5 µl SalI  1 µl SalI 

2.5 µl CutSmart buffer  2.5 µl CutSmart buffer 

1.5 µl H2O  ad 25 µl H2O 

 

Ligation of the respective fluorochromes with the H-2Kk pCDH backbone was performed using 

the following set-up for 2 hours at RT: 

 

Table 27: Reaction mix ligation of inserts and plasmid backbones for cloning 

50 ng Backbone 

150 ng insert 

2 µl 10x T4 DNA ligase buffer 

1 µl T4 ligase 

ad 20 µl H2O 

 

Plasmids were amplified by transformation of E. coli using the heat shock method, lentiviruses 

were produced and the expression of the respective fluorochrome as well as the functioning 

of the H-2Kk tag was measured using flow cytometry and MACS enrichment with anti-H-2Kk 

microbeads according to the manufacturer’s protocol, respectively. 

 

3.3.5 Design of the customized sgRNA library: 
 
sgRNA targets were chosen based on previous multi-omics results together with potential 

targets found by literature research. For sgRNA design the GPP sgRNA Designer tool 

(https://portals.broadinstitute.org/gpp/public/) from the Broad Institute was used, which was the 

predecessor of the current CRISPick tool 

(https://portals.broadinstitute.org/gppx/crispick/public). Per gene the top five ranking sgRNAs 

were chosen from the tool, while adding extra nucleotides to enable the downstream cloning 

strategy, leading to the following oligo structure: 

 

https://portals.broadinstitute.org/gpp/public/
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Forward oligo: 5’-TCCCGN20(Gene of interest)-3’ 

Reverse oligo: 5’ AAACN20(Gene of interest)-3’ 

Additionally, 20 non-targeting sgRNAs were added to the library as negative controls. 

 

3.3.6 Annealing of the sgRNAs and golden gate cloning: 
 
For annealing the sgRNAs the following reaction and cycler settings were used: 

 

Table 28: Reaction mix and cycler conditions for sgRNA annealing 

Annealing reaction  Cycler program 
2 µl forward oligo (100 µM)  Temperature Time 

2 µl reverse oligo (100 µM)  95 °C 5 min 

2 µl T4 DNA ligase  Ramp to 25 °C 0.1 °C per s 

14 µl H2O    

 

The annealed sgRNAs were pooled and diluted 1:500. The pCDH-H-2Kk-mTagBFP lentiviral 

plasmid was pre-digested (500 ng with 0.5 µl BpiI for 10 min @ 37°C). For golden gate cloning 

the following reaction and cycler settings were used: 

 

Table 29: Reaction mix and cycler conditions for golden gate reaction 

Golden gate reaction  Cycler program 
2 µl diluted sgRNA pool  Cycles Temperature Time 

2 µl T4 ligase buffer  20 37 °C 3 min 

1 µl FastDigest BpiI  16 °C 10 min 

1 µl T4 ligase  1 55 °C 5 min 

100 ng Pre-digested plasmid  1 85 °C 5 in 

Ad 20 µl H2O     

 

2.5 µl of the product of this reaction was amplified using electrocompetent Endura bacteria as 

described in the manufacturer’s protocol (Lucigen, Middleton, USA). Half of the bacteria were 

plated on square 245 mm bacterial plates, while additional dilutions were plated to 10cm petri 

dishes (e.g., 1:1.000, 1:10.000), enabling calculation of the transformation efficiency and 

therefore the coverage of the library. After overnight incubation at 32°C, transformation 

efficiency was evaluated with 50 colonies representing each sgRNA as minimum number to 

continue with the next steps. If this quality control was passed, bacteria were harvested and 
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the plasmid DNA was isolated according to the manufacturer’s protocol (NucleoBond Xtra Midi 

kit, Macherey-Nagel, Düren, Germany). 

 

3.3.7 Next generation sequencing (NGS) and MAGeCK analysis: 
 
Amplifying the sgRNA library was performed using a nested PCR approach. The following 

reactions and cycler conditions were used for the two PCR reactions: 

 

Table 30: Reaction mix and cycler conditions for NGS 

1st PCR  Cycler program 
1.7 µg gDNA  Cycle Temperature Time 

0.7 µl ExTaq Polymerase  1 95 °C 5 min 

5 µl ExTaq buffer  16 94 °C 30 s 

4 µl dNTPs   57 °C 30 s 

1.5 µl cPPT-forward primer (5 µM)   72 °C 30 s 

1.5 µl EF1α-reverse primer (5 µM)  1 72 °C 5 min 

Ad 50 µl H2O     

 

2nd PCR  Cycler program 
5 µl 1st PCR product  Cycle Temperature Time 

1.5 µl ExTaq Polymerase  1 95 °C 3 min 

10 µl ExTaq buffer  25 94 °C 30 s 

8 µl dNTPs   53 °C 30 s 

0.5 µl P5-H1 primer mix (100 µM)   72 °C 20 s 

10 µl P7- EF1α index primer  1 72 °C 10 min 

Ad 100 µl H2O     

 

As a quality control, 10 µl of the products of the second PCR reactions were run and imaged 

on an agarose gel (2%, 100V for 45 min), while the remaining PCR product was purified 

according to the manufacturer’s protocol (QIAquick PCR Purification Kit, Qiagen, Germany). 

Sequencing of the samples was performed using a HiSeq2000 (Illumina, San Diego, USA). 

The Illumina Demultiplex software was utilized on Galaxy to demultiplex the reads and to map 

them to the sgRNA’s sequence according to the reference list. The MAGeCK-count algorithm 

(Li et al., 2014) was utilized to obtain sgRNA normalized read count tables, while identification 

of the dropouts was performed via the MAGeCK-test algorithm (Li et al., 2014), which yields 

the p value, the false discovery rate (FDR) and the RRA depletion score for each tested gene. 
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3.3.8 Production of lentiviruses and lentiviral transduction: 
 
As previously described (Ebinger et al., 2016), the third-generation lentiviral packaging 

plasmids pRSV-Rev, pMDLg/pRRE, and pMD2.G pseudotyping was used for the generation 

of lentiviruses. The following transfection mix was prepared to produce viral particles: 

 

Table 31: Reaction mix for production of lentiviruses 

1 ml DMEM 

5 µg pRSV-Rev 

10 µg pMDLg/pRRE 

1.25 µg pMD2.G 

5 µg pCDH plasmid of interest 

53.125 µl PEI 

 

The transfection mix was incubated for 20 min at RT before being added dropwise to the 

H293T cells. 72 hours post transfection, viral particles were filtered and enriched using Amicon 

centrifugal filter units (Merck Millipore, Darmstadt, Germany) for 30 min at 2.000 g and RT. 

The viral titer was evaluated by transducing cell lines (e.g., NALM-6, SEM) with serially diluted 

virus and analyzing the transduction efficiencies 72 hours post transduction using flow 

cytometry. Viruses were stored at -80 °C until usage. 

In general, cells were lentivirally transduced using volumes according to the previous titration 

with the addition of 8 µg/ml polybrene. For more difficult to transduce PDX cells, the volume 

was increased by a factor of two. 24 hours post transduction the viruses were removed from 

the cells by repeated washing using PBS, before cells were resuspended in their respective 

medium.  

Transduction of the PDX cells with the surface molecule library was performed as described 

in (Bahrami et al., 2023). In brief, PDX cells were seeded to wells of 6 well plates, seeding 

each 107 cells per well in 1 ml of StemSpan II medium (Stemcell Technologies, Vancouver, 

Canada) with added polybrene. 24 hours post transduction the viral particles were removed 

by washing and seven to ten days post transduction the library-positive cells were enriched by 

MACS and injected to mice. 

 

3.3.9 ADAM10 variant cloning: 
 
Designing of the ADAM10 variants was conducted in silico. gBlocks (Integrated DNA 

Technologies, USA) were ordered and introduced to the pCDH lentiviral backbone utilizing 

restriction enzymatic cleavage by XhoI and AgeI. Expression of the ADAM10 variants was 
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coupled via a T2A peptide to T-Sapphire expression, enabling both measurement and 

enrichment via flow cytometry. 

 

3.3.10 Sanger sequencing and analysis of genome editing: 
 
Extraction of gDNA of 1x106 NALM-6 or PDX cells was performed according to the 

manufacturer’s protocol (QIAampDNA Mini kit, Qiagen, Hilden, Germany). Specific primers 

amplifying the locus targeted by the respective sgRNA were utilized with an input of 100 ng 

gDNA. PCR products were run on an 1% agarose gel as quality control before being cut out 

of the gel and cleaned up according to the manufacturer’s protocol (NucleoSpin Gel and PCR 

Clean-Up, Macherey-Nagel, Düren, Germany). The cleaned PCR amplicons were Sanger 

sequenced and efficiency of gene editing was calculated by the Inference of CRISPR edits 

(ICE) algorithm (Brinkman et al., 2014). 

 

3.3.11 RT-qPCR Analysis: 
 
Flow cytometrically enriched PDX cells were washed and the RNA was isolated according to 

the manufacturer’s protocol (RNeasy Micro, Qiagen, Hilden, Germany). RNA quantity was 

measured with a spectrophotometer before transcription of 400 ng RNA into cDNA according 

to the manufacturer’s protocol (QuantiTect Reverse Transcription Kit, Qiagen, Hilden, 

Germany). For the evaluation of the relative ADAM10 variant expression levels, both HPRT 

and GAPDH were used as housekeeping genes. Analysis of the samples was performed on a 

LightCycler® 480 Instrument II (Roche, Mannheim, Germany) using the corresponding SYBR 

green master mix (LightCycler® 480 SYBR Green I Master, Roche, Mannheim, Germany) and 

cycler program. Pre-analysis of the data was conducted using the on-device software, while 

quantification of the relative ADAM10 expression was performed using the ∆∆CT method. 

 

3.3.12 Analysis of transcriptomic data: 
 
Analysis of transcriptomic data was performed as described in (Bahrami et al., 2023). In brief, 

analysis of whole transcriptome data of PDX ALL samples was performed according to the 

TruSeq Stranded mRNA library preparation protocol from Illumina. 100 bp paired-end 

sequencing with a HiSeq 4000 instrument (Illumina, San Diego, USA) was conducted. 700-

1000 ng total RNA with an RNA integrity number (RIN) not lower than seven was used for the 

analysis. Gene and transcript analysis was performed using Salmon (v0.9.1) (Patro et al., 

2017), while statistical analyses were calculated with R version 3.6.1. Gene expression data 

were uploaded to the Gene Expression Omnibus Website (https://www.ncbi.nlm.nih.gov/geo/) 

with the following accession number: GSE139553. 
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3.3.13 Analysis of differential gene expression and protein expression: 
 
Analysis of differential gene expression and protein expression was performed as described 

in (Bahrami et al., 2023). In brief, the R package edgeR (version 3.30.3) was used for pre-

processing of the raw read counts, while protein expression and differential gene expression 

was analyzed using the R package limma (version 3.44.3). Genes with p values ≤0.05 and 

|logFC|>1 were defined as statistically significant differentially expressed. Statistical 

significance of proteins was reached with adjusted p values of ≤0.05. 

 

3.3.14 Confocal microscopy of ADAM10 variants: 
 
H293T cells were transfected with the respective ADAM10 variants using PEI. 24 hours post 

transfection cells were fixed using 4% PFA for 15 min. After three washing cycles using PBS, 

the primary antibody (anti-Human ADAM-10 (11G2), Diaclone SAS, Besancon Cedex, France) 

was added to the cells in PBS + 0.1% BSA for 1 hour at RT enabling extracellular staining of 

the ADAM10 variant. The cells were washed three times using PBS before incubation with the 

secondary antibody ((IgG (H+L) Cross-Adsorbed Goat anti-Mouse, Alexa Fluor™ 647, 

Invitrogen™, Fisher Scientific GmbH, Schwerte, Germany), which was performed in the same 

buffer for 1 hour. 3 min DAPI counter-staining was conducted in the same buffer at RT. The 

cells were washed with PBS three times, before mounting (ProLong™ Gold Antifade Mountant, 

Fisher Scientific GmbH, Schwerte, Germany) and sealing with transparent nail polish. Confocal 

microscopy images were acquired with a Leica TCS SP5 confocal microscope (Leica 

Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) capturing the DAPI signal with the 405 nm 

UV diode and the Alexa FluorTM 647 with the 633 nm helium/neon laser line utilizing the 63x, 

1.4 NA oil objective in z-stacks. Images were analyzed with FIJI (Schindelin et al., 2012). 

 
 
3.4 Detection of proteins 
 
3.4.1 Simple Western (WES): 
 
Cell lysis buffer with PMSF added 1:200 was used to lyse NALM-6 cells for 30 min on ice, 

before cellular debris was removed by centrifugation for 20 min at >20.000 g. The protein 

containing supernatant was transferred to new pre-chilled tubes and the protein concentration 

was measured performing a BCA assay according to the manufacturer’s protocol (BCA Protein 

Assay Kit, Cell Signaling Technologies, USA). Using a WES simple western device, protein 

quantification and analysis were conducted according to the manufacturer’s protocol and using 

the corresponding Compass software. 
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3.4.2 Whole cell lysis and SDS-PAGE: 
 
Cell lysis buffer with PMSF added 1:200 was used to lyse PDX cells or cell lines for 30 min on 

ice. Samples were centrifuged at >20.000 g for 30 min at 4°C, before the protein containing 

supernatant was transferred to new pre-chilled tubes. Bradford assay was used to determine 

the relative protein concentrations. Separation of proteins was conducted using pre-cast SDS-

PAGE gels and proteins were transferred to PVDF membranes using semi-dry blotting 

according to the manufacturer’s protocol (Trans-Blot® Turbo™ Transfer System, Bio-Rad, 

München, Germany). 5% skim-milk in TBS/T (0.025% Tween) was used for blocking the 

membranes for 1 hour at 4°C. The primary and secondary antibodies were incubated using 

the same buffer overnight at 4 °C and for 1 hour at RT, respectively. For the housekeeping 

gene, GAPDH, a directly HRP conjugated antibody was used with an incubation time of 30 min 

at RT. ECL was used for the detection of proteins according to the manufacturer’s protocol on 

a western blot documentation station (Fusion FX, Vilber Lourmat GmbH, Germany). 

 

3.4.3 Purification of transmembrane proteins: 
 
H293T cells were harvested using trypsin and washed two times using pre-chilled PBS. 

Transmembrane proteins were purified by resuspension in buffer A, homogenization via 

pipetting and shearing of the samples through a 25G needle for four times using a syringe. 

After 10 min of centrifugation at 1.000 g at 4°C, the supernatant was removed, while the pellet 

was reconstituted in buffer B before incubation for 15 min on ice. For better purification the 

samples were mixed every 5 min. After a second 10 min centrifugation step, the pellets were 

resuspended in buffer C. After an incubation period of 60 min on ice with mixing of the samples 

every 20 min, the samples were centrifuged for 30 min at 16.000 g and 4 °C. The protein-

containing supernatant was transferred to fresh pre-chilled tubes and stored at -80 °C until 

usage. 

 

Table 32: Buffer composition for transmembrane protein purification 

Reagent Buffer A Buffer B Buffer C 
Tris pH 8.0 50 mM 50 mM 50 mM 

DTT 0.5 mM 0.5 mM 0.5 mM 

PMSF 1 mM 1 mM 1 mM 

Leupeptin 5 µg/ml 5 µg/ml 5 µg/ml 

NaF 10 mM 10 mM 10 mM 

Na3VO4 1 mM 1 mM 1 mM 

NP-40 0.1% (v/v) - 1% (v/v) 
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3.5 Flow cytometry 
 
In general, flow cytometry was conducted utilizing a BD LSRFortessa X-20 device. Flow 

cytometric data were gated for viable cells by FSC/SCC, and fluorochromes either expressed 

or coupled to antibodies were analyzed utilizing the indicated laser and filter settings. 

 

Table 33: BD LSRFortessa X-20 laser and filter configuration 

Laser Excitation [nm] Long pass filter Bandpass filter Parameter 

Violet 405 685 710/50 BV711 

505 525/50 T-Sapphire 

 450/50 mtagBFP 

Blue 488 505 530/30 GFP 

 488/10 SSC 

YellowGreen 561 600 610/20 mCherry 

505 586/15 PE 

Red 640 690 730/45 iRFP 

 670/30 APC 

 

For routine stainings of surface molecules, cells were harvested and the medium was removed 

by washing with PBS. Either the amount recommended by the manufacturer or a previously 

titrated volume of directly conjugated antibody was added to 100 µl PBS per sample in a 

master mix, where applicable. If not otherwise stated, cells were incubated with the antibodies 

for 15 min at RT. Excess antibody was removed using a PBS washing step. Cells were 

afterwards resuspended in 100 µl PBS and the samples measured by flow cytometry. 

 

Staining of intracellular proteins was conducted by fixing and permeabilizing the cells following 

the manufacturer’s protocol (FIX & PERM Cell Fixation & Cell Permeabilization Kit, Thermo 

Fischer Scientific, USA) without the use of sodium azide. 

 

Enrichment of cells using fluorescence-activated cell sorting was performed using the BD 

FACS AriaIII (BD Biosciences, Heidelberg, Germany) based on expressed or antibody-

conjugated fluorochromes using the following laser and filter settings. 
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Table 34: BD FACS AriaIII laser and filter configuration 

Laser Excitation [nm] Long pass filter Bandpass filter Parameter 

Violet 405 502 530/30 T-Sapphire 

 450/40 mtagBFP 

Blue 488 502 530/30 GFP 

 488/10 SSC 

YellowGreen 561 600 610/20 mCherry 

Red 633 735 780/60 iRFP 

 660/20 APC 

 

 

3.6 Cell culture and in vitro assays 
 
3.6.1 Cell culture: 
 
All cells were cultured in the appropriate medium as indicated in the tables below at 37 °C and 

5 % CO2. Cells were split according to their preferred density. Suspension cell lines were split 

roughly twice per week in order to maintain them at densities between 1-2x 106. AML PDX 

were seeded at 1x 106 per million cells and split according to their proliferation rate maintaining 

them at this density. The non-proliferating ALL PDX cells were maintained in culture by adding 

fresh medium without splitting. H293T cells were split by removing medium, washing once 

using PBS, detaching cells for 3 min using 1.5 ml trypsin, splitting them according to their 

density 1:5 to 1:20 and resuspending them in fresh medium. 

 

Table 35: Cell culture media composition for cell lines and PDX cells 

B-ALL cell lines  H293T cells 
 RPMI medium   DMEM medium 

10 % FBS  10 % FBS 

1 % L-Glutamine  1 % L-Glutamine 

1 % HEPES    

1 mM Sodium pyruvate    
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ALL PDX  AML PDX 
 StemSpan™ SFEM II   StemPro-34 medium 

1 % Pen / Strep  1.3 ml Nutrient supplement 

   2 % FBS 

   1 % Pen / Strep 

   1 % L-Glutamine 

   10 ng/ml rhFLT3 

   10 ng/ml rhIL3 

   10 ng/ml rhSCF 

   10 ng/ml rhTPO 

 

For cryopreservation, cells were washed once using PBS before they were resuspended in 

Bambanker freezing medium (NIPPON Genetics EUROPE, Düren, Germany) and transferred 

to -80 °C. Cells were thawed quickly at 37 °C to yield high cell viabilities. Thawed cells were 

directly washed using PBS and resuspended in their respective culturing medium. 

 

3.6.2 In vitro competitive assay: 
 
Cells were transduced, enriched and mixed along with the cells of the in vivo competitive assay 

(see 3.2.8). The in vitro experiments were conducted for the same time period as the in vivo 

passage of the respective sample. For ALL-199, the experimental endpoint for the in vitro 

experiment was set to 14 days as a result of the limited feasibility of ALL PDX cultivation in 

vitro. Using flow cytometry, the distribution of the control and the ADAM10 KO population was 

compared between the initial mix and the mix at the experimental endpoints. 

 

3.6.3 Analysis of the cell cycle: 
 
For cell cycle analysis, ADAM10 surface staining was performed as described above (see 3.5), 

before cells were fixed for 15 min on ice using 0.5% PFA in PBS. PFA was removed by washing 

two times with PBS. Cells were permeabilized using 0.1% Triton X-100 in PBS combined with 

1µg/ml DAPI to stain the cell’s DNA content. Samples were measured using flow cytometry 

and analyzed via the FlowJo software, employing the cell cycle tool utilizing the Dean-Jett-Fox 

model. 

 

 

 



3 Methods 
 

 

 52 

3.6.4 CFU assay: 
 
CFU assays were performed as described in (Bahrami et al., 2023). In brief, CFU assays were 

conducted using MethoCultä H4034 Optimum according to manufacturer’s protocol. Cells 

were resuspending in their corresponding medium and mixed with methylcellulose (1:10) by 

vortexing. 16G blunt-end needles and corresponding syringes were used to plate this mix to 

wells of meniscus-free 6-well plates. Colonies were scored after ten days using an inverted 

microscope with the help of a plate grid. A colony was defined by >20 cells forming a round 

cluster with a GM-CFU morphology. 

For CFU assays including chemical inhibition of ADAM10, spleen derived PDX cells were pre-

treated for 72 hours with GI254023X or its solvent DMSO. Reduction of ADAM10 expression 

was determined by flow cytometry of 3x 105 cells per condition stained for ADAM10 or the 

corresponding isotype control. The remaining cells were utilized for the CFU assay. 

The CFU assays with healthy human CD34+ cells were performed as described above by our 

collaboration partner Sophie Kreissig from AG Wichmann. The cells were amplified in the 

medium described below, before being treated with a chemical ADAM10 inhibitor (GI254023X 

or Aderbasib) or DMSO for 72 hours. As for the PDX samples, ADAM10 expression was 

measured by flow cytometry and cells were plated and scored after ten days. 

 

Table 36: Composition of cell culture medium for human CD34+ progenitor cells 

human CD34+ cells 
 IMDM 

20 % FCS 

100 U/ml Penicillin 

100 µg/ml Streptomycin 

2 mM L-Glutamine 

10 ng/ml IL3 

20 ng/ml IL6 

20 ng/ml SCF 

20 ng/ml TPO 

20 ng/ml FLT3L 

20 ng/ml GM-CSF 

 

3.6.5 Apoptosis assay: 
 
PDX cells were seeded to wells of 6 well plates and either a chemical ADAM10 inhibitor 

(GI254023X) or its solvent DMSO was added. After 72 hours, cells were harvested and 
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resuspended in Annexin V binding buffer. A combined ADAM10 and Annexin V surface 

staining was performed with an incubation time of 10 min at RT. For the final 5 min of 

incubation, DAPI was added. The percentage of Annexin V-positive cells was measured by 

flow cytometry. 

Electroporation of PDX cells with RNP complexes was performed to compare apoptosis rates 

of ADAM10 KO and control cells. The utilized RNPs either comprised a control sgRNA or a 

mix of three individual sgRNAs targeting ADAM10. For electroporation, a primary cell kit (P3 

Primary Cell 4D-Nucleofector® X Kit L, Lonza Group, Basel, Switzerland) was used with a 4D-

Nucleofector utilizing program #CA137. 72 hours post electroporation, the apoptosis assay 

was performed as described above. 

 

3.6.6 In vitro chemotherapy assay: 
 
PDX cells stably expressing different fluorochrome versions of the E-Firefly Luciferase (GFP 

or mCherry) were amplified via donor mice. After sacrificing the animals, PDX cells were 

electroporated with RNP complexes as described above (see 3.6.5). 72 hours post 

electroporation, control and ADAM10 KO cells were mixed in a 1:1 ratio and seeded to wells 

of 48-well plates using 60.000 cells in three technical replicates for each of the 

chemotherapeutic agents (Cytarabine, Daunorubicin & Doxorubicin), used concentration as 

well as tested sample. Using flow cytometry, the composition of the two cell populations was 

measured at the start of the experiment and 96 hours after adding the chemotherapeutic 

agents, comparing the composition of the two subpopulations of cells. 

 

 

3.7 Software 
 

Flow cytometric measurements were analyzed with the FlowJo Software. 

 

Generation of graphs and statistical analyses were conducted with GraphPad Prism. 

 

Analysis of GO networks was performed utilizing Cytoscape (Bindea et al., 2009; Shannon et 

al., 2003). 

 

Writing of the thesis and implementation of the citations was conducted using Microsoft Word 

and Endnote 20, respectively. 
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3.8 Online resources 
 

Graphics and schemes were generated using BioRender.com (https://biorender.com). 

 

GSEA of transcriptomic data was conducted utilizing the web-resource (http://www.gsea-

msigdb.org/gsea/index.jsp, (Mootha et al., 2003; Subramanian et al., 2005)) including both GO 

terms as well as KEGG pathways. 

 

The expression of ADAM10 in different AML and ALL subtypes was investigated using the 

Leukemia MILE study dataset (202603_at, GSE13159) of the Bloodspot online database 

(https://servers.binf.ku.dk/bloodspot/, (Bagger et al., 2019)), while the TCGA AML dataset 

(202603_at) was used for investigating overall survival. Retrieved raw data were analyzed and 

adapted with GraphPad Prism.  

 

ADAM10’s effect on different tumor entities was investigated using the pathology section of 

the web-resource of the human protein atlas (https://www.proteinatlas.org, version 21.1, 

(Uhlén et al., 2015)). 

 

https://biorender.com/
http://www.gsea-msigdb.org/gsea/index.jsp
http://www.gsea-msigdb.org/gsea/index.jsp
https://servers.binf.ku.dk/bloodspot/
https://www.proteinatlas.org/
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4. Results 
 
Therapeutic strategies for patients with acute leukemias have been improving during recent 

years, but options are still limited for patients with relapsed disease, elderly patients and 

patients within adverse risk groups. Thus, new targets for the treatment of acute leukemia 

patients are urgently needed. Especially disruption of the interaction of leukemic cells with the 

surrounding bone marrow microenvironment promises to eradicate LSCs, which often escape 

routine chemotherapy and can initiate relapses. 

Therefore, the aim of the presented work was to identify new therapeutic acute leukemia 

targets by using customized surface molecule CRISPR/Cas9 dropout screens in vivo in PDX 

models and to subsequently functionally characterize such a potential vulnerability by using a 

broad array of approaches including multi-omics analyses, establishing KO and rescue models 

and investigating the effect of genetic KO or chemical inhibition of the candidate on essential 

leukemia cells’ characteristics. 

 

4.1 Customized CRISPR/Cas9 dropout screen on surface proteins in PDX 
leukemia models in vivo reveals ADAM10 as candidate with essential 
function 

 

We searched for genes with essential function during PDX leukemia growth in mice in vivo and 

started by using an unbiased functional screening approach. We performed a CRISPR-Cas9 

dropout screen using a customized library. In dropout screens, sgRNAs which were present at 

cell injection into mice, but depleted during tumor growth and absent at the time of analysis, 

have disabled a gene with essential function for in vivo leukemia growth. As we aimed for 

interrupting the leukemia-niche interaction, we focused on surface molecules. 

Screening in PDX models presents various hurdles like low transduction and engraftment 

efficiency and immensely higher costs compared to cell line screens, while better resembling 

the primary disease. Therefore, whole genome CRISPR-Cas9 dropout screens are hardly 

feasible. Utilizing two ALL PDX models with known high LIC frequencies of around 1 in 100 

permitted us to screen a customized library with a size of approximately 500 sgRNAs targeting 

around 100 candidate genes with a sufficiently high sgRNA representation of 200 cells per 

sgRNA in each individual animal (Figure 6 and see 3.2.15). The candidates for the library were 

chosen from previously generated proteomics and transcriptomics data (Ebinger et al., 2016) 

combined with genes from the literature. Suitability of the chosen library size was confirmed 

by transduction of the library into Cas9 negative ALL-199 and ALL-265 samples and comparing 

the sgRNA distribution of the plasmid pool with the ones retrieved from the individual animals 

(Bahrami et al., 2023). 
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Figure 6: The challenges of CRISPR screens in the PDX model. High numbers of donor cells are 
needed for lentiviral transduction of the library at low MOIs. ALL PDX cells are difficult to culture in vitro. 
Per mouse a maximum of 107 PDX cells can be injected. With an early engraftment efficiency of 1%, a 
200-fold coverage of the number of homed cells per sgRNA can be maintained using 5 sgRNAs per 
gene and targeting 100 genes. Adapted from (Bahrami, Schmid et al., 2023). 
 

We generated PDX models stably expressing a split version of Cas9 together with a GFP 

fluorochrome (Bahrami et al., 2023). After amplification of these cells using donor mice, in a 

next step the sgRNA targeting the respective genes together with non-cutting negative and 

known essential positive control sgRNAs were stably integrated into the PDX cells via lentiviral 

transduction at low multiplicities of infection (MOIs), aiming for predominantly single 

integrations. sgRNAs were designed via the Broad Institute sgRNA design tool (Doench et al., 

2016). sgRNA expression was coupled to a mTagBFP-H-2Kk fusion protein, enabling cell 

enrichment via both flow cytometry and magnetic-activated cell sorting. PDX cells were 

cultured in vitro for 7-10 days to allow a complete knockout of the respective targeted gene 

before they were enriched via MACS; then the input sample was taken and the cells were 

transplanted into mice. At an advanced stage of leukemia, animals were sacrificed and cells 

were re-isolated from the BM. The sgRNA locus was amplified using the two-step PCR 

approach (see 3.3.7) (Bahrami et al., 2023). PCR amplicons were sequenced via NGS and 

the reads were analyzed via the MAGeCK algorithm (Figure 7A) (Li et al., 2014). 

Utilizing this workflow, we identified several sgRNAs which dropped out significantly during in 

vivo leukemia growth and had hit potential gene candidates with essential function, 11 in 

ALL-199 and seven in ALL-265, respectively. Among those, the positive controls CXCR4 and 

ITGB1 were depleted in both investigated PDX models. Importantly, at the same time the 

abundance of the non-targeting control sgRNAs was not altered in both samples. In addition 

to the quality controls, SLC3A2, SLC19A1 and ADAM10 were depleted in both tested models, 

while TFRC was depleted in ALL-265 and NCSTN, CD81, CD79A, TRPM7 and POTEI in ALL-

199, indicating the potential of our screening pipeline to identify both commonly depleted as 

well as sample specific essentialities (Figure 7B-D). 
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Figure 7: Surface molecule CRISPR-Cas9 dropout screen in two ALL PDX models. A Scheme of 
the CRISPR-Cas9 dropout screen pipeline. Patients’ primary leukemic cells were serially transplanted 
into immunocompromised NSG mice. Via lentiviral transduction in the first step a split-version of Cas9 
was stably integrated, while in a second step the PDX cells were transduced with a customized surface 
molecule library and cultured in vitro. Seven to ten days post transduction, library positive cells were 
MACS-enriched and injected to animals (ALL-199: n=5, ALL-265: n=8) after collecting an input sample. 
At an advanced leukemic stage, cells were re-isolated from the murine BM and the distribution of the 
sgRNAs was determined by NGS sequencing comparing the output samples with the input. B 
Abundance of sgRNAs in input and output (grey dots: non-targeting sgRNAs, red dots: CXCR4 sgRNA, 
blue dots: ITGB1 sgRNA). C Plot depicting the gene summary data of the MAGeCK analysis based on 
p-values. Red dots represent significantly depleted candidate genes. Threshold of p<0.01 is depicted 
by the dotted lines. D Comparison of shared and sample specific dropouts in both ALL PDX samples. 
The depletion scores were calculated via MAGeCK’s robust ranking algorithm (RRA). Threshold of 
RRA<0.01 is depicted by the dotted line. Adapted from (Bahrami, Schmid et al., 2023). 
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4.2 ADAM10 expression is increased in primary acute leukemia cells and 
associated with worse overall survival in leukemia patients 
 

Among the sample specific and commonly depleted candidates from the surface molecule 

CRISPR/Cas9 dropout screen, ADAM10 was particularly interesting for us, as we observed it 

to be upregulated in the LSC-resembling LRC fraction in the proteome experiment preceding 

the library compilation. Additionally, ADAM10’s role in both healthy hematopoiesis and tumor 

progression of several cancer entities including T-ALL is well described in the literature 

(Atapattu et al., 2016; Duffy et al., 2009; Feldinger et al., 2014; Hartmann et al., 2002; 

Lambrecht et al., 2018; Minond, 2020; Mueller et al., 2021; Mullooly et al., 2016; Smith et al., 

2020; Sulis et al., 2011; Venkatesh et al., 2017; Wu et al., 1997; Yoda et al., 2011). 

We performed intensive data mining in order to better understand ADAM10’s role in 

hematologic malignancies. According to the publicly available dataset 202603_at (Leukemia 

MILE study, GSE13159) accessed through the Bloodspot databank, ADAM10 expression is 

significantly increased in T-ALL, in all included BCP-ALL entities as well as in all AML patient 

subgroups except those with a complex karyotype compared to healty BM samples (Figure 
8A). In line with theses data, ADAM10 protein levels were elevated in our ALL and AML PDX 

cohort, comprising 24 individual models, compared to healthy BM samples of hip replacement 

patients (Figure 8B).  

 

 
Figure 8: ADAM10 expression levels are elevated in most of the acute leukemia sub-types. A 
ADAM10 expression levels of different acute leukemia subtypes were analyzed using a publicly 
available dataset (202603_at; Leukemia MILE study; GSE13159) of the Bloodspot databank comparing 
subtypes of leukemic diseases with healthy controls. Median, 25th and 75th percentile are represented 
by the box, min/max by the whiskers. **** p<0.0001, *** p<0.001 by multiple t-test. ns: not significant, 
CN: cytogenetically normal. B Surface expression levels of ADAM10 in PDX models (ALL: n=14, AML: 
n=10) compared to BM cells of healthy donors measured using flow cytometry. Adapted from (Bahrami, 
Schmid et al., 2023). 
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Further data mining revealed that high ADAM10 expression had a tendency towards 

correlating with poorer overall survival of AML patients as shown in the dataset 202603_at 

(Human AML cells, GSE13159), underlining ADAM10’s clinical importance (Figure 9A). In 

other tumor entities such as lung and pancreatic cancer, higher ADAM10 expression was 

significantly correlated with worse overall survival (Figure 9BC). 

 

 
Figure 9: Higher ADAM10 expression is associated with worse overall survival. A Above median 
ADAM10 expression was correlated with overall survival in AML patients in a publicly available dataset 
(202603_at; Human AML cells; GSE13159). B Kaplan-Meier curves depicting correlation between 
ADAM10 expression and overall survival in lung and pancreatic cancer patients. Publicly available data 
from the Human Protein Atlas (v21.1.proteinatlas.org, 
https://www.proteinatlas.org/ENSG00000137845-ADAM10/pathology). Adapted from (Bahrami, 
Schmid et al., 2023). 
 

ADAM10’s elevated expression levels together with its association with poorer overall survival 

in several tumor entities prompted us to further elucidate ADAM10 as a vulnerability of acute 

leukemias. 
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4.3 Molecular validation of ADAM10 in PDX models in vivo and in vitro 
 

Functional in vivo competitive assays were performed to molecularly validate the findings from 

the CRISPR/Cas9 KO screen and thereby confirm ADAM10’s essentiality in PDX models of 

acute leukemia. Utilizing the three ADAM10-targeting sgRNAs with the strongest log fold 

changes in the CRISPR screens, complete KOs of ADAM10 could be achieved both in ALL 

and AML PDX samples (Figure 10). 

 

 
Figure 10: Efficient knockout of ADAM10 via CRISPR-Cas9. ALL and AML PDX models were 
lentivirally transduced using sgRNAs targeting ADAM10, enriched via flow cytometry and transplanted 
into mice. At an advanced stage of leukemia, animals were sacrificed, PDX cells re-isolated and 
ADAM10 surface protein levels were measured via flow cytometry. Histograms of the ADAM10 KO PDX 
cells compared to both the wild-type and the isotype control are depicted. Adapted from (Bahrami, 
Schmid et al., 2023). 
 

Although ADAM10 was identified as vulnerability in two ALL PDX models, not only ALL, but 

also AML PDX models were used for validation, as ADAM10 expression levels were also 

increased in both, ALL and AML samples as well as primary samples (Figure 8), indicating a 

potentially broader ADAM10 essentiality. 

A competitive approach was used in which cells with KO of ADAM10 or a control were injected 

into the same mouse and their ratio was monitored over time. The ADAM10 sgRNA was 

coupled to one of two different fluorochromes, while the control sgRNA was coupled to a 

second fluorochrome, allowing to compare the percentage of each cell population at injection 

and after sacrificing the mice via flow cytometry analysis. PDX cells were lentivirally transduced 

with either an sgRNA targeting ADAM10 labelled with mTagBFP or with a T-Sapphire-marked 

non-targeting control sgRNA. Cells were kept in vitro mimicking the approach used for 

screening, mixed in a 1:1 ratio by fluorescence activated cell sorting, injected into animals and 

an aliquot of each respective mix was measured as input sample using flow cytometry. Per 

sample, three animals, each harboring an individual sgRNA targeting ADAM10, were used 

(Figure 11AB). At advanced leukemia stages, the animals were sacrificed, PDX cell re-
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isolated from BM and spleen and the distribution of the ADAM10 KO and control population in 

these output samples was determined by flow cytometry. The representative flow cytometry 

plots show, that the ADAM10 KO population was diminished at the output compared to the 

input, while the control population increased (Figure 11C). 

 

 
Figure 11: Validation of the CRISPR-Cas9 screen candidate ADAM10 by molecular in vivo 
competitive assays. AB Workflow of competitive in vivo assays. Cas9-transgenic PDX models were 
lentivirally transduced with either an ADAM10-targeting or a non-targeting control sgRNA and cultured 
in vitro for ten days. Construct-expressing cells were enriched via flow cytometry, mixed in a 1:1 ratio 
and injected into animals. Per PDX model, three individual sgRNAs targeting ADAM10 were tested in 
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one mouse each. At an advanced stage of leukemia, animals were sacrificed, PDX cells re-isolated from 
BM and spleen and the distribution of the ADAM10 KO and control population was measured using flow 
cytometry. C Representative flow cytometry plots from in vivo competitive assays in the PDX models 
ALL-199, ALL-265, AML-661 and AML-356 depicting the distribution of the ADAM10 KO and control 
population at the timepoint of injection (Input) and after re-isolation from the sacrificed animals (Output). 
Adapted from (Bahrami, Schmid et al., 2023). 
 

ADAM10 loss diminished PDX growth and proliferation in two out of three ALL and in all of the 

five tested AML samples in vivo (Figure 12A). The unaltered distribution of the ADAM10 KO 

population and the controls in the ALL sample 502 proves the specific effect of the ADAM10 

loss in the other samples, in contrast to a potential growth disadvantage due to the Cas9 

activity and associated DNA damage repair taking place in these cells, thereby validating the 

appropriateness of our approach (Figure 12B). In contrast, in the in vitro setting only ALL-199 

displayed a mild dependency on ADAM10, while its loss had no effect on the AML PDX 

samples in vitro. For these experiments, PDX cells were cultured for time frames comparable 

to the in vivo experiments (Figure 12C). In general, the effect of the ADAM10 KO is more 

pronounced in the spleen compared to the BM (Figure 12D). Sacrificing groups of animals at 

earlier timepoints elucidated that ADAM10 loss is detrimental already shortly after 

transplantation and that this growth disadvantage persists during the in vivo passage (Figure 
12E). Therefore, ADAM10 loss might be crucial for both early engraftment as well as 

proliferation of PDX cells. In summary, essentiality of ADAM10 could be shown in seven out 

of eight ALL and AML PDX models, independent from their genetic alterations and molecular 

subgroup (Figure 12F). This indicates a broad susceptibility of acute leukemias towards loss 

of ADAM10. 
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Figure 12: ADAM10 essentiality was validated by molecular in vivo competitive assays. A In vivo 
competitive assays for ADAM10 validation in ALL and AML PDX samples. ADAM10 KO percentage is 
depicted at the injection (Input) and after re-isolation (Output) from the BM (black symbols) and spleen 
(grey symbols) for the PDX samples ALL-199 (4 BM and 3 spleen measurements from 4 animals; n=7), 
ALL-265 (9 BM and 3 spleen measurements from 9 animals; n=12), AML-356 (5 BM and 4 spleen 
measurements from 5 animals; n=9), AML-388 (3 BM and 3 spleen measurements from 3 animals; n=6), 
AML-393 (6 BM and 3 spleen measurements from 6 animals; n=9), AML-602 (3 BM and 3 spleen 
measurements from 3 animals; n=6), and AML-661 (7 BM and 7 spleen measurements from 7 animals; 
n=14). **** p<0.0001, *** p<0.001, ** p<0.01 by paired t-test. B In vivo competitive assay for ADAM10 
validation in PDX sample ALL-502 (3 BM and 3 spleen measurements from 3 animals; n=6). ns (not 
significant) by paired t-test. C In vitro competitive assays in ALL and AML PDX samples. ADAM10 KO 
percentage is depicted at the mixing timepoint (Input) and after in vitro cultivation (n=3 for all PDX 
samples). *p<0.05 by paired t-test, nd (not determined), ns (not significant). D Depletion of the ADAM10 
KO population is more pronounced in the spleen than in the BM in many samples. p<0.0001 by paired 
t-test. E BM measurement of the in vivo competitive assays of the PDX samples ALL-199 and ALL-265 
after the indicated in vivo proliferation times. Pade (1,1) approximant, robust fit was used for interpolation 
indicated by dotted grey line. F Same data as in A analyzed for ALL and AML lineage. **** p<0.0001 by 
paired t-test. Adapted from (Bahrami, Schmid et al., 2023). 
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4.4 Reconstitution of catalytically active ADAM10 in ADAM10 KO PDX 
cells rescues the phenotype in vivo 
 

ADAM10 loss significantly diminished the proliferation and growth of both ALL and AML PDX 

models as shown in the in vivo competitive assays (Figure 12). Reconstitution assays were 

performed in order to confirm that this phenotype can be indisputably attributed to ADAM10’s 

function. During ADAM10’s translocation from the ER to the cell surface, its pro-domain is 

gradually cleaved by convertase proteins like PC7 and furin (Lambrecht et al., 2018). This 

processing is crucial for ADAM10 to become proteolytically active. Therefore, an ADAM10 

variant lacking the pro-domain was utilized for reconstitution experiments in order to obtain a 

catalytically active protein (ACT) (Figure 13). A second ADAM10 variant additionally lacking 

the metalloproteinase domain (∆MP) enabled the evaluation of the importance of ADAM10’s 

catalytic activity for the observed phenotype. 

 

 
Figure 13: ADAM10 variants used for re-expression. Full-length-ADAM10 protein, catalytically 
active-ADAM10 variant (ACT) and catalytically inactive ∆MP-ADAM10 variant without the 
metalloproteinase domain (MP). Each variant comprised the C-terminal end with the cytoplasmic 
domain (CP), the transmembrane domain (TM), the cysteine-rich domain (CR) and the disintegrin 
domain (DI) as well as the signal peptide (SP). The pro-domain (PRO) was removed for both the 
catalytically active and inactive ADAM10 variant. Adapted from (Bahrami, Schmid et al., 2023). 
 

Successful expression and correct localization of the ADAM10-ACT was quality controlled 

using both confocal microscopy and conventional western blots probing both whole cell lysates 

and the membrane fractions (Figure 14). For confocal microscopy, ADAM10 was knocked-out 

in H293T cells via lentiviral transduction. ADAM10 variants were re-expressed via transient 

transfection and wild-type ADAM10, ADAM10 KO and catalytically active ADAM10 (ACT) re-

expressing cells were compared after extracellular immunohistochemical staining (see 3.3.14). 

This approach revealed that ADAM10 KO H293T cells did not show any remaining ADAM10, 

while re-expression of ACT did result in ADAM10 signals resembling the wild-type situation 

both with regards to expression levels and localization (Figure 14A). As a second proof-of-

concept experiment, conventional western blots were conducted (see 3.4.2 and 3.4.3). Firstly, 

this confirmed the KO of ADAM10 and subsequently the successful re-expression. 

Additionally, comparing the whole lysate (cytosol) with the membrane-enriched fraction 

(membr.) displays an increased protein level in the membrane fraction, thus indicating a 
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stronger localization to the plasma membrane, which is in line with the confocal microscopy 

data (Figure 14B). 

 

 
Figure 14: Quality controls of ADAM10 variant re-expression and localization. A Recombinant 
ADAM10 expression and localization depicted by confocal microscopy images. H293T control, ADAM10 
KO and ADAM10 KO cells transfected with the catalytically active ADAM10 variant (ACT) were fixed 
and stained without permeabilization for ADAM10 using the primary anti-ADAM10 antibody and a 
secondary anti-mouse Alexa Fluor 647 (AF647) antibody. DAPI was utilized for staining of the nucleus. 
Representative images from three independently performed experiments are shown. B Western Blot of 
ADAM10 protein levels in whole cell lysates (cytosol) and membrane fraction lysates (membr.) of H293T 
wild-type and ADAM10 KO cells with and without re-expression of the catalytically active ADAM10 
variant (ACT). β-Actin was used as loading control and Syntaxin 4 as membrane fraction marker protein. 
Adapted from (Bahrami, Schmid et al., 2023). 
 

Passing the described quality controls, next the effect of ADAM10 reconstitution was evaluated 

using an in vivo competitive reconstitution assay in the ALL-199 PDX model. ADAM10 KO 

PDX cells were lentivirally transduced with either a T-Sapphire-labelled ADAM10 variant or a 

control vector conferring iRFP expression. PDX cells were mixed in a 1:1 ratio and injected 

into mice. Upon signs of advanced leukemia, animals were sacrificed, cells isolated from the 

BM and the distribution of the two populations was evaluated by flow cytometry (Figure 15A). 

Successful re-expression of either of the two ADAM10 variants was confirmed both by 

expression of T-Sapphire by flow cytometry and on mRNA level using RT-qPCR (Figure 15BC 
and see 3.3.11). This indicated a similar expression level of the two variants compared to the 

endogenous ADAM10 levels in the wild-type situation. Evaluation of the distribution of the 

ADAM10 KO control population and the ADAM10 KO population with a re-expressed ADAM10 

variant in vivo showed a clear difference between the ACT and the ∆MP ADAM10 variant. 

While re-expression of ADAM10-ACT significantly enhanced PDX growth and proliferation, 

thereby rescuing the observed growth disadvantage phenotype, the ∆MP variant was not able 

to improve the growth kinetics of the leukemic cells (Figure 15D). 
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Figure 15: In vivo competitive ADAM10 reconstitution assay. A Scheme depicting the workflow of 
the in vivo competitive ADAM10 reconstitution assay. The assay was performed similar to the validation 
assays described in Figure 10. In contrast, ADAM10 KO PDX cells were lentivirally transduced with 
either an ADAM10 variant or an iRFP expressing control plasmid. Mixing, in vivo growth and analysis 
was performed as for the validation assays. B T-Sapphire expression of the control and the ADAM10 
variant-transduced population is compared via flow cytometry. Per group, representative histograms of 
the two populations of one animal are depicted. C ADAM10 mRNA levels in Cas9- transgenic wild-type 
ALL-199 PDX cells (WT) and ADAM10 KO cells reconstituted with either the iRFP control (KO+CTRL), 
the catalytically active variant (KO+ACT) or the catalytically inactive variant (KO+∆MP) was measured 
using RT-qPCR and normalized to GAPDH. Median, 25th and 75th percentile indicated by box; 25th 
percentile - 1.5 IQR and 75th percentile + 1.5 IQR indicated by whiskers. * p<0.05 by unpaired t-test. D 
Violin plot of the in vivo competitive ADAM10 reconstitution assay in ALL-199 (both ADAM10 variants 
n=3). The percentage of the ADAM10 KO population reconstituted with either of the two ADAM10 
variants in the injection mix (Input) and after re-isolation from the sacrificed animals at an advanced 
stage of leukemia (Output) is depicted. Dashed lines indicate median, dotted lines the 25th and 75th 
percentile. ns not significant, * p<0.05 by paired t-test. Adapted from (Bahrami, Schmid et al., 2023). 
 

In summary, these data affirm ADAM10’s essentiality for leukemic cell growth in vivo, while 

ruling out potential off-target effects. Furthermore, ADAM10’s enzymatic activity conferred by 

its metalloproteinase domain appears to be the key factor for ADAM10’s importance. 
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4.5 Multi-omics data reveal alterations in cellular pathways upon ADAM10 
loss 
 

Next, our aim was to elucidate the downstream effects of ADAM10 or its loss in leukemic cells. 

Therefore, we chose a multi-omics approach including both transcriptomic and proteomic 

analysis of ADAM10 KO cells compared to their respective controls. In a first step, we 

performed proteome as well as secretome analyses of the B-ALL cell lines SEM and NALM-6 

with and without the KO of ADAM10 after serum starvation for three days (Figure 16) in close 

collaboration with Ashok Kumar Jayavelu. ADAM10’s sheddase activity is mediating the 

cleavage of a plethora of transmembrane proteins, therefore secretome analysis was 

performed as described in (Bahrami et al., 2023). Secretome analysis enabled investigation of 

the differentially secreted proteins upon ADAM10 loss. 

 

 
Figure 16: Workflow of the proteomic and secretomic profiling of B-ALL cell lines. SEM and 

NALM-6 KO and control cells were cultivated for three days under serum-free conditions. By 

centrifugation, cells and supernatant were separated and collected for proteome and secretome 

analysis, respectively. Adapted from (Bahrami, Schmid et al., 2023). 

 

Proteomic profiling found 1120 proteins to be up- and 854 proteins to be downregulated in 

ADAM10 KO SEM cells compared to controls (Figure 17A). Pathways associated with cell 

death and apoptosis were upregulated the most strikingly (Figure 17B), while additionally 

metabolism, cell cycle and interestingly adhesion and membrane associated processes were 

altered (Figure 17C). 
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Figure 17: SEM proteome. A Heat map of SEM cells by unsupervised hierarchical clustering of 
significantly regulated proteins; ADAM10 KO (n=8) compared to control (n=4) (two-sample test, 
permutation-based FDR <0.05). Proteins enriched in the ADAM10 KOs are specified in purple. B Bar 
diagram indicating the five most significantly enriched pathways of the proteome results shown in A. C 
Comprehensive pathway enrichment analysis. The four most relevant, enriched functional processes 
are depicted. Each gene set is represented by a node, whose size is defined by the number of genes. 
The significance of its enrichment is indicated by its color. Lines represent overlap between the gene 
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sets, while line width is in proportion to the number of shared genes. Data were analyzed using GSEA 
4.1.0 and depicted via Cytoscape 3.9.0. Adapted from (Bahrami, Schmid et al., 2023). 
 

Analyzing the cleaved and secreted proteins in ADAM10 KO and control SEM and NALM-6 

samples, 220 and 1000 proteins could be measured in the supernatants, respectively. From 

these, 44 and 62 proteins were secreted differently, respectively (Figure 18AB). As a proof-

of-concept, strong reduction of the ADAM10 protein itself in the secretome upon KO was 

detected in SEM cells (Figure 18C). Additionally, five proteins were significantly altered in both 

tested cell lines, namely APP, GGH, H2AFX, HIST1H4A and HSP90AA1. APP (amyloid-beta 

precursor protein) is a well described direct target of ADAM10 and HSP90AA1 (heat shock 

protein 90 α) exerts known cancer related functions (Figure 18D). Furthermore, FLT3 (fms-

like tyrosine kinase 3) secretion was altered in SEM cells. These results suggest that proteins 

cleaved by ADAM10 before secretion might convey ADAM10’s pro-leukemic role. 

 

 
Figure 18: B-ALL cell line secretome. A Heatmap of SEM cells by unsupervised hierarchical clustering 
of proteins significantly differentially secreted in ADAM10 KO (n=4) compared to control (n=4) samples 
(two-sample test, permutation-based FDR <0.05). Secreted proteins enriched in the ADAM10 Kos are 
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specified in purple, depleted proteins in orange, respectively. B Heatmap of NALM-6 cells by 
unsupervised hierarchical clustering of proteins significantly differentially secreted in ADAM10 KO (n=3) 
compared to control (n=3) samples (two-sample test, p value <0.05). C Box plots of significantly 
differentially secreted proteins in SEM and NALM-6 cells with ADAM10 KO compared to controls 
depicted by z-scored log 2 protein intensity. D Differentially secreted proteins in SEM and NALM-6 cell 
lines are compared using a Venn diagram with indication of the commonly altered secreted proteins. 
Adapted from (Bahrami, Schmid et al., 2023). 
 

As a next step, both transcriptome and proteome analysis were performed using PDX ALL-

199 and ALL-265 cells. Transcriptomic profiling, which was conducted by Vindi Jurinovic, 

discovered 641 differentially expressed genes of ADAM10 KO vs. control PDX cells with 327 

down- and 314 upregulated genes, respectively (Figure 19A). Significantly altered processes 

were clustered using enrichment map analysis (Figure 19B). Performing gene set enrichment 

analysis (GSEA), the Kyoto Encyclopedia of Genes and Genomes (KEGG) terms cell 

adhesion, oxidative phosphorylation and cell cycle were found to be significantly altered 

(Figure 19C). 

 

 
Figure 19: Transcriptome analysis of PDX ALL-199 and ALL-265. A Heatmap depicting the 
differentially expressed genes compared between ADAM10 KO (n=3) and control (n=4) ALL-199 and 
ALL-265 PDX samples by unadjusted p value of ≤0.05 and fold change <0.5 or >2. B Enriched pathways 
of differentially expressed genes shown in A. Most relevant, enriched functional processes are labelled. 
Each gene set is represented by a node, whose size is defined by the number of genes. The significance 
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of its enrichment is indicated by its color. Lines represent overlap between the gene sets, while line 
width is in proportion to the number of shared genes. Data were analyzed using GSEA 4.1.0 and 
depicted via Cytoscape 3.9.0. C Gene set enrichment analysis (GSEA) of the transcriptome data in A 
(p<0.005 and FDR q value<0.33, Norm p=0.01). Most relevant, significantly altered KEGG terms are 
depicted. Adapted from (Bahrami, Schmid et al., 2023). 
 

To further decipher the cellular processes and pathways affected by the loss of ADAM10, we 

performed proteome analysis of ADAM10 KO and control ALL PDX samples with the help of 

Ashok Kumar Jayavelu. This approach identified numerous differentially regulated proteins in 

several biological pathways with oxidative phosphorylation- (OXPHOS), mitochondrion-, cell 

death- and cell cycle-associated pathways being the most affected as seen by enrichment 

analysis (Figure 20). 

 

 
Figure 20: Proteome analysis of PDX ALL-199 and ALL-265. A Heatmap depicting the differentially 
regulated proteins compared between ADAM10 KO (ALL-199: n=4; ALL-265 n=4) and control (ALL-199: 
n=5; ALL-265 n=4) PDX samples by unsupervised hierarchical clustering (two-sample test, permutation-
based FDR <0.05). Proteins enriched in the ADAM10 KOs are specified in purple, de-enriched proteins 
in orange, respectively. B Depiction of differentially regulated GO terms of the data in A by Fisher’s 
exact test. Representative proteins of each displayed GO term are listed. Adapted from (Bahrami, 
Schmid et al., 2023). 
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Combining both transcriptomic and proteomic analysis data, we found especially metabolism, 

apoptosis / cell death and cell cycle to be commonly de-regulated in both -omics approaches 

and in both cell lines and PDX models in vivo as well as in vitro. These findings suggest a cell 

intrinsic component of ADAM10’s essentiality in leukemic cells, which is independent from its 

importance for the interaction with the BM microenvironment. 

 

As functional proof-of-concept experiments, we tested the effect of ADAM10 loss on cell cycle 

and cell death. Targeting members of the ADAM family including ADAM10 was the aim of 

several previous studies in different tumor entities (Minond, 2020; Mullooly et al., 2016; Pavlaki 

& Zucker, 2003; Rad et al., 2022; Smith et al., 2020; Venkatesh et al., 2017); therefore, we 

could use the commercially available small molecule inhibitor GI254023X for targeting 

ADAM10 in a more translatable approach. The effect of ADAM10 inhibition in vitro was 

analyzed using flow cytometry (Figure 21AB and see 3.6.3). Treatment of ALL-199 PDX cells 

with 490 µM GI254023X lead to a marked arrest of the cell cycle with a decreased fraction of 

cells in the S phase and a higher percentage of cells in the G1 phase (Figure 21CD). These 

effects increased with treatment time shown by comparing the flow cytometry measurements 

24, 48 and 72 hours post treatment start. (Figure 21D). 
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Figure 21: Cell cycle assay with PDX ALL-199 after chemical inhibition of ADAM10. A Workflow 
of the cell cycle assay. PDX cells were treated for three days with the chemical ADAM10 inhibitor 
GI254023X (490µM) or its solvent (DMSO) in vitro before cells were fixed, stained using DAPI and 
analyzed via flow cytometry. B Gating strategy used for cell cycle analysis. Lymphocytes and single 
cells were determined using SSC and FSC. Phases of cell cycle were discriminated by DAPI recording 
in the linear setting and using the Dean-Jett-Fox model of the FlowJo software. C Representative 
histograms of ADAM10 Inhibitor- and solvent-treated ALL-199 PDX cells. G1 = Gap phase 1, S = 
Synthesis phase, G2/M = Gap phase 2 / mitosis. D Quantification of four independent replicates either 
treated with the ADAM10 inhibitor or its solvent after one, two and three days of treatment, respectively. 
Each dot represents one independent measurement after the indicated time and treatment. ** p<0.01, * 
p<0.05 by paired t-test. Adapted from (Bahrami, Schmid et al., 2023). 
 

We next validated the effect of ADAM10 loss on the rate of apoptosis and cell death. Here, we 

used the electroporation of RNPs to generate ADAM10 KO PDX cells, which we compared to 

control cells electroporated with non-targeting sgRNA containing RNPs (Figure 22A and see 

3.6.5). Three days post electroporation, the apoptosis rate was determined via DAPI and 

Annexin V double staining. Excluding only small debris, the percentage of Annexin V-positive 

cells was measured via flow cytometry (Figure 22B). Both ALL and AML PDX models showed 

an increased percentage of Annexin V-positive cells resembling early apoptotic cells, although 

to a greater extent in ALL-199 compared to the AML models (Figure 22CD). Using the same 

strategy as for the cell cycle assay, we again inhibited ADAM10 chemically using GI254023X 

InhibitorDMSO

G1= 63.7%
S= 30.3%
G2/M= 5.8%

G1= 79.3%
S= 17.3%
G2/M= 3.3%

ALL-199 ADAM10 inhibitor, 3 d, in vitro

GI
100

80

60

40

20

G1 S G2/M
0

ALL-199, 3 d, in vitro

C
el
lc

yc
le

ph
as

e
(%

) **ns **ns **

d1
d2
d3

DMSO

Cell cycle analysis

Cas9 PDX

+ ADAM10 inhibitor

+ DMSO

3 days

FS
C
-H

S
S
C
-A

FSC-A FSC-A DAPI-A DAPI-A

C
ou

nt

C
ou

nt

A

B

C D

Lymphocytes
89.8%

Single Cells
98.2%

DAPI-A subset
92.0%



4 Results 
 

 

 74 

(see 3.6.5) and detected a similar effect on the proportion of Annexin V-positive cells as in the 

KOs, further validating the effect of ADAM10 loss on cellular apoptosis rates (Figure 22CD). 

 

 
Figure 22: Apoptosis assay of PDX ALL-199 after RNP-mediated KO or chemical inhibition of 
ADAM10. A Workflow of RNP KO apoptosis assay. PDX cells were electroporated with RNPs containing 
either a mix of three crRNAs targeting ADAM10 or a non-targeting crRNA. Three days post 
electroporation, PDX cells were stained using Annexin V and DAPI and measured by flow cytometry. B 
Representative flow cytometry plots depict the gating strategy for the apoptosis assays. Debris removal 
was conducted by SSC and FSC. Using quadrant gates, Annexin V- and DAPI-positive and -negative 
populations were defined. C Quantification of the percentage of Annexin V-positive PDX ALL-199 cells 
after RNP KO or chemical inhibition of ADAM10 (RNP KO: n=3; GI254023X treatment (490µM): n=6). 
*** p<0.001, * p<0.05 by paired t-test. D Quantification of the percentage of Annexin V-positive PDX 
AML-388, AML-393 and AML-661 cells after RNP KO or chemical inhibition of ADAM10 (RNP KO: AML-
388 (¯): n=3, AML-393 (¿): n=3, AML-661 (r): n=3; GI254023X treatment (490µM): AML-388: n=6, 
AML-393: n=6). *** p<0.001, ** p<0.01 by paired t-test. Adapted from (Bahrami, Schmid et al., 2023). 
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most severely affected. We could functionally validate these findings using proof-of concept 

experiments. Chemical inhibition or genetic loss of ADAM10 resulted in both a block of cell 

cycle progression as well as an increase of apoptotic cells in ALL and AML PDX models in 

vitro, validating cell cycle and apoptosis as important processes which are altered upon KO of 

ADAM10. 
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4.6 ADAM10 reduction leads to decreased early engraftment capacity, 
stem cell frequency and CFU potential of PDX models in vivo 
 

After observing cell-intrinsic effects of ADAM10 loss, namely on cell cycle and cell death via 

apoptosis, we aimed to further functionally characterize ADAM10’s role in leukemia biology 

and to elucidate a potential clinical benefit of ADAM10 targeting for leukemia patients. 

In order to investigate ADAM10’s importance for the interaction of leukemic cells with the BM 

microenvironment, early engraftment and homing assays were performed (see 3.2.9). In these 

assays, we tested the effect of ADAM10 reduction via chemical inhibitors on the potential of 

freshly injected PDX cells to find their orthotopic niche and to engraft in the murine bone 

marrow. For this, ALL PDX cells were pre-treated ex vivo for two to three days with one of the 

two commercially available ADAM10 inhibitors GI254023X or Aderbasib. As ADAM10 was 

shown to be shuttled from the cell surface to the cytosol upon catalytic inactivation (Seifert et 

al., 2021), ADAM10 surface stainings could be used to determine effective inhibitor 

concentrations, which markedly reduce ADAM10 surface levels. The optimal concentration of 

each of the two inhibitors was determined in titration experiments displayed in Figure 23. 

 

 
Figure 23: ADAM10 inhibitor treatment reduces ADAM10 surface levels. Representative flow 
cytometry histograms of proof-of-concept titration experiments determining the optimal concentration of 
the inhibitors GI254023X (A) and Aderbasib (B) on ALL-199 and ALL-265 are depicted. The inhibitor 
concentrations were evaluated based on the reduction of ADAM10 surface levels. Adapted from 
(Bahrami, Schmid et al., 2023). 
 

The 48-72 hours pre-treatment with the chemical inhibitors had no effect on cell viability as 

shown in Figure 24A-C. Considering that the early engraftment process in vivo is very 

inefficient, 107 PDX cells – the maximal possible number – were transplanted per mouse to 

enable retrieval of cells after 72 hours in vivo, (Ebinger et al., 2016; Ebinger et al., 2020). For 

the treatment with Aderbasib, an additional control was included by keeping a small portion of 

cells in vitro in parallel to the in vivo passage. This allowed us to separate potentially delayed 

effects of the inhibitor treatment on cell viability from the effect of ADAM10 loss on early 
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engraftment of PDX cells. Since no increase in the percentage of dead cells was observed in 

vitro (Figure 24D), the differences in the engraftment levels between inhibitor-treated and 

control cells can most likely be attributed to the role of ADAM10. 

 

 
Figure 24: ADAM10 inhibition at the indicated concentrations is not toxic for PDX cell in vitro. 
AB Representative flow cytometry plots of a proof-of-concept experiment. Treatment of ALL-199 and 
ALL-265 with GI254023X at a concentration of 100 µM did not decrease the viability the cells compared 
to the solvent control as determined using a fixable live/dead cell staining. C Quantification of the data 
depicted in A and B. D Quantification of a proof-of-concept experiment treating ALL-199 PDX cells with 
the ADAM10 inhibitor Aderbasib at the indicated concentrations. Neither after three nor after additional 
three days in culture, Aderbasib decreased cell viability compared to the solvent control as determined 
using a fixable live/dead cell staining. Mean of three technical replicates per group is depicted. Adapted 
from (Bahrami, Schmid et al., 2023). 
 

The in vivo experiment was conducted as depicted in Figure 25A and described in 3.2.9. PDX 

ALL cells were pre-treated with a chemical ADAM10 inhibitor or its solvent for two to three 

days and injected into groups of animals. Three days post transplantation, mice were 

sacrificed, cells isolated from the BM and the percentage as well as the absolute number of 

PDX cells within the bone marrow was measured by flow cytometry. Both tested inhibitors 
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significantly reduced the early engraftment capacity of PDX cells, underlining a crucial function 

of ADAM10 for leukemic cells during early engraftment and successful homing to the BM 

microenvironment (Figure 25B). 

 

 
Figure 25: Chemical inhibition of ADAM10 significantly reduced early engraftment capacity of 
PDX cells. A Scheme depicting the procedure of the early engraftment assay. Cas9-transgenic PDX 
cells were treated with either an ADAM10 inhibitor or its solvent for 2-3 days before transplantation into 
groups of mice. Animals were sacrificed after 3 days, PDX cells re-isolated from the BM and analyzed 
via flow cytometry. B Quantification of the percentage of PDX cells engrafted in the BM normalized to 
the mean of the corresponding control group (ALL-199: GI 100 µM n=8 with n=6 DMSO controls, Ader 
10 µM n=5 with n=5 DMSO controls; ALL-265: GI 100 µM n=5 with n=5 DMSO controls). **** p<0.0001, 
*** p<0.001, *p<0.05 by paired t-test. Adapted from (Bahrami, Schmid et al., 2023). 
 

In a next step, the effect of ADAM10 loss on LSCs was investigated. LSCs reside in the bone 

marrow niche close to the endosteum in a dormant state. While fast proliferating blast cells are 

efficiently eradicated by standard chemotherapy, these LSCs are often unaffected, leading in 

many cases to a disease relapse. Therefore, targeting of the LSCs represents a critical 

approach for a successful treatment of acute leukemia. The gold standard to determine the 

LSC frequency are limiting dilution transplantation assays (LDTA) (Eaves, 2015; Maetzig et 

al., 2017), which were used in a competitive setting (Figure 26). We employed these LDT 

assays in a competitive setting (see 3.2.11). 
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Figure 26: Competitive in vivo ADAM10 KO LDTA assay to determine LIC frequency. Scheme 
depicting the procedure of the competitive ADAM10 KO LDTA assay. Cas9-transgenic PDX cells were 
lentivirally transduced with a sgRNA targeting ADAM10 or a non-targeting control sgRNA, respectively. 
sgRNA-positive cells were amplified via donor animals, mixed in a 1:1 ratio and serially diluted until 
theoretically less than one leukemia-initiating cell (LIC) is present in the mixture according to the 
corresponding PDX model’s LIC frequency. Serially diluted mixes were transplanted into mice and 
leukemic growth monitored via in vivo bioluminescence imaging. At a defined tumor burden, all animals 
were sacrificed, the PDX cells re-isolated from the BM and the distribution of the ADAM10 KO and 
control subpopulation analyzed using flow cytometry. A threshold of 1% of PDX cells within the cells in 
the BM was defined as positive engraftment. Adapted from (Bahrami, Schmid et al., 2023). 
 

Using two ALL PDX models, ALL-199 and ALL-265, ADAM10 KO cells marked with mTagBFP 

and control cells labelled with T-Sapphire were mixed in a 1:1 ratio, step-wise diluted and 

transplanted into groups of mice. Leukemia growth was monitored using in vivo 

bioluminescence imaging (Figure 27) before animals were sacrificed and the composition of 

the ADAM10 KO and control population was measured using flow cytometry. Successful 

engraftment of the respective population was calculated based on the previously defined 

threshold of 1% within all BM cells (Table 37). 

 

 
Figure 27: Monitoring of leukemic growth in the competitive in vivo ADAM10 KO LDTA assay. 
Representative pictures of the in vivo bioluminescence imaging of the competitive in vivo ADAM10 KO 
LDTA assay in the PDX sample ALL-265 four and six weeks post transplantation. The respective cell 
number injected per population for each group of animals is indicated using roman numerals (I = 20.000, 
II = 6.000, III = 2.000, IV = 600, V = 200, VI = 60, VII = 20). Adapted from (Bahrami, Schmid et al., 2023). 
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Table 37: Calculation of successful engraftment of ALL-199 cells in the competitive LDTA 

 

     
 

In both tested models, ADAM10 loss reduced the frequency of LSCs. While this reduction was 

significant and corresponds to a factor ten reduction in ALL-199, in ALL-265 the same trend 

with a three-fold reduction was observed (Figure 28). These results indicate that ADAM10 is 

important for LSCs and their targeting therefore might have the potential to improve the 

treatment outcome of leukemia patients. 
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T-Sapphire+ = CtrlBFP+ = KOhumancell numberMouse sample
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0%0%0%

20
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60

20210408 - ALL199 take down_74033-42 60 200K P1_011.fcs
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99,60%0,38%5,55%108020210323 - ALL199 high 1080_74024-33 1080 50K P6_002.fcs
99,90%0%43,50%20210408 - ALL199 take down_74025-34 1080 50K P6_004.fcs

85,60%14,00%52,10%2000020210312 - ALL199 pos ctrl_74026-35 20K_001.fcs

engraftment
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Figure 28: Loss of ADAM10 diminished the LIC frequency of PDX ALL-199 and ALL-265 cells in 
competitive in vivo LDTA assays. AB LIC frequency of the ADAM10 KO and control population is 
calculated using the ELDA software webtool based on the ratio of positively engrafted populations at 
the given cell number within each group. The mean of the LIC frequencies (solid) together with the 95% 
confidence interval (dashed) for the ADAM10 KO (black) and control (grey) populations are shown (A 
ALL-199: n=25; B ALL-265: n=25). The relative LIC frequency normalized to the respective control group 
is shown in the bar graphs. Adapted from (Bahrami, Schmid et al., 2023). 
 

As a next step, with the help of former Master student Tania Duque, the CFU potential of PDX 

cells lacking ADAM10 compared to control cells was evaluated (see 3.6.4). In two independent 

approaches, ADAM10 was either knocked-out via lentiviral transduction or ADAM10 levels 

were reduced using chemical inhibition (Figure 29 & Figure 30). In both experimental set ups, 

the shape of the individual colonies was not affected (Figure 29B, C). Nevertheless, in both 

settings, ADAM10 loss could be measured by flow cytometry and this reduction led to 

decreased CFU potentials in each setting and PDX model (Figure 29D, Figure 30C & Figure 
31AB). Our collaboration partner Sophie Kreissig performed a similar experiment using healthy 

human CD34+ progenitor cells in combination with chemical inhibition of ADAM10 using either 

GI254023X or Aderbasib. This approach did not reduce their CFU potential (Figure 30B, D & 

Figure 31C), emphasizing the higher sensitivity of leukemic cells towards ADAM10 targeting, 

thus suggesting a possible therapeutic window for the treatment of leukemia patients. 

 

A

# of injected cells (x 102)lo
g
fra

ct
io
n
no

nr
es
po

nd
in
g

0.0

-0.5

-1.0

-1.5

0 2 4 6 8 10

CTRL
1 / 144

ADAM10 KO
1 / 1373

ALL-199, 10 w, in vivo

* p < 0.0004

KO

0.2

0.4

0

0.8

1

CT
RL

0.6

re
l.
LI
C
fre

qu
en

cy

ALL-265, 10 w, in vivo

CTRL
1 / 894

ADAM10 KO
1 / 2888

p = 0.067

# of injected cells (x 103)lo
g
fra

ct
io
n
no

nr
es
po

nd
in
g 0.0

-0.5

-1.0

-1.5

0 1 2 3 4 5 6

-2.0 0
0.2

0.4

0.8
1

0.6

0

re
l.
LI
C
fre

qu
en

cy

KO
CT
RL

B



4 Results 
 

 

 82 

 
Figure 29: Scheme and quality controls of the influence of ADAM10 loss on CFU potential of AML 
PDX models. A Depiction of the procedure of the PDX ADAM10 KO CFU assays. Cas9-transgenic PDX 
cells were lentivirally transduced with an sgRNA targeting ADAM10 or a non-targeting control sgRNA, 
cultured in vitro for four to five days, enriched via flow cytometry, cultured for another two to three days 
before 1x 103 cells were seeded in methylcellulose for the CFU assay. After ten days, colonies were 
manually counted using an inverted fluorescence microscope. BC Representative bright light images of 
three (AML-356, B) and four (AML-388, C) independent ADAM10 KO and control cell CFU assays at a 
magnification of 10x (upper row) and 4x (lower row), respectively, are depicted. D Representative flow 
cytometry histograms of four independent experiments depicting ADAM10 surface levels at the end of 
the CFU assays. PDX cells transduced with an sgRNA targeting ADAM10 or transduced with a non-
targeting control sgRNA were compared. Adapted from (Bahrami, Schmid et al., 2023). 
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Figure 30: Schemes and quality controls of the influence of ADAM10 inhibition on CFU potential 
of AML PDX models and healthy human CD34+ blood progenitor cells. A Depiction of the 
procedure of the PDX ADAM10 inhibition CFU assays using GI254023X. Cas9-transgenic PDX cells 
were treated with 100 µM GI254023X or its solvent for three days in vitro. Viable cells were counted, 
the ADAM10 surface level reduction was confirmed using flow cytometry and 1x 103 cells were seeded 
for the CFU assay in methylcellulose. After ten days, colonies were manually counted using an inverted 
fluorescence microscope and ADAM10 surface levels were re-measured by flow cytometry. B Depiction 
of the procedure for the ADAM10 inhibition CFU assays with healthy human CD34+ blood progenitor 
cell using GI254023X and Aderbasib. Experiment was performed as in A, except seeding 2x 103 cells 
for the CFU assay and treating the cells with 100 µM GI254023X or 10 µM Aderbasib. CD 
Representative flow cytometry histograms of three independent experiments depicting ADAM10 surface 
levels at the timepoint of CFU seeding (upper row) and at the end of the CFU assays (lower row). PDX 
AML-356 and AML-388 cells (C) and healthy human CD34+ blood progenitor cells (D) treated using an 
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ADAM10 inhibitor at the indicated concentration or the solvent were compared. Adapted from (Bahrami, 
Schmid et al., 2023). 
 

 
Figure 31: ADAM10 loss or reduction decreased the CFU potential of AML PDX models without 
affecting healthy human CD34+ blood progenitor cells. A Quantification of the ADAM10 KO CFU 
assays performed in AML PDX models as described in Figure 29A with each doth representing an 
independent replicate. *p<0.05 by paired t-test. B Quantification of the ADAM10 Inhibitor CFU assays 
performed in AML PDX models as described in Figure 30A with each doth representing an independent 
replicate. * p<0.05 by paired t-test. C Quantification of the ADAM10 inhibitor CFU assays performed in 
healthy human CD34+ blood progenitor cells as described in Figure 30B with each doth representing 
an independent replicate. (GI254023X: GI, 100 µM; Aderbasib: Ader, 10 µM). ns by Holm-Sidak's 
multiple comparisons test compared to DMSO. Adapted from (Bahrami, Schmid et al., 2023). 
 

Together with the diminished LSC frequencies after ADAM10 loss observed in the in vivo 

competitive LDTA assays, these data suggest that targeting of ADAM10 might be a promising 

concept to decrease the relapse-inducing LSCs. 
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4.7 ADAM10 loss renders PDX models of acute leukemia susceptible 
towards routinely used chemotherapeutic agents in vivo 
 

ADAM10 reduction hampered the interaction between PDX cells and the BM 

microenvironment as shown in the early engraftment assays. Additionally, ADAM10 loss led 

to a decreased frequency of LSCs and a diminished CFU potential indicated by the competitive 

LDTA and the CFU assay after chemical inhibition or lentivirally mediated ADAM10 KO, 

respectively. Therefore, our next aim was to investigate ADAM10’s importance during routine 

chemotherapy and to elucidate if its targeting might be beneficial for the treatment of acute 

leukemia patients. 

Both in vivo and in vitro experiments were employed to address this question. For the in vivo 

experiments, a competitive approach was used, in which ADAM10 KO cells and PDX cells 

transduced with a control sgRNA were mixed (see 3.2.10). In contrast to the competitive 

validation assays, the cells were not mixed in a 1:1 ratio, but rather in a 3:1 to 4:1 surplus for 

the KO cells, in order to achieve a close to 1:1 ratio after three weeks of growth, when treatment 

was started. Using this competitive approach with both tested populations within the same 

animals guaranteed identical conditions for both cell populations during the treatment using 

chemotherapeutic agents (Figure 32). 

 

 
Figure 32: Scheme depicting the procedure of the competitive in vivo treatment trial. Control and 
ADAM10 KO PDX AML-661 cells were mixed in a 1:4 ratio aiming to counterbalance ADAM10 KO cells’ 
engraftment and proliferation disadvantage before the start of therapy (SOT). Repeated in vivo imaging 
was utilized to track growth of the leukemic cells. One group of animals was sacrificed at the SOT, the 
drug or solvent treated groups after three consecutive weeks of the respective treatment. PDX cells 
were re-isolated from the BM and the spleen and analyzed via flow cytometry. Adapted from (Bahrami, 
Schmid et al., 2023). 
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growth could be observed in the solvent-treated animals, while the AraC-treated mice 

displayed a rather constant, plateau-like leukemic burden. 

 

 
Figure 33: Quality controls of the competitive in vivo AraC treatment trial in PDX AML-661. A In 
vivo bioluminescence imaging of the animals of both treatment groups at the indicated days post 
transplantation. B Quantification of the imaging data of all animals of the trial including the start of 
therapy group. C Representative flow cytometry plots of the distribution of the control and ADAM10 KO 
population after treatment with AraC or PBS in the BM and spleen samples of the respective animals. 
Adapted from (Bahrami, Schmid et al., 2023). 
 

When solvent-treated mice reached an advanced stage of leukemia, animals of both groups 

were sacrificed and PDX cells isolated from BM and spleen. Comparing the percentages as 

well as the absolute values of ADAM10 KO cells after three weeks of treatment between the 

PBS and AraC-treated animals displays a clear reduction KO cells in the AraC-treated animals, 

both in BM and spleen. This effect is especially striking in the spleen measurements, where 

almost no ADAM10 KO cells could be detected in the AraC-treated animals (Figure 33C). 

In agreement with the in vivo imaging data, the AraC-treated mice showed lower percentages 

of human PDX cells, underlining AraC’s anti-leukemic activity (Figure 34A). Within the human 

cells, the composition of the ADAM10 KO and control population was discriminated via flow 

cytometry, displaying a significant reduction of the ADAM10 KO population compared to the 
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control PDX cells upon treatment with AraC (Figure 34BC). This effect was present in both 

tested organs although reduction was more pronounced in the spleen. 

 

 
Figure 34: ADAM10 loss sensitizes towards AraC treatment in a competitive in vivo treatment 
trial in PDX AML-661. A Percentage of human PDX cells in the BM of mice from the start of therapy 
(n=3, SOT), PBS-treated (n=4, 1 animal with an extreme value was removed) and cytarabine (AraC)-
treated (n=3, 2 animals were lost because of AraC-related toxicity) group of animals measured by flow 
cytometry. *** p<0.001 by unpaired t-test. B Percentage of AML-661 ADAM10 KO cells at 
transplantation, at SOT and after three consecutive weeks of treatment with AraC or PBS. **** p<0.0001, 
*** p<0.001 by unpaired t-test. C Percentage of remaining AraC-treated ADAM10 KO and control cells 
compared to the depletion of the control population treated with PBS in both measured organs. Adapted 
from (Bahrami, Schmid et al., 2023). 
 

In a second in vivo experiment, ALL-265 PDX cells were treated using vincristine (VCR), 

cyclophosphamide (Cyclo) or their solvent for three consecutive weeks. As for AML-661, 

animals were sacrificed at the same time and PDX cells were isolated from BM and spleen. 

Exemplary flow cytometry plots of the BM of a Cyclo- and a PBS- treated animals are shown 

in Figure 35A, indicating a stable ADAM10 KO throughout the trial. Similar to the results in the 

AML PDX model, treatment with Cyclo or VCR significantly reduced the percentage of 

ADAM10 KO cells, with Cyclo displaying a stronger reduction of the KO population (Figure 
35B). 
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Figure 35: ADAM10 loss sensitizes towards vincristine and cyclophosphamide treatment as 
discovered by competitive in vivo treatment trial in PDX ALL-265. A Representative flow cytometry 
gating of BM samples of mice of the PBS-, VCR- or Cyclo- treated group stained for ADAM10. B 
Percentage of ALL-265 ADAM10 KO cells at the transplantation and after three consecutive weeks of 
treatment with VCR (n=3), Cyclo (n=3) or PBS (n=4). *** p<0.001, * p<0.05 by unpaired t-test. Adapted 
from (Bahrami, Schmid et al., 2023). 
 

Furthermore, in vitro competitive chemotherapy trials were conducted with AML-356 and AML-

661 PDX cells using AraC, Daunorubicine (Dauno) and Doxorubicine (Doxo) in concentrations 

within the clinically relevant range (see 3.6.6). In both tested AML models, the three 

chemotherapeutic agents led to a dose-dependent, significant decrease of the ADAM10 KO 

population compared to the control cells (Figure 36). 
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Figure 36: ADAM10 loss sensitizes towards cytarabine, daunorubicine and doxorubicine 
treatment as discovered by competitive in vitro treatment trial in PDX AML-356 and AML-661. 
AML PDX models RNP electroporated with either an ADAM10-targeting sgRNA mix or a non-targeting 
control sgRNA were mixed in a 1:1 ratio. Clinically relevant concentrations of the respective 
chemotherapeutic agents were added to the PDX samples in triplicates. Analysis of the ADAM10 KO 
and control population via flow cytometry 96 hours post induction. A Viability of the AML PDX cells at 
the indicated drug concentrations compared to the DMSO-treated controls. B Percentage of the 
ADAM10 KO population at the indicated drug concentrations compared to the DMSO-treated controls. 
**** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 by Brown-Forsythe and Welch ANOVA tests using 
multiple comparisons. Adapted from (Bahrami, Schmid et al., 2023). 
 

In summary, both in vivo and in vitro, ADAM10 loss sensitized the tested AML and ALL PDX 

cells towards routine chemotherapy. Therefore, targeting of ADAM10 might add a valuable 

treatment tool to the currently available, routinely used chemotherapy regimen. 

 

In conclusion, we were able to establish a pipeline of functional CRISPR/Cas9 dropout screens 

in PDX models of acute leukemia. This enabled elucidation of several shared as well as sample 

specific vulnerabilities which might be potential candidates for new therapeutic targets of ALL. 

Among those, this project identified ADAM10 as a fascinating novel target for the treatment of 

acute leukemia by delineating the detrimental effects of ADAM10 loss on broad cellular 

processes, such as cell cycle, apoptosis, metabolism and OXPHOS, but also functionally on 

essential properties of leukemic cells, such as the early engraftment potential, the frequency 

of leukemic stem cells, the CFU potential and the sensitivity towards chemotherapeutic agents 

in vivo and in vitro. 
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5. Discussion 
 
Treatment outcome of acute leukemia patients has drastically improved during the last 

decades. Nevertheless, many challenges remain, especially regarding the treatment of 

patients belonging to difficult-to-treat subgroups and patients with relapsed disease. In order 

to better stratify patients to risk groups and specific treatment options, and to identify the 

mechanisms underlying relapse development, in the last years, a vast amount of data has 

been collected with the rise of multi-omics and single cell approaches. Still, most of these data 

have been acquired using cell line systems, which hardly resemble the disease, or are purely 

descriptive. Without demeaning the value of these findings, functional data are often sorely 

missed. For this project, we employed CRISPR/Cas9 KO screens to elucidate potential 

vulnerabilities of acute leukemias in vivo utilizing PDX models, which best mimic the patient’s 

disease while at the same time enabling genetic engineering along with functional assays. 
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5.1 The pipeline for CRISPR/Cas9 KO screens in PDX models allows 
identification of potential AL vulnerabilities in vivo 
 

Functional assays can promote a better understanding of disease development and 

progression. Choosing the most appropriate model system is often a trade-off between 

feasibility and clinical relevance. On the one side, primary patient material directly resembles 

the disease, but its availability is often limited and genetic manipulation is highly restricted; on 

the other side, cell lines are easy to genetically engineer and cell numbers are basically 

unlimited. Yet, they frequently acquire non-physiological mutations and thus fail to mimic the 

properties of the initial disease (Ben-David et al., 2018; Downing et al., 2012; Gillet et al., 2011; 

Ma et al., 2018; Pan et al., 2009; van Galen et al., 2019; Waanders et al., 2020). PDX models 

represent a good compromise, allowing amplification and manipulation of the cellular material, 

while maintaining many characteristics of the patient’s leukemia throughout several passages 

(Richter-Pechańska et al., 2018; Vick et al., 2015). 

Using the PDX model, we developed a pipeline for functional CRISPR/Cas9 KO screens, 

enabling the identification of vulnerabilities of the patient’s acute leukemias in vivo. The 

interaction of leukemic cells with their respective microenvironment in the BM niche is 

essential, and we and others could show that this site represents a protective niche for LSCs, 

which give rise to relapses and are only insufficiently eradicated by routine chemotherapy 

(Delahaye et al., 2020; Menter & Tzankov, 2022; Phan & Croucher, 2020; Schepers et al., 

2015; Zhou et al., 2016). Therefore, we aimed at finding novel candidates which can serve as 

potential targets to weaken this interaction, release the LSCs from the BM niche and re-

sensitize them towards chemotherapy (Ebinger et al., 2016; Ebinger et al., 2020). 

We employed our CRISPR/Cas9 KO screen pipeline using a customized surface molecule 

library of around 100 genes, which were selected from previous proteomic and transcriptomic 

results and supplemented with candidates from the literature. Comparing the sgRNA 

distribution between the input and the output samples using NGS, we found our quality controls 

to be met. While the non-cutting control sgRNAs serving as negative controls were unaltered 

in their abundance (Figure 7B), indicating the absence of an effect due to their expression, 

the sgRNAs targeting our positive control genes CXCR4 and ITGB1 were reduced in the output 

samples of both tested ALL PDX models (Figure 7B). This confirmed the potential of our 

pipeline to identify known essential genes in the in vivo setting. Apart from the controls, we 

elucidated both commonly depleted and sample specific candidates, reinforcing the idea to 

pinpoint individual patient’s vulnerabilities as well as broader essentialities in leukemia 

patients. Sample specific dropouts were NCSTN, CD81, CD79A, TRPM7 and POTEI in ALL-

199 and TFRC in ALL-265. Commonly depleted candidates were the solute carrier (SLC) 

family members SLC19A1, which acts as a folate transporter and was connected to 



5 Discussion 
 

 

 92 

methotrexate metabolism in ALL (Kotur et al., 2020; Ramalingam et al., 2022); and SLC3A2, 

the 4F2 heavy chain subunit of the amino acid transporter LAT1 (CD98), that has been 

connected to ferroptosis in several disease settings (Li et al., 2021; Ma et al., 2021; Wang et 

al., 2019). 

The fifth gene depleted in both PDX models was ADAM10, which was of special interest for 

us due to its function as an extracellular sheddase and its involvement in processes like 

adhesion, migration, cytokine and intracellular signaling both in the context of healthy 

hematopoiesis as well as in diverse disease settings including T-ALL (Atapattu et al., 2016; 

Lambrecht et al., 2018; Mullooly et al., 2016; Smith et al., 2020). Additionally, ADAM10 

displayed significantly higher mRNA expression levels in all tested acute leukemia subtypes 

except complex karyotype AML, identified by data mining of the publicly available MILE study 

dataset (202603_at; GSE13159) at the Bloodspot databank (Figure 8A). Along the same line, 

we found the surface protein levels of ADAM10 to be significantly elevated in our cohort of 

PDX models compared to healthy donor’s BM cells isolated from patients with hip replacement. 

The higher expression levels of ADAM10 confirmed both on mRNA and protein level 

suggested a potentially higher dependency of acute leukemia cells on ADAM10. Furthermore, 

the disparate ADAM10 levels might open a therapeutic window, which allows targeting of 

ADAM10 without affecting normal hematopoiesis. Moreover, data mining of the Bloodspot 

databank (Human AML cells; 202603_at; GSE13159) and the Human protein atlas suggests 

that in fact higher mRNA expression levels of ADAM10 were correlated with worse overall 

survival. While this was a clear although statistically non-significant trend in primary material 

of AML patients, the effect was highly significant in other tumor entities, such as lung and 

pancreatic cancer. These data further emphasize ADAM10’s potential role as a vulnerability of 

acute leukemias. Based on (i) the combined data of our CRISPR/Cas9 KO screen, (ii) 

ADAM10’s function as an ectodomain sheddase, (iii) the connected pathways and biological 

processes as well as (iv) its expression data and association with poorer overall survival, we 

decided to continue with ADAM10 as our candidate and to molecularly validate the screens 

results using competitive in vivo and in vitro assays. 
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5.2 Competitive in vivo validation assays confirm ADAM10 as an 
essentiality in AL 
 

For the validation of candidates from the functional CRISPR/Cas9 KO screen, we performed 

competitive in vivo and in vitro assays. In the in vivo setting, this approach enabled us to track 

the engraftment and proliferation of the leukemic cells with and without the KO of the gene of 

interest within the same animal. As the conditions for both cell populations are therefore equal, 

this represents a highly reliable and very sensitive approach for detecting differences in the 

growth kinetics of the two cell populations, while at the same time reducing the number of 

animals. For the in vitro assays, cultivation of the two cell populations in the same well of the 

culturing vessel eliminates variability, allowing the detection of minute differences between the 

KO and control cell population in proliferation and survival. 

Prerequisite for both assays is a high KO efficiency of the gene of interest. For the validation 

of ADAM10, we stably integrated three distinct sgRNAs targeting ADAM by lentiviral 

transduction and controlled KO efficiency via surface staining and subsequent flow cytometry. 

Both in the ALL cell lines NALM-6 and SEM (data not shown) as well as in one ALL and AML 

PDX model each (Figure 10), we observed strong reduction of ADAM10 protein levels, which 

are comparable to the signal of the cells stained with the antibody’s isotype control. This 

confirms a very high KO efficiency and serves as reliable quality control for following 

competitive assays. 

We used the three sgRNAs targeting ADAM10 from the CRISPR screens, which had shown 

the strongest depletion. Testing each of them against a control population in three separate 

mice enabled us to rule out potential off-target effects of one of the sgRNAs, which might have 

been overlooked if a mix of different sgRNAs had been used. Performing competitive validation 

assays in ALL and AML PDX models in vivo, we found the ADAM10 KO population to be 

depleted in seven out of eight tested ALL and PDX models (Figure 12A). This proves on the 

one hand a broad essentiality of acute leukemia PDX models on ADAM10 regardless of the 

underlying driver mutations and cytogenetic backgrounds. On the other hand, the results of 

the ALL-502 PDX model (Figure 12B), where no difference between the KO and the control 

population could be observed, eliminates the possibility of an unspecific depletion of the KO 

population for example due to the CRISPR/Cas9-induced DSBs and thereby strongly suggests 

a specific phenotype of ADAM10 loss in the other tested PDX models. Surprisingly, the level 

of depletion was mildly increased in the analyzed spleen samples compared to the BM 

samples in many PDX models (Figure 12D). This might indicate that the PDX cells rely on 

ADAM10 to disseminate from the BM and successfully engraft at a new tumor site, although 

further experiments would be needed to decipher the exact reason for the detected disparity. 

Sacrificing animals at earlier timepoints in addition to the routinely performed sacrificing at an 
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advanced stage of leukemia shed a light on the proliferation kinetics of ADAM10 KO cells 

compared to controls. Our data suggest a dual effect of ADAM10 loss. Firstly, early 

engraftment to the orthotopic BM niche shortly after transplantation seems to be severely 

hampered by the ADAM10 loss. Furthermore, also after homing to their respective niche, the 

KO cell population continuously displays a proliferation disadvantage in comparison to the 

control cells, as seen by the correlation of longer in vivo passages with stronger depletion, with 

most pronounced effects at an advanced stage of leukemia (Figure 12E). 

In stark contrast to the results of the in vivo competitive assays, in vitro competitive assays 

displayed no dependency on ADAM10 in four out of five tested PDX models, with the exception 

of ALL-199, which showed a mild reduction of the ADAM10 KO population (Figure 12C). The 

discrepancy between the in vivo and in vitro data implies that ADAM10 is mainly essential for 

the interaction with the surrounding stroma cells and microenvironment rather than acting cell 

autonomously. Of note, previously, we showed also WT1 and DNMT3A to be essential in vivo, 

but not in vitro (Ghalandary et al., 2023) underlining the importance of appropriate model 

systems such as the PDX model, which include the tumor microenvironment. Thereby, the 

situation in the patient is resembled as closely as possible which facilitates the identification of 

clinically relevant candidates. 
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5.3 In vivo ADAM10 reconstitution assays prove its importance by 
rescuing the observed phenotype 
 

To confirm the specificity of the observed depletion phenotype upon ADAM10 KO and to 

further elucidate the role of distinct ADAM10 domains, we conducted rescue assays using 

different variants of the ADAM10 protein (Figure 13). Physiologically, ADAM10 gains its 

activity in a step-wise process during its trafficking from the ER via the Golgi to the plasma 

membrane and the removal of the inhibitory pro-domain, which is removed by furin and PC7 

(Lambrecht et al., 2018). We removed the pro-domain from our ADAM10 variants to facilitate 

overexpression of the respective proteins and utilized both a catalytically active version of 

ADAM10 (ACT) and a variant lacking the metalloproteinase domain, which carries out 

ADAM10’s enzymatic activity. We could confirm the successful expression and correct 

localization of the ACT variant by two independent proof-of-concept experiments in the H293T 

cell line (Figure 14). Western blot analysis comparing whole cell lysates with protein lysates 

enriched for membrane compartments in the KO setting displayed the presence of the 

ADAM10 variant in both fractions with increased protein levels in the membrane fraction 

(Figure 14B), suggesting correct trafficking. Furthermore, comparing confocal microscopy 

images of wild-type, ADAM10 KO and ACT-re-expressing H293T cells verified the localization 

of the ACT variant of ADAM10 at the cell membrane, resembling the localization of the 

endogenous ADAM10 in the wild-type situation (Figure 14A). 

Passing these quality controls, we applied our generated ADAM10 variants to our in vivo 

competitive assay pipeline and compared ADAM10 KO cells re-expressing an ADAM10 variant 

with KO cells re-expressing a color construct at the time of transplantation and after sacrificing 

animals at an advanced stage of leukemia (Figure 15A). Flow cytometry analysis of the 

isolated cells showed comparable expression levels of the ACT and ∆MP variant based on the 

MFI of T-Sapphire, which is expressed at equimolar ratios with each of the variants (Figure 
15B). Additionally, comparison of mRNA levels of the ADAM10 wild-type and the variant 

transcripts by qRT-PCR demonstrated that mRNA levels were significantly increased 

juxtapose ADAM10 KO cells and similar to the wild-type transcript’s mRNA levels for both 

ADAM10 variant transcripts (Figure 15C). This proved that our experimental set-up was 

appropriate to investigate the different engraftment and proliferation characteristics of 

ADAM10 KO cells vs. ADAM10 variant re-expressing cells as well as analyzing differences 

between the two variants. ADAM10 KO cells with the re-expression of the catalytically active 

ACT variant were significantly enriched compared to ADAM10 KO control cells, while KO cells 

expressing the ∆MP variant of ADAM10 did not show any growth advantage. Together these 

data point out, that only the catalytically active variant of ADAM10 was able to at least partially 

rescue the phenotype of the ADAM10 loss, while the ∆MP failed to do so (Figure 15D). Thus, 
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ADAM10’s function and essentiality seem to be mainly mediated by its enzymatic activity as a 

sheddase, which is executed by its metalloproteinase domain. 

In line with these findings, so far mainly ADAM10’s enzymatic activity as a metalloproteinase 

was described to be associated with development and progression of diverse tumors, such as 

T-ALL, colon cancers, breast cancer cells, or in glioblastoma (Gavert et al., 2007; Lambrecht 

et al., 2018; Liu et al., 2006; Smith et al., 2020; Venkatesh et al., 2017). Furthermore, as 

regulation of ADAM10 activity is crucial for several biological processes, mutations in its 

prodomain, which is part of the controlling mechanism by acting as an inhibitor of ADAM10’s 

catalytic activity, were connected to Alzheimer’s disease or the rare skin disease reticulate 

acropigmentation of Kitamura (Kim et al., 2009; Kono et al., 2013; Suh et al., 2013). 

Additional experiments are needed to further elucidate the importance of ADAM10’s 

prodomain in acute leukemia. Moreover, performing additional assays, such as a competitive 

reconstitution assay including an ADAM10 variant lacking the disintegrin domain instead of the 

metalloproteinase domain to control for potentially negative effects on protein stability induced 

by the removal of a domain might further strengthen the findings of the performed 

reconstitution assay.  
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5.4 Multi-omics analysis uncovers OXPHOS, metabolism, cell cycle and 
apoptosis as major pathways affected by ADAM10 loss 
 

We next aimed to elucidate altered biological processes and pathways in ADAM10 KO cells 

compared to their respective controls by performing multi-omics experiments. 

Firstly, we performed a mass-spec-based experiment in the ALL cell lines NALM-6 and SEM. 

Here, we cultured the cell lines with and without ADAM10 KO in serum deprived medium for 

three days to induce cellular stress. As ADAM10 is an ectodomain sheddase, we strived to 

compare not only the changes in the proteome, but also the secretome, enabling to track the 

differentially secreted proteins upon ADAM10 loss (Figure 16). This goal was achieved by 

separating the cell pellet from the supernatant upon harvesting of the cells. Unsupervised 

hierarchical clustering of SEM ADAM10 KO and control samples resulted in a clear separation 

of the two groups (Figure 17A). GSEA pathway analysis revealed apoptosis and cell death 

related pathways to be most significantly enriched in the KO cells compared to the controls, 

with the pathways cell death, apoptosis, Fas ligand, apoptotic cleavage and p53 network being 

the top five most significantly enriched (Figure 17B). This clearly indicates a pro-survival role 

of ADAM10 in the SEM cell line upon the induction of cellular stress such as serum deprivation. 

Furthermore, this might indicate a higher sensitivity towards other stressors such as 

chemotherapeutic agents upon ADAM10 loss. Grouping the differentially regulated pathways 

into functional groups, in addition to the apoptosis / cell death cluster, cell cycle, cellular 

metabolism as well as plasma membrane and adhesion associated pathways were altered 

following loss of ADAM10 (Figure 17C). These results emphasize the broad involvement of 

ADAM10 in various cellular processes. This can be explained by its role as an ectodomain 

sheddase with a high number of target proteins through which ADAM10 acts both directly as 

well as indirectly via its multiple substrates (Edwards et al., 2008). 

Moreover, we performed mass-spec analysis of the secretome samples to identify differentially 

secreted proteins upon KO of ADAM10. ADAM10 KO and control samples could be divided by 

unsupervised hierarchical clustering as for the proteome, suggesting a clearly detectable 

difference between the two groups (Figure 18A, B). Among the detected proteins, 44 and 62 

proteins were differentially secreted in SEM and NALM-6 cells, respectively, with five proteins 

being shared between both (Figure 18C, D). These five include the bona fide target of 

ADAM10, APP, which is very well described for its role in Alzheimer’s disease (AD), where its 

cleavage by a-secretases including ADAM10 prevent formation of β-amyloid, a main 

constituent of senile plaques and important hallmark of AD (Murphy, 2008; Rovelet-Lecrux et 

al., 2006; Wilson et al., 1999; Zhang et al., 2011). Another shared protein is the heat shock 

protein 90 a (HSP90a), which not only is highly expressed in acute leukemia patients but its 

function as a ‘cancer chaperone’ was connected to several tumor entities including acute 
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leukemias (Kanyan et al., 1996; Solit & Rosen, 2006; Song et al., 2020; Sreedhar et al., 2004; 

Trepel et al., 2010; Whitesell & Dai, 2005; Workman, 2004; Yufu et al., 1992). The other three 

proteins are the histone associated proteins H2AFX and HIST1H4A together with the GGH, 

although this is significantly downregulated in SEM cells and upregulated in the NALM-6 cells. 

Significantly differentially regulated proteins found in one of the cell lines include ADAM10 

itself, H2AFY, an additional protein connected to histones, and FLT3, a well-studied tyrosine 

kinase in the cancer and especially AML field. Patients harboring a FLT3-ITD mutated disease 

bear an intermediate clinical prognosis, which has been ameliorated during the last years by 

the usage of tyrosine inhibitors such as midostaurin or gilteritinib (Antar et al., 2020; Daver et 

al., 2021; Döhner et al., 2022; Kennedy & Smith, 2020; Maiti et al., 2021; Zhao et al., 2022). 

In summary, proteome and secretome analysis of the ALL cell lines SEM and NALM-6 upon 

ADAM10 loss identified important cellular processes to be affected including cell death, cell 

cycle, metabolism and adhesion. Moreover, secretome analysis allowed us to shed light at 

differentially secreted proteins. Their dysregulation might contribute to the observed phenotype 

upon ADAM10 loss and therefore to the essentiality of ADAM10 in PDX models of acute 

leukemia. 

As a next step, transcriptome analysis of the two ALL PDX models ALL-199 and ALL-265 was 

performed comparing ADAM10 KO and control cells. Using unsupervised hierarchical 

clustering, KO and control groups were separated instead of the respective PDX model, 

underlining the marked alterations in the transcriptomes of the ADAM10 KO samples (Figure 
19A). Pathway analysis of the differentially regulated transcripts among others identified 

processes, such as the KEGG terms cell cycle, cell adhesion and OXPHOS (Figure 19C). 

These results are in line with our findings from the proteome and secretome analysis of the 

cell lines, further emphasizing ADAM10’s importance for the enumerated pathways and 

biological processes. 

Thirdly, we performed proteome analysis of ALL-199 and ALL-265 PDX models. As for the 

other experiments, ADAM10 KO and control samples were separated by unsupervised 

hierarchical clustering (Figure 20A). Analysis of the most significantly affected pathways 

revealed new pathways including nucleotide and ribonucleotide binding along with membrane 

associated processes and OXPHOS, which could also be detected in transcriptome analysis 

(Figure 20B). 

Combining cell line proteome and secretome with PDX transcriptome and proteome data, 

interesting pathways and candidates affected by the loss of ADAM10 could be identified. This 

includes the differentially secreted proteins FLT3 and HSP90a as well as cell death, cell cycle, 

metabolism and cell adhesion, pathways detected repeatedly using independent experimental 

set ups. In order to confirm some of these commonly altered pathways in proof-of-concept 
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experiments, we performed functional experiments, testing changes in cell cycle and cell death 

as a consequence of ADAM10 inhibition or KO. 

For the evaluation of the effect of ADAM10 loss on the cell cycle of PDX cells, we treated ALL-

199 cells directly after isolation from the sacrificed donor animals using either the ADAM10 

inhibitor or its solvent in vitro for three days (Figure 21A). Daily cell cycle analysis after DAPI 

staining discovered the percentage of cells in the G1 phase to progressively increase in the 

ADAM10 inhibitor treated cells while cells in S phase diminished with time and the cells in 

G2/M phase were mildly reduced in both groups, although with a steeper decrease in the 

inhibitor treated cells (Figure 21D). These data strongly suggest a G1 arrest of the ALL-199 

PDX cells as a consequence of inhibiting ADAM10 and thus functionally prove the connection 

of ADAM10 loss and cell cycle, which was previously found both in proteome and 

transcriptome analysis. In line with our findings, higher expression levels of ADAM10 was 

associated with increased cell cycle activity, while inhibition or loss of ADAM decreased the 

rate of proliferation in different tumor entities, including T-ALL, triple negative breast and 

bladder cancer cells as well as in renal cell and hepatocellular carcinoma cells (Cheng et al., 

2021; Doberstein et al., 2011; Fu et al., 2014; Liu et al., 2015; Ma et al., 2015; Zheng et al., 

2020). 

ADAM10’s influence on the level of cell death was investigated using PDX cells performing an 

ADAM10 KO in freshly isolated cells via electroporation of RNPs containing either crRNAs 

targeting ADAM10 or a non-targeting control crRNA (Figure 22A). Three days post 

electroporation, apoptosis rates were determined by Annexin V and DAPI double staining. KO 

of ADAM10 significantly increased the percentage of Annexin V-positive cells both in the ALL-

199 PDX model and three AML PDX models roughly by a factor two (Figure 22C, D). Of note, 

the rate of apoptotic cells was generally increased in the ALL model compared to the AML 

models, which is in line with the higher feasibility of culturing AML PDX cells in vitro. Similar to 

the experiments conducted for analyzing the effect of ADAM10 inhibition on the cell cycle, also 

for evaluation of the apoptosis rates, chemical inhibition of ADAM10 using GI254023X was 

performed. Here, we obtained highly comparable data to the KO experiments (Figure 22C, D), 

showing an increase in the percentage of Annexin V-positive cells by the same factor two in 

the AML models, while it was a little less pronounced in ALL-199 with a factor of 1.5. Together, 

these assays functionally support data from our proteome analysis, indicating that loss or 

inhibition of ADAM10 in fact results in higher levels of apoptosis in PDX models of acute 

leukemia. In agreement with these results, elevated ADAM10 expression levels were 

described to increase resistance towards chemotherapy and attenuate apoptosis rates, while 

inhibition of ADAM10 increased chemosensitivity and induced apoptosis in breast, bladder and 

prostate cancer cells along with hepatocellular and nasopharyngeal carcinoma cells (Fu et al., 
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2014; Liu et al., 2015; Ma et al., 2015; Yang et al., 2012; You et al., 2015; Zhang et al., 2014; 

Zhu et al., 2014). 

In summary, the multi-omics results comparing ADAM10 KO and control cells combined with 

the proof-of-concept experiments, indicate a cell autonomous effect of ADAM10 loss on cell 

cycle, the rate of cell death and metabolism including OXPHOS. Recently, OXPHOS has 

gained a lot of attention in the acute leukemia field with new mitochondrial complex I inhibitors 

being tested in translational research as well as in clinical trials (Baccelli et al., 2019; Yap et 

al., 2023). Dependency on OXPHOS was described in ALL and AML cell lines, PDX models 

and primary patient material, often in combination with higher resistance towards 

chemotherapy, thus underlining the potential of targeting this pathway (Chen et al., 2021; 

Farge et al., 2017). 

In order to further strengthen the generated -omics data, additional proof-of-concept 

experiments investigating cellular respiration utilizing e.g., Seahorse equipment or performing 

adhesion assays might be conducted. Moreover, ADAM10’s role within the described 

pathways might be further characterized by pinpointing the affected target proteins using 

functional and molecular assays. 
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5.5 Loss of ADAM10 impairs early engraftment, reduces the LSC 
frequency, diminishes the CFU potential, and sensitizes towards 
chemotherapy 
 

To further functionally characterize the effects of ADAM10 loss, we performed assays 

examining properties such as the engraftment potential, the stem cell frequency, the CFU 

potential as well as sensitivity towards chemotherapeutic agents. 

Firstly, we tested ADAM10’s effect on the early engraftment capacity of ALL PDX cells. To this 

end, chemical inhibition was used as approach to reduce ADAM10 surface levels. Two 

commercially available small molecule ADAM10 inhibitors GI254023X and Aderbasib were 

titrated to find an optimal concentration. Inhibiting ADAM10’s catalytic activity results in its 

removal from the cell surface and subsequent degradation. This has been previously described 

and we could reproduce these data (Figure 23) (Seifert et al., 2021). We aimed at finding an 

inhibitor concentration which markedly reduces ADAM10’s surface levels without affecting the 

cells’ viability. 100 µM was established as the best concentration fulfilling both prerequisites 

for both tested inhibitors. Alterations in the engraftment potential of the PDX cells were tested 

by pre-treating freshly isolated cells with one of the inhibitors at the described concentration or 

its corresponding solvent. Flow cytometry elucidated reduced ADAM10 surface levels, while 

cell viability was not affected (Figure 24). PDX cells were re-isolated from the BM of the mice 

and the percentage of human cells determined using flow cytometry. The inhibitor-treated 

group of animals showed a lower engraftment rate in each tested setting with a reduction 

ranging from around 35% to 60% (Figure 25B). This proves that reduction of ADAM10 

hampers early engraftment and homing to the orthotopic niche, which results in the observed 

lower engraftment rates. Additionally, keeping a portion of cells in vitro after the pre-treatment 

and performing every handling step as for the transplanted cells did not lead to elevated levels 

of dying cells, thus ruling out any delayed toxicity related to the pre-treatment, which could 

have been a part of the observed in vivo phenotype (Figure 24D). This indicates that the 

detected engraftment differences are specific for the ADAM10 reduction in the in vivo situation. 

In a next step, we aimed at characterizing the effects of ADAM10 loss on stem cells. The 

frequency of stem cells within a population of PDX cells is an important characteristic for the 

model’s potential to engraft and thereby to induce leukemia. Likewise, in the patient’s disease 

the LSCs are able to induce a disease relapse after initial remission. Thus, efficient targeting 

and removal of stem cells is a key factor for prolonged complete remission and eventually cure 

(Delahaye et al., 2020; Menter & Tzankov, 2022; Misaghian et al., 2009; Phan & Croucher, 

2020; Pollyea & Jordan, 2017; Schepers et al., 2015; Zhou et al., 2016). We and others have 

shown that chemotherapeutic agents often only inefficiently target these dormant LSCs within 

their protective niche in the BM (Ebinger et al., 2016; Konopleva et al., 2002; Manabe et al., 

1992; Mudry et al., 2000; Panayiotidis et al., 1996). Of note, ADAM10 levels were elevated in 



5 Discussion 
 

 

 102 

the label retaining cells (LRCs) resembling LSCs in previous proteome analyses from our lab 

and collaborators (Bahrami et al., 2023). To functionally investigate ADAM10’s importance for 

LSCs, LDTAs were performed, which represent the current gold standard for addressing LSCs 

(Figure 26). We utilized a slightly modified, competitive version, where the same number of 

ADAM10 KO and control cells were mixed in a 1:1 ratio within each animal. We determined a 

lower frequency of LIC in the ADAM10 KO population for both tested ALL PDX models, 

although to varying extent (Figure 28). While in ALL-199 the LIC frequency was roughly 

reduced by a factor of ten compared to the controls, only a threefold reduction was detected 

in ALL-265, still confirming the general trend of reduced LIC frequencies upon ADAM10 loss. 

These data strongly suggest an effect of ADAM10 loss on the stem cell compartment and 

therefore indicate a potential therapeutic opportunity to target LSCs by reducing ADAM10 

levels. 

In order to independently examine ADAM10’s importance for stemness, we performed colony 

formation assays after lentiviral KO or chemical inhibition of ADAM10, respectively (Figure 29 

and Figure 30). For the KO approach, Cas9-transgenic PDX cells were lentivirally transduced 

with an sgRNA targeting ADAM10 or a non-targeting control sgRNA. After in vitro cultivation, 

allowing establishment of the KO, cells were enriched by FACS and seeded. The number and 

shape of colonies as well as the ADAM10 surface levels were evaluated after ten days. While 

colony number was reduced for each of the individual experiments and both tested AML PDX 

models, the general shape of the colonies was unaltered (Figure 29B, C and Figure 31A). As 

an important quality control, the harvested KO colonies still displayed an ADAM10 surface 

expression comparable to the isotype-stained controls, confirming the sorting and plating purity 

(Figure 29D). We used both Cas9-transgenic PDX cells and commercially available healthy 

human CD34+ progenitor cells for the experiments and reduced ADAM10 levels with chemical 

inhibitors (Figure 30). Each inhibitor in both experimental settings successfully reduced 

ADAM10 surface levels before the plating of the CFUs as seen for the PDX cells in previous 

experiments and in line with the literature (Figure 30C, D) (Seifert et al., 2021). After removal 

of the inhibitor at the timepoint of plating, ADAM10 levels recovered and were indistinguishable 

from that of the control cells (Figure 30C). Nevertheless, pre-treatment of both tested AML 

PDX models with GI254023X was sufficient to significantly reduce the number of colonies to a 

similar extent as observed for the cells with ADAM10 KO (Figure 31B). In contrast, colony 

numbers of the healthy CD34+ progenitors were unaffected by inhibition with both inhibitors at 

the same concentrations that affected PDX cells in the CFU assay and the early engraftment 

assays, respectively (Figure 31C). This strongly supports the notion that PDX models of acute 

leukemia are more sensitive towards inhibition of ADAM10 compared to healthy progenitor 

cells, thus opening a potential therapeutic window for targeting ADAM10 in leukemia patients. 
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Lastly, we conducted competitive chemotherapy trials in vivo and in vitro to compare ADAM10 

KO and control cells upon treatment with routinely used chemotherapeutic agents. 

For the in vivo trials, we mixed ADAM10 KO and controls cells with a 4:1 advantage for the 

KOs due to their depletion over time as observed in the competitive validation assays. After 

initial engraftment, monitored by bioluminescent imaging or measurement of blasts in the 

peripheral blood, we evaluated the distribution of the ADAM10 KO and control population by 

sacrificing the “start of therapy” animals. After three consecutive weeks of treatment with the 

respective chemotherapeutic agent, all animals were sacrificed and the distribution of the 

ADAM10 KO compared to the control cells was evaluated in the treatment and control groups. 

In the AML-661 trial, as expected, AraC kept the leukemia in a steady-state disease as seen 

in the imaging data compared to the control animals, in which the leukemic cells continued to 

proliferate (Figure 33). This is in line with the flow cytometry data at the experimental endpoint, 

which showed only a mild increase in the percentage of PDX cells in the BM compared to the 

“start of therapy” animals, which is in stark contrast to the drastic increase from around 10% 

to 75% blasts in the BM of the solvent-treated animals (Figure 34A). More importantly, not 

only was the total number of PDX cells in the BM reduced upon AraC treatment, but strikingly 

the percentage of ADAM10 KO cells within in the total PDX cells was significantly decreased 

compared to the solvent-treated animals in the two tested organs BM and spleen by a factor 

of around 2.5 and eight, respectively (Figure 34B, C). This suggests that ADAM10 KO cells 

are significantly more sensitive towards AraC treatment than the control cells. Along the same 

line, in the ALL-265 trial treating the animals with either VCR or Cyclo, ADAM10 KO cells were 

significantly depleted upon treatment compared to the corresponding controls, although to a 

lesser extent of around 20% to 40%, respectively (Figure 35B). 

For the in vitro competitive treatment assays PDX cells were electroporated with RNPs 

containing a mix of three crRNAs targeting ADAM10 or a non-targeting crRNA. ADAM10 KO 

and control cells were mixed in a 1:1 ratio and treated using different concentrations of the 

chemotherapeutic agents. Viability and distribution of the two populations after treatment was 

evaluated by flow cytometry (Figure 36). For each of the three chemotherapeutic agents, the 

ADAM10 KO cells showed a disadvantage compared to the corresponding controls at clinically 

relevant doses. While AML-661 ADAM10 KO cells responded to treatment with all three drugs 

in a dose-dependent manner, AML-356 ADAM10 KO cells were most sensitive towards AraC, 

sensitive towards Doxo at the higher dose and only mildly affected by Dauno. 

The combined results of the in vivo and in vitro competitive treatment trials indicate an 

increased sensitivity towards chemotherapy of both ALL and AML PDX models. This further 

emphasizes the potential clinical benefit of targeting ADAM10 in leukemia patients, possibly 

as an addition to routinely used chemotherapeutic agents. 
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5.6 Conclusion and Outlook 
 

In conclusion, we uncovered ADAM10 as a novel vulnerability in acute leukemia by combining 

multi-omics approaches and CRISPR/Cas9 screens. Based on previously identified surface 

molecules with higher expression in slowly cycling LSC-resembling LRC cells using ultra-

sensitive proteomics and transcriptomics (Bahrami et al., 2023) complemented with 

candidates from the literature, we generated a customized surface molecule library. Our aim 

was to find surface molecule candidates which can be targeted to disrupt the interaction of 

leukemic cells including LSCs with the protective BM microenvironment, thereby releasing the 

cells from their niche and rendering them susceptible towards chemotherapy. Applying this 

customized library to our established pipeline for functional CRISPR/Cas9 KO screens, 

allowed us to identify ADAM10 as a potential candidate in two distinct ALL PDX models. 

ADAM10’s broad essentiality could be validated in several ALL and AML PDX models. The 

specificity of the observed phenotype was confirmed using rescue assays, which additionally 

unraveled a crucial role of the catalytically active metalloproteinase domain. Performing multi-

omics analyses comparing ADAM10 KO and control cells identified changes in different cellular 

pathways including OXPHOS, membrane and adhesion, cell death and cell cycle related 

pathways. We could functionally confirm ADAM10’s effect on the latter two by proof-of-concept 

experiments. Further functional experiments elucidated that chemical inhibition of ADAM10 

significantly decreased the early engraftment capacity, ADAM10 KO or chemical inhibition 

significantly reduced the CFU potential and ADAM10 loss sensitized both ALL and AML PDX 

models towards chemotherapeutic agents. 

Together these findings strongly indicate that ADAM10 is a vulnerability in acute leukemias 

(Figure 37). With its broad effect on many biological processes, such as cell death, metabolism 

and cell cycle, and its effects on stem cells and engraftment of leukemic cells in their orthotopic 

niche, ADAM10 clearly is a fascinating, novel candidate to be targeted in leukemia patients. 

Moreover, as ADAM10 loss sensitized towards chemotherapeutic agents, combination 

therapies with existing drugs might be considered as another promising therapeutic option. We 

therefore strongly suggest ADAM10 as a potential new candidate for the treatment of acute 

leukemia patients. 

 



5 Discussion 
 
 

 105 

 
Figure 37: Summary of the identification of ADAM10 as vulnerability of acute leukemia. Ultra-
sensitive proteomics combined with functional CRISPR/Cas9 KO screens were employed using patient- 
derived xenograft models of acute leukemia to identify potential vulnerabilities, which might disrupt the 
interaction between leukemic cells and their protective niche. Targeting of ADAM10 resulted in 
increased levels of cell death, decreased cell cycling, diminished early engraftment capacity, reduced 
CFU potential, lowered leukemia stem cell frequency and increased sensitivity towards chemotherapy. 
 

 

To further validate ADAM10’s potential as a new candidate for leukemia treatment possible 

next steps are among others performing pre-clinical chemotherapy trials combined with the 

inhibition of ADAM10 using chemical inhibitors or neutralizing antibodies, rather than lentiviral 

KO, in order to better reflect the options available in the clinics. Unfortunately, currently 

available inhibitors and antibodies are not suitable for these experiments due to insufficient 

reduction of ADAM10 and high off-target toxicities. Additionally, some of them are not yet 

available for such studies. 

There is still a long way to go, and more translational research and eventually clinical trials are 

needed to fully establish ADAM10 as clinical therapeutic target. Nevertheless, ADAM10 has 

the potential to be a promising candidate for the treatment of acute leukemia patients in the 

future. 
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