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Abstract 

Acute myeloid leukemia (AML) is a malignant clonal disorder of white blood cells in the bone 

marrow. Chromosomal aberrations and mutations in hematopoietic stem and progenitor cells 

(HSPC) disrupt the tightly regulated hierarchical process of hematopoiesis, leading to an 

expansion of cells with a myeloid origin that overgrows the other blood lineages. Sequencing 

studies have revealed the presence of a recurrently mutated group of genes, but despite the 

vast amount of mutational data the contribution of many of these genes to leukemogenesis is 

still unknown. To resolve this, we aimed at developing a cohort of patient-derived xenograft 

(PDX) models from leukemic cells of 25 AML patients. Mutational analysis showed that these 

patients genetically represented AML patients well, with NPM1, DNMT3A and FLT3 being the 

most frequently mutated genes. The engraftment rate achieved was 48%, and all the 

established AML PDX models retained their CD33+ myeloid phenotype and could be expanded 

more than 4 passages. Clonal evolution analysis in the established AML PDX models revealed 

that 66% of the mutations from the diagnostic samples were retained, whereas the mutations 

that were lost were found mainly in members of the cohesin complex. Newly-developed 

mutations in the PDX models were mainly found in the signal transduction gene FLT3. 

We hypothesized that the leukemogenic function of a mutated tumor suppressor gene can be 

inhibited by re-expression of the wildtype tumor suppressor gene and that this approach will 

clarify the role of the genes frequently mutated in AML as tumor suppressor genes or 

oncogenes. To this end we developed a lentiviral library consisting of 22 AML-related wild-type 

cDNAs covering chromatin and epigenetic modifiers, members of the cohesin and spliceosome 

complexes, myeloid transcription factors, and transcriptional co-repressors. Each cDNA was 

cloned together with a unique 20-nucleotide barcode that was used for the identification of each 

vector by next-generation sequencing (NGS). The lentiviral cDNA library was applied in 10 AML 

PDX models and three cord-blood reconstituted mice, and the representation of cDNAs in bone 

marrow cells after 8-16 weeks of engraftment was used to infer an anti-leukemic effect of the 

wildtype gene. Our study revealed that three cDNAs (GATA2, RUNX1, RAD21) depleted the 

healthy cord blood cells only, two cDNAs (PHF6, U2AF1) expanded the leukemic cells, seven 

depleted the cells in both groups (ASXL1, CEBPA, CUX1, EZH2, KDM6A, SMC1A, STAG2), and 

finally, one, ETV6, depleted leukemic cells while at the same time expanded the cord blood cells 

in vivo. 
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ETV6, a transcriptional co-repressor, was expressed at comparable levels between healthy 

CD34+ cord blood and PDX-derived cells, and high expression was associated with favorable 

cytogenetic risk group and increased overall survival in patients from the AML TCGA cohort. 

Human leukemia OCI-AML2 and MV4-11 cells constitutively expressing ETV6 expanded at 

significantly lower rates than controls, and competitive transplantation in one PDX model 

showed that ETV6-expressing cells were depleted in vivo. Functional studies in human leukemia 

cells showed that constitutive ETV6 expression increased apoptotic cells and induced cell cycle 

arrest in the G1 phase, and RNA sequencing (RNAseq) showed that ETV6 activation enriched 

differentiation and apoptotic pathways, down-regulated anti-apoptotic genes, such as BIM, and 

increased pro-apoptotic genes such as CAPS1 and PUMA. Similar functional studies in cultured 

cord blood cells showed that the cells constitutively expressing ETV6 expanded 10 times more 

than controls, an effect mainly attributed to an expansion in common myeloid progenitors 

(CMP). Consistently, G2/M cell cycle phases expanded, and RNAseq revealed enrichment in 

differentiation pathways, DNA replication and negative regulation of apoptosis. Thus, we 

confirmed the opposing effects of ETV6 in leukemic and normal stem cells biologically and 

identified apoptosis, cell cycle and differentiation responsible for the distinct effects.  

Treatment of AML patients relies on intensive chemotherapy, but the recent developments in 

AML genetics has led to the development of targeted therapies against mutated genes such as 

FLT3 or Bcl-2. The lentiviral cDNA library was applied in leukemia cell lines OCI-AML2, MV4-11 

and U937 treated with standard chemotherapy (cytarabine), FLT3 inhibitors and Bcl-2 inhibitor 

(venetoclax) in order to identify new gene-drug dependencies that would increase the 

chemosensitivity of leukemic cells. Treatment with cytarabine and venetoclax did not identify 

any consistent pattern, but treatment with FLT3 inhibitors crenolanib, gilteritinib, quizartinib and 

midostaurin demonstrated a clear sensitization upon STAG2, GATA2, TP53, U2AF1 and RUNX1 

overexpression. Follow-up double treatment experiments with gilteritinib or quizartinib and p53 

activators APR-246 or milademetan showed a synergistic effect between gilteritinib and the p53 

activators, specifically in FLT3-mutated MV4-11 cells. These results form the basis for future 

combination studies in vivo.  

In summary, a genetically and phenotypically characterized AML PDX cohort was developed that 

upon lentiviral screening with AML-related genes identified ETV6 as a tumor suppressor for AML, 

which functions by inducing cell cycle arrest and apoptosis. Pharmacogenetic screening of AML 

cell lines and subsequent experiments identified a synergistic effect between gilteritinib and 

APR-246 that can be further evaluated. 
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1.1. Hematopoiesis 

Hematopoiesis is the tightly regulated hierarchical process taking place in the bone marrow that 

generates all mature blood cells circulating in the periphery. At the top of the hierarchy lies the 

hematopoietic stem cells (HSC), a rare population of multipotent cells with unique abilities; they 

can differentiate towards more lineage-restricted progenitors, but at the same time produce a 

copy of themselves retaining all the multipotent capabilities. The latter feature, termed self-

renewal, is very important as it keeps a steady pool of HSCs that give rise to mature blood cells 

for the duration of life. Irreversible maturation steps progressively generate more lineage-

restricted progenitors that ultimately give rise to terminally-differentiated mature blood cells. 1-3 

Transplantation experiments showed that HSCs can be divided into two sub-classes, based on 

their self-renewal and repopulating capacity. The long-term HSCs (LT-HSC) are quiescent cells 

that self-renew for the life of the host, and can be activated upon stress signaling. The 

downstream short-term HSCs (ST-HSC) have an 8-week self-renewal capacity post 

transplantation and can rapidly restore the hematopoiesis of the host.4 

 

Figure 1-1. Model of human adult hematopoiesis. 

(Copyright (2013) National Academy of Sciences. Passegue et. al., PNAS, 2003) 
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Differentiation of ST-HSCs generates the multipotent progenitors (MPP), cells with no detectable 

self-renewal but higher differentiation capacity.5 Differentiation downstream of MPPs branches 

to the two major lineage-restricted progenitors; the common lymphoid progenitor (CLP) and the 

common myeloid progenitor (CMP). CLPs give rise to terminally-differentiated dendritic cells, 

natural killer cells, B and T cells, whereas CMPs give rise to two more progenitor populations, 

the megakaryocyte/erythrocyte progenitors (MEP) and the granulocyte/macrophage progenitors 

(GMP). Finally, MEPs differentiate into megakaryocytes and red blood cells, and GMPs 

differentiate into macrophages, neutrophils, eosinophils and basophils (Introduction Figure 1-

1).1,6 In recent years, with advancements in single cell technologies and employment of new 

mouse models, a more detailed picture of hematopoiesis has emerged. A population of 

intermediate-term HSCs (IT-HSC) was identified that lies between LT-HSCs and ST-HSCs and 

has an intermediate self-renewal ability.7 MMP cells have been divided into four distinct sub-

classes, MMP1 to MPP4, with differences in cell surface markers, cell numbers and differentiation 

capacity. MMP1 resemble the ST-HSCs, MPP2 and MPP3 are myeloid-biased cells and give rise to 

CMPs, and MMP4 are lymphoid-restricted cells and give rise to CLPs.8  Finally, it has been 

proposed that hematopoiesis is not a strict step-wise process, rather it acts as a continuum. An 

extended population of undifferentiated stem and progenitor cells that resembles multipotent 

and lineage-committed progenitors do not act as discreet cell populations, but resemble a 

transitory state. These cells are transcriptionally primed towards blood lineages and eventually 

produce the undifferentiated mature blood cells.9 

 

1.2. Acute myeloid Leukemia 

1.2.1. Pathophysiology and classification 

Acute myeloid leukemia (AML) is a malignant disease of white blood cells, characterized from 

the uncontrolled proliferation of immature myeloid cells, termed blasts. The leukemic blasts 

overgrow the healthy hematopoietic stem and progenitor cells (HSPC), overpopulate the bone 

marrow, severely affecting the normal production of terminally differentiated blood cells. 

Frequent infections, uncontrolled bleeding and organ infiltration are among the clinical 

manifestations of the disease, due to the lack of functional immune cells and platelets. AML can 

arise in patients with pre-existing hematologic malignancies (secondary AML), as a consequence 

of chemotherapy, usually when treating solid tumors (therapy-related AML) or as de novo 
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disease in healthy individuals. AML is the more common form of acute leukemia in adults, with 

approximately 20,000 new cases each year in the United States, and a median age of patients 

at 70 years. Molecular and cytogenetic heterogeneity characterize AML patients, features that 

reflect patient outcome and treatment response.10-12 

Several classifications are used in order to categorize AML patients into functionally relevant 

groups, taking into account genetic information as well as morphological features and clinical 

presentation. Initially, the French-American-British (FAB) classification was developed in 1976 

and classified AML patients into 8 subtypes, termed M0 to M7, based on morphologic 

characteristics of leukemic cells and the stage of differentiation the leukemia occurs.13 Later, 

incorporation of genetic information led to a new classification proposed by the World Health 

Organization (WHO) in 2001, which was revised in 2008 and 2016. The latter classification 

identifies six groups for AML and related neoplasms; AML with recurrent genetic abnormalities, 

AML with myelodysplasia-related changes, therapy-related myeloid neoplasms, AML not 

otherwise specified (NOS), myeloid sarcoma and myeloid proliferations related to Down 

syndrome.14 Finally, two systems have been proposed that correlate cytogenetic information to 

disease outcome and are used for treatment decision making. The UK Research Council criteria 

from 1998, which were updated in 2012 but are no longer used, classify AML patients in three 

risk groups based on their cytogenetic abnormalities and the effect these have in the response 

to induction treatment, risk of relapse and the overall survival.15 The European LeukemiaNet 

(ELN), originally presented in 2010 and updated in 2017, classifies AML patients into three 

groups based on their genetic abnormalities and their correlation with clinical characteristics and 

patients outcome.16 

 

1.2.2. Genomic landscape 

Numerous sequencing efforts during the past decade have shed light into the underlying genetic 

abnormalities and the heterogeneity that are present in AML patients. For years, chromosomal 

abnormalities were considered the genetic cause of leukemogenesis. Balanced chromosomal 

rearrangements produce chimeric genes, which generate fusion proteins that share functional 

components from two different proteins. These fusion proteins, which can contain hematopoietic 

transcription factors and epigenetic regulators, are highly oncogenic and are of high value as 

diagnostic and prognostic markers.17,18 Well-studied chromosomal abnormalities, which are also 

part of the WHO classification system, are the translocation t(8;21), which generates the fusion 
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RUNX1-RUNX1T1, inversion of chromosome 16 resulting in the fusion CBFB-MYH11, and 

translocation t(9;11) with the fusion MLLT3-MLL.14 

Nearly 50% of AML patients have a normal karyotype, without chromosomal abnormalities, and 

the identification of their leukemic genetic lesions became possible in recent years with 

advancements in next-generation sequencing (NGS). The Cancer Genome Atlas (TCGA) 

Research Network produced the first complete sequencing profile of 200 de novo adult AML 

patients sequenced with whole-genome and whole-exome sequencing.19 This analysis identified 

23 recurrently mutated genes, with patients having on average 5 mutations from these genes, 

and distinguished nine functional gene categories (Figure 1-2). 

 

Figure 1-2. Functional gene categories of recurrently mutated genes in AML. 

(Reproduced with permission from Springer Nature. Chen et. al., Nature Genetics, 2013) 

 

The most frequently mutated category was signaling genes (59%) that included mutations in 

FLT3, KIT, other tyrosine, serine-threonine kinases, KRAS/NRAS and PTPs. DNA methylation-

related genes, such as DNMTs, TETs and IDHs were mutated in 44% of patients, followed by 

chromatin modifiers, such as ASXL1, EZH2 and KDM6A, mutated in 30% of patients. 
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Nucleophosmin gene (NPM1) was mutated in 27% of patients, and myeloid transcription factors, 

such as RUNX1 and CEBPA were mutated in 22% of patients. Other less frequently mutated 

categories included transcription factor fusions (18%), tumor suppressor genes (16%), such as 

TP53, WT1 and PHF6, and members of the spliceosome (14%) and cohesin complex (13%).19,20 

Later studies used an even bigger number of patients, correlated mutational data with patient 

outcome and identified predictive gene-gene interactions. Analysis of 1540 AML patients from 

three clinical trial cohorts across Europe21 and 664 patients from the German AML Cooperative 

Group22 established NPM1, DNMT3A and signaling genes, mainly FLT3, as the most frequently 

mutated genes in AML patients. Worse outcome was observed in patients with inversion of 

chromosome 3, t(6;9) and MLL fusions compared with t(8;21), t(15;17) and inv(16),19 and in 

patients with mutations in the spliceosome complex, DNA methylation-related genes and 

signaling genes compared to other gene categories.22 Moreover, a clear favorable outcome was 

observed in NPM1/DNMT3A double mutant patients without FLT3 internal tandem duplications 

(ITD), compared to double mutant patients with FLT3-ITD.21 

 

1.2.3. Oncogenes and tumor suppressors 

Functional studies have identified an oncogenic or tumor suppressor role for some of the 

recurrently mutated genes in AML described previously. Proto-oncogenes include genes that 

control cell proliferation and survival, and tumor suppressor genes that control differentiation 

and apoptosis.23 Signaling genes act as oncogenes since their mutations give a proliferation 

advantage in leukemic cells. FLT3 is a tyrosine receptor kinase that after binding with its ligand, 

induces cell proliferation and prolongs cell survival. Uncontrolled activation in AML comes in two 

forms: internal tandem duplications (ITD) or tyrosine kinase domain (TKD) mutations.24 

Similarly, mutations in NRAS, a downstream signal transduction protein of FLT3, activates 

proliferation and blocks apoptosis.25 Mutations in PTPN11, a cytoplasmic protein tyrosine 

phosphatase, constitutively activate the protein which transduces survival signals though the 

RAS-MAPK signaling pathway.26 

Tumor suppressor genes include negative regulators of cell growth, whose loss-of-function 

mutations lead to uncontrolled proliferation and dysregulation of differentiation. CUX1, WT1, 

PHF6 and TP53 are the classical tumor suppressor genes as identified from the TCGA AML 

study.19 CUX1, a transcription factor regulating cell cycle among others, shows reduced 



Introduction 

19 
 

expression when mutated, leading to resistance to apoptosis and acceleration of S cell cycle 

phase entry.27 PHF6 is a lineage-specific transcriptional repressor, and inactivating mutations are 

described in 3% of patients, although the functional implications of those have not yet been 

determined.28 Mutations in WT1 have been associated with worse overall survival and resistance 

to chemotherapy,29 and mutations in TP53 result in dysregulated signaling that affects response 

to DNA damage and apoptosis.30 Other genes that function as tumor suppressors include several 

myeloid transcription factors. RUNX1 and CEBPA control differentiation of myeloid progenitors to 

granulocytes, and inactivating mutations block this process, leading to the accumulation of 

undifferentiated progenitors.24 

Mutations in ETV6, another important transcription factor, have been described in several 

lymphoid and myeloid leukemias (T-ALL, B-ALL, CLL, CML), with mutations in AML being a rare 

but recurrent event. ETV6 plays a more important role during leukemogenesis as a translocation 

partner. The position of the ETV6 gene on chromosome 12 is a hotspot for chromosomal 

rearrangements that generates more than 30 different gene fusions, such as ETV6-RUNX1, the 

most common event in childhood ALL.31 Mutations or fusions that involve RUNX1 disrupt the 

regulatory network of myeloid differentiation, thus contributing to leukemogenesis.32 The fusion 

protein ETV6-RUNX1 retains the dimerization SAM domain of ETV6 and the transactivation 

domain of RUNX1, thus generating a fusion protein that represses the RUNX1 target genes. On 

a molecular level, ETV6-RUNX1 increases self-renewal through STAT3 activation, increases 

proliferation and survival of leukemic cells via PI3K/mTor signaling and direct binding to the 

EPOR promoter, and upregulates MDM2, a negative regulator of P53.33 Although a lot of 

information is available about the role of ETV6 mutations in the development of AML and other 

hematologic malignancies, and about the role of ETV6 in mouse hematopoiesis, a clear role for 

the wild-type gene in leukemogenesis has not been extensively described. 

 

 

1.3. Hematopoietic and leukemic stem cells 

Hematopoietic stem cells (HSC), the pluripotent cells at the top of the hematopoietic hierarchy, 

have the unique ability of self-renewal, as described previously. Although dividing rarely, these 

cells remain for life, hence they can accumulate mutations that can lead to leukemic 

transformation. These mutated cells, now acting as leukemic stem cells (LSC), resemble the 
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HSCs and share many common features, such as the ability to self-renew, activated pathways 

that control development and the ability to form new hematopoietic tissues (Figure 1-3). 

Mutations at the level of progenitor cells that re-activate the self-renewal capacity can also turn 

these cells into LSCs and drive leukemia.1,34 LSCs were initially identified as a small fraction of 

CD34+CD38- stem cells that can proliferate and repopulate NOD/scid mice, and had a higher 

self-renewal capacity than HSCs.35,36 

 

Figure 1-3. Normal and leukemic hematopoiesis. 

Normal hematopoietic stem cells (HSCs) have a multi-lineage differentiation potential. Acquired 

mutations turn an HSC into a leukemic stem cell (LSC) that is characterized by lineage-restricted 

hematopoiesis, suppressing the other branches of differentiation. (Reproduced with permission from 

Springer Nature. Wiseman et. al., Oncogene, 2014). 

 

Despite the common features, there are several mutational events that can differentiate a 

leukemic from a healthy hematopoietic stem cell that focus on the differentiation potential of the 

cells and the balance of self-renewal and apoptosis. Self-renewal is controlled by Hox genes and 

several signaling pathways, such as Notch, Wnt and Sonic hedgehog. Initial experiments have 

shown that transgenic expression of HoxB4 and HoxA9 as well as activation of the signaling 

pathways expand HSCs in vitro and in vivo.1 Genetic aberrations, such as MLL translocations or 

mutations in ASXL1 and NPM1 lead to a dysregulated transcriptional control of HoxA9. Whereas 

in normal hematopoiesis the levels of HoxA9 decline as the cells differentiate towards more 
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lineage-restricted and terminally differentiated cells, in the majority of AML patients HoxA9 

expression is elevated, contributing to leukemogenesis. Other Hox cofactors, such as MEIS1, 

have been found to be upregulated in leukemic cells.37 In parallel with increased self-renewal, 

LSCs have increased cell survival due to activating mutations in anti-apoptotic genes, such as 

Bcl-2, or activation of those genes by fusion proteins, such as RUNX1-ETO.38 Fusion proteins 

involving transcription factors, such as RUNX1 or ETV6 discussed previously, disrupt the 

regulation of differentiation, leading to accumulation of progenitor cells.1 

 

1.4. Clonal heterogeneity and evolution 

AML is a genetically heterogeneous disease characterized by the presence of major and minor 

leukemic clones at the time of diagnosis. Mutations that are identified in AML patients have been 

acquired throughout the patient’s life. Initially, a mutation that confers a proliferative advantage 

forms a pre-leukemic clone. Additional mutations in a cell from that clone will give an even 

greater advantage and overpopulate the pre-leukemic clone. This founding clone will 

accumulate more mutations and become the dominant clone by the time of diagnosis (Figure 1-

4). The variant allele frequency (VAF) can indicate the relative time at which each mutation was 

acquired. A higher VAF indicates mutations that were acquired at an earlier stage, and lower 

VAFs indicate mutations that were acquired at later stages of leukemogenesis.18 

 

 

Figure 1-4. Clonal heterogeneity of AML patients. 

Major and minor clones are present at the time of AML diagnosis. (Reproduced with permission from 

American Society of Hematology. Grimwade et. al., Blood, 2016) 
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Patients diagnosed with AML undergo chemotherapy treatment, but often after a remission 

stage they relapse, which is considered a poor prognostic factor.39 The underlying mechanism of 

relapse is in part due to the expansion of a leukemic clone that has not been removed by 

chemotherapy, a process termed clonal evolution (Figure 1-5). During chemotherapy, the 

dominant clone can gain additional mutations conferring resistance to treatment, thus 

expanding and re-initiating the leukemia. Additional mutations in a subclone along with survival 

of that clone can lead to its expansion. Apart from the inability of chemotherapy to remove all 

leukemic clones, it can also introduce new mutations to the founding clone or in a subclone.40 

 

 

Figure 1-5. Clonal evolution in AML patients. 

The founding clone in the representative example contained mutations in DNMT3A, NPM1, FLT3, PTPRT 

and SMC3. After chemotherapy, a subclone acquired additional mutations in ETV6, WNK1-WAC and 

MYO18B leading to relapse. (Reproduced with permission from Springer Nature. Ding et. al., Nature, 

2012). 

 

 

1.5. Treatment of AML 

First line treatment for newly-diagnosed AML patients has remained the same for over 40 years, 

and consists of induction chemotherapy with the 7 + 3 regimen. This includes a 3-day infusion 

with an anthracycline, mainly daunorubicin, and a 7-day infusion with cytarabine. Daunorubicin 

intercalates into the DNA, causes double strand breaks and inhibits DNA topoisomerase II, 
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whereas cytarabine, a pyrimidine analog, incorporates into the DNA, inhibits DNA synthesis and 

kills cells undergoing S phase.41 After induction chemotherapy, patients can achieve complete 

remission (CR), but without secondary treatment, the majority will relapse. The effectiveness of 

the 7 + 3 regimen and the consolidation therapy greatly differs between younger and older AML 

patients. Younger patients (<60y) achieve 70-80% CR, and after consolidation therapy or 

allogeneic hematopoietic stem cell transplantation (HSCT) almost 45% are cured. Advancements 

in patient care after induction chemotherapy and in HSCT have steadily improved the 5-year 

overall survival rate from 5 to 50%. Older patients (>60y) on the other hand, achieve 40-65% 

CR, but eventually 85% will relapse within 3 years. These patients are not as fit as younger 

patients for allogeneic HSCT and exhibit higher treatment-related morbidity and mortality, which 

limits their 5-year overall survival to 23%.41-43 

The low overall survival of AML patients, along with the identification of the genetic causes of 

the disease, has led to the development of drugs which target a specific genetic abnormality. 

Targets for these new therapies include among others, FLT3, IDH1/2 and BCL-2. Two 

generations of FLT3 inhibitors have been developed and several have obtained approval from 

the Federal Drug Association (FDA) and European Medicines Agency (EMA). First generation 

inhibitors include the multi-kinase inhibitor sorafenib and the approved tyrosine kinase inhibitor 

midostaurin. Second generation inhibitors include tyrosine kinase inhibitor quizartinib, which has 

been approved by the Japanese Ministry of Health, but not from FDA and EMA, the selective 

FLT3 inhibitor crenolanib and the recently approved dual FLT3/AXL inhibitor gilteritinib. These 

inhibitors block FLT3 phosphorylation leading to reduced blast numbers and as a combination 

therapy led up to 90% CR.44 Inhibitors of mutated IDH genes include the FDA-approved 

ivosidenib, which targets IDH1, and enasidenib, which targets IDH2. These inhibitors restore 

normal maturation and differentiation, thus reducing the number of leukemic blasts. Finally, the 

recently approved venetoclax is a selective inhibitor of the anti-apoptotic protein Bcl-2, which 

induces leukemic cell death and is used in combination with low-dose cytarabine or 

hypomethylating agents as an alternative therapy for older patients not fit enough for intensive 

chemotherapy.44 
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1.6. Patient-derived xenotransplants 

Several experimental approaches are used to shed light on different aspects of leukemia, such 

as investigating the role of genetic lesions, understanding the molecular events of individual 

mutations and so on. Although a plethora of leukemic cell lines45 and transgenic murine 

models46 are readily available or can easily be designed according to the question at hand, both 

approaches do not take into account the heterogeneity of the mutational landscape of AML 

patients19, the influence of the microenvironment on the survival and expansion of leukemic 

cells47, and the dynamic process of clonal evolution as the disease progresses.40 The most 

representative pre-clinical model for AML up to date is a patient-derived xenograft in a strain of 

immunocompromised mouse. Leukemic cells from AML patients can engraft in the absence of a 

host immune response, home and expand in the bone marrow of the mice and recapitulate most 

of the aspects of the disease observed in humans. Initial efforts with NOD/scid mice (non-obese 

diabetic mice with severe combined immunodeficiency) were unsuccessful, because although T 

and B cell development was blocked, residual NK cell activity targeted transplanted leukemic 

cells, and high occurrence of thymic lymphomas severely limited the life span of the mice.48 

Introduction of a deletion in the IL-2 receptor γ chain generated the NSG strain;49 mice that 

completely lack mature T and B cells, functional NK cells and DC populations, and they were 

long lived due to resistance in lymphoma development. The deficiency in the receptor γ chain 

severely impaired the development of innate immunity, since important cytokine signalling was 

blocked. Human leukemic cells transplanted in NSG mice engraft in high rates, home to the 

bone marrow where they retain their self-renewal capacity and develop a disease that closely 

resembles human AML.50,51 Further crossing with the NSS strain, generated the NSGS mice, 

which keeps all the properties of the NSG mice, but also expresses the human cytokines SCF, 

GM-CSF and IL-3, creating a more supportive microenvironment for the transplanted leukemic 

cells. These mice significantly improved the engraftment rates of human AML cells.52 
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1.7. Aims of the study 

Despite the vast amount of mutational data in AML patients, the contribution of many leukemia-

related genes to leukemogenesis is still unknown. We hypothesized that the leukemogenic 

function of a mutated tumor suppressor gene can be inhibited by re-expression of the wildtype 

tumor suppressor gene and that this approach will clarify the role of the genes frequently 

mutated in AML as tumor suppressor genes or oncogenes. Moreover, with the advance of 

targeted therapies, new therapeutic regimens that will take advantage of the individual patient 

mutation profile need to be tested. To this end, we hypothesized that treatment of leukemic 

cells with targeted therapy and re-expression of a wildtype tumor suppressor gene will identify 

gene-drug interactions that sensitize leukemic cells. Therefore, in this work we aim to:  

i.   Screen AML PDX models to identify genes important for leukemogenesis 

ii.  Elucidate the functional role of possible gene candidates identified in Aim 1 

iii. Perform pharmacogenetic screening in leukemic cells to identify genes that contribute to 

chemosensitivity in established and new targeted therapies 
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2.1. Common laboratory equipment 

Category Manufacturer Model 

Biological safety cabinets Heraeus, DE HSP12 

 Heraeus, DE KSP18 

Centrifuges Heraeus, DE Multifuge 3 S-R 

 Heraeus, DE Multifuge X3R 

 Heraeus, DE Fresco 17 

 Eppendorf, DE 5415R centrifuge 

 Eppendorf, DE 5417C centrifuge 

 Eppendorf, DE 5424 centrifuge 

 Eppendorf, DE 5424R centrifuge 

 Beckman Coulter, USA Allegra X-22R centrifuge 

Electrophoresis ThermoFischer, USA Classic CSSU1214 

 ThermoFischer, USA Classis CSSU78 

 BIO-RAD, USA PowerPac 200 

 BIO-RAD, USA ChemiDoc Imaging System 

Flow Cytometers BD Biosciences, USA FACS Calibur 

 Beckman Coulter, USA CytoFLEX 

Incubators Sanyo, Japan CO2 incubator MCO-20AIC 

 Sanyo, Japan Incubator MIR-153 

 HT infors, DE Multitron 

Microscopes Olympus, Japan CKX-41 

 Olympus, Japan CKX-31 

PCR systems BIO-RAD, USA T100 Thermal cylter 

 Applied Biosystems, USA StepOnePlus Real-Time PCR system 

Pipettes Gilson, USA Pipetman P2, P20, P200, P1000 

 Eppendorf, DE Research plus ES10, ES20, ES100, ES1000 

 Integra, DE PipetBoy 

Western Blotting BIO-RAD, USA PowerPac HC 

 BIO-RAD, USA Trans-Blot turbo 

 BIO-RAD, USA Mini-Protean Tetra Cell 
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Other equipment Scil Vet ABC, DE Animal Blood Counter 

 Invitrogen, USA Qubit 2.0 fluorometer 

 Sartorius, DE CP4235S scale 

 Sartorius, DE CP4201 scale 

 Sartorius, DE CP64 scale 

 GFL, DE waterbath 

 Eppendorf, DE Thermomixer comfort 

 Eppendorf, DE Thermomixer compact 

 Cell Media, DE Thermomixer pro 

 IKA, DE Vortex Genius 3 

 IKA, DE RH basic 2 mixer 

 OmniLab, DE Surgical instruments 

 Nalgene, USA Cryo freezing container 

 Ziegra, DE Icemachine 

 ThermoFischer, USA Nanodrop 2000 Spectrophotometer 

 

2.2. Laboratory consumables 

Category Manufacturer Model 

Cell culture Sarstedt, DE TC plate 96-well suspension 

 Sarstedt, DE TC plate 48-well suspension 

 Sarstedt, DE TC plate 24-well suspension 

 Sarstedt, DE TC plate 12-well suspension 

 Sarstedt, DE TC plate 6-well suspension 

 Sarstedt, DE TC dish 60, suspension 

 Sarstedt, DE TC dish 100, suspension 

 Sarstedt, DE TC flask T75 standard ventilation cap 

 Sarstedt, DE TC flask 1T75 standard ventilation cap 

 Sarstedt, DE Serological pipette 5ml, 10ml, 25ml 

Mouse handling Sarstedt, DE end-to-end capillaries 

 Nobaclean, DE isopropanol swabs 

 Instech, USA FTP-13-38 plastic feeding tubes 
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PCR Applied Biosystems, USA MicroAmp Fat 96-well reaction plate 0.1ml 

 Applied Biosystems, USA MicroAmp optical adhesive film 

 Sarstedt, DE Multiply-μStrip 0.2ml chain 

 Sarstedt, DE 8-lid chain, flat 

Pipette tips Biosphere, DE Filter tips 10, 20, 200, 1000 

 Nerbe Plus, DE Filter tips 10, 20, 200, 1000 

 Sarstedt, DE Tip Stack Pack 200 

 Star Lab, DE Filter tips 10, 20, 200, 1000 

Strainers and filters Greiner, DE EASY strainer 70μm 

 Millex-HD, DE Filter unit 0.22μm, 0.45μm 

Syringes Braun, DE Inject Luer Solo 5ml 

 Braun, DE Inject Luer Solo 10ml 

 Braun, DE Omnifix-F 1ml 

 Braun, DE Omnifix 20ml 

 BD, USA Micro-Fine U-100 insulin 

Tubes Sarstedt, DE 15ml, 210x17mm, PP 

 Sarstedt, DE 50ml, 114x28mm, PP 

 Sarstedt, DE EDTA microtube 1.3ml 

 Eppendorf, DE Microcentrifuge tube 1.5ml 

 Beckman Coulter, USA Tube, thinwall, PP, 38.5ml 
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2.3. Chemical and biological reagents 

Product Manufacturer 

2-mercaptoethanol Sigma, DE 

2-propanol BioUltra for molecular biology Sigma, DE 

Annexin V binding buffer Biolegend, USA 

Bimethyl sulfoxide Serva, DE 

BIT 9500 serum substitute Stem Cell Technologies, Canada 

CutSmart buffer New England Biolabs, USA 

CytoFLEX sheath fluid Beckman Coulter, USA 

DAPI Sigma, DE 

DMEM + GlutaMAX Gibco, USA 

dNTPs 100mM set Invitrogen, USA 

Dulbecco's Phosphate Buffer Saline Sigma, DE 

Ethanol absolute for molecular biology PanReac AppliChem, DE 

FACS Flow BD Biosciences, USA 

Fetal calf serum (FCS) Merck, DE 

Gel loading dye purple 6X New England Biolabs, USA 

GeneRuler DNA ladder mix ThermoFischer, USA 

GlutaMAX 100X Gibco, USA 

Glycerol Sigma, DE 

HEPES buffer solution Sigma, DE 

Human cytokines Petrotech, DE 

Iscove's modified Dulbecco's medium Stem Cell Technologies, Canada 

Luna Broth Invitrogen, USA 

MEM alpha medium + GlutaMAX Gibco, USA 

Methylcellulose Sigma, DE 

NuPAGE LDS sample buffer 4X Invitrogen, USA 

Penicillin/Streptomycin Merck, DE 

Pharm Lyse BD Biosciences, USA 

Pierce RIPA buffer ThermoFischer, USA 

Precision Plus Protein Kaleidoscope BIO-RAD, USA 

Retronectin Takara, Japan 

RPMI medium 1640 Gibco, USA 

Skim Milk Powder Sigma, DE 

SOC medium Takara, Japan 

SYBR green dye Qiagen, USA 

Trypan Blue Gibco, USA 

UltraPure Agarose Invitrogen, USA 

UltraPure Distilled Water Invitrogen, USA 
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2.4. Cell culture media 

Usage Formulation 

Human leukemia cell lines RPMI or αMEM (GIBCO) 

10-20% FBS 

10% P/S 

293T-LentiX DMEM + GlutaMAX (GIBCO) 

10% FBS 

10% P/S 

293T-LentiX transfection medium DMEM + GlutaMAX (GIBCO) 

10% FBS 

10% P/S 

HEPES 20mM (GIBCO) 

chloroquine 

293T-LentiX fresh medium DMEM + GlutaMAX (GIBCO) 

10% FBS 

10% P/S 

HEPES 20mM (GIBCO) 

Human primary samples IMDM (Stem Cell Technologies) 

20% BIT 

10% P/S 

100μM 2-mercaptoethanol 

100μM GlutaMAX 

FLT3 ligand 100ng/ml 

SCF 100ng/ml 

IL-3 20ng/ml 

IL-6 20ng/ml 

G-SCF 20ng/ml 

TPO 50ng/ml 

1μM StemRegenin 1 

1μM UM729 

Cord Blood prestimulation medium same as above without TPO 

Freezing medium IMDM 

40% FBS 

10% DMSO 
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2.5. Buffer solutions 

Usage Formulation 

TBE electrophoresis buffer (10X) Tris base 121.1g 

Boric acid 61.8g 

EDTA 7.4g 

volume up to 1ml Milli-Q Ultrapure H2O 

MACS buffer BSA 2.5g 

0.2M EDTA 5ml 

volume up to 500ml Milli-Q Ultrapure H2O 

Running buffer (10X) Tris base 30.3g 

Glycine 144g 

SDS 10g 

volume up to 1ml Mili-Q Ultrapure H2O 

Transfer buffer (10X) Tris base 25mM 

Glycine 15.014g 

volume up to 1ml Mili-Q Ultrapure H2O 

TBS (10X) Tris base 24.2g 

Sodium chloride 80g 

volume up to 1ml Mili-Q Ultrapure H2O 

TBS-T diluter 10X TBS in H2O 

Tween 20 0.1% 

 

2.6. Plasmids 

2.6.1. Intermediate plasmids for cDNA cloning 

The following plasmids were obtained from Dharmacon GE Life Sciences and contain MGC 

Human Sequence-Verified cDNAs. 

Plasmid NCBI Nucleotide Accession Clone ID 

pCR-BluntII-TOPO-BCOR BC128456 40123827 

pCMV-SPORT6-BCORL1 BC044652 5499053 

pCMV-SPORT6-CEBPA BC063874 30407360 

pCMV-SPORT6-CUX1 BC066592 5740343 

pCR4-TOPO-KDM6A BC143227 9051779 

pCR-XL-TOPO-SMC1A BC112127 8327595 

pCMV-SPORT6-SMC3 BC047324 5493263 

pCR4-TOPO-ZRSR2 BC113454 8322506 
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2.6.2. cDNA lentiviral vectors 

Lentiviral vectors cDNA origin Gene identifier 

pRRL_SFFV_ASXL1_GFP provided by Dr. Arnold Kloos NM_015338 

pRRL_SFFV_BCOR_GFP pCR-BluntII-TOPO NM_017745 

pRRL_SFFV_BCORL1_GFP pCMV-SPORT6 NM_021946 

pRRL_SFFV_blank_GFP pRRL_SFFV_CDD_GFP  

pRRL_SFFV_CEBPA_GFP pCMV-SPORT6 NM_004364 

pRRL_SFFV_CUX1_GFP pCMV-SPORT6 NM_001913 

pRRL_SFFV_DNMT3A_GFP MiG vector NM_022552 

pRRL_SFFV_ETV6_GFP provided by Dr. Arnold Kloos NM_001987 

pRRL_SFFV_EZH2_GFP provided by Dr. Arnold Kloos NM_004456.5 

pRRL_SFFV_GATA2_GFP provided by Dr. Arnold Kloos NM_032638 

pRRL_SFFV_GNAS_GFP gBlock gene fragment   NM_000516 

pRRL_SFFV_KDM6A_GFP pCR4-TOPO NM_021140 

pRRL_SFFV_PHF6_GFP gBlock gene fragment   NM_032458 

pRRL_SFFV_PTPN11_GFP gBlock gene fragment   NM_001330437 

pRRL_SFFV_RAD21_GFP healthy control cDNA NM_006265.3 

pRRL_SFFV_RUNX1_GFP provided by Dr. Arnold Kloos NM_00100189 

pRRL_SFFV_SMC1A_GFP pCR-XL-TOPO NM_006306 

pRRL_SFFV_SMC3_GFP pCMV-SPORT6 NM_005445 

pRRL_SFFV_STAG2_GFP healthy control cDNA NM_006603 

pRRL_SFFV_TP53_GFP gBlock gene fragment   NM_000546 

pRRL_SFFV_U2AF1_GFP healthy control cDNA NM_006758 

pRRL_SFFV_WT1_GFP healthy control cDNA NM_000378 

pRRL_SFFV_ZRSR2_GFP pCR4-TOPO NM_005089 

pRRL_SFFV_CDD_GFP provided by Dr. Arnold Kloos NM_001785.3 
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2.6.3. shRNA lentiviral vectors 

shRNA vectors Source 

pLKO5d.SFFV.EGFP.shRenilla provided by Dr. Arnold Kloos 

pLKO5d.SFFV.EGFP.shETV6_4017 provided by Dr. Arnold Kloos 

pLKO5d.SFFV.EGFP.shETV6_1591 provided by Dr. Arnold Kloos 

 

2.7. Primers 

All oligonucleotides were ordered from Eurofins Genomics, DE. 

 

2.7.1. Cloning Primers 

Primer Sequence 5’ – 3’ 

pCMV-SPORT6 For 

pCMV-SPORt6 Rev 

GGAAACAGCTATGACCATTAGGCC 

GACCACTTTGTACAAGAAAGCTGGG 

DNMT3A cloning For 

DNMT3A cloning Rev 

TTTACCGGTATGCCCGCCATGCCCTCCAGC 

AAACCGCGGTTACACACACGCAAAATACTCCTTCAGC 

pCR4-TOPO For 

pCR4-TOPO Rev 

CCTGCAGGTTTAAACGAATTCGCCC 

GGGCGAATTGAATTTAGCGGCC 

RAD21 cloning For 

RAD21 cloning Rev 

TTTACCGGTCCAGCCAGAACAATGTTCTACG 

AAACCGCGGCTCCTTATATAATATGGAACCTTGGTCC 

pCR-XL-TOPO For 

pCR-XL-TOPO Rev 

GCGAATTGGGCCCTCTAGATGC 

CCACTAGTAACGGCCGCCAGTGTG 

STAG2 cloning For 

STAG2 cloning Rev 

TTTACCGGTCCAGAAGATGATAAAGAAATGATAGCAGC 

AAACCGCGGTATTAAAACATTGACACTCCAAGAAC 

U2AF1 cloning For 

U2AF1 cloning Rev 

TTTGAATTCACCGGTGGGAAATGGCGGAGTATCTGGCCTCC 

AAAGAATTCCGCGGCTCAGAATCGCCCAGATCTTTCACG 

WT1 cloning For 

WT1 cloning Rev 

TTTACCGGTGTCTGAGCCGCAGCAAATGGGCTC 

AAACCGCGGGGAGACCCCTCAAAGCGCCAGCTGG 
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2.7.2. Real-Time primers 

Target gene Forward primer Reverse primer 

ABL CTGGGGCTCAAAGTCAGATG CTGTTTGAAGTTGGTGGGCT 

ASXL1 AAACATCTTCGAACGCATCC CAGCATCACCCCAGTCTTTT 

BCOR CCAGCCATCTACCCTTTCCT CATTGGTGCAGACTGGAGAA 

BCORL1 GACCGACATCCTGAACATCC ATAGGACAGCAGGAGCCAGA 

CEBPA GCGAGCAGGACTAGGAGATT AAGAATTCTCCCCTCCTCGC 

CUX1 CTGAAGAACCAAGCCGAAAC CTTCCTCCAGCTTTGAGGTG 

DNMT3A GGACAAGAATGCCACCAAAG CATCCACCAAGACACAATGC 

ETV6 AAAGCTCTCCTGCTGCTGAC GGGTGGAAGAATGGTGAAAA 

EZH2 TTTCATGCAACACCCAACAC GAGAGCAGCAGCAAACTCCT 

GATA2 CCCACCTACCCCTCCTATGT GCCTTCTGAACAGGAACGAG 

GNAS AGAGGCGATTGAAACCATTG GTCAAAGTCAGGCACGTTCA 

HOXA9 ATGGCATTAAACCTGAACCG GTCTCCGCCGCTCTCATTC 

KDM6A TTTTGTCGAGCCAAGGAAAT TTGGACAAAGTGCAGGGATT 

MEIS1 AATCCCTTAACGTCTCCAGCAAC TCTTGGAAACGGAGCGCTTTTAT 

MN1 CAAAGAAGCCCACGACCTC CGTCACCCACGTCGTCTG 

PHF6 AAAAGTCGCAAAGGAAGGCC CTGCTTCTGTGTGGAGACCT 

PTPN11 GCACTGGTGATGACAAAGGG AAACCGTTCTCCTCCACCAA 

RAD21 TCCTGATTCAGTGGATCCCG GCTTCCTCTTCCTCTTGGCT 

RUNX1 CTACCGCAGCCATGAAGAAC TGATGGCTCTGTGGTAGGTG 

SMC1A GTACCTTTGCCCGTGTCATT ACCCTGGAAAACGAGGAAGT 

SMC3 AGACAACCGGTTACCAATCG AGAAAAACCAGCGCTTTCAA 

STAG2 ACCCTGGCAGCTATGAAGTT CCTCTCATTGGCTCGTTTTCC 

TP53 CAAGCAGTCACAGCACATGA ACACGCAAATTTCCTTCCAC 

U2AF1 CGGAAAAGGCTGTGATTGAC GTGTGCATTCTCCCATCTCA 

WT1 TTCGCAATCAGGGTTACAGC GCTTGAATGAGTGGTTGGGG 

ZRSR2 CAGTTCAAGGTCAGCTGCAA AATTCACACTGCAGCTGTCG 
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2.7.3. Next Generation Sequencing Primers 

Primer Sequence 5’ – 3’ 

Barcode F (Primer 1) GGTAAACACAAGGGCACTGGCGAGCATCTTACCGCCATTT 

Barcode R (Primer 2) CGGACTACAGCTCCCATCATTGATTGCCCCACCATTTTGT 

  
Template for Forward 
Multiplex Identifiers (MID) 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC

TCTTCCGATCTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

MID1_CS3_F AACGAGTGCGTGGTAAACACAAGGGCACTGG 

MID3_CS3_F ACAGACGCACTCGGTAAACACAAGGGCACTGG 

MID5_CS3_F ACTATCAGACACGGGTAAACACAAGGGCACTGG 

MID7_CS3_F ACTACGTGTCTCTAGGTAAACACAAGGGCACTGG 

MID9_CS3_F ATGAGTGACGCGGTAAACACAAGGGCACTGG 

MID11_CS3_F TGATACGTCTGGTAAACACAAGGGCACTGG 

MID13_CS3_F ATACGTGCAGCGGGTAAACACAAGGGCACTGG 

MID15_CS3_F ATCATAGAGTACTGGTAAACACAAGGGCACTGG 

MID17_CS3_F ATCACACGCTACGTGGTAAACACAAGGGCACTGG 

MID19_CS3_F CAGTAGACGTGGTAAACACAAGGGCACTGG 

MID21_CS3_F CGACGTGACTGGTAAACACAAGGGCACTGG 

MID23_CS3_F ACTATACACACACTGGTAAACACAAGGGCACTGG 

  
Template for Reverse 
Multiplex Identifiers (MID) 

CAAGCAGAAGACGGCATACGAGATACATCTAGTGGCTCAGAGTTCTA

CAGTCCGACGATCANNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

MID2_CS4_R TACGCTCGACACGGACTACAGCTCCCATCAT 

MID4_CS4_R TGAGCACTGTAGCGGACTACAGCTCCCATCAT 

MID6_CS4_R TGTATATCGCGAGCGGACTACAGCTCCCATCAT 

MID8_CS4_R TGTACTCGCGTGTCCGGACTACAGCTCCCATCAT 

MID10_CS4_R TCTCTATGCGCGGACTACAGCTCCCATCAT 

MID12_CS4_R TTACACGTGATCGGACTACAGCTCCCATCAT 

MID14_CS4_R TGTACGCTGTCTCGGACTACAGCTCCCATCAT 

MID16_CS4_R TGATCTATACTATCGGACTACAGCTCCCATCAT 

  
Custom Sequencing primer F ACACTCTTTCCCTACACGACGCTCTTCCGATCT 

Custom Sequencing primer R TCTAGTGGCTCAGAGTTCTACAGTCCGACGATCA 
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2.8. gBlock Gene Fragments 

All gBlocks were ordered from Integrated DNA Technologies, Belgium. 

 

gBlock Sequence 5’ – 3’ 

GNAS TTTACCGGTTCTAGAATGGGCTGCCTCGGGAACAGTAAGACCGAGGACCAGCGCAACGA

GGAGAAGGCGCAGCGTGAGGCCAACAAAAAGATCGAGAAGCAGCTGCAGAAGGACAAGC

AGGTCTACCGGGCCACGCACCGCCTGCTGCTGCTGGGTGCTGGAGAATCTGGTAAAAGC

ACCATTGTGAAGCAGATGAGGATCCTGCATGTTAATGGGTTTAATGGAGAGGGCGGCGA

AGAGGACCCGCAGGCTGCAAGGAGCAACAGCGATGGTGAGAAGGCAACCAAAGTGCAGG

ACATCAAAAACAACCTGAAAGAGGCGATTGAAACCATTGTGGCCGCCATGAGCAACCTG

GTGCCCCCCGTGGAGCTGGCCAACCCCGAGAACCAGTTCAGAGTGGACTACATCCTGAG

TGTGATGAACGTGCCTGACTTTGACTTCCCTCCCGAATTCTATGAGCATGCCAAGGCTC

TGTGGGAGGATGAAGGAGTGCGTGCCTGCTACGAACGCTCCAACGAGTACCAGCTGATT

GACTGTGCCCAGTACTTCCTGGACAAGATCGACGTGATCAAGCAGGCTGACTATGTGCC

GAGCGATCAGGACCTGCTTCGCTGCCGTGTCCTGACTTCTGGAATCTTTGAGACCAAGT

TCCAGGTGGACAAAGTCAACTTCCACATGTTTGACGTGGGTGGCCAGCGCGATGAACGC

CGCAAGTGGATCCAGTGCTTCAACGATGTGACTGCCATCATCTTCGTGGTGGCCAGCAG

CAGCTACAACATGGTCATCCGGGAGGACAACCAGACCAACCGCCTGCAGGAGGCTCTGA

ACCTCTTCAAGAGCATCTGGAACAACAGATGGCTGCGCACCATCTCTGTGATCCTGTTC

CTCAACAAGCAAGATCTGCTCGCTGAGAAAGTCCTTGCTGGGAAATCGAAGATTGAGGA

CTACTTTCCAGAATTTGCTCGCTACACTACTCCTGAGGATGCTACTCCCGAGCCCGGAG

AGGACCCACGCGTGACCCGGGCCAAGTACTTCATTCGAGATGAGTTTCTGAGGATCAGC

ACTGCCAGTGGAGATGGGCGTCACTACTGCTACCCTCATTTCACCTGCGCTGTGGACAC

TGAGAACATCCGCCGTGTGTTCAACGACTGCCGTGACATCATTCAGCGCATGCACCTTC

GTCAGTACGAGCTGCTCTAATCTAGACCGCGGAAA 

PHF6 TTTACCGGTTCTAGAATGTCAAGCTCAGTTGAACAGAAAAAAGGGCCTACAAGACAGCG

CAAATGTGGCTTTTGTAAGTCAAATAGAGACAAGGAATGTGGACAGTTACTAATATCTG

AAAACCAGAAGGTGGCAGCGCACCATAAGTGCATGCTCTTTTCATCTGCTTTGGTATCA

TCACACTCTGATAATGAAAGTCTTGGTGGATTTTCTATTGAAGATGTCCAAAAGGAAAT

TAAAAGAGGCACGAAGCTGATGTGTTCTTTGTGCCATTGTCCTGGAGCAACAATTGGTT

GTGATGTGAAAACATGTCACAGGACATACCACTACCACTGTGCATTGCATGATAAAGCT

CAAATACGAGAGAAACCTTCACAAGGAATTTACATGGTCTATTGCCGAAAACACAAGAA

AACTGCACATAACTCCGAAGCTGATTTAGAAGAAAGTTTTAATGAACATGAACTGGAGC

CCTCATCACCTAAAAGTAAAAAGAAAAGTCGCAAAGGAAGGCCAAGAAAAACTAATTTT

AAAGGGCTGTCAGAAGATACCAGGTCCACATCCTCCCATGGAACAGATGAAATGGAAAG

TAGTTCCTATAGAGATAGGTCTCCACACAGAAGCAGCCCTAGTGACACCAGGCCTAAAT

GTGGATTTTGCCATGTAGGGGAGGAAGAAAATGAAGCACGAGGAAAACTGCATATATTT

AATGCCAAGAAGGCAGCTGCCCATTATAAGTGCATGTTGTTTTCTTCTGGCACAGTCCA

GCTCACAACAACATCAAGAGCAGAATTTGGAGACTTTGATATTAAAACTGTACTTCAGG

AGATTAAACGAGGAAAAAGAATGAAATGTACACTTTGCAGTCAGCCTGGTGCTACTATT

GGATGTGAAATAAAAGCCTGTGTTAAGACTTACCATTACCACTGTGGAGTACAAGACAA

AGCTAAATACATTGAAAATATGTCACGAGGAATTTACAAACTATACTGTAAAAATCATA

GTGGAAATGATGAGAGAGATGAAGAAGATGAGGAACGAGAGAGTAAAAGCCGAGGAAAA

GTAGAAATTGATCAGCAACAACTAACTCAGCAGCAACTTAATGGAAACTAGTCTAGACC

GCGGAAA 
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PTPN11 TTTACCGGTTCTAGAATGACATCGCGGAGATGGTTTCACCCAAATATCACTGGTGTGGA

GGCAGAAAACCTACTGTTGACAAGAGGAGTTGATGGCAGTTTTTTGGCAAGGCCTAGTA

AAAGTAACCCTGGAGACTTCACACTTTCCGTTAGAAGAAATGGAGCTGTCACCCACATC

AAGATTCAGAACACTGGTGATTACTATGACCTGTATGGAGGGGAGAAATTTGCCACTTT

GGCTGAGTTGGTCCAGTATTACATGGAACATCACGGGCAATTAAAAGAGAAGAATGGAG

ATGTCATTGAGCTTAAATATCCTCTGAACTGTGCAGATCCTACCTCTGAAAGGTGGTTT

CATGGACATCTCTCTGGGAAAGAAGCAGAGAAATTATTAACTGAAAAAGGAAAACATGG

TAGTTTTCTTGTACGAGAGAGCCAGAGCCACCCTGGAGATTTTGTTCTTTCTGTGCGCA

CTGGTGATGACAAAGGGGAGAGCAATGACGGCAAGTCTAAAGTGACCCATGTTATGATT

CGCTGTCAGGAACTGAAATACGACGTTGGTGGAGGAGAACGGTTTGATTCTTTGACAGA

TCTTGTGGAACATTATAAGAAGAATCCTATGGTGGAAACATTGGGTACAGTACTACAAC

TCAAGCAGCCCCTTAACACGACTCGTATAAATGCTGCTGAAATAGAAAGCAGAGTTCGA

GAACTAAGCAAATTAGCTGAGACCACAGATAAAGTCAAACAAGGCTTTTGGGAAGAATT

TGAGACACTACAACAACAGGAGTGCAAACTTCTCTACAGCCGAAAAGAGGGTCAAAGGC

AAGAAAACAAAAACAAAAATAGATATAAAAACATCCTGCCCTTTGATCATACCAGGGTT

GTCCTACACGATGGTGATCCCAATGAGCCTGTTTCAGATTACATCAATGCAAATATCAT

CATGCCTGAATTTGAAACCAAGTGCAACAATTCAAAGCCCAAAAAGAGTTACATTGCCA

CACAAGGCTGCCTGCAAAACACGGTGAATGACTTTTGGCGGATGGTGTTCCAAGAAAAC

TCCCGAGTGATTGTCATGACAACGAAAGAAGTGGAGAGAGGAAAGAGTAAATGTGTCAA

ATACTGGCCTGATGAGTATGCTCTAAAAGAATATGGCGTCATGCGTGTTAGGAACGTCA

AAGAAAGCGCCGCTCATGACTATACGCTAAGAGAACTTAAACTTTCAAAGGTTGGACAA

GGGAATACGGAGAGAACGGTCTGGCAATACCACTTTCGGACCTGGCCGGACCACGGCGT

GCCCAGCGACCCTGGGGGCGTGCTGGACTTCCTGGAGGAGGTGCACCATAAGCAGGAGA

GCATCATGGATGCAGGGCCGGTCGTGGTGCACTGCAGTGCTGGAATTGGCCGGACAGGG

ACGTTCATTGTGATTGATATTCTTATTGACATCATCAGAGAGAAAGGTGTTGACTGCGA

TATTGACGTTCCCAAAACCATCCAGATGGTGCGGTCTCAGAGGTCAGGGATGGTCCAGA

CAGAAGCACAGTACCGATTTATCTATATGGCGGTCCAGCATTATATTGAAACACTACAG

CGCAGGATTGAAGAAGAGCAGAAAAGCAAGAGGAAAGGGCACGAATATACAAATATTAA

GTATTCTCTAGCGGACCAGACGAGTGGAGATCAGAGCCCTCTCCCGCCTTGTACTCCAA

CGCCACCCTGTGCAGAAATGAGAGAAGACAGTGCTAGAGTCTATGAAAACGTGGGCCTG

ATGCAACAGCAGAAAAGTTTCAGATGATCTAGACCGCGGAAA 

TP53 TTTACCGGTTCTAGAATGGATGATTTGATGCTGTCCCCGGACGATATTGAACAATGGTT

CACTGAAGACCCAGGTCCAGATGAAGCTCCCAGAATGCCAGAGGCTGCTCCCCCCGTGG

CCCCTGCACCAGCAGCTCCTACACCGGCGGCCCCTGCACCAGCCCCCTCCTGGCCCCTG

TCATCTTCTGTCCCTTCCCAGAAAACCTACCAGGGCAGCTACGGTTTCCGTCTGGGCTT

CTTGCATTCTGGGACAGCCAAGTCTGTGACTTGCACGTACTCCCCTGCCCTCAACAAGA

TGTTTTGCCAACTGGCCAAGACCTGCCCTGTGCAGCTGTGGGTTGATTCCACACCCCCG

CCCGGCACCCGCGTCCGCGCCATGGCCATCTACAAGCAGTCACAGCACATGACGGAGGT

TGTGAGGCGCTGCCCCCACCATGAGCGCTGCTCAGATAGCGATGGTCTGGCCCCTCCTC

AGCATCTTATCCGAGTGGAAGGAAATTTGCGTGTGGAGTATTTGGATGACAGAAACACT

TTTCGACATAGTGTGGTGGTGCCCTATGAGCCGCCTGAGGTTGGCTCTGACTGTACCAC

CATCCACTACAACTACATGTGTAACAGTTCCTGCATGGGCGGCATGAACCGGAGGCCCA

TCCTCACCATCATCACACTGGAAGACTCCAGTGGTAATCTACTGGGACGGAACAGCTTT

GAGGTGCGTGTTTGTGCCTGTCCTGGGAGAGACCGGCGCACAGAGGAAGAGAATCTCCG

CAAGAAAGGGGAGCCTCACCACGAGCTGCCCCCAGGGAGCACTAAGCGAGCACTGCCCA

ACAACACCAGCTCCTCTCCCCAGCCAAAGAAGAAACCACTGGATGGAGAATATTTCACC

CTTCAGATCCGTGGGCGTGAGCGCTTCGAGATGTTCCGAGAGCTGAATGAGGCCTTGGA

ACTCAAGGATGCCCAGGCTGGGAAGGAGCCAGGGGGGAGCAGGGCTCACTCCAGCCACC

TGAAGTCCAAAAAGGGTCAGTCTACCTCCCGCCATAAAAAACTCATGTTCAAGACAGAA

GGGCCTGACTCAGACTGATCTAGACCGCGGAAA 
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2.9. Barcodes 

All barcodes were ordered as gBlock Gene Fragments from Integrated DNA Technologies, 

Belgium. The same template was used for each gBlock Gene Fragment. Barcode sequence is 

highlighted in red. Each barcode was created from a unique combination of multiplex identifiers 

(MIDs) from Illumina. 

gBlock Sequence 5’ – 3’ 

template TGGTTGTCGACGGATCCCCCGGGCTGCAGGAATTCGAGCATCTTACCGCCATTTATACCCATATT

TGTTCTGTTTTTCTTGATNNNNNNNNNNNNNNNNNNNNTTGGGTATACATTTAAATGTTAATAAA

ACAAAATGGTGGGGCAATCATTTACATTTTTAGGGATATGTAATTACTAGTAAAGG 

 

cDNA barcode Illumina MIDs Sequence 5’ – 3’ 

ASXL1 202 MID36+MID54 CGACGTGACTAGTGCTACGA 

BCOR 210 MID36+MID67 CGACGTGACTTCGATAGTGA 

BCORL1 262 MID37+MID87 TACACACACTATATAGTCGC 

blank 230 MID37+MID114 TACACACACTACGTGCAGCG 

CEBPA 381 MID48+MID110 ACAGTATATATGAGTGACGC 

CUX1 189 MID35+MID96 CAGTAGACGTCTACGACTGC 

DNMT3A 001 MID110+MID110 TGAGTGACGCTGAGTGACGC 

ETV6 039 MID114+MID110 ACGTGCAGCGTGAGTGACGC 

EZH2 002 MID110+MID114 TGAGTGACGCACGTGCAGCG 

GATA2 004 MID110+MID34 TGAGTGACGCCACGCTACGT 

GNAS 065 MID114+MID80 ACGTGCAGCGACTCGCGCAC 

KDM6A 308 MID40+MID34 TACGCTGTCTCACGCTACGT 

MN1 122 MID34+MID38 CACGCTACGTTACACGTGAT 

PHF6 428 MID54+MID45 AGTGCTACGATCTATACTAT 

PTPN11 135 MID34+MID68 CACGCTACGTTCGCTGCGTA 

RAD21 475 MID56+MID66 CGCAGTACGATCACGCGAGA 

RUNX1 122 MID34+MID38 CACGCTACGTTACACGTGAT 

SMC1A 344 MID45+MID114 TCTATACTATACGTGCAGCG 

SMC3 372 MID45+MID83 TCTATACTATAGTAGTGATC 

STAG2 461 MID56+MID35 CGCAGTACGACAGTAGACGT 

TP53 006 MID110+MID36 TGAGTGACGCCGACGTGACT 

U2AF1 005 MID110+MID35 TGAGTGACGCCAGTAGACGT 

WT1 328 MID40+MID71 TACGCTGTCTTGTAGTGTGA 

ZRSR2 405 MID48+MID75 ACAGTATATAACAGTCGTGC 
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2.10. Enzymes 

2.10.1. PCR enzymes 

Enzyme Application Source 

HotStarTaq DNA Polymerase Real-Time PCR Qiagen 

M-MuLV Reverse Transcriptase cDNA synthesis New England Biolabs 

Q5 High-Fidelity DNA polymerase DNA amplification New England Biolabs 

 

2.10.2. Cloning Enzymes 

All cloning enzymes were ordered from New England Biolabs, USA. 

Enzyme Application Temperature 

DNA Polymerase I, Large (Klenow) 
Fragment 

Removal of 3’ overhangs 
Fill-in 5’ overhangs 

28℃  

Shrimp Alkaline Phosphatase (rSAP) Dephosphorylation 37℃  

T4 DNA Ligase Ligation 16℃ and RT 

T4 Polynucleotide Kinase Phosphorylation 37℃ 

AgeI-HF Restriction digestion 37℃ 

EcoRI-HF Restriction digestion 37℃ 

SacII Restriction digestion 37℃ 

SalI-HF Restriction digestion 37℃ 

SpeI-HF Restriction digestion 37℃ 

SwaI Restriction digestion 25℃ 
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2.11. Antibodies 

2.11.1. Flow Cytometry antibodies 

The following antibodies have a human species reactivity. 

Target Clone Dilution Source 

CD45-FITC HI10 1:50 BD Biosciences 

CD45-APC/Cy7 2D1 1:100 Biolegend 

CD-3PE UCHT1 1:50 BD Biosciences 

CD14-PE MΦP9 1:50 BD Biosciences 

CD19-APC HIB19 1:50 BD Biosciences 

CD33-APC WM53 1:100 Biolegend 

CD34-APC 8G12 1:50 BD Biosciences 

CD38-PE HIT2 1:50 BD Biosciences 

CD123-APC 7G3 1:50 BD Biosciences 

CD38-PE/Cy8 HB-7 1:100 Biolegend 

CD45RA-APC/Cy7 HI100 1:100 Biolegend 

CD90-BV711 5E10 1:50 BD Biosciences 

CD123-BV711 9F5 1:50 BD Biosciences 

CD110-BV785 1.78.1 1:50 BD Biosciences 

CD2-PE S5.2 1:50 BD Biosciences 

CD4-PE SK3 1:50 BD Biosciences 

CD7-PE M-T701 1:50 BD Biosciences 

CD8-PE SK1 1:50 BD Biosciences 

CD10-PE HI100 1:50 BD Biosciences 

CD11b-PE ICDRF44 1:50 BD Biosciences 

 

2.11.2. Western Blot antibodies 

Target protein Dilution Source 

Monoclonal Anti-ETV6 antibody, 
produced in mouse 

1:1000 in 5% skim milk in TBS-T Sigma-Aldrich 

Anti-beta actin antibody 1:5000 in 5% skim milk in TBS-T Abcam 

ECL Anti-mouse IgG Peroxidase linked 1:5000 in 5% skim milk in TBS-T GE Healthcare 
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2.12. Commercial kits 

Kit Source Use 

AllPrep DNA/RNA Mini Kit Qiagen RNA and DNA extraction 

RNeasy Mini Kit Qiagen RNA extraction 

CD3 MicroBead Kit, Human Miltenyi Biotec CD3 positive cells selection 

CD34 MicroBead Kit, Human Miltenyi Biotec CD34 positive cells selection 

GeneRead Size Selection Kit Qiagen PCR purification for NGS 

NucleoBond Xtra Midi  Macherey-Nagel Plasmid DNA purification 

QIAprep Spin Miniprep Kit Qiagen Plasmid DNA purification 

QIAquick Gel Extraction Kit Qiagen DNA isolation from agarose gel 

QIAquick PCR Purification Kit QIagen PCR purification 

QIAshredder Qiagen Cell lysates homogenization 

Qubit dsDNA HS Assay Kit ThermoFischer DNA concentration 

Lipofectamine 3000 Reagent ThermoFischer Transfection 

Lipofectamine LTX with Plus Reagent ThermoFischer Transfection 

XL-1 Blue Competent Cells Agilent Bacterial transformation 

 

2.13. Mouse strains 

Strain Source 

NOD-scid IL2Rgnull (NSG) 
ZTL, MHH, Hannover 
The Jackson Laboratory 

NOD-scid IL2Rgnull-3/GM/SF (NSGS) ZTL, MHH, Hannover 
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2.14. Software 

Software Source 

Adobe Illustrator 2020 Adobe 

Bio-Rad CFX Manager Bio-Rad Laboratories 

GeneCluster 3.0 Stanford University 

TreeView Stanford University 

CompuSyn ComboSyn 

EndNote X9 Thompson Reuters 

Foxit Reader Foxit 

GraphPad Prism 8 GraphPad Software 

GSEA 4.0.2 Broad Institure 

Image Lab 5.2.1 Bio-Rad Laboratories 

Microsoft Office 2016 Microsoft Corporation 

R 3.6.1 The R Foundation for Statistical Computing 

RStudio 1.2.5019 RStudio Inc 

SnapGene 3.3.4 GSL Biotech LLC 

SPSS v25 IBM Corporation 
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3.1. Generation of vectors 

Twenty-two lentiviral vectors expressing an AML-related wildtype cDNA under the spleen focus 

forming virus (SFFV) promoter53 and one lentiviral vector without a cDNA insert constituted the 

cDNA screening library. Each cDNA was cloned alongside a unique 20 nucleotide barcode. 

 

3.1.1. Cloning strategy for wild-type cDNA-expressing lentiviral vectors 

Lentiviral vectors for ASXL1, ETV6, EZH2, GATA2 and RUNX1 were kindly provided by Dr. Arnold 

Kloos (section 2.6.2). A lentiviral vector expressing the cDNA CDD was used as a template for 

the cloning of all subsequent cDNAs. The remaining cDNAs were obtained as gBlock Gene 

Fragments or were amplified either from intermediate vectors or healthy control cDNAs. 

 

3.1.1.a. gBlock Gene Fragments 

Wild-type cDNAs for GNAS, PHF6, PTPN11 and TP53 were obtained as gBlocks Gene Fragments 

(section 2.8) from Integrated DNA Technologies, carrying restriction enzyme overhangs for AgeI 

and SacII enzymes. Lyophilized gBlocks were reconstituted to a concentration of 10 ng/μl with 

TE buffer. 200 ng from each gBlock were digested with AgeI and SacII in a 50 μl reaction with 

CutSmart Buffer at 37℃ for 1hr, following heat-inactivation of the reaction at 80℃ for 20min 

and purification with Qiaquick PCR purification kit. In parallel, 5μg of lentiviral vector 

pRRL_SFFV_CDD_IRES_GFP was digested under the same conditions, followed by a 30min 

dephosphorylation reaction at 37℃ with shrimp alkaline phosphatase (rSAP) enzyme. Digested 

cDNA gBlocks were ligated with T4 ligase in a 20 μl reaction with T4 ligation buffer at 16℃ 

overnight in a 1:4 ratio with the lentiviral backbone. 5 μl of the ligation reaction was used to 

transform 50 μl XL-1 Blue competent cells (Agilent Technologies) following manufacturer’s 

protocol. Bacteria were streaked in pre-warmed agar plates with 100 μg/ml Ampicillin and 

incubated overnight at 37℃. Single colonies were picked, cultured in 2 ml liquid LB medium with 

100 μg/ml Ampicillin, and plasmid DNA was purified with the QIAprep Spin Miniprep kit. cDNA 

insertion was validated by restriction digestion and the correct clone was further expanded in a 

300 ml LB medium culture with 100 μg/ml Ampicillin. Plasmid DNA was purified with the 

NucleoBond® Xtra Midi kit and the concentration was measured in a NanoDrop 2000 

spectrophotometer. 
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3.1.1.b. Healthy control cDNA amplification 

Wild-type cDNAs for RAD21, STAG2, U2AF1 and WT1 were PCR amplified from healthy donor 

cDNA with primers carrying overhangs for AgeI and SacII. PCR products were extracted from 

agarose gels and purified with the Qiaquick Gel Extraction kit. Digestion of PCR products with 

AgeI and SacII, ligation with the lentiviral backbone, and expansion of the correct clone were 

performed as described in section 3.1.1.a.  

 

3.1.1.c. Dharmacon vector amplification 

Wild-type cDNAs for BCOR, BCORL1, CEBPA, CUX1, DNMT3A, KDM6A, SMC1A, SMC3 and ZRSR2 

were PCR amplified from MGC Fully Sequenced Human cDNA vectors obtained from Dharmacon 

GE Life Sciences. In parallel, 5 μg of lentiviral vector pRRL_SFFV_CDD_IRES_GFP was digested 

with AgeI and SacII in a 50 μl reaction with CutSmart Buffer at 37℃ for 1 hr, following heat-

inactivation of the reaction at 80℃ for 20min. A 30min dephosphorylation reaction at 37℃ with 

the rSAP enzyme was subsequently performed and the lentiviral backbone was purified with the 

Qiaquick PCR purification kit. The digested lentiviral backbone was incubated with Klenow DNA 

Polymerase I, Large (Klenow) Fragment for 15 min at 28℃ and was purified again with the 

Qiaquick PCR purification kit. PCR products were ligated with T4 ligase in a 20 μl reaction with 

T4 ligation buffer at 16℃ overnight in a 1:4 ratio with the blunt end lentiviral backbone. Single 

colony expansion was performed as described in section 3.1.1.a. cDNA insertion was detected 

with SANGER sequencing and the correct clone was further expanded as described in section 

3.1.1.a. 

 

3.1.1.d. Blank control vector 

A control lentiviral pRRL vector was generated by extracting the CDD insert from the 

pRRL_SFFV_CDD_IRES_GFP vector. Vector digestion with AgeI and SacII, dephosphorylation 

and Klenow reaction were performed as described in section 3.1.4. The lentiviral backbone was 

purified from an agarose gel and self-religated in a 20 μl reaction with T4 ligase. 

Transformation, identification of the correct clone and further expansion were performed as 

described in section 3.1.2. 
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3.1.2. Cloning strategy for barcode-cDNA vectors 

20-nucleotide long barcode sequences unique for each cDNA vector were cloned in the area 

between WPRE and GFP elements without affecting the vector functionality. Barcodes were 

obtained as 147bp gBlocks® Gene Fragments from Integrated DNA Technologies carrying 

restriction enzyme overhangs for the SalI and SpeI enzymes. Lyophilized gBlocks were 

reconstituted to a concentration of 10 ng/μl with TE buffer and 100 ng were used for 

subsequent reactions. Barcodes intended for a sticky SalI-SpeI ligation were digested with these 

enzymes in a 50 μl reaction with the CutSmart Buffer at 37℃ for 1hr, following heat-inactivation 

of the reaction at 80℃ for 20min and purification with the Qiaquick PCR Purification kit. 

Barcodes intended for blunt ligation were phosphorylated with the T4 PNK enzyme in a 100 μl 

reaction with T4 PNK Buffer at 37℃ for 30min and purified with the Qiaquick PCR Purification 

kit. Digested or phosphorylated barcodes were ligated with T4 ligase in a 20 μl reaction with T4 

ligation buffer at 16℃ overnight in a 1:5 ratio with their respective lentiviral backbones. 5 μl of 

the ligation reaction was used to transform 50 μl XL-1 Blue competent cells (Agilent 

Technologies) following manufacturer’s protocol. Transformation, identification of the correct 

clone and further expansion were performed as described in section 3.1.1.a. 

 

3.1.3. Bacterial glycerol stocks 

Bacterial stocks for each vector were obtained by mixing 800 μl from an overnight 300 ml 

bacterial culture with 200 μl glycerol in cryogenic tubes. Stocks were stored at -80℃.  A new 

bacterial culture for purification of plasmid DNA was initiated by regrowing bacteria from the 

respective glycerol stock. 

 

3.1.4. Vector sequencing 

Sequencing of vectors was performed by GATC Biotech, Germany. Correct orientation of cDNA 

inserts was tested using primers binding in the SFFV promoter in 5’ to 3’ direction and primers 

binding in the IRES element with 3’ to 5’ direction. Barcode insertion was tested with primers 

binding in the WPRE element with 3’ to 5’ direction. 

 



Methods 

48 
 

3.2. Cell Culture 

Cell culture handling for the following cell lines and primary samples was performed under 

sterile conditions in laminar flow biosafety cabinets equipped with HEPA filter. Cells were grown 

in water jacketed CO2 incubators at 37℃ with a constant flow of 5% CO2. 

 

3.2.1. Culture of human leukemia cell lines 

Human leukemia cell lines were cultured initially after thawing in 6cm culture dishes for 

suspension cells. When cells reached 80-90% confluency, they were transferred to 10cm culture 

dishes for suspension cells, where they were maintained. Every 3 days, cells were collected, 

centrifuged for 5 minutes at 500 rpm and replated in an appropriate concentration with fresh 

pre-warmed medium. OCI-AML2 cells were cultured in αMEM medium (GIBCO) supplemented 

with 20% FCS. MV4-11 and U937 cells were cultured in RPMI 1640 GlutaMAX (GIBCO) 

supplemented with 10% FCS. In all cases, a mixture of the antibiotics Penicillin-Streptomycin 

(GIBCO) was added to the media in order to prevent bacterial contamination and biannual 

testing for the presence of mycoplasma was performed. 

 

3.2.2. Culture of CD34+-enriched human cord blood cells 

Frozen CD34+-enriched human cord blood samples were kindly provided by Prof. Renata 

Stripecke, Hannover Medical School, Hannover, Germany. Upon thawing, cells were washed 

once with PBS, resuspended with CB  prestimulation medium (section 2.4) in a concentration of 

106 cells/ml and seeded in a 96-well plate, in a volume of 100 μl per well. Cells were incubated 

for 16 hrs. The next day, cells were lentivirally transduced as described in section 3.4.4. After 

transduction, cells were pooled and washed twice with PBS. Depending on the next experiment, 

cells were resuspended in the appropriate volume of CB medium. Cells for in vivo experiments 

were resuspended in PBS in a concentration of 106 cells/ml and transplanted in NSG mice as 

described in section 3.8.2. Cells destined for in vitro experiments were plated in 24-well plates, 

in a concentration of 400,000 cells/ml in a final volume of 500 μl per well. Cells were monitored 

daily, and upon reaching 80-90% confluency, they were transferred to 12-well and similarly to 

6-well plates. 
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3.2.3. Culture of primary leukemia patient cells 

Frozen primary leukemia patient samples were thawed, washed once with PBS and resuspended 

in primary cell medium (section 2.8). 

 

3.2.4. Cell counting 

Counting was performed in resuspended cells in PBS or medium after washing. Trypan Blue was 

added in a 1:4 ratio to resuspended cells and 10 μl from the mixture was loaded in a Neubauer 

chamber. Blue cells containing Trypan Blue were excluded from counting, as they accounted for 

dead cells. 

 

3.2.5. Cryopreservation and thawing of cells 

Cells were centrifuged for 5min at 1400 rpm, resuspended in freezing medium (section 2.8) at a 

concentration of 106 cells/ml and aliquoted 1 ml per cryogenic tube. Initially, cells were placed in 

a freezing container (ThermoFischer Scientific) which was stored at -80℃. The next day, cells 

were removed from the container and transferred immediately to a liquid nitrogen tank for long-

term storage. Upon thawing, cryogenic tubes were incubated briefly at a 37℃ waterbath and 

the contents of the vials were dropped in a 50 ml falcon tube. Pre-warmed medium depending 

on the cell type was added dropwise to the cells until they were fully thawed. The tube was 

filled with medium until 30 ml, centrifuged for 5 min at 1400 rpm and the cells were 

resuspended according to the downstream experiment. 

 

3.3. Primary samples 

All studies were performed in accordance with the Declaration of Helsinki, and the study was 

approved by the institutional review board of Hannover Medical School (ethical vote 936/2011 

and 2504-2014). 
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3.3.1. Healthy control and patient samples 

Peripheral blood from healthy individual was obtained from the Transfusion department of 

Hannover Medical School.  Peripheral blood or bone marrow aspiration form newly-diagnosed 

acute leukemia patients were obtained from the Department of Hematology, Hemostasis, 

Oncology and Stem Cell Transplantation of Hannover Medical School after obtaining informed 

consent and according to the Declaration of Helsinki.  

 

3.3.2. Mononuclear cell isolation with Biocoll 

Blood or bone marrow aspiration was transferred to a 50ml falcon tube and was filled up to 35 

ml with PBS. At least a 1:1 mixture of blood/PBS had to be achieved. In separate tubes, 15 ml 

of room temperature Biocoll was added. Diluted blood was carefully added on top of Biocoll as 

to avoid mixing. Tubes were centrifuged for 20 min at 2000 rpm at 4℃. After centrifugation, the 

top yellow plasma layer was removed as much as possible. The thin white layer containing the 

mononuclear cells was transferred to a new tube which was filled up to 50 ml with PBS. Cells 

were centrifuged for 7 min at 1400 rpm at 4℃, resuspended with 1ml PBS and counted. 

 

3.3.3. CD34 positive enrichment of mononuclear cells 

A CD34 positive enrichment of blood or bone marrow mononuclear cells was performed with the 

CD34 MicroBead Kit (MACS Miltenyi Biotech) according to manufacturer’s instructions. MS 

columns were used and the CD34 positive cells entrapped in the magnetic column were washed 

and resuspended in 1 ml PBS for further experiments. 

 

3.3.4. CD3 depletion of mononuclear cells 

A CD3 depletion of blood or bone marrow mononuclear cells was performed with the CD3 

MicroBeads Kit (MACS Miltenyi Biotech) according to manufacturer’s instructions. LS columns 

were used and both the flowthrough containing the CD3 negative cells and the trapped CD3 

positive cells in the magnetic column were washed and resuspended in 1ml PBS for further 

experiments. 
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3.4. Lentiviral transduction 

3.4.1. Transient transfection of 293T-LentiX cells 

293T-LentiX cells were maintained in T-175 flasks with DMEM medium (GIBCO) until 90-95% 

confluency. Three days before transfection, cells from three confluent flasks were split into 8 

flasks. Six hours before transfection, cells from all 8 flasks were split into 24 150 mm culture 

dishes with 18 ml medium in each. Two hours before transfection, medium was replaced with 

15 ml transfection medium per dish. A transfection reaction for one 150 mm culture dish 

consisted of 9 μg VSVG plasmid, 12.5 μg gag/pol plasmid, 6.25 μg pRSV-Rev, 15 μg pAdvantage 

plasmid and 32-37.5 μg transfer vector. For vectors <9kb 32 μg were used, whereas for vectors 

>9kb 37.5 μg were used. For viral preparation of a cDNA pool, each 150 mm culture dish 

received a transfection reaction that had a unique cDNA vector. Plasmid DNA was mixed, made 

up to a final volume of 1125 μl 0.1XTE/dH2O and finally 125 μl of 2.5M CaCl2 was added. All 

reactions were mixed by rotation for 30 min. DNA precipitate was formed by dropwise addition 

of 1250 μl 2X HBS in each plasmid DNA mix while vortexing for 20 sec. Precipitate was added 

dropwise to 293T-LentiX cells. Cells were incubated overnight and after 16 hrs fresh medium 

(18ml per dish) was added to the cells. Supernatants from all dishes were collected after 24 and 

48 hrs and filtered for 2 hrs with 0.22 μm filters under the force of gravity. After the 24 hrs 

collection, fresh medium was added to the cells. Filtered supernatants were stored for 24 hrs at 

4℃ until centrifugation. 

 

3.4.2. Viral particle ultracentrifugation 

Viral supernatants were aliquoted into 6 ultracentrifugation tubes which were placed inside the 

metal buckets of the centrifuge rotor. Supernatants were centrifuged for 2.5 hrs at 22.000 rpm 

at 4℃. Supernatants from each collection day required two centrifugations. After the first 

centrifugation was completed, supernatants were removed and the rest of the filtered 

supernatants were added on the same tubes. When the second centrifugation was finished, 

supernatants were removed, tubes were dried and 75 μl PBS was added in each viral pellet. The 

tubes were left at 4℃ overnight and the next morning, the tubes were vortexed and the 

resuspended viral pellets were collected, pooled and stored at -80℃. 
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3.4.3. Lentiviral transduction of primary and PDX cells 

Human primary AML cells and cells extracted from PDX models were transduced in retronectin-

coated plates by spin inoculation. Each viral preparation was used for the transduction of a 

maximum of 6*106 cells as described in section 3.4.2. A 12-well plate was coated for 2 hrs at RT 

with 400 μl of retronectin (50 μg/ml). After incubation, retronectin was removed and 500 μl 

PBS/2% BSA was added to each well for a 30 min blocking incubation. Wells were washed twice 

with HBSS supplemented with 2.5% v/v 1M HEPES. Viral particles were thawed and centrifuged 

for 5 min at 2000 rpm to remove cell debris that bypassed the filtering. Clean viral particles 

were transferred in a 15 ml falcon tube and filled up to 5 ml with IMDM medium for human 

primary samples supplemented with polybrene. Viral particles were aliquoted in the 12-well plate 

using 400 μl per well. Plates were centrifuged for 2 hrs at 2000 rpm at 32℃. Cells were 

resuspended in IMDM medium at a concentration of 2.5*106 cells/ml and after centrifugation 

200 μl of cells were aliquoted in each well. Plates were further centrifuged for 30 min at 1500 

rpm at 32℃ and after centrifugation 500 μl IMDM medium was added in each well and cells 

were incubated overnight. The next morning, cells were pooled, washed twice and resuspended 

depending on the subsequent experiment. A small amount of washed cells were re-cultured in 

order to check transduction efficiency after 3 days. 

 

3.4.4. Lentiviral transduction of CD34+-enriched human cord blood cells 

Cord blood cells were prestimulated for 16hrs as described in section 3.2.2. Viral particles were 

thawed and centrifuged as described in section 3.4.3. Clean viral particles were aliquoted in the 

96-well plate with the addition of protamine sulfate and cells were incubated for 6 hrs. 

Transduced cells were pooled, washed twice and resuspended depending on the subsequent 

experiment. A small amount of washed cells were re-cultured in order to check transduction 

efficiency after 3 days. 

 

3.4.5. Lentiviral transduction of human leukemia cell lines 

Human leukemia cell lines were resuspended in their respective medium in a concentration of 

106 cells/ml and seeded in a 48-well plate, aliquoting 500 μl per well. Clean viral particles were 
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aliquoted in the 48-well plate and incubated overnight. Transduced cells were pooled, washed 

twice and resuspended in medium to allow for a 3-day recovery and expansion period. 

 

3.4.6. Transfection with lipofectamine reagent 

293T-LentiX cells were maintained in T-75 flasks with DMEM medium (GIBCO) until 90-95% 

confluency. One day before transfection, cells from a confluent flask were plated in 10 60 mm 

culture dishes. A transfection reaction for one 60mm culture dish consisted of 1.5 μg VSVG 

plasmid, 6 μg gag/pol plasmid, 4 μg pRSV-Rev and 3 μg transfer vector. Plasmid DNA was 

mixed and was made up to a final volume of 200 μl serum-free medium. The lipofectamine mix 

consisted of 30 μl lipofectamine 2000 reagent, 10 μl Plus reagent and 160 μl serum-free 

medium. Plasmid DNA and lipofectamine were mixed and incubated at RT for 20min. Prior to 

transfection, 3 ml of fresh DMEM medium was added to the cells. The DNA/lipofectamine mix 

was added dropwise to the cells. Cells were incubated for 6 hrs and then fresh medium was 

added for overnight incubation. Supernatants were collected 24 and 48 hrs after transfection 

and filtered with 0.22 μm filters. Filtered supernatants were immediately used for the 

transduction of suspension cells, as described in section 3.4.7. After the 24 hrs collection, fresh 

medium was added to the cells. 

 

3.4.7. Lentiviral transduction of suspension cells with viral supernatant 

Human leukemia cell lines were transduced with the viral supernatant derived from a 

lipofectamine transfection as described in section 4.3.6. Each supernatant was used for the 

transduction of 300,000 cells in a 6-well plate. Cells were collected, centrifuged for 7 min at 

1400 rpm, resuspended with the viral supernatant and incubated for 6 hrs. Fresh medium was 

added to the cells for overnight incubation. A second round of transduction was repeated the 

next day. After the second overnight incubation, cells were washed twice and resuspended 

depending on the subsequent experiment. 
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3.5. Flow cytometry 

3.5.1. Engraftment and lineage analysis of transplanted mice 

Erythrolysed blood cells from the periodic bleeding of transplanted mice (as described in section 

3.8.4) were stained with anti-human fluorochrome-conjugated antibodies for CD45, CD3 and 

CD33 cell surface markers. Processed mouse tissues (as described in section 3.8.5) were stained 

with the following lineage panels: 

Panel A Panel B Panel C Panel D 

CD45-FTIC CD45-FITC CD45-FITC CD45-FITC 

CD3-PE CD38-PE CD38-PE CD14-PE 

CD19-APC CD33-APC CD34-APC CD123-APC 

 

All stainings were performed in the dark, for 20 min at 4℃. After washing of the cells, flow 

cytometry was conducted with the FACSCalibur (BD Biosciences) or CytoFLEX (Beckman Coulter) 

instruments. 

 

3.5.2. Transfection and transduction validation 

Three days after each transfection or transduction reaction, a small amount of cells was 

analyzed with the CytoFLEX (Beckman Coulter) instrument for the presence of GFP+ and/or 

dTom+ cells. 

 

3.5.3. Cell viability and growth 

Cells in a drug treatment assay (as described in section 3.9.3) or transduced with lentiviral 

vectors (as described in section 3.4.5) that required viability and growth monitoring, were 

stained with 0.3 μg/ml DAPI in a 96-well plate and immediately analyzed with the CytoFLEX 

instrument. The frequency of viable cells corresponded to the DAPI negative cells. Cell growth 

was calculated using the events/ μl obtained from CytoFLEX measurements, adjusting for 

dilutions and normalizing to the untreated control. 
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3.5.4. Cell cycle analysis 

Cell cycle distribution in cells transduced with lentiviral vectors (as described in section 3.4.5) 

was analyzed with DAPI incorporation in nuclear DNA. Cultured cells were washed twice and 

fixed with ice-cold EtOH 70% for 30 min. After two rounds of washing, cells were resuspended 

in 100 μl PBS with 0.3 μg/ml DAPI in a 96-well plate and immediately analyzed with the 

CytoFLEX. DAPIlow cells are in G1, DAPImid are in S phase and DAPIhigh in G2/M. 

 

3.5.5. Apoptosis 

Apoptotic and necrotic cells transduced with lentiviral vectors (as described in section 3.4.5) 

were evaluated with Annexin-V and 7-AAD staining. Cells were washed with PBS, resuspended 

in 100 μl 1X binding buffer containing 0.5 μl of Annexin-V and 0.5 μl 7-AAD, and incubated for 

20 min in the dark. Samples were analyzed with the CytoFLEX flow cytometer. Live cells are 

defined as Annexin-V-/7-AAD-, apoptotic cells as Annexin-V+ and necrotic cells as Annexin-V-/7-

AAD+. 

 

3.5.6. Immunophenotyping 

Cells transduced with lentiviral vectors (as described in section 3.4.5) were analyzed for the 

expression of cell surface markers. Cells were washed with PBS and resuspended in 100 μl PBS. 

For differentiation monitoring, antibodies against CD11b, CD33, CD34 and CD38 were used. 

 

3.6. Gene expression analysis 

3.6.1. RNA isolation 

Cells were lysed in the appropriate amount of RLT buffer, lysates were homogenized with 

QIAshredder (Qiagen) and RNA was extracted with the AllPrep DNA/RNA Mini Kit (Qiagen) 

according to manufacturer’s instructions. RNA was eluted at 20 μl H2O, and concentration and 

purity were measured with the NanoDrop 2000 spectrophotometer (ThermoScientific) and 

stored at -80℃. 
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3.6.2. cDNA preparation 

cDNA was synthesized with the ProtoScript First Strand cDNA Synthesis Kit (New England 

Biolabs) using random primers according to manufacturer’s instructions. An equal amount of 

RNA was used as a template for the cDNA preparation. RNA was diluted to a final volume of 6 μl 

H2O and 2 μl of random primers were added. A maximum of 1000 ng RNA was used. Reactions 

were incubated for 5min at 70℃. After reactions were cooled down on ice, 10 μl M-MuLV 

Reaction Mix and 2 μl M-MuLV Enzyme Mix were added to each reaction. Reactions were initially 

incubated 5 min at 25℃ and then cDNA was generated by incubating the reactions 1 hr at 42℃. 

Enzymes were inactivated for 5 min at 80℃ and cDNA products were diluted if needed and used 

for downstream Real-Time PCR reactions. 

 

3.6.3. Real-Time PCR 

Real-Time quantitative reverse-transcription PCR was performed on the StepOnePlus system 

(Applied Biosystems) using SYBR green incorporation. cDNA was amplified with the QuantiTect 

SYBR Green PCR Kit (Qiagen) in 20 μl reactions and each reaction was tested in duplicate. cDNA 

was diluted to 4ng/μl and 5 μl were added in each Real-Time PCR reaction. Primers were added 

in a final concentration of 400 nM. Reactions were performed with the following thermal profile: 

95℃ for 15min, 40 cycles of 94℃ for 15sec, 60℃ for 30sec and 72℃ for 30sec, followed by a 

melting curve protocol from 95℃ to 65℃ with 0.5oC increment for 5 sec each. Data analysis was 

performed using relative quantification with the 2-ΔΔCT method.54 Each target gene was 

normalized to the house-keeping ABL gene. 

 

3.6.4. RNA sequencing 

Sorted GFP+ cells transduced with pRRL_SFFV_blank_IRES_GFP and pRRL_SSF_ETV6_IRES_GFP 

lentiviral vectors were lysed in 350 μl RLT buffer, homogenized with QIAshredder (Qiagen) and 

RNA was extracted with RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. 

RNA was eluted at 20 μl H2O, and concentration and purity were measured with the NanoDrop 

2000 spectrophotometer (ThermoScientific). Approximately 150ng from each sample were 

sequenced on the Illumina NovaSeq 6000 system (HZI, Braunschweig, Department, Dr. Rober 

Geffers) with paired-end reads of 50bp in size. Sequences were aligned to human genome hg19 
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with the help of Gencode v.n 2555 transcriptome annotations. The main alignment program was 

STAR56; another program bowtie257 was used for comparison purposes. Mapping to the 

transcriptome and gene expression analysis was done with TopHat and Cufflinks58 with the help 

of Gencode annotation of genes and alternative transcript variants. Gene and transcript 

expression was quantified by FPKM (Fragments Per Kilobase per Million), TPM (Transcripts Per 

Million) values, as well as by fragment counts. The latter was calculated from cufflinks outputs 

using the program HTSeq59 and used as input to DESeq260 analysis. Alignment and FPKM 

quantification were performed by Dr. Razif Gabdoulline. Gene Set Enrichment Analysis was 

performed using the Molecular Signatures Database (MSigDB) from the Broad Institute and UC 

San Diego, and previously curated gene sets.61,62  

 

 

3.7. Next-Generation Sequencing 

3.7.1. DNA isolation 

Cells were lysed in the appropriate amount of RLT buffer, lysates were homogenized with 

QIAshredder (Qiagen) and DNA was extracted with the AllPrep DNA/RNA Mini Kit (Qiagen) 

according to the manufacturer’s instructions. DNA was eluted at 50 μl EB Buffer, the 

concentration was measured with the Qubit dsDNA HS Assay Kit (ThermoFischer Scientific) and 

the samples were stored at -20℃. 

 

3.7.2. Library preparation 

Initially, a 116bp-region covering the barcode on the lentiviral cDNA vectors was amplified with 

the barcode amplification set of primers. These primers also incorporated the Common 

Sequence 3 and 4 (CS3, CS4) on each end of the PCR product. The PCR product was purified 

with the QIAquick PCR Purification Kit (Qiagen) according to the manufacturer’s instructions and 

the DNA was eluted at 20 μl TE buffer. A second round of PCR was performed using primers 

that add the Multiple Identifiers (MIDs), sequences for the custom sequencing primers 1 and 2, 

and the Illumina adapters P5 and P7. These primers bind to the CS3 and CS4 of the purified PCR 

product and the Illumina P5 and P7 adapters allow for the attachment of the PCR product on 

the flow cell. Each sample was amplified with a unique combination of forward and reverse 
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second primers. The PCR product was purified with the GeneRead Size Selection Kit (Qiagen) 

according to the manufacturer’s instructions and DNA was eluted at 20 μl Η2O. The 

concentration of each sample was measured with the Qubit dsDNA HS Assay Kit (ThermoFischer 

Scientific) and each DNA was diluted to a final concentration of 4nM. 

 

3.7.3. Sequencing on the Illumina MiSeq system and analysis 

Samples for sequencing were pooled, loaded on the Illumina MiSeq system using the Miseq 

Reagent Kit v3, and sequenced with paired-end reads of 250bp in size. Target number reads per 

cDNA was 1500-2500. Bulk sequencing data were demultiplexed using the MID combination of 

each sample and the reads were mapped against a 30bp region of the lentiviral vectors that 

contain the barcode sequences (performed by Dr. Razif Gabdoulline). The reads for each 

barcode in a given sample were used to calculate the frequency of said barcode in the sample. 

The frequency of each barcode in the first sample after transduction was used to normalize the 

frequency of the barcode in the following samples (e.g. next time points in an in vitro 

experiment or samples from transplanted mice in an in vivo screening). 

 

3.8. Mouse transplantation assays 

All mouse experiments were conducted in accordance with Hannover Medical School guidelines 

for the care and use of animals and with an approved animal protocol from the Lower Saxony 

state office for consumer protection, Oldenburg, Germany. Mice from different sources were 

kept in pathogen-free conditions at the central animal laboratory of Hannover Medical School. All 

animals used were females and were between 8 to 16 weeks of age at the time of the start of 

the experiment with age always matched to the controls. 

 

3.8.1. Patient-derived xenotransplantation (PDX) models 

Freshly isolated mononuclear cells (as described in section 3.3.2) or thawed cells stored in the 

Biobank (3.3.1) were resuspended in PBS in a concentration of 10*106 cells/ml. NGS mice were 

irradiated with a dose of 2.5 Gy 6 hrs prior to transplantation. Approximately 106 cells CD34+ 

selected or CD3+ depleted were intravenously injected in the tail vein of 2-4 NSG mice in a 

maximum volume of 100 μl per injection. When mice developed leukemia (as indicated by the 
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engraftment of human mononuclear cells, described in section 3.8.3), they were euthanized, 

spleen and bone marrow cells were extracted, and the cells were retransplanted into 4-5 NSG 

mice. At the time of sacrifice, spleen and bone marrow cells were frozen for downstream 

experiments, and cell lysates from blood, spleen and bone marrow were kept at -20℃. 

 

3.8.2. CD34+-enriched cord blood cells transplantation 

Human cord blood cells were pre-stimulated and resuspended in PBS as described in section 

3.2.2. NGS mice were irradiated with a dose of 2.5Gy 16 hours prior to transplantation. 

Approximately 200,000 cells were intravenously injected in the tail vein of 2-4 NSG mice in a 

maximum volume of 100 μl per injection. Mice were euthanized 12 weeks after transplantation. 

 

3.8.3. Post-transplantation mouse monitoring 

Mice were kept in pathogen-free conditions in individually ventilated cages (IVC) at the Central 

Animal Laboratory (TZL) of Hannover Medical School. Mice were monitored daily, and their 

severity score was noted as instructed by the Animal Experimental application approved by the 

state of Lower Saxony. Mice that approached the indicated maximum severity score prior to the 

end of the experiment were euthanized. 

 

3.8.4. Periodical bleeding 

Mice were bled every 4 weeks after transplantation from the retro-orbital vein using EDTA-

containing end-to-end capillaries. A few microliter of blood were analyzed in the Scil Vet abc 

animal blood counter. The rest of the blood was erythrolysed with RBC Lysis Buffer (BioLegend) 

and was analyzed by FACS, as described in section 3.5.1., for the presence of human 

mononuclear cells.  

 

3.8.5. Tissue processing 

Upon completion of the experiment, mice were anesthetized in a 5% CO2 chamber, followed by 

cervical dislocation. The spleen and the long bones (femur and tibia) from the legs were 

extracted and kept in PBS. The spleen was homogenized and passed through a 70μm cell 
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strainer (Corning). Bone marrow cells were flushed from the bones with a 16-gauge syringe. 

Spleen and bone marrow cells were washed, resuspended in 1ml PBS, counted and resuspended 

again depending on the following experiment. 

 

3.8.6. Mutational profiling 

Mononuclear cells from primary AML patient samples and cells derived from PDX models were 

sequenced with a custom TruSight Myeloid Sequencing Panel from Illumina, in the MiSeq system 

(Hannover Medical School) or in the HiSeq system (Helmotz Center for Infection Research, 

Braunschweig).63,64 

 

3.9. Drug treatment assay 

3.9.1. Preparation of drug dilutions 

FLT3 inhibitors, venetoclax, APR-246 and milademetan were purchased as lyophilized powders 

from Selleckchem, Germany. They were reconstituted with DMSO according to their datasheet 

and 5 μl aliquots were stored at -20℃. Cytarabine was freshly prepared from the Central 

Pharmacy of Hannover Medical School and were used immediately. On the day of the 

experiment, 10X dilutions in medium of the final concentrations in culture were prepared. Drugs 

reconstituted in DMSO were used in concentrations more than 1000 times diluted than the 

original stock, in order to avoid cytotoxicity from the DMSO. 

 

3.9.2. Drug incubation for lentiviral cDNA screening 

Human leukemia cell lines transduced with the lentiviral cDNA pool (as described in section 

3.4.5) were plated in 6-well plates, using 300,000 cells per well, and drugs were added to a final 

volume of 3ml. Cells were incubated for 3 days and then were washed and replated with fresh 

medium for 4 days. At day 8, cells were incubated again with drugs for 3 days and replated with 

fresh medium for additional 4 days. Primary leukemia patient cells transduced with the lentiviral 

cDNA pool (as described in section 3.4.3) and co-cultured with stroma cells were incubated for 5 

days with drugs. At day 3, half the medium was removed and fresh drug-containing medium 
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was added to the cells. For both types of cells, cell lysates were prepared before cells were 

incubated with the drugs and at each time point indicated. 

 

3.9.3. Determination of the IC50 and combination-treatment assays 

Human leukemia cell lines were plated in 48-well plates, using 50,000 cells in 400 μl medium. 

The single drug, combinations of drugs or medium control were added to a final volume of 500 

μl medium. Cells were aliquoted in triplicates in 96-well plates and incubated for 3 days. After 

incubation, DAPI was added to the cells to assess viability as described in section 3.5.3. 

 

3.10. Immunoblotting 

3.10.1. Lysate preparation 

Cells were washed with ice-cold PBS once in a 15ml falcon and then in a 1.5ml tube. The pellet 

was resuspended in 100 μl lysis buffer per 2*106 cells and incubated on ice for 5min. Additional 

100 μl of loading buffer were mixed thoroughly with the cell lysate. Each sample was sonicated 

twice for 20sec at 30% amplitude and stored at -80oC. 

 

3.10.2. SDS-PAGE electrophoresis 

Samples were heated at 95oC for 5 min and 12 μl were loaded on a 4-20% polyacrylamide Mini-

PROTEAN® TGX™ Precast Gel (Bio-Rad). For molecular weight estimation, 5 μl of Precision Plus 

Protein™ Dual Color (Bio-Rad) were loaded in each gel. Gels were fixed and placed on the Mini-

PROTEAN Tetra Cell (Bio-Rad) electrophoresis system, and ran at 100V for 1.5hrs. 

 

3.10.3. Transfer and Blocking 

Proteins were transferred at a methanol-preactivated PVDF membrane in the Trans-Blot Turbo 

Transfer System (Bio-Rad), using the Standard SD Protocol (30 min). Membranes were blocked 

with 5% skim milk in TBS-T for 45 min.  
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3.10.4. Antibody incubation and immunodetection 

Membranes were incubated with 5 ml of the primary anti-human ETV6 antibody at a 1:1000 

dilution in 5% skim milk for 1 hr at RT with gentle shaking. After 3 10min washes with TBS-T, 

membranes were incubated with the peroxidase-linked anti-mouse IgG antibody at a 1:5000 

dilution in 5% skim milk for 45 min at RT with gentle shaking. Membranes were washed again 3 

times with TBS-T, incubated for 30sec with a 1:1 mix of Peroxide Reagent and Enhancer 

Reagent (Clarity Western ECL substrate, Bio-Rad), and the chemiluminescent signal was 

measured on the ChemiDoc System (Bio-Rad). To acquire an internal loading control, 

membranes were stripped with ReBlot Plus Strong Antibody Stripping Solution (Merck) for 15 

min and the procedure was repeated for the primary anti-human actin antibody (1:5000 in 5% 

skim milk for 1 hr) and the peroxidase-linked anti-mouse IgG antibody. Analysis of the blots was 

performed with ImageLab software (Bio-Rad). 
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4. Results 

 

 



Results: Trajectories of clonal evolution 

64 
 

4.1. Trajectories of clonal evolution in acute myeloid leukemia 

4.1.1. PDX models derived from AML patients 

Functional studies of acute myeloid leukemia (AML) in vivo has become possible with the 

generation of patient-derived xenografts (PDX) in immunocompromised mice. This approach, 

which produces a unique model for each patient, accounts for the heterogeneity of AML patients 

and makes it possible to draw conclusions on a personalized level. In order to answer the first 

aim of this thesis, to identify genes important for leukemogenesis, a cohort of 25 AML patients 

from the Hematology Department of Hannover Medical School was used to establish a cohort of 

AML PDX models. For each patient, a diagnostic peripheral blood sample or bone marrow 

aspiration was obtained and was transplanted in immunocompromised NSG or NSGS mice 

(Figure 4-1). To eliminate the expansion of donor T lymphocytes and avoid a lethal xenograft-

versus-host disease, in the majority of the samples the CD3+ cells were depleted with magnetic 

isolation. In cases where a high number of CD34+ blast cells was identified by 

immunophenotyping, a CD34+ cell enrichment was performed instead using magnetic beads 

coated with a CD34 antibody. 

Human mononuclear cells were injected by the tail vein and then they home to the bone 

marrow where they eventually engraft and proliferate. Monitoring of human cell engraftment is 

possible without sacrificing the mice because a fraction of cells circulates in the periphery. At 

monthly intervals, transplanted mice were monitored for the presence of human CD45+ 

(hCD45+) cells by flow cytometry. When disease burden became high enough (either by 

macroscopic observation of the mouse and disease scoring or when hCD45+ engraftment 

exceeds 40%) mice were sacrificed, bone marrow or spleen cells were isolated and were 

retransplanted into the next recipient. When an AML PDX model engrafted in the secondary 

recipient, it was considered established and could be used for subsequent experiments. 

Transplantations with no detectable engraftment after 45 weeks were terminated and the 

models considered as non-engrafters. 
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Figure 4-1. Experimental design of PDX establishment. 

Mononuclear cells from peripheral blood or bone marrow of AML patients were transplanted in sub-

lethally irradiated immunocompromised NSG or NSGS mice. Monthly monitoring of human cell 

engraftment in peripheral blood tracked the course of disease. Upon sacrifice, spleen and bone marrow 

were phenotyped for major blood cell populations and 1-2x106 cells were retransplanted into the next 

recipient. Mutation and cytogenetic profiles were obtained from the diagnostic patient samples and 

compared to the mutational profile of the PDX models to track clonal evolution. 

PDX: patient-derived xenograft model 

 

The AML PDX cohort consisted of 25 patients with a median age of 69, a comparable proportion 

of female and male patients and most patients had favorable or intermediate cytogenetics 

(Table 1). The majority of patients (80%) had newly diagnosed de novo AML, whereas only 

16% of samples derived from patients with secondary AML. Finally, at the time of the analysis, 

only a quarter of patients had relapsed. The engraftment rate of the AML patient samples was 

48%; 12 out of 25 samples engrafted successfully and could be serially transplanted after the 

2nd transplantation, thus generating established AML PDX models that were used in subsequent 

experiments. None of the evaluated clinical patient characteristics predicted engraftment for this 

cohort (Table 1). 

Next, the mutational profile of each diagnostic sample was generated with a custom TruSight 

Myeloid Sequencing Panel from Illumina that sequences 46 AML-related genes (Table 2). Before 

transplantation, a total of 96 different mutations were detected in the 25 diagnostic samples of 

the AML cohort, thus each patient had an average of 3.84 mutations from the 46 AML-related 
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genes of the Myeloid Panel (Figure 4-2A). Engrafters had a significant higher average of 

mutations compared to non-engrafters (4.33 vs 2.85, p=0.034). 

 

Figure 4-2. PDX models derived from patients with complex cytogenetics. 
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A) Mutational and cytogenetic profiles of 25 primary AML samples that were transplanted in sub-lethally 

irradiated immunocompromised NSG or NSGS mice. Mutations were identified with Illumina TruSight 

Myeloid Sequencing Panel. The contribution to the engraftment outcome was calculated for each 

functional gene category and the cytogenetic status with Chi-Square test. II denoted the presence of two, 

and III the presence of three different mutations on the same gene. 

B) Kaplan-Meier analysis of 25 patients whose samples were used for the establishment of PDX models. 

FLT3-ITD: FLT3 internal tandem duplications; TFs: transcription factors 

 

The presence of a mutation in a single gene or the overall mutation status of a functional gene 

category was not associated with the engraftment potential of models PDX 01 to PDX 12 (Figure 

4-2A, Table 3). On the other hand, when a patient had complex cytogenetics the engraftment 

potential increased; 7 out of 12 engrafted samples had complex cytogenetics, whereas only two 

samples with complex cytogenetics did not engraft (p=0.025). Finally, the 3-year overall survival 

(OS) was lower for patients whose samples established AML PDX models compared to the non-

engrafters (engrafters: 30%; non-engrafters: 78%, p=0.039) (Figure 4-2B). Thus, from a 

heterogeneous cohort of 25 AML patients, an AML PDX cohort of 12 samples was established, 

and in which we observed heterogeneity in the mutational profiles. 

 

4.1.2. Leukemia is driven by progenitors with myeloid phenotype in the PDX models 

Engraftment during the second transplantation is an important step for the establishment of a 

PDX model. The clone or clones that engrafted in the primary mice possibly undergo further 

selection, and a model is considered established after successful engraftment in the second 

transplantation. Monthly monitoring of hCD45+ cells in the peripheral blood of the mice revealed 

a variety of engraftment kinetics. From the models that engrafted in first transplantation, two 

could not engraft further (PDX 17 and PDX 21) in the second transplantation and were classified 

as non-engrafters (Figure 4-3A). Models PDX 02, PDX 05 and PDX 06 had fast kinetics; PDX 02 

had an average of 90% hCD45+ cells at 4 weeks after transplantation, and PDX 05 and PDX 06 

had an average of 41% and 32% hCD45+ cells respectively at 12 weeks after transplantation. 

The remaining models had slower kinetics, with detectable engraftment (<5% hCD45+) ranging 

from 24 to 36 weeks. 
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Figure 4-3. Leukemia is driven by progenitors with myeloid phenotype 

A) Bone marrow or spleen cells with CD45+ engraftment from primary recipients were retransplanted in 

secondary recipients. Representative FACS plots (left panels) for CD45+ engraftment in secondary 

recipients in peripheral blood at 8 and 12 weeks post transplantation. Frequencies of human CD45+ cells 

in the peripheral blood of 9 PDX models at the stage of the 2nd transplantation (right panel). The average 

frequency from 3-5 mice is shown for each time point. 
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B) Gating strategy for the identification of CD45+ cells and the major blood populations in the spleen and 

bone marrow of transplanted mice. 

C) Frequencies of CD33+, CD123+ (left panel) and CD19+, CD3+, CD14+ (right panel) cells gated on 

CD45+ cells in the bone marrow of mice from the latest transplantation for each PDX model at sacrifice 

(3rd Tx for PDX 01, PDX 09; 4th Tx for PDX 03; 5th Tx for PDX 02, PDX 07; 6th Tx for PDX 06; 7th 

Tx for PDX 05). Mean ± SD from 3-5 mice per model are depicted for each cell population. 

D) Frequencies of CD45+CD34+CD38- (stem cells), CD45+CD34+CD38+ (early progenitors) and 

CD45+CD34-CD38+ (lineage-committed progenitors) cells in the bone marrow of mice from 1st and last 

transplantation for each model (3rd Tx for PDX 01, PDX 09; 4th Tx for PDX 03; 5th Tx for PDX 02, PDX 

07; 6th Tx for PDX 06; 7th Tx for PDX 05). The average frequency from 3-5 mice per transplantation is 

shown. 

PDX: patient-derived xenograft model; PB: peripheral blood; BM: bone marrow 

 

At the time of sacrifice, a phenotypic analysis of hematopoietic cells was performed in spleen 

and bone marrow cells from the femur and tibia. The presence of hCD45+ cells along with stem, 

progenitor and lineage-committed cells was evaluated in order to fully characterize the 

leukemia. A representative result from the 4th transplantation of the fast engrafter PDX 05 

showed a spleen with 94.3% hCD45+ cells. Furthermore, in the hCD45+ population, 88.9% of 

cells were CD33/CD38 positive, 63.5% were CD34/CD38 positive and 51.7% were CD123 

positive (Figure 4-3B). 

Analysis of all the transplantations of established AML PDX models showed that the engrafted 

cells were >95% positive for the myeloid marker CD33, showing that the myeloid phenotype of 

the leukemia was retained in all the models. In the latest available transplantation for each 

model, the majority of the hCD45+ cells were CD33+, and had a variable expression of the leu-

kemic marker CD123. Importantly, other lineage markers, like CD19 for B cells, CD3 for T cells 

and CD14 for monocytes were not detectable or were detectable at low levels (Figure 4-3C). 

Examination of the stem and progenitor compartment within the hCD45+ fraction did not reveal 

a consistent pattern, highlighting the heterogeneity of the cohort (Figure 4-3D). Model PDX 09 

was the only one driven from the first to the latest transplantation by CD34+CD38- stem cells. A 

slight expansion of the stem cells from 31 to 45% was observed. In the remaining models, stem 

cells either diminished in numbers or were not detectable. Models PDX 02 and PDX 05 started 

with 94% and 80% CD34+CD38+ early progenitors respectively in the first transplantation, but 
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there was a steep decrease in the population size by the latest transplantations (28 and 50% 

respectively). Model PDX 07 followed a reverse pathway; initially the early progenitor 

compartment was at 5%, but expanded at 85% in the latest transplantation. Similar mixed 

kinetics were observed in the CD34-CD38+ lineage-committed progenitors. Apart from model 

PDX 09, a group of models had decreased (PDX 07, PDX 03) or expanded (PDX 02, PDX 05, PDX 

06, PDX 01) populations. Collectively, the human AML-derived cells that were transplanted and 

engrafted in the immunocompromised mice mirrored the human disease in its heterogeneity and 

myeloid phenotype. 

 

4.1.3. PDX models follow diverse patters of clonal evolution 

The mutational profile is very important to understand and care for an AML patient, but the 

variability of the treatment response for each patient and possible subsequent relapse shows the 

importance of clonal evolution. To fully understand and characterize the clonal evolution of the 

patients, the Custom TruSight Myeloid Sequencing Panel also was applied to the established 

AML PDX models. At the time of diagnosis, a total of 53 different mutations were detected in the 

12 AML samples that established AML PDX models (Table 4). From those, two thirds were also 

detected in the PDX models, the remaining one third was lost, and 13 new mutations developed 

(Figure 4-4A). 

Categorization of the mutations based on the gene functionality revealed the distribution of the 

mutations and the most affected pathways during PDX establishment (Figure 4-4B). Mutations in 

epigenetic modifiers constituted 26.4% of all diagnostic mutations (14 out of 53), with 

mutations in signal transduction genes (18.9%) and myeloid transcription factors (13.2%) being 

the second and third most frequently mutated gene categories, respectively. The most affected 

gene category was the cohesin complex, and mainly STAG2, in which all 5 mutations identified 

in the diagnostic samples were not present in the PDX models. Other highly affected pathways 

were the signal transduction pathway with 60% of mutations (6 out of 10) and tumor 

suppressors (TP53) with 67% of mutations lost (2 out of 3). More than half of the newly-

developed mutations belonged to the signal transduction pathway (7 out of 12); 67% of the 

signal transduction pathway mutations identified in the PDX models were newly-developed, with 

6 new FLT3 and 1 new NRAS mutation. The rest of the categories were moderately affected. 

Overall, the majority of mutations in the diagnostic samples were found in epigenetic modifiers, 
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signal transduction genes and myeloid transcription factors, whereas in the PDX models, the 

cohesin mutations were lost and signal transduction pathway mutations were gained. 

The Myeloid Sequencing Panel, apart from the presence or not of a mutation, provides the 

variant allele frequency (VAF) of each identified mutation, a very useful feature that can be used 

to monitor the kinetics of each mutation. Each diagnostic-PDX pair was analyzed for the kinetics 

of the VAF (Figure 4-4C). In some pairs, like PDX 08, the VAF was stable for the majority of 

mutations from diagnosis to PDX models, with variable frequencies; FLT3 mutations had a VAF 

of 100%, and NPM1 and RAD21 had VAFs of 50% in PDX models. Other pairs were more 

complex, like PDX 08, which had 4 stable mutations (ASXL1, DNMT3A mutation I, DNMT3A 

mutation II and IDH2), 3 mutations that were lost (DNMT3A mutation III, CBL, TP53) with 

variable VAFs at diagnosis, and one newly-developed mutation in FLT3 with a VAF of 100%. 

Comparison of the VAFs of the functional gene categories showed that the VAF for the majority 

of categories remained unchanged between 45-55% (Figure 4-4D). Tumor suppressor gene 

mutations had the highest VAF both at diagnosis and in PDX models, ranging from 90-95%. The 

category in which the VAF increased most from diagnostic samples to PDX cells was again signal 

transduction with a Δ(PDX-Dx)=30.65 (p<0.001). Interestingly, mutations that are considered 

initiating for the leukemogenesis (DNMT3A, ASXL1, NPM1, IDH1, IDH2 and RUNX1)40,65 retained 

on average their VAF during the model establishment (Figure 4-4E, 76% consistency from 

diagnosis to PDX models). On the other hand, secondary mutations,18,65,66 like FLT3, CEBPA, 

NRAS and WT1, had low VAFs or were absent in the diagnostic samples, but were the major 

mutations in the PDX models (20% consistency from diagnosis to PDX models). 

The AML PDX cohort that was established from a diverse pool of AML patients was uniform in 

terms of myeloid phenotype, but diverse regarding their stem and progenitor compartment, and 

the mutation profile, reflecting the heterogeneity of AML patients. Thus, with a fully 

characterized AML PDX cohort in hand, subsequent experiments tried to identify the role of AML-

related genes in leukemogenesis. 
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Figure 4-4. PDX models follow diverse patterns of clonal evolution. 

Diagnostic samples and cells from established PDX models were sequenced with the Illumina TruSight 

Myeloid Sequencing Panel. Clonal evolution was determined by comparison of mutational profiles of 

diagnostic (n=12) and PDX samples (n=29). 

A) Summary of diagnostic mutations after transplantation. All mutations at diagnosis are depicted in blue. 

Mutations that were retained in the PDX models are depicted in grey; mutations that were lost in PDX 
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models are depicted in red; newly-developed mutations in PDX models are depicted in green. Circle size 

correlates with number of mutations in each group. 

B) Overview of the number of mutations that remained in the PDX models (grey), of the mutations that 

were lost from diagnostic samples (red) and newly developed mutations (green). The frequency of the lost 

mutations compared to the diagnostic mutations and the frequency of the gained mutations relative to the 

total PDX mutations for each gene and functional category are depicted in red and green, respectively. 

C) Variant allele frequency (VAF) of mutations identified in the diagnostic and PDX samples of 

representative PDX 08 and PDX 05 models. Grey data points indicate mutations that remained unchanged, 

red indicates mutations that were lost from the diagnostic samples and green indicates newly-developed 

mutations in the PDX models. I, II, III denote different mutations in the DNMT3A gene. 

D) Change in VAF of mutations that were present at diagnosis and in PDX models. # denotes the number 

of mutations for each functional gene category. Mean ± SD are depicted for each group. Statistical 

significance was determined with Student’s t-test. For signal transduction, *p=0.0005 

E) Kinetics of VAF of initiating mutations (DNMT3A, ASXL1, NPM1, IDH1, IDH2 and RUNX1) and 

secondary mutations (FLT3, CEBPA, NRAS and WT1) between diagnostic and PDX samples. Consistency 

measures the percent of mutations that had similar VAF (with a maximum of 20% difference) between 

diagnosis and PDX. Shaded ellipsoid plots represent the median of the data and were calculated with the 

package “car” in R. 

PDX: patient-derived xenograft model; FLT3-ITD: FLT3 internal tandem duplications; TFs: transcription 

factors; VAF: variant allele frequency; Dx: diagnosis 
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4.2. In vivo cDNA screening of AML PDX models 

4.2.1. Experimental design of lentiviral cDNA screening 

Leukemic stem cells proliferate in part due to inactivating mutations in or deletions of tumor-

suppressor genes. Apart from the commonly considered tumor suppressors, like TP53, many 

other leukemia-related genes could potentially function as tumor suppressors, and their 

deregulation could lead to leukemogenesis. Given these observations, the goal of this part of the 

project was to develop a screening system that restores or enhances tumor-suppressor genes in 

leukemic cells, and identify genes that have an anti-leukemic effect. 

The screening system consists of the full coding sequence (CDS) of 22 AML-related genes 

covering most of the functional gene categories described for AML (Table 5). An internal control 

lacking a cDNA (blank vector) was used for normalization purposes. Each cDNA was cloned in a 

lentiviral pRRL vector under the control of an SFFV (spleen focus forming virus) promoter, a 

highly active promoter that is being employed in gene therapy approaches (Figure 4-5A). An 

internal ribosome entry site (IRES) lies between the cDNA and the GFP sequence, allowing for 

the independent protein production from the two transcripts using a single RNA molecule. A 20-

nucleotide barcode, unique for each cDNA, was cloned in the region between IRES and GFP 

sequences, without affecting the GFP protein production and functionality.  

The lentiviral cDNA library was applied in established PDX-derived leukemic cells described in 

the previous chapter or healthy cord blood cells. Briefly, the day after transduction, the majority 

of the cells were transplanted in immunocompromised mice, engraftment was monitored, and 

spleen and bone marrow cells were harvested at the time of sacrifice, as discussed previously. 

In order to define the baseline representation of each cDNA after transduction, a small number 

of cells was kept in culture, and samples were collected at various time points, until day 10 of 

culture. Quantification of the cDNA-associated barcodes in in vitro and in vivo samples was 

performed by next-generation sequencing (NGS) (Figure 4-5B). 

The design of the lentiviral vector with the unique 20-nucleotide barcode allowed the 

identification of each individual vector within a sample with two rounds of PCR. Briefly, a 116bp 

region that included the barcode was amplified from each screened sample. PCR1 incorporated 

the common sequences (CS) 3 and 4, which served as the binding sequence for the second pair 

of primers. In PCR2, the Illumina adapters P5 and P7, custom sequences 1 and 2, as well as the 

multiplex identifiers (MIDs) for each sample generated a 300bp PCR product that was 
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sequenced on the Illumina MiSeq platform. The presence of the MIDs was used to demultiplex 

the samples from the sequencing pool, and the presence of the unique barcode was used to 

calculate the relative representation of each cDNA within each sample (Figure 4-5C). 

 

 

 

Figure 4-5. Experimental design of lentiviral cDNA screening. 
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A) Schematic of lentiviral cDNA vector. An SFFV promoter controls the expression of the cDNA and 

fluorochrome GFP. An internal ribosome entry site (IRES) between the cDNA and the GFP allows for the 

production of two independent proteins. A 20nt barcode, unique for each cDNA, lies between IRES and 

GFP. 

B) Human leukemic cells derived from PDX models (6x106 cells per sample) or human CD34+-enriched 

cord blood cells (106 per sample) were transduced for 16hrs or 6hrs respectively. A small portion of the 

cells (105) were kept in culture (10 days for PDX and 20 days for cord blood) and DNA was collected at 

indicated time points. The remaining cells were retransplanted in 5 sub-lethally irradiated recipient NSG 

mice per model. Mice were monitored monthly and when engraftment was present, mice were sacrificed 

and DNA from peripheral blood, spleen and bone marrow was collected for library preparation. 

C) Quantification of cDNA-associated barcodes through library preparation and sequencing. Two PCR 

reactions were required for sequencing the barcode representation in the target cells by next-generation 

sequencing. In PCR 1, an 116bp region is amplified with primers that contain the common sequences (CS) 

3 and 4. In PCR 2, primers which are complementary to CS3 and CS4 add the multiplex identifiers (MID), 

the sequence for the custom sequencing primers and the Illumina P5 and P7 adapters. The final 300bp 

product is loaded on the Illumina MiSeq system and sequenced with a custom sequencing primer. 

LTR: long terminal repeat; SFFV: silencing-prone spleen focus forming virus; IRES: internal ribosome 

entry site; nt: nucleotide; bp: base pair; MID: multiplex identifier; NGS: next-generation sequencing; 

PDX: patient-derived xenograft model 

 

4.2.2. Drop-out screening with cDNA library from wildtype genes commonly mutated 

in AML 

4.2.2.a. The lentiviral cDNA library is well represented in vitro 

Initially, each vector of the lentiviral cDNA library was tested individually in cultured 293Lx cells 

for their functionality and cDNA expression potential. The GFP signal was detected from all 

293Lx cell cultures that were transfected individually with the lentiviral vectors (Figure 4-6A). 

Relative expression of the 22 cDNAs was measured for each transfected culture, and ranged 

from 10- to almost 500-fold (Figure 4-6B). Based on this variability in the expression levels we 

decided to use the in vitro control samples as the baseline levels for each cDNA representation, 

since equal levels of expression and initial representation could not be achieved. 
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Figure 4-6. The lentiviral cDNA library is well represented in vitro. 

A-B) Each lentiviral cDNA vector was individually transfected in 293-LentiX (293Lx) cells and RNA was 

collected after 3 days. 

A) Representative result from 293-LentiX cells transfected with ASXL1-GFP vector (bottom plot).  

B) Relative mRNA expression of each target cDNA normalized to the respective expression in control-

transfected 293-LentiX cells. Mean ± SD from three independent analyses are represented for each target 

gene. 

C) OCI-AML2 cells were transduced with the cDNA library and left in culture for 20 days. Relative 

representation of each cDNA at day 8 and day 20 normalized to the day 4 sample. 

D) Library preparation efficiency for samples described in (C). Number of reads that mapped to the target 

sequence (blue bar) and total number of reads per sample (grey superimposed bar). 

293Lx: 293-LentiX cells; Epig. modif.: epigenetic modifiers; Signal transd.: signal transduction; Transcr. 

co-repr.: transcriptional co-repressors; Tumor suppr.: tumor suppressors 
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Next, the efficiency of library preparation and sequencing of the lentiviral cDNA library was 

tested in the human leukemia cell line OCI-AML2. Cells were transduced with the cDNA library 

and DNA was collected at various time-points after transduction until day 20. For each time-

point, a library was prepared and sequenced, as described previously (Figure 4-5C). After 

sequencing, for each time point, an internal normalization was initially performed; the absolute 

read counts for each barcode/cDNA were transformed to relative frequency compared to the 

total read counts of the sample. Finally, the relative frequency of each cDNA from all the time-

points was normalized to the baseline levels of the first collected sample, in this case the day 4 

sample (Figure 4-6C). This analysis was used for all subsequent screening experiments, and a 

reduction in the representation of a cDNA indicates an inhibitory effect of the cDNA towards cell 

survival. In OCI-AML2 cells, the majority of the cDNAs did not affect cell survival, although 

GNAS representation at day 20 fell to 20%, suggesting a competitive disadvantage of GNAS 

transduced cells compared to the other transduced cells. The efficiency of the library 

preparation was more than 90%, since the majority of the generated reads from the sequencing 

could be mapped to the target vector sequence containing the barcodes (Figure 4-6D). Overall, 

GFP was expressed from all the vectors, all cDNAs were constitutively expressed and variations 

in cDNA representation could be detected within an experiment. Thus, the lentiviral cDNA library 

was then applied to established PDX models and healthy control cord blood cells. 

 

4.2.2.b. The lentiviral cDNA library is stably expressed in AML PDX models 

A total of 10 AML PDX models were screened with the lentiviral cDNA pool (Table 6). Freshly 

isolated cells with high hCD45+ cell frequency from each PDX model were transduced with the 

lentiviral cDNA library overnight, and on the next morning the cells were retransplanted in NSG 

or NSGS mice, while approximately 105 cells were kept in culture (Figure 4-5B). A representative 

experiment from model PDX 07 started with the transduction of PDX-derived bone marrow cells 

that were 90.2% hCD45+. The lentiviral cDNA library could be detected after 10 days in culture, 

with a maximum GFP+ frequency of 4.1% (Figure 4-7A). When the transplanted mice reached 

sufficient levels of engraftment (>20% hCD45+ cells in peripheral blood), they were sacrificed, 

their spleens and bone marrows were analyzed for the presence of the cDNA pool and libraries 

were prepared from these tissues. The hCD45+ engraftment was verified by flow cytometry for 

each sample, and the lentiviral cDNA library was detected in all tissues (Figure 4-7B). The 

efficiency of library preparation was >90% for the majority of the samples (Figure 4-7C), apart 
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from the later in vitro time points of day 7 and day 10, when the culture had a high frequency of 

apoptotic cells (data not shown). Similar high efficiencies were observed in the rest of the 

screened PDX models. 
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Figure 4-7. The lentiviral cDNA library is well-represented in AML PDX models. 

A) Gating strategy for the identification of CD45+ cells from PDX 07 (3rd transplantation) that were 

transduced with the lentiviral cDNA library (left panel). Transduction efficiency in cells kept in culture for 

10 days (right panels). 

B) Representative result from PDX 07 mouse 1 (4th transplantation). CD45+ engraftment and CD45+GFP+ 

cell frequency in peripheral blood, spleen and bone marrow at time of sacrifice, 121 days after 

transplantation. 

C) Library preparation efficiency from in vitro cultured cells (day 3, 7 and 10) and bone marrow samples 

harvested 121 days after transplantation. Number of reads that mapped to the target sequence (blue bar) 

and total number of reads per sample (grey superimposed bar) from 5 individual mice (#1-5). 

D) Absolute read counts for blank vector between cells kept in culture (open bars) and bone marrow cells 

harvested at the time of sacrifice (filled bars) (3rd Tx for PDX 07; 4th Tx for PDX 03, PDX 05, PDX 10; 5th 

Tx for PDX 05, PDX 11; 6th Tx for PDX 02, PDX 04, PDX 06, PDX 12). Mean ± SD from 2-5 samples 

per PDX model are shown. 

E) Relative representation of blank vector in bone marrow cells harvested at the time of sacrifice (filled 

bars) normalized to the in vitro control (open bars). Mean ± SD from 2-5 samples per PDX model are 

shown. 

PDX: patient-derived xenograft model 
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Collectively, the expression of the cDNA pool was stable throughout the time course of the 

experiments for all screened models. The absolute read counts for the blank vector in the in 

vitro samples compared to the in vivo ones did not reach a significant difference (Figure 4-7D). 

Moreover, due to the fact that several cDNAs depleted the leukemic cells, as will be shown later, 

the relative representation of the blank vector was elevated in the in vivo samples for the 

majority of the samples to compensate the loss of read counts in affected cDNAs (Figure 4-7E). 

These important findings indicate that the lentiviral cDNA screening system was stable for the 

10-20-week period in vivo until leukemia was present. 

 

4.2.2.c. Cord blood cells engraft in vivo and express the cDNA library 

Human cord blood cells were used as a healthy control, in order to identify cDNAs that would 

affect healthy hematopoietic cells, and thus should be excluded as potential therapeutic targets. 

CD34+-enriched cord blood cells from six different samples were transduced with the lentiviral 

cDNA library and were left in culture for 21 days. CB249 failed to expand past the day 10 mark, 

but the remaining samples increased their cell number by 10-fold (Figure 4-8A). The 

transduction rates of the cord blood cells were significantly higher than those of AML PDX-

derived cells. Initial transduction rates ranged from 35 to 55% and by the end of the culture, on 

average 20% of cells still stably expressed the cDNA library (Figure 4-8B). Phenotypic analysis 

of the GFP+ cord blood cells revealed that the CD34 expression was lost by the end of the 

experiment (Figure 4-8C). 

Although cord blood cells could be kept and expanded in culture for at least 21 days, a direct in 

vivo comparison with the results of the AML PDX screening is more informative in order to 

identify cell-depleting cDNAs. For that purpose, cells from CB147, CB162, CB194 and CB229 

were transplanted in immunocompromised mice one day after transduction. From the 4 

samples, one failed to engraft at 12 weeks (Table 7). A higher hCD45+ frequency was observed 

in the bone marrow of the engrafted samples compared to peripheral blood and spleen, thus the 

bone marrow samples were used for library preparation (Figure 4-8D). The cDNA pool was 

detected in all tissues (Figure 4-8E), and the efficiency of the library preparation was high, 

consistent with all the previous experiments (Figure 4-8F). 
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Figure 4-8. Cord blood cells engraft in vivo and express the cDNA library. 

Cord blood samples CB249, CB225, CB147, CB162, CB194 and CB229 were transduced with the cDNA 

library and were cultured for 20 days. Samples CB147, CB162, CB194 and CB229 were transplanted in 

NSG mice after transduction, which were sacrificed 12 weeks post transplantation. 

A) Cell count of cord blood samples after transduction. Cell numbers at each time point were normalized 

with the initial cell number of each sample. Samples CB249 and CB255 were cultured for 15 days, 

whereas the remaining samples were culture for 20 days. 
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B) Gating strategy for the identification of GFP+ cells (left panels) and monitoring of the frequency of 

GFP+ cells in the cultures (right panel). 

C) Histogram of CD34 mean fluorescence intensity in the GFP+ population for all cord blood samples. 

E) Representative results from transplantation of CB229 are shown. Frequency of human CD45+ cells in 

the peripheral blood, spleen and bone marrow of transplanted mice 94 days after transplantation. Mean ± 

SD is depicted for each tissue. 

F) Library preparation efficiency for in vitro culture cells (d3-20) and bone marrow samples from sample 

CB229 harvested from 5 mice (#1-5) 94 days after transplantation. Reads that mapped to the target 

sequence (blue bar) to the total number of reads per sample (grey superimposed bar). 

CB: cord blood 

 

4.2.3. ETV6 overexpression has opposing effects in AML and healthy cells 

Screening of the 10 AML PDX models and the 3 healthy cord blood cells with the 22-cDNA 

library, in a total of 63 samples, revealed a group of 7 cDNAs (ASXL1, CEBPA, CUX1, EZH2, 

KDM6A, SMC1A, STAG2) that had cell-depleting effects in both AML and healthy cells, thus they 

were not further followed-up as potential therapeutic candidates (Figure 4-9A). Moreover, PHF6 

and U2AF1 were also not further analyzed, since the overexpression expanded the leukemic 

cells. GATA2, RUNX1 and RAD21 had a depleting effect in healthy cells, but no significant effect 

in the AML cells. ETV6 overexpression produced the most interesting result of the screening; 

overexpression depleted leukemic cells (mean difference vs blank vector=73.92%, p=0.002) 

and expanded the healthy cord blood cells (mean difference vs blank vector=-545.8, p=0.002). 

Detailed statistical analyses for each cDNA in the AML and healthy samples can be found in 

Tables 8 and 9. Surprisingly, the presence of a mutation in the tested cells did not influence the 

effect of the respective cDNA overexpression; mutated and wild-type samples for ASXL1, 

DNMT3A, GATA2, RAD21, RUNX1 and STAG2 had the same relative cDNA representation for the 

corresponding cDNAs (Figure 4-9B). 

It is clear from the cDNA screening results, that ETV6 is a potential therapeutic candidate, 

whose overexpression can be exploited to deplete leukemic cells and can enhance the 

proliferation of healthy hematopoietic cells. With this finding, the next aim of this thesis, to 

delineate the functional role of possible candidates identified by the screening, will be explored 

in the next chapter and will focus on ETV6. 
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Figure 4-9. ETV6 overexpression has opposing effects in AML and healthy cord blood cells. 

AML PDX models (n=10) with 3-5 mice per model and CD34+-enriched CB cells (n=4) engrafted in 5 

mice per sample were screened with the cDNA library and at the end of each experiment (60-130 days) 

the representation of each cDNA on the bone marrow of the mice was evaluated with NGS. 

A) For each cDNA, the frequency of the cDNAs in the bone marrow was normalized with the respective 

frequency in the in vitro control samples. Each data point represents the frequency from one mouse. The 

cDNA frequency of each gene was compared to the frequency of the blank vector by one-way ANNOVA. 

B) Relative representation of cDNAs in the mutated and wild-type samples for the respective gene. 

Differences between groups were calculated with one-way ANNOVA. *p< 0.05, **p< 0.01, ***p< 0.001. 
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4.3. ETV6 identified as a leukemic tumor-suppressor gene 

4.3.1. High ETV6 expression correlates with favorable cytogenetic risk and better OS 

Understanding the functional role of ETV6 in leukemias is a crucial step for targeting ETV6. 

Initially, it was hypothesized that the opposing effect of ETV6 cDNA overexpression in AML and 

healthy cells could be explained by different basal expression levels in the screened samples. For 

that purpose, ETV6 mRNA expression levels were analyzed in four common human leukemia cell 

lines, five healthy CD34+ samples and 36 AML PDX samples prior to screening. Analysis showed 

that healthy CD34+ and AML PDX cells had the same mean ETV6 expression levels before 

transduction with ETV6 (Figure 4-10A). Comparable ETV6 expression levels between CD34+ 

healthy cord blood samples and AML patient cells were also detected in the publicly available 

AML Leucegene cohort67 (Figure 4-10B). Thus, baseline ETV6 expression levels were comparable 

between AML and healthy CD34+ cells, making it unlikely that different ETV6 expression levels 

are responsible for the distinct effects of constitutive ETV6 expression in AML and healthy CD34+ 

cells.  

Next, the survival effect of ETV6 expression levels was analyzed in the AML TCGA cohort. This 

cohort consists of 200 AML patients, but in the subsequent analyses, patients with PML-RARA 

and patients that received low intensity treatment were excluded, in order to have a more 

uniform group of AML patients with the comparable intensity of treatment. Ultimately, a cohort 

of 129 patients was divided in low ETV6-expressing (lower quartile, n=32) and high ETV6-

expressing groups (upper three quartiles, n=97) (Table 10). Significant differences between the 

two groups were observed in the distribution of FAB subtypes, the frequency of peripheral blood 

blasts and the mutation status of certain genes. Approximately 50% of patients with low ETV6 

expression levels belonged to the FAB M4 and M5 subtypes (28 and 31% respectively), whereas 

the majority of patients with high ETV6 expression levels belonged to the FAB M1 and M2 

subtypes (34 and 28% respectively). Additionally, patients in the high ETV6 group had 55% 

peripheral blood blasts compared to 13% in the low ETV6 group (p<0.001). Finally, differences 

in the mutation frequencies of NPM1 and TP53 were observed, with patients in the low ETV6 

group having a higher numerical burden of these mutations (NPM1: 53% vs 29%, p=0.018; 

TP53: 19% vs 5%, p=0.27). 
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Figure 4-10. High ETV6 expression correlates with favorable cytogenetic risk and better OS. 

A) Relative expression of ETV6 in 4 leukemia cell lines (OCI-AML2, MV4-11, U937, K562), 5 healthy 

CD34+ samples (two CD34+-enriched healthy bone marrow samples and three CD34+-enriched cord blood 

samples) and 9 AML PDX models (2-4 samples per model). Mean ± SD is depicted for each group. 
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B) ETV6 expression levels in CD34+-enriched cord blood samples (n=17), ALL patients (n=12) and AML 

patients (n=437) from the Leucegene study. Mean ± SD is depicted for each group. 

C) ETV6 expression levels in the three cytogenetic risk groups of the AML TCGA cohort are shown. 

Patients with PML-RARA and low intensity treatment are excluded. Mean ± SD is depicted for each 

group. 

D) Correlation between CpG island beta value with ETV6 expression levels from the AML TCGA cohort. 

E) Kaplan-Meier event-free survival analysis based on ETV6 expression levels from the AML TCGA 

cohort. 

F) Kaplan-Meier overall survival based on ETV6 expression levels from the AML TCGA cohort. 

 

In accordance to the depleting effect in AML-PDX cells, patients in the favorable cytogenetic risk 

group had significantly higher ETV6 expression levels, compared to the intermediate and poor 

risk groups (p=0.0372 and p=0.0227 respectively) (Figure 4-10C). This difference in the 

expression levels was not attributed to differential promoter methylation among the patients, 

since there was no correlation between the CpG island (Figure 4-10D) or shore methylation 

(data not shown) and ETV6 expression levels. Moreover, patients with high ETV6 expression 

levels had a trend towards a better event-free survival (Figure 4-10E), and better overall 

survival (p=0.02) (Figure 4-10F). 

Finally, in order to verify the prognostic role of ETV6 expression levels on patient survival 

irrespective of other factors, a univariate analysis was initially performed in the AML TCGA 

cohort (Table 11). Apart from ETV6 expression levels, seven additional factors contributed to 

predict patient survival. A multivariate analysis of these factors showed that age, allogeneic 

transplantation, and DNMT3A and TP53 mutations were independent prognostic factors for this 

cohort (Table 12). ETV6 expression levels (low vs high) had a hazard ratio of 0.7 (95% CI: 0.4-

1.2) and p=0.180 and therefore had no independent prognostic effect. However, high ETV6 

expression was associated with favorable cytogenetic risk and thus may explain in part why 

these patients respond better to chemotherapy and survive longer than other patients. 

After identifying a potential prognostic role for the ETV6 expression levels in an AML cohort, we 

aimed to validating the screening results and identify the mechanism of action. In the following 

sub-chapters ETV6 cDNA was overexpressed in leukemic and healthy cord blood samples and 

cell survival and functional assays were used to assess the biological effects. 
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4.3.2. Constitutive ETV6 expression depletes leukemic cells in competitive assays 

Initially, the human leukemic cell lines OCI-AML2 and MV4-11 were separately transduced with 

the lentiviral blank and ETV6 vectors and cultured for 30 days. ETV6 overexpression was 

measured with Real-Time PCR and Western Blot in unsorted cells, since the transduction 

efficiency exceeded 80% (data not shown). ETV6 overexpression on the mRNA level increased 

10-fold in the OCI-AML2 cells (Figure 4-11A) and 6-fold in the MV4-11 cells (Figure 4-11E). 

ETV6 protein in the blank-transduced OCI-AML2 and MV4-11 cells was not detected at the 

concentrations of the antibody used, but was clearly detectable in the ETV6-transduced cells 

(Figure 4-11B, F). In order to evaluate the effect on cell survival, equal numbers of blank-

transduced (carrying the dTom fluorochrome) and ETV6-transduced cells (carrying the GFP 

fluorochrome) were co-cultured for 28 days and cell numbers were measured at two- or three-

day intervals. Flow cytometry analysis for the presence of the fluorochromes in both cell lines 

showed that ETV6-GFP+ cells were depleted, whereas blank-dTom+ cells steadily increased 

(Figure 4-11C, G). Absolute cell counts showed a very low expansion rate for the ETV6-

expressing cells, compared to the logarithmic expansion of the control cells (Figure 4-11D, H). 

Validation in an in vivo setting was performed in model PDX 05, where a great depletion effect 

was observed from the cDNA screening (mean ETV6 cDNA representation: 22.68%). Bone 

marrow cells from the 5th transplantation were separately transduced with blank-GFP, blank-

dTom or ETV6-GFP lentiviral vectors. Equal numbers of blank-GFP and blank-dTom were mixed 

and transplanted in the control group (Figure 4-11I). Likewise, equal numbers of ETV6-GFP and 

blank-dTom were mixed and transplanted in the ETV6 group. The blank-dTom+ cell frequency 

remained stable before transplantation and at the time of sacrifice (Figure 4-11J) and was used 

as an internal control in order to normalize the frequency of the GFP+ cells in each group. Using 

this approach, the ratio of GFP+/dTom+ cells in the control group remained stable, whereas in 

the ETV6 group the ratio was significantly lower in the peripheral blood throughout the 

experiment and in spleen and bone marrow of all mice at the time of sacrifice (Figure 4-11K). 

Collectively, using in vitro and in vivo competitive assays, the anti-leukemic phenotype of 

constitutive ETV6 expression shown by the cDNA screening was validated. 
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Figure 4-11. Constitutive ETV6 expression depletes leukemic cells in competitive assays. 
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OCI-AML2 and MV4-11 cells were separately transduced with the lentiviral cDNA vectors blank-dTom 

and ETV6-GFP. After a 3-day recovery period, equal numbers of cells from each transduction were co-

cultured and cell growth was monitored for 28 days. 

A) Relative expression of ETV6 in OCI-AML2 cells normalized to blank-transduced cells 3 days after 

transduction. Mean ± SD from three independent cultures is shown. 

B) Western blot of ETV6 protein in blank- and ETV6-transduced OCI-AML2 cells. 

C) Gating strategy for the identification of GFP+ and dTom+ cells at days 5 and 28 in OCI-AML2 cultures. 

D) Absolute cell counts of GFP+ (green) and dTom+ (red) cells in OCI-AML2 cultures. Mean ± SD from 

three independent cultures is shown. 

E) Relative expression of ETV6 in MV4-11 cells normalized to blank-transduced cells 3 days after 

transduction. Mean ± SD from three independent cultures are shown. 

F) Western blot of ETV6 protein in blank- and ETV6-transduced MV4-11 cells. 

G) Gating strategy for the identification of GFP+ and dTom+ cells at days 5 and 28 in MV4-11 cultures. 

H) Absolute cell counts of GFP+ (green) and dTom+ (red) cells in OCI-AML2 cultures. Mean ± SD from 

three independent cultures are shown. 

I) Bone marrow cells from three mice of the 5th transplantation of PDX 05 were separately transduced 

with the lentiviral cDNA vectors blank-GFP, blank-dTom and ETV6-GFP. After transduction, 2x106 

blank-dTom and 2x106 blank-GFP-transduced cells were pooled and transplanted in 4 NSG mice (control 

group), and 4x106 blank-dTom and 4x106 ETV6-GFP-transduced cells were pooled and transplanted in 8 

NSG mice (ETV6 group). The presence of GFP+ and dTom+ cells was evaluated in cells before 

transplantation, at certain time points in peripheral blood and at 71 days after transplantation in spleen and 

bone marrow of the mice. 

J) Gating strategy for the identification of GFP+ and dTom+ cells in pooled cells before transplantation 

(left panels) and in the bone marrow of mice 10 weeks after transplantation. 

K) Ratio of GFP+ cells (blank or ETV6) to blank-dTom+ was analyzed for each mouse. Spleen and bone 

marrow were harvested 71 days after transplantation. Mean ± SD is depicted for each measurement. 

Significance was evaluated by Student’s t-test. *p< 0.05, **p< 0.01, ***p< 0.001. 
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4.3.3. Constitutive ETV6 expression induces apoptosis in leukemic cells 

4.3.3.a. ETV6 activation induces cell cycle arrest and cell death 

A mechanistic insight into the role of ETV6 overexpression in leukemic cells was assessed with 

functional assays in cell lines OCI-AML2 and MV4-11. Cells were separately transduced with the 

lentiviral blank-GFP and ETV6-GFP vectors and cultured for 6 days. ETV6 expression was 12- 

and 9-fold higher in GFP+ sorted OCI-AML2 and MV4-11 cells transduced with the ETV6-GFP 

vector (ETV6 group) 6 days after transduction (Figure 4-12A). Analysis of apoptosis with 

Annexin-V staining revealed a significant increase in apoptotic cells in the ETV6 group of OCI-

AML2 (blank: 1.7%; ETV6: 4.0%, p<0.001) and MV4-11 (blank: 1.7%; ETV6: 7.1%, p<0.001) 

cells (Figure 4-12B). The expression of the stemness-related genes HoxA9, Meis1 and MN1 was 

not affected by constitutive ETV6 expression (Figure 4-12C), but a significant effect was 

observed in the distribution of cell cycle phases. The proportion of cells in the G1 phase was 

significantly higher in the OCI-AML2 (blank: 4.8%; ETV6: 39.6%, p<0.001) and MV4-11 (blank: 

8.0%; ETV6: 53.1%, p<0.001) cultures from the ETV6 group (Figure 4-12D). At the same time, 

the proportion of cells in the S phase was significantly lower in the OCI-AML2 (blank: 87.3%; 

ETV6: 55.6%, p<0.001) and MV4-11 (blank: 87.0%; ETV6: 44.6%, p<0.001) culture from the 

ETV6 group. Finally, in order to investigate the effect of constitutive ETV6 expression on the 

differentiation potential of the cells, the lineage-committed surface markers CD33 and CD11b 

were evaluated. The proportion of double-positive cells for these markers was significantly 

reduced in both OCI-AML2 (blank: 94.4%; ETV6: 43.5%, p<0.001) and MV4-11 (blank: 91.9%; 

ETV6: 72.0%, p<0.001) cultures in the ETV6 expressing group (Figure 4-12E). 

As a means to validate the effect of ETV6 downregulation in the aforementioned pathways, OCI-

AML2 cells were separately transduced with the lentiviral Renilla_shRNA-GFP and two 

ETV6_shRNA-GFP vectors as a pool, and cultured for 6 days. Downregulation of ETV6 

expression was validated in sorted GFP+ cells and reached 75% (p=0.001) (Figure 4-12F). 

Annexin-V+ cells had comparable frequencies in the two cultures (Renilla: 9.3%; ETV6_shRNA: 

9.6%, p=0.162) (Figure 4-12G), and only a slight increase in the expression levels of MN1 

(Renilla: 1.0; ETV6_shRNA: 1.3, p=0.0317) was observed (Figure 4-12H). Downregulation of 

ETV6 caused mild effects in the distribution of cell cycle phases, with an expansion in the 

proportion of cells in the S phase (Renilla: 66.2%; ETV6_shRNA: 74.5%, p=0.003) and a 

reduction in the proportion of cells in the G2/M phase (Renilla: 19.8%; ETV6_shRNA: 12.8%, 
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p=0.0128) from the ETV6_shRNA group (Figure 4-12I). Finally, the proportion of CD33/CD11b 

double-positive cells was comparable between the two groups (Figure 4-12J). 

Thus, this functional analysis revealed a clear induction of apoptosis and cell cycle arrest in the 

cells constitutively expressing ETV6. 

 

Figure 4-12. Constitutive ETV6 expression, but not ETV6 knockdown, induces apoptosis in 

leukemic cells. 
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A) OCI-AML2 and MV4-11 cells were separately transduced with the lentiviral vectors blank-GFP and 

ETV6-GFP. Relative expression of ETV6 in sorted GFP+ OCI-AML2 and MV4-11 cells normalized to 

blank-transduced cells 6 days after transduction. Mean ± SD from three independent cultures is shown. 

B) Gating strategy for the identification of GFP+ Annexin-V+ cells in OCI-AML2 and MV4-11 cultures 

(left panels) and frequencies of apoptotic cells (Annexin-V+) 6 days after transduction (right panel). Mean 

± SD from three independent cultures is shown. 

C) Relative mRNA expression of HOXA9, MEIS1 and MN1 in sorted GFP+ OCI-AML2 and MV4-11 

cells normalized to blank-transduced cells 6 days after transduction. Expression of MV4-11 blank-

transduced cells is not shown. Mean ± SD from three independent cultures is shown. 

D) Gating strategy for the identification of cell cycle phases in EtOH-fixed OCI-AML2 and MV4-11 cells 

(left panels) and frequencies of cell cycle phases 6 days after transduction (right panel). DAPIlow cells are 

in G1 (blue), DAPImid are in S phase (orange) and DAPIhigh in G2/M (green). Mean ± SD from three 

independent cultures is shown. 

E) Gating strategy for the identification of GFP+ CD33+ CD11b+ cells is OCI-AML2 and MV4-11 cultures 

(left panels) and frequencies of CD11b+ cells 6 days after transduction (right panel). Mean ± SD from 

three independent cultures is shown. 

F) OCI-AML2 cells were separately transduced with the lentiviral vectors Renilla_shRNA-GFP and two 

ETV6_shRNA-GFP vectors as a pool. Relative expression of ETV6 in sorted GFP+ OCI-AML2 cells 

normalized to Renilla_shRNA-transduced cells 6 days after transduction. Mean ± SD from three 

independent cultures is shown. 

G) Frequencies of apoptotic OCI-AML2 cells (Annexin-V+) 6 days after transduction. Mean ± SD from 

three independent cultures is shown. 

H) Relative expression of HOXA9, MEIS1 and MN1 in sorted GFP+ OCI-AML2 cells normalized to 

Renilla_shRNA-transduced cells 6 days after transduction. Mean ± SD from three independent cultures is 

shown. 

I) Frequencies of cell cycle phases of OCI-AML2 cells 6 days after transduction, as described in D. Mean 

± SD from three independent cultures is shown. 

J) Frequencies of CD11b+ OCI-AML2 cells 6 days after transduction. Mean ± SD from three independent 

cultures is shown. 

Significance was evaluated by Student’s t-test. *p< 0.05, **p< 0.01, ***p< 0.001. 
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4.3.3.b. ETV6 activation induces the pro-apoptotic pathway in AML PDX cells 

Having identified an effect of constitutive ETV6 expression in leukemic cell lines, the effects in 

AML PDX models were then evaluated with RNA sequencing in model PDX 05, which showed a 

strong depleting effect upon ETV6 overexpression (mean ETV6 cDNA representation: 22.68%), 

and carried mutations in ASXL1, DNMT3A, FLT3 and IDH2. Bone marrow cells of the 5th 

transplantation of PDX 05 were separately transduced with the lentiviral vectors blank-GFP and 

ETV6-GFP, transplanted in 3 NSG mice per group, and RNA from sorted bone marrow GFP+ cells 

at 12 weeks after transplantation was sequenced. Gene set enrichment analysis (GSEA) in the 

expression data revealed three main pathways affected in the PDX-ETV6 group (Figure 4-13A). 

Gene sets of hematopoietic differentiation (mainly lymphomyeloid), as well as apoptosis and the 

p53 pathway were enriched in the PDX-ETV6 group (NES>1.2). At the same time, gene sets of 

the HoxA9 stem cell program, of AML with FLT3-ITD and of hematopoietic stem cells were 

depleted in the PDX-ETV6 group (NES<-1.2). Expression of several pro-apoptotic genes, such as 

TNF receptor superfamily members and PUMA was increased in the PDX-ETV6 group, whereas 

expression of anti-apoptotic genes, such as BIM, was decreased (Figure 4-13B). 

Constitutive ETV6 expression in the PDX-derived cells significantly affected the expression of 

1077 genes; less genes (343) were up-regulated and more genes (734) were down-regulated 

(Figure 4-13C). Gene ontology analysis in these gene groups revealed uniquely affected 

processes that were either enriched or depleted in the PDX-ETV6 group. Cell death and 

apoptosis were the main cellular pathways enriched, whereas DNA replication, cell cycle and 

other biosynthetic processes were depleted in the PDX-ETV6 group (Figure 4-13C). Collectively, 

constitutive ETV6 expression in AML PDX cells induced apoptotic pathways, affecting both pro- 

and anti-apoptotic pathways, and blocked cell cycle and DNA replication. 
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Figure 4-13. Constitutive ETV6 expression induces apoptotic pathway in AML PDX cells. 

Bone marrow cells of the 5th transplantation of PDX 05 were separately transduced with the lentiviral 

vectors blank-GFP and ETV6-GFP, and transplanted in 3 NSG mice per group. At 12 weeks post 

transplantation, mice were sacrificed and GFP+ cells were sorted from the bone marrow of the mice. RNA 

was extracted from all sorted samples and sequenced on the Illumina NovaSeq 6000 system with paired-

end reads of 50bp in size. Transcript expression was quantified by fragments per kilobase per million 

(FPKM). 
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A) Gene Set Enrichment analysis (GSEA) in the control (blank) and ETV6-transduced PDX-derived cells. 

The normalized enrichment score (NES) of the most relevant gene sets is depicted. Significantly enriched 

gene sets for the PDX-ETV6 group had a false discovery rate (FDR) <0.25, p value <0.05 and NES >1.2. 

Significantly depleted gene sets for the PDX-ETV6 group had a false discovery rate (FDR) <0.25, p value 

<0.05 and NES <-1.2. 

B) Unsupervised hierarchical clustering generated by centered correlation and average linkage of the 

normalized FPKM values from selected genes implicated in the apoptotic pathways. 

C) Unsupervised hierarchical clustering generated by centered correlation and average linkage of the 

normalized FPKM values from the significantly differentially expressed genes (left panel). Gene Ontology 

enrichment analysis of the up-regulated genes (top right) and down-regulated genes (bottom right) in the 

PDX-ETV6 samples. 

 

4.3.4. Constitutive ETV6 expression regulates differentiation in cord blood cells 

4.3.4.a. ETV6 activation expands CMP cells 

ETV6 had a clear effect on leukemic cells, so the next step was to validate the effect of 

constitutive ETV6 expression in healthy cord blood cells, identify which level of the 

hematopoietic hierarchy was affected, and identify dysregulated pathways. For the first part, 

two CD34+-enriched human cord blood samples were separately transduced with the lentiviral 

blank-GFP and ETV6-GFP vectors and cultured for 21 days. The cell growth of the two main 

progenitor compartments was initially evaluated. Growth of the stem cell CD34+CD38- 

population was not affected in the ETV6 group (fold change in blank: 1.93; ETV6: 1.45, 

p=0.7257) (Figure 4-14A). On the contrary, the early progenitor CD34+CD38+ compartment 

was significantly expanded in the ETV6-overexpressing cultures (fold change in blank: 2.3; 

ETV6: 3.8, p<0.001). Consistent with the observation of the bulk CD34+CD38- population, the 

sub-populations were not affected. The growth rate of hematopoietic stem (HSC fold change in 

blank: 7.9; ETV6: 9.1, p=0.846), multipotent progenitor 1 (MPP1 fold change in blank: 3.8; 

ETV6: 3.5, p=0.649) cells, and multipotent progenitor 2 (MPP2 fold change in blank: 0.13; 

ETV6: 0.27, p= 0.42) cells were not significantly affected by ETV6 overexpression (Figure 4-

14B). The expansion observed in the CD34+CD38+ compartment was attributed to a significant 

expansion in the common myeloid progenitor (CMP) cells (fold change in blank: 4; ETV6: 7.8, 

p=0.035), whereas the granulocyte/monocyte progenitor (GMP fold change in blank: 1.0; ETV6: 
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1.5, p=0.446) and megakaryocyte/erythroid progenitor (MEP fold change in blank: 1.9, ETV6: 

1.9, p=0.943) cells expanded at equal rates (Figure 4-14C). Collectively, ETV6 acted on the 

early progenitor compartment of steady-state hematopoiesis and significantly expanded the CMP 

population.

 

Figure 4-14. Constitutive ETV6 expression expands common myeloid progenitor cells in cord 

blood. 
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Cord blood samples CB010 and CB023 were separately transduced with the lentiviral cDNA vectors 

blank-GFP and ETV6-GFP. Cell growth was monitored for 21 days. 

A) Gating strategy for the identification of GFP+ CD34+ populations (left panels) and fold change of cell 

numbers in GFP+CD34+CD38- and GFP+CD34+CD38+ cells after 21 days of in vitro culture (right panels). 

Mean ± SD from two independent cultures per sample is shown. 

B) Gating strategy for the identification of stem and multipotent progenitor populations (left panel). HSC: 

Lin-CD34+CD38-CD90+CD45RA-; MPP1: Lin-CD34+CD38-CD90-CD45RA- and MPP2: Lin-CD34+CD38-

CD90-CD45RA+. Fold change of cell numbers in HSC-GFP+, MPP1-GFP+ and-MPP2 GFP+ cells (right 

panels). Mean ± SD from two independent cultures per sample is shown. 

C) Gating strategy for the identification of lineage-committed progenitor populations (left panel). MEP: 

Lin-CD34+CD38+CD123-CD45RA-CD110+; CMP: Lin-CD34+CD38+CD123+CD45RA-CD110- and GMP: 

Lin-CD34+CD38+CD123+CD45RA+CD110-. Fold change of cell numbers in CMP-GFP+, GMP-GFP+ and 

MEP-GFP+ cells (right panels). Mean ± SD from two independent cultures per sample is shown. 

Significance was evaluated by Student’s t-test. *p< 0.05, **p< 0.01, ***p< 0.001. 

 

4.3.4.b. ETV6 activation expands G2/M cell cycle phase 

Functional characterization was then performed in order to evaluate the effects of constitutive 

ETV6 expression on proliferation, apoptosis and cell cycle. Six CD34+-enriched cord blood 

samples were separately transduced with the lentiviral blank-GFP and ETV6-GFP vectors and 

cultured for 6 days. ETV6 expression was 13-fold higher in the ETV6 group (Figure 4-15A), and 

cord blood cells in the ETV6 cultures were significantly expanded (fold change in blank: 8.1; 

ETV6: 23.7, p=0.0027) after 6 days in culture (Figure 4-15B). Constitutive ETV6 expression did 

not have an effect on apoptosis of cord blood cultures (Annexin-V+ cells in blank: 2.9; ETV6: 

2.8, p=0.61) (Figure 4-15C), but the proportion of cells in the G2/M phase was significantly 

higher in the cultures of CB031 (blank: 26.1%; ETV6: 36.0, p=0.006) and CB062 (blank: 20.0; 

ETV6: 30.5, p=0.009), to the expense of cells in S phase (Figure 4-15D). 

Collectively, differentiation and functional analysis of cord blood cells with constitutive ETV6 

expression validated the expansion observed from the lentiviral cDNA screening, which was 

attributed to an increase in the CMP population, along with an expansion of the G2/M cell cycle 

phase. No effect was observed in the stem cell program and the apoptotic pathways. 
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Figure 4-15. Constitutive ETV6 expression in cord blood cells expands G2/M cell cycle phase. 

A) Cord blood samples CB010, CB011, CB023, CB031, CB043 and CB062 were separately transduced 

with the lentiviral cDNA vectors blank-GFP and ETV6-GFP. Cell growth was monitored for 10 days. 

Relative expression of ETV6 in sorted GFP+ cord blood cells normalized to blank-transduced cells 10 

days after transduction. Mean ± SD from 6 CB samples is shown. 

B) Gating strategy for the identification of GFP+ cells in cord blood cultures (left panels) and fold change 

of GFP+ cell numbers 10 days after transduction (right panel). Mean ± SD from 6 CB samples is shown. 

C) Frequency of apoptotic cells (Annexin-V+ gated on GFP+) 10 days after transduction. Mean ± SD from 

6 CB samples is shown. 

D) Frequency of cell cycle phases 10 days after transduction in samples CB031 and CB062. DAPIlow cells 

are in G1 (blue), DAPImid are in S phase (orange) and DAPIhigh in G2/M (green). Mean ± SD from three 

independent cultures per sample is shown. 

Significance was evaluated by Student’s t-test. *p< 0.05, **p< 0.01, ***p< 0.001. 
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4.3.4.c. ETV6 activation regulates differentiation and gene expression 

RNA sequencing of three cultured cord blood samples constitutively expressing ETV6 and 

subsequent GSEA analysis revealed an enrichment of gene sets controlling the lymphomyeloid 

differentiation, DNA replication and anti-apoptotic processes (Figure 4-16A). Important genes 

implicated in the apoptotic process that were differentially expressed in the AML PDX-ETV6 

group (Figure 4-13B) were not significantly affected in the CB-ETV6 group (Figure 4-16B). A 

total of 878 genes were differentially expressed by the constitutive ETV6 expression in the cord 

blood samples; 344 were up-regulated and 534 were down-regulated (Figure 4-16C). Gene 

ontology analysis in these gene groups revealed uniquely affected processes that were either 

enriched or depleted in the CB-ETV6 group. Regulation of signaling, differentiation and 

transcription were enriched, whereas biosynthetic processes, translation and mRNA processing 

were depleted in the CB-ETV6 group (Figure 4-16C). 
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Figure 4-16. ETV6 regulated differentiation and gene expression in cord blood cells. 

Cord blood samples CB012, CB028 and CB073 were separately transduced with the lentiviral blank-GFP 

and ETV6-GFP vectors, and 4 days after transduction GFP+ cells were sorted. RNA was extracted from all 

sorted samples and sequenced on the Illumina NovaSeq 6000 system with paired-end reads of 50bp in 

size. Gene and transcript expression was quantified by fragments per kilobase per million (FPKM). 

A) Gene Set Enrichment analysis (GSEA) in the control (blank) and ETV6-transduced cord blood (CB) 

cells. The normalized enrichment score (NES) of the most relevant gene sets is depicted. Significantly 

enriched gene sets for the CB-ETV6 group had a false discovery rate (FDR) <0.25, p value <0.05 and 

NES >1.2. 

B) Unsupervised hierarchical clustering generated by centered correlation and average linkage of the 

normalized FPKM values from selected genes implicated in the apoptotic pathways. 

C) Unsupervised hierarchical clustering generated by centered correlation and average linkage of the 

normalized FPKM values from the significantly differentially expressed genes (left panel). Gene Ontology 

enrichment analysis of the up-regulated genes (top right) and down-regulated genes (bottom right) in the 

CB-ETV6 samples. 
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In conclusion, the differential effect of constitutive ETV6 expression observed from the lentiviral 

cDNA screening of AML PDX and cord blood-reconstituted mice was elucidated with functional 

assays and RNA sequencing. ETV6 activation in leukemic cells induced apoptosis, differentiation 

and cell cycle arrest in G1 phase, although the stem cell program was not affected. In healthy 

cord blood cells, ETV6 activation did not increase the frequency of apoptotic cells, due to a 

negative regulation of the apoptotic signaling, but similarly to the leukemic cells, an induction of 

differentiation was observed. Moreover, ETV6 activation increased the proportion of cells in the 

G2/M cell cycle phase and expanded the CD38+ CMP cells (Figure 4-17). 

 

 

Figure 4-17. ETV6 has differential effects in leukemic compared to cord blood cells. 

Schematic of ETV6 effects on leukemic (top panels) and healthy cord blood (bottom panels) cells. 

Activation of ETV6 in leukemic cells (AML cell lines and AML PDX models) induces apoptosis, 

differentiation and cell cycle arrest in G1 phase, but does not affect stem cell programs. Activation of 

ETV6 in cultured healthy cord blood cells actively blocks apoptotic pathways, induces differentiation, 

increases the proportion of cells in G2/M cell cycle phase and expands committed progenitor CD38+ cells 

and specifically common myeloid progenitor (CMP) cells. 
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4.4. Pharmacogenetic screening shows a novel gene-drug dependency 

The lentiviral cDNA screening library described in previous chapters proved a very powerful tool, 

identifying a tumor-suppressor role for ETV6 in leukemias. Further application in combination 

with a drug treatment will answer the final aim of this thesis, to identify genes that contribute to 

chemosensitivity in established and new targeted drugs, thus providing novel therapeutic 

approaches. 

 

4.4.1. Pharmacogenetic screening in primary AML cells identifies gene-drug 

interaction 

Initially, a pharmacogenetic screening was performed in cultured primary AML cells. Culturing 

primary AML cells and healthy peripheral mononuclear cells, in contrast to cord blood cells 

described previously, has always been a difficult task.68 In order to culture these cells in a way 

that would guarantee the survival and importantly the expansion of the cells, in collaboration 

with Dr. Courteney Lai, the primary AML cells were cultured on top of mouse stroma cells after 

transduction with the lentiviral cDNA library, that would provide them with the required 

cytokines and microenvironment for optimal growth. Two rounds of drug treatments with either 

cyrabarine or venetoclax in three concentrations each were then performed and DNA was 

collected for library preparation after each treatment. For each time point, the ratio of relative 

frequency in the treated to the respective untreated sample was calculated for each cDNA, 

generating a cDNA score. Thus, when a cDNA would sensitize the cells to a drug, the score 

would be below 1. Similarly, if a cDNA provided resistance to a drug, the score would be above 

1 (Figure 4-18). 
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Figure 4-18. Experimental design of pharmacogenetic screening in primary AML cells with 

cytarabine or venetoclax. 

Cells from primary AML samples were transduced with the lentiviral cDNA screening pool containing 

full-length cDNAs of 22 genes and the next day they were plated on top of mouse stromal cells. On day 3, 

cells were incubated for 48 hrs with cytarabine or venetoclax. Drug containing-medium was refreshed and 

cells were incubated for 72 hrs. At the indicated time points, DNA was collected for library preparation. 

Three different concentrations were used for each drug. Cytarabine: 0.1μM, 1μM, 10μM; venetoclax: 

0.01μM, 0.1μM, 1μM. 

 

Pharmacogenetic screening of primary AML samples 01-04 (Table 13) with cytarabine revealed a 

cluster of wildtype cDNAs (BCOR, CEBPA, ASXL1, BCORL1) that sensitized AML02 after the first 

round of treatment (Figure 4-19A top rows), although this effect was lost after the second 

round. The same group of cDNAs, along with wildtype KDM6A, CUX1, SMC1A and RUNX1 

improved the survival of AML01 and AML03 after the second round of treatment (Figure 4-19 

bottom rows). Screening with venetoclax in AML01, AML03 and AML04 did not produce 

sufficient clustering (Figure 4-19B). Collectively, although some gene-drug interactions were 

observed, they were not consistent across the range of samples or even within the same sample 

between the rounds of treatment. 
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Figure 4-19. Gene-drug interactions in primary AML cells. 

Primary AML samples AML01, AML02, AML03 and AML04 were incubated with increasing doses of 

cytarabine and venetoclax, as described in Figure 4-18. 

A-B) Heatmaps of unsupervised hierarchical clustering generated by centered correlation and average 

linkage of the ratio of each cDNA representation in treated to untreated cells upon A) cytarabine and B) 

venetoclax treatment. cDNA score=1 shows no effect, score>1 shows enrichment and score<1 shows 

depletion of cDNA. 
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4.4.2. Pharmacogenetic screening in leukemic cell lines 

Since the pharmacogenetic screening in primary AML cells did not produce clear results, the 

screening was expanded in human leukemia cell lines with an increased pool of drugs. OCI-

AML2, MV4-11 and U937 cells were treated with cytarabine, venetoclax and four different 

FLT3/kinase inhibitors (crenolanib, quizartinib, gilteritinib, midostaurin). After transduction with 

the lentiviral cDNA library the cells were treated in two rounds of 3 days, each followed by a 4-

day recovery period, for a final culture period of 14 days. DNA was collected after each 

treatment and recovery period and was used for library preparation. The ratio of treated to 

untreated for each cDNA was calculated (cDNA score), as previously described (Figure 4-20A). 

Clustering of all the cDNA scores from the aforementioned conditions revealed three large 

groups of interactions. First, the majority of the cDNAs promoted chemoresistance in all cells 

treated with cytarabine and venetoclax. Secondly, chemoresistance was also observed in the 

FLT3-wild-type cells OCI-AML2 and U937 treated with the FLT3 inhibitors. Last, and most 

importantly, a small group of cDNAs (STAG2, GATA2, TP53, U2AF1 and RUNX1) sensitized 

specifically the FLT3-mutated MV4-11 cells when treated with the FLT3 inhibitors (Figure 4-20B). 

Using a systematic approach with 3 cell lines and 6 different drugs with various time points for 

each culture, important gene-drug interactions were revealed in the FLT3-mutated MV4-11 cells 

upon FLT3 inhibitor treatment. Two transcription factors, one important member of the cohesin 

complex, one tumor suppressor and a member of the spliceosome complex interacted with FLT3 

inhibitors and improved the cytotoxicity of FLT3-mutated cells. Since TP53 also acts as a 

mediator of signaling, regulating apoptosis, we hypothesized that simultaneous manipulation of 

two signaling pathways would highly sensitize FLT3-mutated cells. In order to test this concept, 

the synergistic effect of FLT3 inhibitors with TP53 activators was evaluated.  
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Figure 4-20. Pharmacogenetic screening identifies unique dependencies in FLT3-mutated cells. 
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A) Human leukemic cell lines (U937, OCI-AML2 and MV4-11) were transduced with the lentiviral 

screening pool. After 3 days, 300,000 cells per cell line were incubated for 72 hrs with cytarabine, 

venetoclax or one of the four FLT3 inhibitors (midostaurin, quizartinib, gilteritinib or crenolanib). 

Medium was refreshed after incubation and cells left to recover for 4 days. A second round of drug 

treatment and recovery followed. At the indicated time points, DNA was collected for library preparation. 

B) Heatmap of unsupervised hierarchical clustering generated by centered correlation and average linkage 

of the ratio of each cDNA representation in treated to untreated cells in OCI-AML2, MV4-11 and U937 

cells treated with cytotoxic drugs and FLT3 inhibitors. cDNA score=1 shows no effect, score>1 shows 

enrichment and score<1 shows depletion of cDNA. 

 

4.4.3. Gilteritinib synergizes with p53 activator APR-246 in FLT3-mutated cells 

Combination therapy in AML is being investigated as a more effective treatment regimen, 

therefore the synergistic effect of gilteritinib and quizartinib in combination with the p53 

activator APR-246 or the MDM2-inhibitor milademetan (leading to p53 activation), was evaluated 

in the FLT3-mutated MV4-11 cells. The specificity of the treatment was validated in the FLT3-

wild type OCI-AML2 cells. Cells were treated for 3 days with each drug alone and in combination 

(one p53 activator and one FLT3 inhibitor) across a range of concentrations overlaying their 

IC50s. Cell viability was assessed by DAPI incorporation, the effect of each concentration from 

the single and double treatments (1 minus relative cell death) was analyzed by the CompuSyn 

software, and the combination index (CI) was calculated. CI is a measure of the effect that a 

drug combination has in the culture; CI>1 shows that the drugs in questions act 

antagonistically, CI<1 that they act synergistically and CI=1 that they do not affect each other. 

The combination of gilteritinib with APR-246 (Figure 4-21A, C) or milademetan (Figure 4-21B, D) 

acted synergistically in the FLT3-mutated MV4-11 cells. Moreover, the gilteritinib + APR-246 

combination was more effective to eliminate the leukemic cells across the range of tested 

concentrations, reaching more than 50% cell death (Figure 4-21A), compared to the gilteritinib 

+ milademetan combination that was only 25% effective in lower doses (Figure 4-21B). 

Combination treatment with gilteritinib was not effective, and mostly acted antagonistically, in 

the FLT3-wild type OCI-AML2 cells. The same effect in OCI-AML2 cells was observed in the 

combination of quizartinib with APR-246 (Figure 4-21E, G) or milademetan (Figure 4-21F, H). 

Antagonistic action was also observed in the MV4-11 cells treated with quizartinib and APR-246 

(Figure 4-21E).  
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Figure 4-21. Gilteritinib synergizes with p53 activator APR-246 in FLT3-mutated leukemic cells 
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OCI-AML2 and MV4-11 cells were incubated for 3 days with an FLT3 inhibitor alone (gilteritinib or 

quizartinib), a p53 activator alone (APR-246 and milademetan) and in combination. Each drug was added 

in 8 dilutions, overlaying the doses in combination at IC50. Cell viability was assessed by DAPI staining. 

The effect for each drug concentration in single and combination treatments was calculated and analyzed 

with CompuSyn for the identification of the combination index (CI).  

A) Combination index and percent cell death in OCI-AML2 (blue squares) and MV4-11 (red dots) cells 

treated with gilteritinib and APR-246. 

B) Combination index and percent cell death in OCI-AML2 (blue squares) and MV4-11 (red dots) cells 

treated with gilteritinib and milademetan. 

C) Combination index for each concentration combination of gilteritinib with APR-246 in OCI-AML2 

(blue bars) and MV4-11 (red bars) cells. 

D) Combination index for each concentration combination of gilteritinib with milademetan in OCI-AML2 

(blue bars) and MV4-11 (red bars) cells. 

E) Combination index and percent cell death in OCI-AML2 (blue squares) and MV4-11 (red dots) cells 

treated with quizartinib and APR-246. 

F) Combination index and percent cell death in OCI-AML2 (blue squares) and MV4-11 (red dots) cells 

treated with quizartinib and milademetan. 

G) Combination index for each concentration combination of quizartinib with APR-246 in OCI-AML2 

(blue bars) and MV4-11 (red bars) cells. 

H) Combination index for each concentration combination of quizartinib with milademetan in OCI-AML2 

(blue bars) and MV4-11 (red bars) cells. 

Data from three independent experiments for each drug combination are shown. Shaded ellipsoid plots for 

each cell line represent the median of the data and were calculated with the package “car” in R. 

 

Combination treatment with milademetan showed no effect between the drugs in the lower 

doses, and a highly synergistic action in higher doses (Figure 4-21F). In summary, gilteritinib 

combined with APR-246 highly sensitized the FLT3-mutated cell line MV4-11, paving the way to 

further explore this treatment regimen. 
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5. Discussion & future perspectives 
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5.1. An AML PDX cohort for functional studies 

5.1.1. AML cells engraft efficiently in NSG mice 

Understanding the biology of leukemogenesis is a critical step towards an effective treatment of 

acute myeloid leukemia. For the purpose of this thesis, the generation of a cohort of AML PDX 

models was the first important step needed for the subsequent identification of genes important 

for the process of leukemogenesis. A cohort of 25 AML samples, the majority deriving from de 

novo AML patients, was transplanted into NSG mice. In cases where the mice were available, 

NSGS mice were used instead, although an improvement in the engraftment potential was not 

observed, while the number of samples transplanted in this strain was low. The engraftment 

rate in this cohort was 48%, which was in accordance with previous studies utilizing AML 

samples in NSG mice and ranging from 34 to 80%.50,69-73 The AML cohort comprised of patients 

from all cytogenetic risk groups, ELN risk or ECOG performance status. The majority of patients 

belonged to the M4 or M5 FAB subtype, and at the time of analysis, only 24% had relapsed. 

Despite the described heterogeneity, no clinical characteristic was predictive of the engraftment 

potential of the samples, an observation that highlights the effectiveness for engraftment of the 

NSG strain, and has been described by other studies.69,72 It has been reported that freshly-

isolated patient cells engraft more efficiently than isolated cells that were frozen and used at a 

later time point.69 For this cohort, 67% of engrafted samples derived from freshly-isolated cells, 

whereas only 31% of non-engrafted samples were freshly-isolated (p=0.073). Similarly, the 

majority of the samples that derived from patients with complex cytogenetics were significantly 

more able to engraft, and this was also reflected from the fact that the patients whose samples 

engrafted had worse overall survival. Correlation of patient survival with engraftment potential 

has not been intensively studied, and until now conflicting results have emerged.72 

 

5.1.2. A genetically and phenotypically annotated AML PDX cohort 

Detailed mutational profiles for 46 AML-related genes were obtained from the 25 patients of the 

cohort. The most frequent mutations were found in NPM1 (48%), DNMT3A (44%), FLT3 (28%) 

and STAG2 (28%). Mutations in IDH2, NRAS, CEBPA, GATA2, RUNX1 and TP53 were found in 

16% of the patients. Large international and multi-center sequencing studies in patients treated 

in phase II and III clinical trials have revealed the mutational profile of over 2000 AML 

patients.19,21,22 NPM1 is the most frequently-mutated gene (27-33%) in these studies, followed 
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by DNMT3A and other epigenetic modifiers (33-41%), and FLT3 and other signaling genes (39-

51%). Other functional gene categories mutated at lower frequencies; myeloid transcription 

factors (22%), tumor suppressor genes (13-16%), cohesin complex members (13%) and 

spliceosome genes (14-18%). The presence of a single mutation or mutations belonging in the 

same functional gene category was not predictive of the engraftment potential of the AML 

samples used to generate AML PDX models. Although this may appear counter-intuitive, due to 

the importance of several mutations, such as DNMT3A or NPM165 in establishing leukemia, and 

the effect the mutations have in the classification and survival of patients,21 it has also been 

reported in other cohorts.72 

Phenotypic characterization of the human cells engrafted in the immunocompromised mice 

revealed that the mice developed acute myeloid leukemia, which was manifested by 

splenomegaly, presence of CD33+ myeloid cells in the bone marrow and spleen, and lack of 

other blood lineages, such as B and T cells. The myeloid phenotype of the engrafted cells was 

retained even after 7 rounds of transplantation, and leukemia became more aggressive in these 

later passages. Transplantation of approximately 106 leukemic cells from each round of 

transplantation to the next led to the overpopulation of the bone marrow with myeloid cells.  

These results show that the engrafted leukemic cells not only home to the bone marrow and 

exert leukemia, but can also be serially expanded to the needs of the experiments. 

 

 

5.1.3. Understanding clonal evolution in AML PDX models 

Clonal evolution, which has been extensively described for relapsed patients after intensive 

treatment,18,40 is a feature that is also observed during the development of AML PDX models. 

Understanding the clonal evolution of a PDX model, and how this can affect the design and 

results of a pre-clinical study is an emerging field of study, and is not only limited to AML, but 

has been studied in breast cancer.74 In this project, 12 pairs of diagnostic and PDX samples 

were compared for their mutational profile obtained by the targeted sequencing of 46 AML-

related genes. From the 53 different mutations identified in the patients whose samples 

engrafted, 35 (66%) were stable in the PDX models, 18 (34%) were lost, and 13 newly-

developed mutations were found. These findings come in accordance with other studies where 

more than half of the diagnostic mutations were retained in the PDX models.71,73 Two main 
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events of clonal evolution were found. First, all mutations in the STAG2 gene, accounting for 

83% (5 out of 6) of the total mutations in members of the cohesin complex, were lost during 

PDX establishment, suggesting redundancy for these mutations for the engraftment of an AML 

PDX model. Secondly, 6 new mutations in FLT3 and one in NRAS developed during 

establishment of the PDX models, accounting for 67% of the total mutations in signal 

transduction genes identified in the models. Moreover, these mutations had the highest variant 

allele frequency in the PDX models, with an average of 90%. Interestingly, mutations that are 

considered initiating for the leukemia, such as DNMT3A and NPM1,18 retained their VAF in the 

PDX models. Mutations that are considered secondary events, on the other hand, were rare in 

the diagnostic samples, but were acquired in the PDX models and had high VAFs, as discussed 

for FLT3. 

Cohesin mutations are important factors that contribute to leukemogenesis,75,76 but it has been 

shown that these mutations either do not affect77 or are favorable prognostic factors for the 

survival of the patients.78 These observations can explain the redundancy of cohesin mutations 

for the engraftment potential of the samples, and show that other clones within the samples 

had survival and proliferative advantage. Mutations in NPM1 (60% of samples), FLT3 (40%) and 

TET2 (40%) were common factors between the 5 PDX models that originated from patient 

samples with a STAG2 mutation. In patient PDX 08, the STAG2 mutation was redundant 

because a mutation in RAD21 remained stable in the PDX model, and was accompanied by 

NPM1 (VAF: 50%) and FLT3 (VAF: 99.9%) mutations. The other samples had only one cohesin 

mutation. 

Expansion of mutations in the signal transduction genes is a unique feature of this cohort, and 

although it shows a deviation from the original patient sample, it can be exploited 

therapeutically. Preventive treatment of PDX models that develop FLT3 mutations with kinase 

inhibitors, such as the approved FLT3 inhibitor gilteritinib, can test whether the FLT3-mutated 

clones can be silenced before they expand. Although the ethical aspects have to be taken into 

consideration, if preventive treatment is successful pre-clinically, it would be beneficial to 

investigate whether the supplementation of the intensive first line treatment of de novo AML 

patients with an FLT3 inhibitor would lower the frequency of FLT3-mutated clones and prolong 

survival. 
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It becomes clear that the small AML cohort used in this project to establish AML PDX models 

faithfully represents the leukemia heterogeneity and thus can be used for pre-clinical studies 

and can answer basic biological questions for leukemogenesis. Moreover, cells from various 

stages of the model development can be used to expand the models without altering the genetic 

and molecular characteristic of the initial sample, allowing to keep the cohort active for years to 

come. 

 

5.2. A novel screening system for studying leukemogenesis 

5.2.1. Design features of the lentiviral vectors 

Functional screening approaches are a fast and reliable system to identify novel targets for 

tumor therapy or understand the biological role of genes and proteins during tumorigenesis. 

These screenings can be performed in the whole genome of a tumor cell or in a well-defined 

group of targets identified by the scope of the underlying research.79,80 For the purposes of this 

project, a functional screening with 22 AML-related wild-type cDNAs was selected in order to 

identify genes that are implicated in the process of leukemogenesis and could become novel 

therapeutic targets. The cDNAs included in the screening library covered most of the functional 

gene categories described for AML;19 chromatin and epigenetic modifiers, members of the 

cohesin and spliceosome complexes, myeloid transcription factors, transcriptional co-repressors 

and tumor suppressors. The rationale for constitutively expressing full-length cDNAs in the 

leukemic cells was to restore or enhance the function of genes that potentially act as tumor 

suppressors. Genes that are known to act as oncogenes when overexpressed, like NPM181 or 

MN182 were excluded from the selection process. From the 22 genes ultimately selected to form 

the screening library, some have established tumor-suppressor function in AML, based on their 

mutational analysis, such as DNMT3A83, PHF628 or ASXL1,84 whereas the role of others, such as 

ETV685 or GNAS86 is still controversial or unknown. 

A lentiviral-mediated integration of the cDNAs in the genome of the target cells was used, in 

order to achieve constitutive expression throughout the length of the experiments. Lentiviral 

vectors have derived from the human immunodeficiency virus87, they have been optimized over 

the last 20 years for inserting foreign DNA in target cells in a safe and effective way, and are 

employed in several clinical trials and gene therapy efforts.88 In this project, each cDNA was 

cloned in a third-generation, self-inactivating lentiviral vector which utilized a spleen focus 
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forming virus (SFFV) promoter that achieves high levels of expression, compared to other 

promoters, such as cytomegalovirus (CMV) or phosphoglycerate kinase (PGK).53,89 Moreover, 

each cDNA was cloned alongside a unique 20-nucleotide barcode, which was used as the target 

sequence for the identification of each vector within a sample by next-generation sequencing. 

 

5.2.2. Identification of anti-leukemic dependencies 

The lentiviral cDNA library was applied in vivo in the AML PDX cohort described in previous 

chapters, and as a control in three CD34+-enriched cord blood samples transplanted into 

immunocompromised mice. Lentiviral transduction efficiency in the PDX-derived cells reached 

10%, lower than what has been previously described,71 although the lentiviral vectors in the 

current study carried large inserts, reaching 3kb. The achieved transduction rate was sufficient 

for successful amplification of the target sequence containing a unique barcode for each cDNA, 

and the library preparation for all PDX- and CB-derived samples exceeded 85%. An analysis of 

the representation of the control blank vector in the AML PDX models showed that the lentiviral 

transduction per se was not toxic for the cells and was stably expressed, since the absolute read 

counts between the cultured control and the in vivo-derived samples at the end of the 

experiment was comparable. 

Functional screening approaches in AML cells until now have mainly employed the RNA 

interference or CRISPR technology to perform loss-of-function studies. Human AML cell lines 

have been employed in order to identify genetic vulnerabilities and clinically relevant 

candidates90 or to study factors that regulate the response of AML cells to natural killer (NK)-

mediated cytotoxicity after hematopoietic stem cell transplantation.91 Moreover, large scale 

screening of primary patient cells has identified genes that are implicated in the survival and 

growth of the cells, irrespective of the patients’ genetic profile.92 The murine model of human 

leukemia expressing the oncogenic fusion MLL-AF9 has been extensively studied to identify 

genes essential for leukemogenesis and factors that can act as potential targets.93-95 Finally, a 

retroviral cDNA library has been used to screen potential driver mutations of AML in a murine 

model of bone marrow reconstitution.96 

In this project, the lentiviral cDNA screening in 10 AML PDX models and 3 cord blood-

reconstituted mice revealed that 9 out of 22 cDNAs did not have any effect on the survival or 

proliferation of both groups of samples, three cDNAs (GATA2, RUNX1, RAD21) depleted the 
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healthy cord blood cells only, two cDNAs (PHF6, U2AF1) expanded the leukemic cells, seven 

depleted the cells in both groups (ASXL1, CEBPA, CUX1, EZH2, KDM6A, SMC1A, STAG2), and 

finally, one, ETV6, depleted leukemic cells while at the same time expanded the cord blood cells 

in vivo. 

The group of seven cDNAs that had an anti-proliferative effect in both leukemic and healthy 

cord blood cells consisted of cDNAs covering half of the functional gene categories used in the 

lentiviral cDNA library. Interestingly, all three chromatin modifiers employed and two out of four 

members of the cohesin complex generated an anti-leukemic effect. A third cohesin member 

affected only healthy cells. Chromatin-modifying genes are mutated at a rate of 30% in AML 

patients,19 and they subsequently cause alterations in gene expression.97 Mutations in ASXL1, 

which are associated with poor patient outcome,98 decrease the recruitment of the polycomb 

repressive complex 2 (PRC2), lowering the transcriptional repression of genes such HOXA9, thus 

leading to leukemogenesis.99 Mutations in EZH2, a member of the PRC2 complex, are a rare but 

recurrent event in AML, altering the function of the complex as discussed before.97 Studies have 

shown that EZH2 can also function independently of PRC2 as a co-activator for transcription 

factors, contributing to tumorigenesis of prostate cancer.100 In AML, EZH2 has been found to 

function as tumor suppressor during disease induction, but as an oncogene during disease 

maintenance.101  

Cohesin complex is a tightly regulated cell machinery, important for cell homeostasis, with a 

mutation rate of 13% in AML.19 Mutations or disrupted gene expression disrupt the complex, 

leading to catastrophic events for the cell. Mutations in AML disrupt the stemness and 

differentiation genes, leading to clonal expansion and leukemogenesis.102 STAG2 overexpression 

on the other hand has been shown to promote cell cycle arrest of bladder cancer cells in G1 

phase.103 CEBPA, a transcription factor controlling hematopoiesis, is mutated in 8% of AML 

patients, and overexpression studies in healthy cord blood cells in vitro have shown a reduced 

proliferative capacity, validating the results from the lentiviral cDNA screening.104 Finally, CUX1, 

a tumor suppressor mutated in a small percentage of AML patients,105 has been shown to 

increase resistance in glioblastoma cells106 and high expression correlates with worse outcome of 

triple negative breast cancer patients.107 Functional studies have identified a functional role for 

the wildtype sequence in hematologic malignancies, but our screening data seem to contradict 

this effect observed in solid cancer. 
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Based on the results of the lentiviral screening and the aforementioned studies, validation of the 

anti-leukemic effect of these wildtype cDNAs would require the expression of a mutated version 

that would serve as a control and would show if the effect was wildtype-specific. In conclusion, 

although these cDNAs demonstrated anti-leukemic effects, they were not studied further 

because a potential therapeutic approach that would normalize or activate these gene levels 

would be toxic to normal hematopoietic stem cells. 

 

5.2.3. Design improvements for further studies 

Initially, the intention of the lentiviral cDNA screening was to identify the role of mutated tumor 

suppressor genes by rescuing their function with the overexpression of their wildtype 

counterparts. This approach was limited by the fact that for several cDNAs used in the lentiviral 

library, there were no or very few mutations in the AML PDX models that were screened. From 

the ones that had a sufficient number of mutated samples (ASXL1, DNMT3A and GATA2), there 

was no association between gene rescue and mutations. Several factors could have contributed 

to this result. The R882H (2645G>A) mutation of DNMT3A has been shown to be dominant 

negative by inhibiting the ability of the wild-type protein to homotetramerize.108 Although three 

of the six AML PDX models with a DNMT3A mutation carried the dominant negative variant 

(Table 4), the ectopic DNMT3A cDNA did not deplete the leukemic cells neither in these 3 

mutated samples nor in the remaining three DNMT3A-mutated PDX models with non-hotspot 

DNMT3A mutations. Similarly, a dominant-negative function has been suggested for ASXL1 

mutations in MDS, because they group in the C-terminus of the gene,109 but again mutated and 

wildtype samples had comparable ASXL1 representation suggesting no depleting effect of 

ectopic expression of wildtype ASXL1. Lentiviral screening of a larger number of AML PDX 

models could address the aforementioned limitations. 

Another factor that could contribute to this lack of association are the expression levels that 

each cDNA achieved in the PDX cells. Although an SFFV promoter was used in order to achieve 

high levels of expression, a great variation in the expression levels of each cDNA was observed 

when the lentiviral cDNA vectors were individually transfected in the 293-LentiX cell line. Thus, it 

is possible that some cDNAs could not reach sufficient levels of expression in order to rescue the 

function of the mutated proteins. Finally, certain cDNAs have other splice variants that could be 

more relevant for the normal function of the gene, but were not explored in the lentiviral cDNA 

library. For example, four different isoforms of the gene WT1 have been described, deriving 



Discussion & future perspectives 

120 
 

from two events of alternate splicing,110 but in the lentiviral cDNA library only the longest one 

was used. 

The amount of integration events per cell achieved by a lentiviral transduction has been shown 

to be dependent on the multiplicity of infection (MOI) and the nature of the target cells. For 

studies where this was the goal, a single integration event per cell was achieved with a low 

MOI.111 Moreover, lentiviral transduction of hematopoietic cells have been shown to generate up 

to five integration events per cell.112 Based on the transduction rates achieved in the lentiviral 

screening of the AML PDX models, and the different transduction rates achieved in primary 

cells,71,112 a single event was expected in the AML PDX cells. With this set-up, the interaction of 

two AML-related genes or of a mutation in one gene with a wildtype cDNA of another gene 

could not be studied. To overcome this limitation, different approaches can be used, and in 

correlation with the already existing screening results, identify new interactions with therapeutic 

potential. With the advent of targeted therapies, emerging drugs can be tested in association 

with potentially important cDNAs. Moreover, a combination of cDNA with an shRNA from the 

same vector could evaluate the re-expression of a tumor suppressor and the concomitant 

repression of a dominant negative mutation. 

In conclusion, a novel lentiviral screening approach was designed and developed, which can be 

applied in vivo in PDX models and cord-blood reconstituted mice in order to study the 

functionality of selected AML-related cDNAs, overcoming the limitations of in vitro systems or 

the genetically uniform leukemia models, such as the MLL-AF9 transgenic mice. The analysis of 

the screening is conducted fast and reliably with next-generation sequencing, through a 

targeted amplification of the barcode sequence of each cDNA. Moreover, the current 

configuration of the lentiviral cDNA library can be easily altered and expanded so that it will 

include genes relevant for other hematologic malignancies, such as TET2 for MDS113 or IRF8 for 

CML.114 
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5.3. ETV6 is a leukemic tumor suppressor 

5.3.1. High ETV6 expression is a favorable survival factor in AML 

Identification of ETV6 as a unique cDNA that depleted AML PDX cells, but at the same time 

expanded healthy cord-blood cells, led to a detailed investigation for the function of this gene, 

both with data mining from AML cohorts, and functional in vitro and in vivo experiments. Mean 

ETV6 cDNA representation in the lentiviral screening of AML PDX models was 68.5% compared 

to 142.4% of the blank vector. Three PDX models showed the strongest effect in ETV6; PDX 07 

with 15.2%, PDX 10 with 36.7% and PDX 05 with 60% ETV6 cDNA representation. These 

patients and their PDX models shared some common characteristics, but it is hard to associate 

any of these with the sensitivity towards ETV6 overexpression, due to the small number of 

samples. These patients had ECOG 0 score, but belonged to the intermediate or adverse 

cytogenetic risk group. Moreover, they belonged to the M1 or M4 FAB subtype, and they did not 

share common mutations, apart from two patients with a STAG2 mutation, which, as already 

discussed, did not contribute to the AML PDX models. Expansion of the AML PDX cohort could 

identify common characteristics that could predict a better response to any ETV6-modulating 

treatment, and specific inclusion of ETV6-mutated samples could investigate a potential benefit 

for these patients. 

Initially, we hypothesized that the differential effect of ETV6 in leukemic and cord blood cells 

could be attributed to different basal expression levels in the two groups of cells. This possibility 

was excluded, since the expression level of ETV6 was comparable between cord blood and 

leukemic cells, both in the cells used for the lentiviral cDNA screening and from analysis of the 

Leucegene AML cohort. Next, in correlation with the findings from the AML PDX screening, 

patients from the AML TCGA cohort with high ETV6 expression levels belonged to the favorable 

cytogenetic risk group. Reduced or suppressed ETV6 seems to correlate with an aggressive 

leukemic phenotype and reduced chemosensitivity. Thus, as expected from this correlation, 

overall survival was better in the high ETV6 expressing patients.19 Analysis of ETV6 expression 

levels in other cancers using the COSMIC database115 and The Human Protein Atlas116 have 

shown mixed results. High ETV6 expression was favorable in urothelial cancer, but unfavorable 

in renal and pancreatic cancer. In conclusion, given these observations, ETV6 was investigated 

further as a potential therapeutic target for AML. 
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The ETV6 gene, located on the short arm of chromosome 12, belongs to the E-26 

transformation specific (Ets) family of transcription factors and it encodes a strong 

transcriptional repressor.117 ETV6 has three functional domains: a pointed (SAM) domain, which 

through homodimerization exerts its suppressive activity and through heterodimerization directly 

inhibits other transcription factors; a central domain that interacts with other corepressors and 

recruits histone deacetylases; and an ETS sequence specific DNA binding domain that regulates 

promoter and enhancer regions.117-119 Post-translational modifications have been shown to 

impair the repressive ability of ETV6. Phosphorylation of serine 22 and 257 by p38, a MAP 

kinase,120 and serine 213 and 275 by ERK reduce the DNA-binding ability in vivo.121 These 

interactions show that ETV6 can be inhibited by stress-induced p38 and ERK signaling. 

Moreover, ETV6 function is impaired by active transport of the protein to the cytoplasm, due to 

sumoylation in lysine residue 11.122,123 Finally, ETV6 is targeted for proteosomal degradation by 

ubiquitination in the SAM domain.124 Interestingly, the expression of p38 (MAPK14) negatively 

correlated with the expression levels of ETV6 (r=-0.183, p=0.016) in patients of the AML TCGA 

cohort,19 showing a potential regulatory mechanism for the differential expression of ETV6 

among patients. 

Functional studies have tried to establish a role for ETV6 in different stages of development and 

during lineage commitment. ETV6 knock-out mice are embryonic lethal at E11.5, due to 

malformation of the yolk sac,125,126 but experiments with viable chimeric mice showed that ETV6 

is required for establishing a stable postnatal and adult bone marrow hematopoiesis of all 

lineages.117 Conditional knock-out adult mice, using lineage-specific expression of the cre 

recombinase showed that depletion of ETV6 in the HSCs disrupted their survival and the mice 

lacked ETV6-depleted HSCs. The erythroid, T and B lineages were not affected by ETV6 

depletion, but when ETV6 was depleted in the megakaryocytic lineage, a strong reduction in 

platelets numbers and an increase in the megakaryocyte colony-forming cells was observed.126  

Finally, overexpression in a human leukemia cell line able to differentiate in erythroid or 

megakaryocytic lineages, showed an enhanced erythroid differentiation phenotype, with 

increased hemoglobin synthesis and expression erythroid-specific markers.127 
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5.3.2. ETV6 activation depletes leukemic cells 

The effect of ETV6 identified from the lentiviral cDNA screening was validated in both leukemic 

and cord blood cells. Competitive cultures of OCI-AML2 and MV4-11 cells and competitive 

transplantation of bone marrow cells from model PDX 05 showed that the cells constitutively 

expressing ETV6 had a proliferative disadvantage and were either expanding at significantly 

lower rate than control cells in culture or were depleted in vivo. Analysis of six different cord 

blood cultures revealed that cells constitutively expressing ETV6 expanded 10 times more than 

the control. 

Previous overexpression studies with ETV6 have also suggested a tumor suppressive role; 

constitutive expression inhibited the growth of Ras transformed NIH3T3 fibroblasts,128 induced 

apoptosis in serum-starved NIH3T3 cells,129 caused aggregation in glioblastoma cell lines130 and 

restricted the growth of murine myeloid 32Dcl cells.131 The results from this project identified a 

tumor suppressive role for ETV6 in acute myeloid leukemia by competitive cultures and 

transplantations.  

 

5.3.3. ETV6 induces p53-mediated apoptosis and cell cycle arrest 

Functional studies in vitro and in vivo showed that ETV6 exerts its differential effect on leukemic 

and healthy cord blood cells through differential regulation of apoptosis, cell cycle and stem cell 

self-renewal. Apoptosis and cell cycle are two tightly-regulated physiological processes of the 

cells through which a tissue and an organism achieve normal development and 

homeostasis.132,133 Evasion of apoptosis is considered one of the hallmarks of cancer134 and is a 

target of anti-tumor therapeutic efforts.135 Apoptosis is regulated by the relative composition of 

pro- and anti-apoptotic members of the Bcl-2 family, and is achieved by converging signals 

induced by two distinct but interconnected pathways: the intrinsic and the extrinsic pathway. 

The intrinsic pathway is initiated by activation of pro-apoptotic members, such as PUMA, by 

stress or other apoptotic stimuli, which in turn activate other effector proteins, such as BAX and 

BAK. These two proteins form pores in the mitochondria membrane, altering the membrane 

potential and ultimately leading to loss of the membrane integrity. Cytochrome c is released in 

the cytoplasm, binding to and forming a complex with APAF1, which activates caspase-9. The 

extrinsic pathway is induced by signaling from membrane death receptors of the TNF receptor 

superfamily, which bind adaptor molecules that recruit and activate caspase-8. Caspase-9 from 



Discussion & future perspectives 

124 
 

the intrinsic and caspase-8 from the extrinsic pathway activate caspases-3 and 7 which 

eventually target several cellular substrates and induce cell death.132,136 Cell cycle is the 

mechanism by which the cells replicate themselves and generate two daughter cells, and 

consists of four phases. During S phase, the cell replicates its genetic material, and during the 

following G2 phase the cell expands and prepares for mitosis. Mitosis, or phase M, ultimately 

leads to the production of the two daughter cells, each of which enter phase G1, a preparative 

state for the next cell division.133 

OCI-AML2 and MV4-11 ETV6-expressing cultures had a higher frequency of cells in the G1 cell 

cycle phase which led to a higher frequency of Annexin-V+ cells, reduced CD11b+ cells, and no 

effect in the stem cell-related genes HOXA9, MEIS1 and MN1. RNA sequencing in an AML PDX 

model shed light to the underlying mechanism. ETV6-expressing cells had enriched gene sets for 

apoptosis, p53 pathway and lymphomyeloid differentiation, whereas leukemic and stem cell 

signatures were depleted. P53 controls both cell cycle arrest and induction of apoptosis via 

different target proteins.137 PUMA, a pro-apoptotic member of the intrinsic pathway, and 

CDKN1A, a regulator of cell cycle, were both up-regulated in PDX-ETV6 cells, highlighting the 

fact that ETV6 directly controls both cell processes. Moreover, other pro-apoptotic members of 

the intrinsic pathway were increased, such as APAF-1 and caspase-9. Several receptors of the 

TNF receptor superfamily and the adaptor molecule TRADD were up-regulated, although other 

adaptors, such as FADD, or the caspase-8 were unaffected, showing that ETV6 did not strongly 

affect the extrinsic apoptotic pathway. Activation of several differentiation pathways enhanced 

the depletion of leukemic cells, since differentiated cells have a limited life span.1 

 

5.3.4. ETV6 expands healthy hematopoietic progenitors 

The expansion observed in the cord blood cultures constitutively expressing ETV6 was attributed 

to an expansion of CMP cells; other stem and progenitor lineages were not affected. Several 

other genes have been described to enhance the expansion of hematopoietic progenitors when 

manipulated. Knockdown of peroxisome proliferator-activated receptor (PPAR)-γ expanded 

CD34+ cord blood HSCs, and chemical inhibition of PPR-γ expanded granulocyte-macrophage 

and granulocyte, erythroid, macrophage, megakaryocyte progenitors.138 Downregulation of 

phosphatase and tensin homologue (PTEN), a negative regulator of PI3K/Akt signaling, led to a 

short-term expansion of BM HSCs.139 In a similar fashion to ETV6, enforced expression of the 
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tumor suppressor BMI1, a member of the PRC1 complex that suppresses gene expression, 

enhanced the division of HSCs and led to an increased CD34+ cell expansion.140 

Functional analysis in cord blood cells constitutively expressing ETV6 showed no effect in 

Annexin-V+ cell frequency, but an expansion in the frequency of cells entering the G2/M cell 

cycle phase. Cell cycle arrest in G1 was not observed in the ETV6 overexpressing cord blood 

cells. The expansion of the G2/M phase was also observed during PTEN downregulation and 

expansion of bone marrow HSCs,139 that explains the increased cell numbers in both cases. In 

contrast, no significant differences in cell cycle phase distribution were found in BMI1-

overexpressing CD34+ cells.140 Finally, RNA sequencing in cultured cord blood cells revealed the 

enrichment of gene sets regulating lymphomyeloid differentiation and DNA replication, and a 

negative regulation of the apoptotic signaling in the CB-ETV6 group. 

Collectively, the functional studies and the RNA sequencing from AML and healthy cord blood 

cells highlight the fact that ETV6 induced apoptosis only in an already dysregulated 

environment, such as a leukemic cell, and had no effect on apoptosis in a healthy cell. A strong 

differential effect was also observed in cell cycle, with a G1 phase arrest in leukemic cells, but 

an expanded G2/M phase in cord blood cells. ETV6 promoted DNA replication and thus an 

increase in the mitotic rate of cord blood cells, which differentiated and expanded. 

 

In conclusion, the results from the current project expand the role of ETV6 in AML PDX cells and 

healthy cord blood cells, clearly identifying a tumor suppressive role for AML via in vivo 

experiments and describe a mechanism of action that can be exploited therapeutically. 
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5.4. A gene-drug dependency for AML 

Functional screening, as discussed previously, is a useful way to identify novel drug targets. The 

same approach can also be employed in order to identify gene-drug interactions in cancer cells 

and can predict effective treatment based on the genetic profile of the patient.141 In this project, 

initially, primary AML cells were transduced with the lentiviral cDNA library and treated with 

cytarabine or venetoclax. Cytarabine is one of the most common chemotherapy drugs for the 

first-line treatment of newly-diagnosed AML patients, and it exerts its anti-leukemic effect by 

killing rapidly-dividing cells. Venetoclax was recently approved for the treatment of AML 

patients, and its mode of action involves induction of apoptosis by blocking the anti-apoptotic 

protein Bcl-2.142 

Analysis of cDNA distribution after treatment of the AML cells failed to produce a consistent 

pattern among the four primary samples used. A cluster of cDNAs (BCOR, CEBPA, ASXL1 and 

BCORL1) sensitized sample AML02 upon cytarabine treatment, but enhanced proliferation of 

samples AML01 and AML03. AML02 has a mutation on the ASXL1 gene, which could explain the 

observed effect, although a larger number of samples is required to validate this gene-drug 

interaction. Treatment with venetoclax did not generate any sufficient clustering, so no concrete 

conclusions can be drawn from this analysis. A clear gene-drug dependency was identified when 

the pharmacogenetic screening was expanded in AML cell lines OCI-AML2, MV4-11 and U937, 

with the addition of FLT3/kinase inhibitors; FLT3-mutated MV4-11 cells were sensitized upon 

FLT3 inhibitor treatment by a small group of cDNAs (STAG2, GATA2, TP53, U2AF1 and RUNX1). 

Follow-up double treatment experiments in OCI-AML2 and MV4-11 cells with FLT3 inhibitors 

gilteritinib or quizartinib and p53 activators APR-246 or milademetan showed a synergistic effect 

between gilteritinib and the p53 activators, specifically in FLT3-mutated MV4-11 cells. 
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5.5. Translating functional studies into leukemic treatments  

Treatment of acute myeloid leukemia patients has remained unchanged for the past 30 years, 

until recently, with cytarabine and an anthracycline as induction chemotherapy as the first line 

treatment, and the overall survival of older patients who are not fit for hematopoietic stem cell 

transplantation still remaining very poor.43 Advances in recent years, with identification of 

possible therapeutic targets, led to an increased interest in evaluating new targeted therapies 

that will improve the survival of patients.44 The application of the lentiviral screening library 

presented in this project in AML PDX models and in cultured AML cell lines treated with 

emerging targeted drugs led to the identification of two treatment options that can be further 

evaluated. 

 

5.5.1. ETV6-mimicking drugs 

Replicating directly the pro-apoptotic effect of ETV6 activation on leukemic cells is currently not 

possible, since no drug that can enhance the transcription of the gene or the function of the 

protein has been described. Instead, an indirect approach with drugs that can mimic the gene 

expression profile of ETV6-activated leukemic cells can be experimentally tested. Identification 

of such compounds is possible with the Connectivity Map (CMap),143,144 a large database of 

expression profiles that can identify functional relationships between genes and drugs. Analysis 

of the expression profile from the PDX-ETV6 cells revealed a list of compounds, including both 

approved and experimental drugs that generate similar profiles to the ETV6 activation (Table 

14). Inhibitors against histone deacetylases (HDAC), kinases and ubiquitin proteases were 

among the classes of drugs identified that can be employed in acute myeloid leukemia. 

Lysine acetylation and deacetylation of H3 and H4 histones is among the histone modifications 

that control gene expression and is catalyzed by histone acetyltransferases (HAT) and HDACs, 

respectively. Acetylated histone is present in transcriptionally active regions of the chromatin, 

such enhancers and promoters, whereas deacetylation of histone leads to a condensed and 

transcriptionally inactive chromatin.145 Inhibiting HDACs induces cell cycle arrest and apoptosis, 

by restoring the expression of genes implicated in the control of cell cycle, such as CDKN1A, p21 

and p53,146,147 and enhancing the expression of pro-apoptotic genes, such as BAX, BAK and 

APAF1.148 Based on these functions, HDACs have been explored as a potential treatment in AML, 

with positive pre-clinical results, but minimal or no effect at clinical trials as monotherapy.149 
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Trichostatin A, vorinostat and panobinostat, HDAC inhibitors identified from the CMap analysis, 

have shown anti-leukemic effects and synergistic function with other drugs, such as doxorubicin 

or FLT3 inhibitors, in pre-clinical studies.149 Ongoing trials validate the efficacy of these HDACs 

with standard chemotherapy. Apicidin, another HDAC identified by the CMap analysis, has not 

been extensively studied in AML, and can be a potential new area of study. As mentioned 

before, ETV6 has been shown to recruit HDACs in order to exert its suppressive function.119 This 

comes in disagreement with the identification of HDAC inhibitors as the main drug class from 

the CMap analysis. It is possible that ETV6 has different targets than the HDAC inhibitors, so the 

observed phenotype of apoptosis is achieved in different ways. This discrepancy can be resolved 

experimentally with the evaluation of both HDAC and HAT inhibitors in leukemic cells. 

Abnormal kinase activity has been associated with many cancer types, including leukemia, 

through aberrant survival signaling, which makes kinase inhibition one of the emerging targeted 

therapies in AML.150 Inhibitors against FLT3, JAK-STAT and other kinases have been developed 

for AML, and are currently in pre-clinical and clinical evaluation.151 CMap analysis identified 

several different kinase inhibitors that can be further evaluated. XMD-892, for example, is an 

experimental MAP kinase inhibitor that has been shown to reduce tumor cell growth in tumor 

mouse models.152 Finally, targeting the ubiquitin-proteasome system (UPS), an important 

pathway for cellular homeostasis that degrades unwanted proteins, has gained attention the last 

years for treating hematologic malignancies, since inhibition of UPS has been shown to increase 

reactive oxygen species (ROS)-induced stress and apoptosis.153 CMap analysis identified NSC-

632839, a ubiquitin specific protease inhibitor, that has been shown to induce apoptosis through 

NOXA, a pro-apoptotic protein of the intrinsic pathway, and through activation of death 

receptors.154 

The HDAC inhibitor vorinostat, which is approved for the treatment of cutaneous T-cell 

lymphoma, has shown synergistic function with inhibitors of aurora kinase, proteasome and 

FLT3, as well as cytarabine and etoposide. These studies show that there is an underlying co-

operative mechanism between these classes of drugs to induce apoptosis in leukemic cells, a 

feature that can be experimentally validated with candidates identified by the CMap analysis of 

the PDX-ETV6 cells. 
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5.5.2. FLT3 inhibitors with p53 activators 

Identification of a gene-drug dependency between p53 and FLT3 inhibitors, and the synergistic 

effect of gilteritinib with APR-246 in cultured FLT3-mutated cells, shows the potential for further 

investigation of this drug combination. Gilteritinib significantly increased the median overall 

survival of relapsed or refractory FLT3-mutated AML patients in a phase 3 randomized trial,155 

prompting its approval by FDA and EMA. APR-246 is still an experimental drug, currently 

undergoing clinical trials for melanoma, esophageal carcinoma and hematologic malignancies, 

including AML. APR-246 changes the conformation of the mutant p53 protein, restores its 

function, and ultimately induces apoptosis of tumor cells through the pro-apoptotic protein 

NOXA.156,157 Further studies have shown that APR-246 can function independent of the p53 

mutation status, inducing apoptosis through APAF1 and PUMA.158,159 Although gilteritinib has 

already shown strong anti-leukemic effects, further improvement on the survival of FLT3-

mutated patients can be investigated with the addition of APR-246, if pre-clinical studies validate 

the synergistic effects of the two drugs. 

 

In conclusion, a genetically and phenotypically characterized AML PDX cohort has been 

developed. In the current project it was used to identify novel functions of AML-related genes, 

but its utility can be expanded to further targeted screening or pre-clinical studies of novel 

treatment regimens. The lentiviral screening of 22 AML-related genes identified ETV6 as a tumor 

suppressor for AML, which functions by inducing cell cycle arrest and apoptosis, thus reducing 

the leukemic burden. Translating this finding to a novel and effective AML treatment requires 

pre-clinical evaluation of drugs that mimic the gene expression profile of activation. Finally, 

pharmacogenetic screening of AML cell lines with FLT3 inhibitors and subsequent experiments 

identified a synergistic effect between gilteritinib and APR-246 that can be further evaluated. 
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6. Tables 
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Table 1. Baseline characteristics of patients in the AML PDX cohort and comparison of 

engrafters and non-engrafters. 

Characteristic All 
(n=25) 

Engrafters 
(n=12) 

Non-engrafters 
(n=13) 

P 

Age, years    .820 

     median 69 69 68  

     range 34-82 34-80 45-82  
Sex    .302 

     male – no. (%) 11 (44) 4 (33) 7 (54)  
     female – no. (%) 14 (56) 8 (67) 6 (46)  

ECOG performance status    .292 

     0 – no. (%) 12 (48) 7 (59) 5 (38)  
     1 – no. (%) 11 (44) 4 (33) 7 (54)  

     2 – no. (%) 0 (0) 0 (0) 0 (0)  
     missing data – no. (%) 2 (8) 1 (8) 1 (8)  

2010 ELN Risk* (Dohner)    .488 
     favorable – no. (%) 10 (40) 5 (42) 5 (39)  

     intermediate – no. (%) 6 (24) 4 (33) 2 (15)  

     adverse – no. (%) 4 (16) 2 (17) 2 (15)  
     missing data – no. (%) 5 (20) 1 (8) 4 (31)  

Cytogenetic Risk Group* (Grim)    .437 
     favorable – no. (%) 3 (12) 1 (8) 2 (15)  

     intermediate – no. (%) 14 (56) 8 (67) 6 (46)  

     adverse – no. (%) 3 (12) 2 (17) 1 (8)  
     missing data – no. (%) 5 (20) 1 (8) 4 (31)  

FAB subtype    .627 
     M1 – no. (%) 4 (16) 1 (8) 3 (23)  

     M2 – no. (%) 1 (4) 0 (0) 1 (8)  
     M4 – no. (%) 9 (36) 5 (42) 4 (31)  

     M5 – no. (%) 5 (20) 2 (17) 3 (23)  

     M7 – no. (%) 1 (4) 1 (8) 0 (0)  
     missing data – no. (%) 5 (20) 3 (25) 2 (15)  

Type of AML    .618 
     de novo – no. (%) 20 (80) 10 (83) 10 (77)  

     secondary – no. (%) 4 (16) 2 (17) 2 (15)  

     missing data – no. (%) 1 (4) 0 (0) 1 (8)  
WBC count    .516 

     median – g/L 61.9 43.5 89.2  
     range – g/L 1.2-27800 2.9-259.4 1.2-27800  

     missing data – no. (%) 5 (20) 1 (8) 4 (31)  

Hemoglobin    .269 
     median – g/L 8.9 8.2 9.4  

     range – g/L 4.3-13.1 4.3-13.1 4.3-11.8  
     missing data – no. (%) 5 (20) 1 (8) 4 (31)  

Platelets    .668 
     median – g/L 58 62 54  

     range – g/L 21-303 28-260 21-324  

     missing data – no. (%) 5 (20) 1 (8) 4 (31)  
Relapse    .910 

     yes – no. (%) 6 (24) 3 (25) 3 (23)  
     no – no. (%) 17 (76) 9 (75) 8 (77)  

     missing data – no. (%) 2 0 (0) 2 (15)  
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Table 2. Genes covered by the custom TruSight Myeloid Sequencing Panel. 

Gene Exons Chr. 

ASXL1 12 20 

ASXL2 11, 12 2 

BCOR complete X 

BCORL1 complete X 

BRAF 15 7 

CALR 9 19 

CBL 8, 9 11 

CEBPA complete 19 

CSF3R 14-17 1 

CSNK1A1 3, 4 5 

DDX41 complete 5 

DNMT3A complete 2 

ETNK1 3 12 

ETV6 complete 12 

EZH2 complete 7 

FLT3 14-16, 20 13 

GATA2 2-6 3 

IDH1 4 2 

IDH2 4 15 

JAK2 12, 14 9 

KDM6A complete X 

KIT 2, 8-11, 13, 17 4 

KRAS 2-5 11 

MPL 10 1 

MYC 2 8 

NF1 complete 17 

NPM1 11 10 

NRAS 2-5 11 

PHF6 complete X 

PPM1D 1-6 17 

PTPN11 3, 13 12 

RAD21 complete 8 

RUNX1 complete 21 

SETBP1 4 18 

SF3B1 13-16 2 

SMC1A 2, 11, 16, 17 X 

SMC3 10, 13, 19, 23, 25, 28 10 

SRSF2 1 17 

STAG1 complete 3 

STAG2 complete X 

TET2 3-11 4 

TP53 2-11 17 

U2AF1 2, 6 21 

WT1 7, 9 11 

ZBTB7A 2, 3 19 

ZRSR2 complete X 
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Table 3. Correlation of mutation status with engraftment potential. 

Mutations 
All Engrafters Non-engrafters 

P 
(n=25) (n=12) (n=13) 

ASXL1 2 (8) 2 (17) 0 (0) .125 

ASXL2 1 (4) 0 (0) 1 (8) .327 

CBL 2 (8) 1 (8) 1 (8) .953 

CEBPA 4 (16) 2 (17) 2 (15) .930 

DNMT3A 11 (44) 6 (50) 5 (39) .562 

ETV6 1 (4) 1 (8) 0 (0) .308 

EZH2 1 (4) 1 (8) 0 (0) .288 

FLT3 7 (28) 2 (17) 5 (39) .225 

GATA2 4 (16) 2 (17) 2 (15) .930 

IDH1 2 (8) 1 (8) 1 (8) .953 

IDH2 4 (16) 2 (17) 2 (15) .930 

KRAS 3 (12) 1 (8) 2 (15) .588 

NF1 2 (8) 2 (17) 0 (0) .125 

NPM1 12 (48) 6 (50) 6 (46) .848 

NRAS 4 (16) 2 (17) 2 (15) .930 

PPM1D 1 (4) 1 (8) 0 (0) .288 

PTPN11 3 (12) 2 (17) 1 (8) .490 

RAD21 1 (4) 1 (8) 0 (0) .288 

RUNX1 4 (16) 2 (17) 2 (15) .930 

SMC3 2 (8) 0 (0) 2 (15) .157 

SRSF2 2 (8) 1 (8) 1 (8) .953 

STAG2 7 (28) 5 (42) 2 (15) .144 

TET2 3 (12) 2 (17) 1 (8) .537 

TP53 4 (16) 3 (25) 1 (8) .238 

WT1 1 (4) 0 (0) 1 (8) .327 

ZRSR2 1 (4) 1 (8) 0 (0) .288 
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Table 4. Mutations found in engrafted patient samples and their representation in PDX models. 

Gene PDX  Mutation VAF patient VAF PDX Kinetics 

ASXL1 PDX 05 NM_015338.5:c.2691delT 41.47 50.87 stable 

ASXL1 PDX 12 NM_015338.5:c.2161delC 43.40 46.60 stable 

CBL PDX 05 NM_005188.3:c.1187G>A 79.02 0.00 lost 

CEBPA PDX 02 NM_004364.3:c.923dupT 48.32 51.13 stable 

CEBPA PDX 11 NM_004364.3:c.560C>T 14.29 8.85 stable 

DNMT3A PDX 01 NM_022552.4:c.2225G>A 37.50 45.00 stable 

DNMT3A PDX 02 NM_175629.2:c.2645G>A 46.46 50.77 stable 

DNMT3A PDX 03 NM_022552.4:c.2645G>A 46.14 45.25 stable 

DNMT3A PDX 04 NM_175629.2:c.2645G>A 59.50 46.90 stable 

DNMT3A PDX 05 NM_175629.2:c.1792C>T 5.50 47.13 stable 

DNMT3A PDX 05 NM_175629.2:c.1627G>T 55.76 53.57 stable 

DNMT3A PDX 05 NM_022552.4:c.469A>T 18.25 0.00 lost 

DNMT3A PDX 06 NP_072046.2 47.86 0.00 lost 

ETV6 PDX 12 NM_001987.4:c.1196G>A 49.00 52.10 stable 

EZH2 PDX 12 NM_004456.4:c.876T>A 45.80 49.23 stable 

EZH2 PDX 12 NM_004456.4:c.1670A>G 44.50 47.87 stable 

FLT3 PDX 08 NM_004119.2:c.1775_1795dup 87.50 99.97 stable 

FLT3 PDX 02 NM_004119.2:c.1747_1837+2dup 0.00 28.23 gained 

FLT3 PDX 03 NM_004119.2:c.1780_1800dup 0.00 86.50 gained 

FLT3 PDX 05 NM_004119.2:c.1793_1837dup 0.00 99.30 gained 

FLT3 PDX 06 NM_004119.2:c.1775_1795dup 0.00 100.00 gained 

FLT3 PDX 07 NM_004119.2:c.1769_1770ins 0.00 2.75 gained 

FLT3 PDX 07 NM_004119.2:c.1743_1793dup 0.00 37.90 gained 

FLT3 PDX 01 NM_004119.2:c.2505T>G 33.57 0.00 lost 

GATA2 PDX 03 NM_032638.4:c.1312G>T 50.94 57.45 stable 

GATA2 PDX 01 NM_032638.4:c.1312G>T 0.00 55.50 gained 

GATA2 PDX 10 NM_032638.4:c.437G>T 17.67 0.00 lost 

IDH1 PDX 03 NM_005896.2:c.395G>A 38.54 46.90 stable 

IDH1 PDX 01 NM_005896.2:c.395G>A 0.00 48.95 gained 

IDH2 PDX 04 NM_002168.2:c.419G>A 26.60 46.70 stable 

IDH2 PDX 05 NM_002168.2:c.516G>T 56.95 44.37 stable 

KRAS PDX 06 NP_203524.1 20.73 0.00 lost 

NF1 PDX 04 NM_001042492.2:c.236T>G 17.60 49.50 stable 

NF1 PDX 10 NM_001042492.2:c.4600C>T 95.86 99.65 stable 

NPM1 PDX 02 NM_002520.6:c.860_863dupTCTG 46.21 47.63 stable 

NPM1 PDX 03 NM_002520.6:c.860_861insCTGC 44.67 45.55 stable 
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NPM1 PDX 04 NM_002520.6:c.860_863dupTCTG 22.90 48.30 stable 

NPM1 PDX 07 NM_002520.6:c.860_863dupTCTG 44.87 45.95 stable 

NPM1 PDX 08 NM_002520.6:c.860_863dupTCTG 39.61 50.00 stable 

NPM1 PDX 01 NM_002520.6:c.863_864insCCTG 0.00 49.00 gained 

NPM1 PDX 01 NM_002520.6:c.859_860insTCTG 35.36 0.00 lost 

NRAS PDX 12 NM_002524.4:c.35G>C 40.30 89.13 stable 

NRAS PDX 01 NM_002524.4:c.37G>C 0.00 49.90 gained 

NRAS PDX 03 NM_002524.4:c.38G>A 11.30 0.00 lost 

PPM1D PDX 10 NM_003620.3:c.1009T>C 65.09 61.15 stable 

PTPN11 PDX 03 NM_002834.3:c.182A>T 12.69 0.00 lost 

PTPN11 PDX 04 NM_002834.3:c.1505C>T 7.00 0.00 lost 

RAD21 PDX 08 NM_006265.2:c.9C>G 48.76 52.40 stable 

RAD21 PDX 06 NM_006265.2:c.9C>G 0.00 46.15 gained 

RUNX1 PDX 06 NM_001754.4:c.1238C>T 51.32 50.60 stable 

RUNX1 PDX 12 NM_001754.4:c.781_784dupCCTC 41.90 47.17 stable 

SRSF2 PDX 07 NM_003016.4:c.284C>T 45.68 45.25 stable 

STAG2 PDX 06 NM_001042749.1:c.421A>G 0.00 48.40 gained 

STAG2 PDX 02 NM_001042749.1:c.490G>C 64.10 0.00 lost 

STAG2 PDX 07 NM_001042749.1:c.490G>C 68.40 0.00 lost 

STAG2 PDX 08 NM_001042749.1:c.490G>C 50.96 0.00 lost 

STAG2 PDX 09 NM_001042749.1:c.490G>C 68.18 0.00 lost 

STAG2 PDX 10 NM_001042749.1:c.490G>C 73.73 0.00 lost 

TET2 PDX 02 NM_001127208.2:c.2392G>T 94.46 99.97 stable 

TET2 PDX 07 NM_001127208.2:c.5618T>C 21.38 21.60 stable 

TET2 PDX 07 NM_001127208.2:c.4860delG 27.07 28.40 stable 

TP53 PDX 09 NM_000546.5:c.112C>T 96.09 99.55 stable 

TP53 PDX 05 NM_000546.5:c.1129A>C 93.10 0.00 lost 

TP53 PDX 06 NM_000546.5:c.1129A>C 85.70 0.00 lost 

WT1 PDX 11 NM_024426.4:c.1141_1142insTGTACGCT 0.00 45.63 gained 

ZRSR2 PDX 11 NM_005089.3:c.364G>A 20.00 0.00 lost 
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Table 5. List of cDNAs included in the lentiviral screening system. 

cDNA Gene identifier Functional category 

ASXL1 NM_015338 

 

chromatin modifiers 

EZH2 NM_004456.5 chromatin modifiers 

KDM6A NM_021140 chromatin modifiers 

RAD21 NM_006265.3 cohesin complex 

SMC1A NM_006306 cohesin complex 

SMC3 NM_005445 cohesin complex 

STAG2 NM_006603 cohesin complex 

DNMT3A NM_022552 epigenetic modifiers 

GNAS NM_000516 signal transduction 

PTPN11 NM_001330437 signal transduction 

U2AF1 NM_006758 spliceosome complex 

ZRSR2 NM_005089 spliceosome complex 

CEBPA NM_004364 transcription factor 

ETV6 NM_001987 transcription factor 

GATA2 NM_032638 transcription factor 

RUNX1 NM_00100189 transcription factor 

BCOR NM_017745 transcriptional corepressor 

BCORL1 NM_021946 transcriptional corepressor 

CUX1 NM_001913 tumor suppressor 

PHF6 NM_032458 tumor suppressor 

TP53 NM_000546 tumor suppressor 

WT1 NM_000378 tumor suppressor 

 

Table 6. List of PDX models that were screened with the lentiviral cDNA library. 

PDX models Number of mice 

PDX 07 3 

PDX 10 5 

PDX 05 5 

PDX 09 5 

PDX 11 5 

PDX 08 5 

PDX 03 5 

PDX 04 4 

PDX 06 3 

PDX 12 5 

total 45 
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Table 7. List of cord blood samples that were screened with the lentiviral cDNA library. 

Cord blood samples Number of mice 

CB147 6 

CB162 6 

CB229 6 

total 18 

 

Table 8. Comparison of cDNA representation compared to the blank vector in bone marrow 

samples of AML PDX at the time of sacrifice. 

comparison Number of mice Mean diff. 95% CI of diff. Significance P 

blank vs. ASXL1 41 103,4 64,01 to 142,7 **** <0,0001 

blank vs. BCOR 31 31,85 -10,57 to 74,27 ns 0,1409 

blank vs. BCORL1 24 -4,357 -50,17 to 41,45 ns 0,8519 

blank vs. CEBPA 14 116,0 60,84 to 171,2 **** <0,0001 

blank vs. CUX1 29 85,57 42,33 to 128,8 *** 0,0001 

blank vs. DNMT3A 40 -9,592 -49,20 to 30,02 ns 0,6345 

blank vs. ETV6 41 73,92 34,55 to 113,3 *** 0,0002 

blank vs. EZH2 40 76,81 37,20 to 116,4 *** 0,0002 

blank vs. GATA2 38 -10,67 -50,81 to 29,46 ns 0,6016 

blank vs. GNAS 41 12,67 -26,69 to 52,04 ns 0,5274 

blank vs. KDM6A 14 99,23 44,06 to 154,4 *** 0,0004 

blank vs. PHF6 9 -103,6 -169,2 to -37,98 ** 0,0020 

blank vs. PTPN11 36 29,80 -10,91 to 70,51 ns 0,1510 

blank vs. RAD21 9 45,26 -20,35 to 110,9 ns 0,1760 

blank vs. RUNX1 9 83,32 17,71 to 148,9 ns 0,0529 

blank vs. SMC1A 19 77,51 28,04 to 127,0 ** 0,0022 

blank vs. SMC3 14 -4,721 -59,89 to 50,45 ns 0,8666 

blank vs. STAG2 9 102,4 36,78 to 168,0 ** 0,0023 

blank vs. TP53 41 27,54 -11,82 to 66,91 ns 0,1699 

blank vs. U2AF1 41 -74,32 -113,7 to -34,95 *** 0,0002 

blank vs. WT1 19 23,26 -26,20 to 72,73 ns 0,3561 

blank vs. ZRSR2 13 -39,89 -96,62 to 16,84 ns 0,1678 
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Table 9. Comparison of cDNA representation compared to the blank vector in bone marrow 

samples of cord blood-reconstituted mice at the time of sacrifice. 

comparison Number of mice Mean Diff. 95% CI of diff. Significance P 

blank vs. ASXL1 15 84.41 46.79 to 122.0 **** <0.0001 

blank vs. BCOR 15 -83.07 -232.7 to 66.54 ns 0.5632 

blank vs. BCORL1 15 48.51 -37.89 to 134.9 ns 0.5498 

blank vs. CEBPA 15 90.42 55.53 to 125.3 **** <0.0001 

blank vs. CUX1 15 98.89 67.24 to 130.5 **** <0.0001 

blank vs. DNMT3A 15 -279.2 -828.2 to 269.8 ns 0.6674 

blank vs. ETV6 15 -545.8 -913.4 to -178.2 ** 0.0020 

blank vs. EZH2 15 61.65 2.894 to 120.4 * 0.0364 

blank vs. GATA2 15 64.41 1.387 to 127.4 * 0.0434 

blank vs. GNAS 15 -95.83 -229.0 to 37.37 ns 0.2627 

blank vs. KDM6A 15 81.87 46.54 to 117.2 **** <0.0001 

blank vs. PHF6 15 -174.9 -363.9 to 14.11 ns 0.0800 

blank vs. PTPN11 15 -76.79 -180.9 to 27.35 ns 0.2389 

blank vs. RAD21 15 33.31 -48.82 to 115.4 ns 0.8766 

blank vs. RUNX1 15 86.00 50.85 to 121.1 **** <0.0001 

blank vs. SMC1A 15 63.05 18.52 to 107.6 ** 0.0032 

blank vs. SMC3 15 -43.33 -167.0 to 80.37 ns 0.9499 

blank vs. STAG2 15 74.04 25.88 to 122.2 ** 0.0014 

blank vs. TP53 15 -67.51 -215.7 to 80.64 ns 0.7827 

blank vs. U2AF1 15 -191.7 -514.0 to 130.6 ns 0.4790 

blank vs. WT1 15 -64.14 -175.5 to 47.26 ns 0.5190 

blank vs. ZRSR2 15 39.47 -27.73 to 106.7 ns 0.4941 
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Table 10. Baseline characteristics of patients in the AML TCGA cohort (PML-PARA and low 

intensity-treated patients were excluded) and comparison based on ETV6 expression (lower 

quartile compared to upper three quartiles). 

Characteristic All 

(n=129) 

Low ETV6 

(n=32) 

High ETV6 

(n=97) 

P 

 Age, years    .908 

     median 55 54.5 56  

     range  18-88 18-82 21-88  

 Sex     .165 

     male - no. (%) 71 (55) 21 (66) 50 (52)  

     female - no. (%) 58 (45) 11 (34) 47 (48)  

 Cytogenetic risk    .055 

     favorable - no. (%) 17 (13) 1 (3) 16 (17)  

     intermediate - no. (%) 85 (66) 21 (66) 63 (66)  

     poor - no. (%) 26 (21) 10 (31) 16 (17)  

 FAB-subtype    <.001 

     M0 - no. (%) 14 (11) 1 (3) 11 (12)  

     M1 - no. (%) 40 (31) 7 (22) 33 (34)  

     M2 - no. (%) 

     M3 - no. (%) 

30 (23) 

0 (0) 

3 (9) 

0 (0) 

27 (28) 

0 (0) 

 

     M4 - no. (%) 29 (22) 9 (28) 20 (21)  

     M5 - no. (%) 13 (10) 10 (31) 3 (3)  

     M6 - no. (%) 2 (1.5) 1 (3) 1 (1)  

     M7 - no. (%) 2 (1.5) 1 (3) 1 (1)  

WBC count    .481 

     median – g/L 29.4 15.6 30.8  

     range – g/L 0.6-297.4 1.4-137.2 0.6-297.4  

Peripheral blood Blasts    <.001 

     median (%) 48 13 55  

Bone marrow blasts    .287 

     median (%) 73 79 72  

Allogeneic Tx after first CR    .093 

     yes – no. (%) 44 (34) 9 (28) 35 (36)  

     no – no. (%) 65 (50) 23 (72) 42 (64)  

Mutations – no. (%)     

     FLT3-ITD 30 (23) 3 (9) 23 (24)  .125 

     FLT3-TKD 10 (8) 4 (13) 6 (6) .263 

     NPM1 45 (35) 17 (53) 28 (29) .018 

     DNMT3A 36 (28) 10 (31) 26 (27) .653 

     IDH1 15 (12) 4 (13) 11 (11) .999 

     IDH2 13 (10) 3 (9) 10 (10) .999 

     RUNX1 14 (11) 1 (3) 13 (13) .187 

     TET2 10 (8) 1 (3) 9 (9) .449 

     TP53 11 (9) 6 (19) 5 (5) .027 

     NRAS 12 (9) 4 (13) 8 (8) .491 

     CEBPA 13 (10) 2 (6) 11 (11) .517 

     WT1 14 (11) 1 (3) 13 (13) .187 

     PTPN11 8 (6) 4 (13) 4 (4) .104 

     KIT 7 (5) 1 (3) 6 (6) .680 

     MT-CO2 8 (6) 2 (6) 6 (6) .999 

     U2AF1 10 (8) 2 (6) 8 (8) .999 
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     SMC1A 8 (6) 3 (9) 5 (5) .403 

     SMC3 5 (4) 0 (0) 5 (5) .332 

     STAG2 8 (6) 2 (6) 6 (6) .999 

     RAD21 10 (8) 3 (9) 7 (7) .709 

 

Table 11. Univariate analysis of variables for OS in the AML TCGA cohort. 

Endpoint: OS Univariate analysis 

variables Hazard Ratio (95% CI) P 

ETV6 expression: low vs high 1.9 (1.1-3.4) .008 

Age: above vs below median 1.8 (1.2-3.0) .009 

Sex: female vs male 0.9 (0.6-1.5) .689 

PB blasts: above vs below median 1.6 (1.0-2.5) .062 

BM blasts: above vs below median 1.0 (0.6-1.6) .985 

FLT3-ITD mutated 1.4 (0.8-2.9) .252 

FLT3-TKD mutated 1.7 (0.8-4.6) .173 

NPM1 mutated 1.1 (0.7-1.8) .641 

NPM1 mutated/FLT3-ITD negative 1.0 (0.6-1.7) .906 

DNMT3A mutated 1.7 (1.0-3.1) .026 

IDH1 mutated 0.6 (0.4-1.3) .244 

IDH2 mutated 1.0 (0.5-2.1) .965 

RUNX1 mutated 1.8 (1.0-4.7) .070 

TET2 mutated 0.4 (0.5-2.8) .774 

TP53 mutated 1.9 (1.0-5.1) .051 

NRAS mutated 0.7 (0.3-1.6) .446 

CEBPA mutated 1.1 (0.5-2.3) .849 

WT1 mutated 0.7 (0.4-1.3) .256 

PTPN11 mutated 1.4 (0.6-3.9) .429 

KIT mutated 0.6 (0.3-1.7) .378 

MT-CO2 mutated 1.6 (0.5-6.5) .340 

U2AF1 mutated 2.3 (1.3-9.1) .016 

SMC1A mutated 1.5 (0.7-4.3) .274 

SMC3 mutated 1.8 (0.6-8.5) .232 

STAG2 mutated 0.6 (0.3-1.7) .413 

RAD21 mutated 1.4 (0.6-3.5) .417 
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Table 12. Multivariate analysis of variables in the AML TCGA cohort. 

Endpoint: OS Multivariate analysis 

variables Hazard Ratio (95% CI) P  

ETV6 expression: low vs high 0.7 (0.4-1.2) .180 

Age: above vs below median 1.9 (1.2-3.2) .011 

PB blasts: above vs below median 0.4 (0.8-2.1) .388 

DNMT3A mutated 2.0 (1.2-3.5) .012 

RUNX1 mutated 2.2 (1.0-4.8) .060 

TP53 mutated 2.3 (1.1-4.6) .027 

U2AF1 mutated 1.4 (0.6-3.3) .462 

 

Table 13. Baseline characteristics of patient samples used in pharmacogenetic screening  

Characteristic AML 01 AML 02 AML 03 AML 04 

Age 69 69 53 77 

Sex female female female female 

ECOG N/A 0 0 0 

2010 ELN risk N/A 2 1 1 

Type of AML de novo de novo de novo de novo 

Mutations DNMT3A ASXL1 DNMT3A CEBPA 

 KRAS CBL GATA2 DNMT3A 

 RUNX1 DNMT3A IDH1 NPM1 

 TP53 IDH2 NPM1 STAG2 

  TP53 NRAS TET2 

   PTPN11  
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Table 14. List of drugs identified by the CLUE Connectivity Map analysis. 

Drug Class of drug Score 

Everolimus MTOR inhibitor 96.59 

XMD-892 MAP kinase inhibitor 96.29 

Apicidin HDAC inhibitor 96.12 

THM-I-94 HDAC inhibitor 96.12 

Amonafide Topoisomerase inhibitor 96.05 

BI-2536 PLK inhibitor 96.05 

Scriptaid HDAC inhibitor 95.92 

Vorinostat HDAC inhibitor 95.77 

BNTX Opioid receptor antagonist 95.42 

NSC-632839 Ubiquitin specific protease inhibitor 95.35 

Anisomycin DNA synthesis inhibitor 95.02 

Emetine Protein synthesis inhibitor 94.95 

XMD-885 Leucine rich repeat kinase inhibitor 94.82 

ISOX HDAC inhibitor 94.81 

Narciclasine Coflilin signaling pathway activator 94.54 

Cycloheximide Protein synthesis inhibitor 94.03 

QL-XII-47 BTK inhibitor 93.43 

Tremulacin Lipoxygenase inhibitor 93.34 

KU-0060648 DNA dependent protein kinase inhibitor 93.3 

Halcinonide Glucocorticoid receptor agonist 93.22 

Homoharringtonine Protein synthesis inhibitor 93.12 

XMD-1150 Leucine rich repeat kinase inhibitor 93.08 

HC-toxin HDAC inhibitor 92.66 

JWE-035 Aurora kinase inhibitor 92.65 

BCI-hydrochloride Protein phosphatase inhibitor 92.57 

Ingenol PKC activator 92.04 

Phorbol-12-myristate-13-acetate PKC activator 91.58 

Manumycin-a Farnesyltransferase inhibitor 91.16 

Pyrvinium-pamoate AKT inhibitor 91.13 

NCH-51 HDAC inhibitor 90.99 

Amsacrine Topoisomerase inhibitor 90.78 

Panobinostat HDAC inhibitor 90.59 

TG-101348 FLT3 inhibitor 90.37 
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MLL Mixed-lineage leukemia 

MPP Multipotent progenitors 

MYH11 Myosin heavy chain 11 

NES Normalized enrichment score 

NGS Next generation sequencing 

nM Nanomolar 

NOD/scid non obese/severe combined immunodeficiency 

NOS-AML Not otherwise specified acute myeloid leukemia 

NPM1 Nucleophosmin 1 

NRAS Neuroblastoma RAS Viral Oncogene Homolog 

OS Overall survival 

PB Peripheral blood 
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STAG2 Stromal Antigen 2 
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