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1 Zusammenfassung 

Die pädiatrische akute myeloische Leukämie (AML) ist eine heterogene Erkrankung, 

bei der neben der morphologischen und immunphänotypischen Charakterisierung vor 

allem genetische Veränderungen eine große Rolle spielen. Dabei kann die genaue 

Kenntnis der genetischen Signatur leukämischer Blasten und Stammzellen (LSC) 

genutzt werden, um die klonale Struktur der Erkrankung zu untersuchen. Die Kenntnis 

dieser Signatur könnte zu einer Verbesserung klonspezifischer Therapien und 

nachfolgend zu einer Verringerung der durch die Therapie verursachten Toxizität 

führen. Dabei kann insbesondere die Analyse auf Einzelzellebene weiterführende 

Informationen liefern.         

 In der vorliegenden Dissertation wurden verschiedene Next Generation 

Sequencing (NGS) Verfahren etabliert. Diese ermöglichen eine detaillierte genetische 

Analyse der pädiatrischen AML, auch auf Einzelzellebene. Durch Korrelation 

spezifischer genetischer Aberrationen mit den klinischen Daten konnten wir bei den 

pädiatrischen AML-Patienten Subgruppen identifizieren, die ein schlechteres 

Überleben im Vergleich zur gesamten Gruppe zeigen. Wir konnten zeigen, dass 

Patienten, bei denen eine Kombination aus zwei von drei Faktoren (WT1 Mutation, 

FLT3 ITD und NUP98-NSD1 Fusion) vorliegt, eine signifikant schlechtere Prognose 

haben. Für diese Risikogruppen ist die Verfügbarkeit von neuen Therapien dringend 

notwendig.           

 Wir wendeten außerdem NGS-Technologien für die genetische Analyse 

einzelner LSC-angereicherter Blasten von pädiatrischen AML-Patienten mit bekannter 

NPM1 Mutation und/oder FLT3 ITD an. Für die Sequenzanalyse der DNA der 

leukämischen Blasten wurde Knochenmark von pädiatrischen AML Patienten mittels 

genspezifischer amplikonbasierter Sequenzierung (TS) sowie Exomsequenzierung 

(WES) untersucht. Parallel wurde DNA einzelner Zellen mit stammzellnahem 

Immunphänotyp extrahiert, das Genom amplifiziert (WGA) und anschließend mittels 

vollständiger Exomsequenzierung (WES) analysiert.      

 Wir konnten zeigen, dass die Qualität der Genomamplifikation aus Einzelzellen 

für die Generierung von auswertbaren NGS Daten geeignet war. Die statistische 

Auswertung der Sequenzdaten zeigte außerdem eine gute Vergleichbarkeit zwischen 

den Einzelzell- und den aus den aus dem nicht angereicherten Knochenmark 

generierten Daten. Der direkte Vergleich der verschiedenen NGS-Methoden ergab, 
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dass die mit WES erreichte Lesetiefen zwischen 50-72X nicht zur Identifizierung von 

seltenen AML-Subklonen ausreichend sind. 
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2 Summary 

Pediatric acute myeloid leukemia (AML) is characterized by various genetic changes 

that can be used for classification in addition to morphological and immunophenotypic 

criteria. To determine the genetic signature of this disease might help to improve clone-

specific therapies and to reduce the toxicity caused by therapy. In order to analyze the 

genetic profile even of leukemic stem cells, which are described to be the origin of the 

disease, analysis at the individual cell level in particular can provide more accurate 

information about clonal evolution in pediatric AML.      

 In this thesis, different NGS tools have been established that enabled detailed 

and in-depth genetic analysis of pediatric AML subpopulations on both bulk and single 

cell level. Linking the presence of combinations of specific genetic aberrations with the 

clinical data of the AML patients has revealed the existence of subgroups of children 

and adolescents with devastatingly poor outcome that urgently need novel therapies. 

 We used NGS technologies for reliable genetic analysis of single LSC-enriched 

blasts from pediatric AML patients with known NPM1 mutation and/or FLT3 ITD. Two 

NGS techniques, targeted amplicon-based sequencing (TS) and whole exome 

sequencing (WES) was applied to bone marrow bulk cells from pediatric AML patients 

at diagnosis. In parallel, single AML cells were sorted from a LSC-enriched 

compartment and DNA was extracted, whole genome-amplified (WGA) and 

subsequently subjected to whole exome sequencing (WES). We showed that the 

quality of the amplification achieved with a commercially available WGA kit was 

sufficient to generate evaluable sequence data and that coverage statistics were 

comparable between single cell and bulk WES data. Direct comparison between the 

different NGS methods also revealed that the initial screening of the bulk DNA by WES 

with read counts between 50–72× failed to detect rare AML subclones.

 Additionally, we applied targeted NGS for 54 genes associated with myeloid 

malignancies, which are marker predicting a poor outcome in a contemporary pediatric 

AML cohort. Two of these genes further analyzed in this thesis were FLT3 and WT1. 

By using qPCR, we identified another co-occuring prognostic indicator in a subgroup 

of patients with material for retrospective analysis available, namely NUP98-NSD1 

fusions. We could show that co-occurrence of any combination of WT1 mutation, FLT3 

ITD and NUP98-NSD1 fusion is a predictor of dismal response for pediatric AML. 
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3 Introduction 

3.1 Biology of hematopoietic and leukemic stem cells 

Hematopoietic stem cells (HSCs) are rare cells within the human bone marrow (BM), 

which are capable of both self-renewal and differentiation with the balance between 

these two stages being strictly regulated[105]. In healthy hematopoiesis, HSCs 

guarantee a constant production of multilineage precursor cells which differentiate in 

all types of mature hematopoietic cells such as red blood cells, megakaryocytes, 

myeloid cells (monocytes/macrophages, neutrophils) and lymphocytes (Figure 1)[110].  

This continuous production of cells is necessary, as mature blood cells have relatively 

short lifespans[110].  

 

 The concept that HSCs reside within the hematopoietic niche has first been 

described in the 1970s[132]. The hematopoietic niche is a complex system composed 

of a large number of cell types with distinct functions providing both chemical signals 

as well as physical interactions[83,99,105,128]. HSCs are thought to be in direct and also 

indirect contact with several cell types residing in the niche including macrophages, 

Figure 1: The hematopoietic and leukemic stem cell model. Hematopoietic stem cells 

(HSCs) give rise to multipotent progenitors (MPPs). MPPs further differentiate toward 

oligopotent lineage-restricted progenitors (LRPs), such as common lymphoid and myeloid 

progenitors (CLPs, CMPs) and granulocyte-macrophage progenitors (GMPs). LRPs proliferate 

intensely and produce all mature blood cell types required. From Riether et al. (2015)[125] 
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adipocytes, mesenchymal stromal cells, osteoclasts, or megakaryocytes[83]. Soluble 

factors like cytokines and growth factors also participate in the regulation of stem cell 

maintenance and differentiation[83].  

 In contrast to normal hematopoiesis, in hematopoietic malignancies including 

leukemias remodeling of this microenvironment could be an important event in the 

disease development[128]. The modified microenvironment is on the other hand thought 

to be involved in controlling the maintenance and activity of leukemic stem cells 

(LSCs)[128]. LSCs are thought to originate from HSCs, but often are considered to be 

slightly more differentiated precursor/progenitor cells due to somatic mutations that 

affect proliferation and differentiation[20,48,77] as shown in Figure 1. Using CD34, CD38 

and lineage-specific markers, LSCs have been first described according to their 

surface antigen expression to reside in the CD34+CD38- fraction[1,18] as these cells 

reconstituted human AML in immunodeficient mice[1,17,20]. More recent studies 

demonstrated that LSCs can also be present in the CD34+CD38+ or even in the CD34- 

fraction[85]. Several candidate antigens specifically distinguishing normal HSCs and 

LSCs were investigated during the past years, for example CD123 (IL-3R), TIM3 or 

CD96[64,103,153]. Since LSCs cannot be grown in vitro in long-term cell culture, different 

surrogate assays such as engraftment in immunodeficient mice, colony forming 

capacity, differentiation ability or long-term culture initiating activity have been used to 

functionally describe the LSC phenotype[48].  

 During therapy, LSCs can persist in the bone marrow of mice and patients and 

are able to regrow the leukemia as a relapse of the primary disease[56,77,159]. To 

overcome this, it is necessary to specifically target and eliminate these primitive cells 

for long-term cure of patients[56,77,159]. 

 

 

 

3.2 Clinical features and diagnosis of pediatric AML 

Frequently occurring malignant diseases of the hematopoietic system in children and 

also adults are myeloproliferative neoplasms (MPNs), myelodysplastic syndrome 

(MDS), chronic myeloid leukemia (CML), acute myeloid leukemia (AML) and acute 

lymphoblastic leukemia (ALL)[5]. As a chronic disease, pediatric CML is associated with 

preleukemic genetic events within progenitor cells resulting in advantages in survival 

and proliferation of these cells while terminally differentiated hematopoietic cells can 
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still be produced[73] (Figure 2). Additional changes in these altered progenitor cells 

leading to a block in differentiation then manifest as blast crisis. MDS are clonal 

disorders characterized by ineffective hematopoiesis and subsequent frequent 

development of AML[116]. Acute diseases such as AML and ALL are characterized by 

the malignant transformation of HSCs or progenitor cells that results in the 

accumulation of immature precursor cells and disruption of the normal 

hematopoiesis[73] (Figure 2).  

AML is the second most common form of pediatric acute leukemia with an 

incidence of 7 cases per million children younger than 15 years[32]. It is characterized 

by uncontrolled proliferation and impaired differentiation of malignant myeloid 

precursor cells, also called leukemic blasts[32,162]. Children suffering from AML may 

show clinical symptoms at diagnosis such as fever (40%), fatigue (19%), cutanous or 

mucosal bleeding (33%), bone pain (18%), pallor (25%) and weight loss (22%)[26]. The 

Figure 2: Pathogenesis of leukemias. Hematopoietic stem cells (HSCs) differenciate into 

committed myeloid progenitors and their respective terminally differentiated progeny (A). In 

chronic phase CML, preleukemic events that result in increased survival and proliferation occur 

within the stem and myeloid progenitor populations. Continued production of terminally 

differentiated progeny is still maintained (B). Acute diseases such as blast crisis CML and AML 

are characterized by acquisition of self-renewal capacity by progenitors or by enhanced self-

renewal in HSC. Together with a subsequent block in differentiation, these leukemogenic 

events result in the accumulation of immature blasts and development of AML (C and D). From 

Jamieson et al. (2004)[73] 
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diagnosis is made from bone marrow aspiration, in which more than 20% leukemic 

blasts have to be present[151]. Some of these blasts may contain Auer Rods, which are 

clumps of azurophilic granular material containing procoagulants[26]. Leukemic blasts 

are found mainly in the BM, but accumulation in the peripheral blood (PB) and organs 

such as spleen or liver are common features of AML[37]. Although the central nervous 

system is not often affected in AML, the examination of the cerebrospinal fluid for the 

presence of AML blasts is mandatory[26,32]. 

 

Table 1: WHO classification of myeloid neoplasms and acute leukemia From Arber et al. 

(2016) [5] 

Acute myeloid leukemia (AML) and related neoplasms 

AML with recurrent genetic abnormalities 

AML with t(8;21)(q22;q22.1);RUNX1-RUNX1T1 

AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22);CBFB-MYH11 

APL with PML-RARA 

AML with t(9;11)(p21.3;q23.3);MLLT3-KMT2A 

AML with t(6;9)(p23;q34.1);DEK-NUP214 

AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM 

AML (megakaryoblastic) with t(1;22)(p13.3;q13.3);RBM15-MKL1 

Provisional entity: AML with BCR-ABL1 

AML with mutated NPM1 

AML with biallelic mutations of CEBPA 

Provisional entity: AML with mutated RUNX1 

AML with myelodysplasia-related changes 

Therapy-related myeloid neoplasms 

AML, not otherwise specified 

AML with minimal differentiation 

AML without maturation 

AML with maturation 

Acute myelomonocytic leukemia 

Acute monoblastic/monocytic leukemia 

Pure erythroid leukemia 

Acute megakaryoblastic leukemia 

Acute basophilic leukemia 

Acute panmyelosis with myelofibrosis 

Myeloid sarcoma 

Myeloid proliferations related to Down syndrome 

Transient abnormal myelopoiesis (TAM) 

Myeloid leukemia associated with Down syndrome 
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 Since AML is a very heterogeneous disease, several attempts to define 

subgroups have been made during the past decades. Two important proposals to 

classify AML into subtypes that became accepted are the French-American-British 

(FAB) classification and the newer World Health Organization (WHO) classification of 

myeloid neoplasms and acute leukemia. AML has been divided into eight different 

subgroups (AML FAB M0-M7) based on the recognition of granulocytic (M1, M2 and 

M3), granulocytic-monocytic (M4), monocytic (M5a, M5b), erythroid (M6) and 

megakaryocytic (M7) types of cells by experts from France, America and Britain in the 

late 70s[12,13]. This classification has been widely accepted and is still used to 

morphologically, cytochemically and partly immunophenotypically define the eight 

subtypes of AML. 

 According to the latest revision of the WHO classification from 2016, AML can 

also be differentiated into four main subgroups using different criteria as shown in 

Table 1[144]. In recent years, genetic aberrations have become more important for the 

classification of AML and the largest subgroup in the WHO classification is defined as 

AML with recurrent genetic abnormalities[5]. The remaining subgroups contain AML 

with myelodysplasias-related changes, therapy-related myeloid neoplasms, myeloid 

proliferations related to Down syndrome and myelosarcomas[5], which represent an 

extramedullary tumor originating from granulocytic cells[3]. All other types fall into the 

group of not otherwise specified AML. 

 Additionally, the following technics are used for characterization of the leukemic 

blasts: Immunophenotyping defines the immunological phenotype of AML blasts 

including aberrant or asynchronous expression of surface antigens as well as 

cytoplasmatic factors. Karyotyping is a part of cytogenetics analysis and is used to 

examine whether the chromosome structure shows specific abnormalities. In addition, 

Fluorescent In Situ Hybridization (FISH) can reveal chromosomal aberrations 

sometimes even at the level of specific genes[50]. Molecular genetic analysis such as 

Sanger or Next Generation Sequencing as well as fragment analysis completes 

the diagnosis and reveals the presence of mutations. 

 Pediatric patients diagnosed with AML are stratified into different risk groups 

in the current AML-Berlin-Frankfurt-Münster (BFM) study group therapy protocols: 

Standard risk (SR), intermediate risk (IR) and high risk (HR)[32,124]. Risk 

stratification is based on different prognostic factors including clinical characteristics of 

the patients, the presence of chromosomal and genetic aberrations which are 

associated with outcome and also treatment response[32,162] (Table 2). Since the drugs 
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used in the therapy of AML are very toxic and too toxic side effects have to be avoided 

while at the same time leukemic blasts have to be eradicated effectively, the complex 

treatment is adapted to the three risk groups[31,32] with their different clinical 

presentation, as shown in Table 2. 

 

 

Table 2: Current AML-BFM risk stratification and treatment recommendations. From 

Reinhardt et al. (2019)[124] 

Standard-risk group 

Definition 

All patients with the following evidence: 

 inv(16)(p13.1q22) 

 t(16;16)(p13;q22) 

 t(8;21)(q22;q22) 

 t(1;11) (q21;q23) 

 Normal karyotype and NPM1 mutation 

 Normal karyotype and CEBPA (double) mutation 

Treatment 

Patients with inv(16) or t(16;16) are treated without the intensive chemotherapy 

block HAM (HD-cytarabine (3g/m2) and mitoxantrone). These patients receive the 

following intensive therapy elements: ADxE (cytarabine, liposomal daunorubicin and 

etoposide) or AIE (cytarabine, idarubicin and etoposide) (induction 1), AI (cytarabine 

and idarubicin) (course 2), hAM (HD-cytarabine (1g/m2) and mitoxantrone )(course 

3), and HAE (course 4). 

Patients in the standard-risk group with t(8;21), t(1;11), normal karyotype and NPM1 

mutation or CEBPA (double) mutation receive the following intensive therapy 

elements: ADxE or AIE (induction 1), HAM (induction 2), AI (course 3), hAM (course 

4), and HAE (HD-cytarabine and etoposide) (course 5).  

Maintenance therapy is administered for a year for all patients of the standard-risk 

group. 

Re-

stratification 

Patients with nonresponse after first induction or who are FLT3 ITD or FLT3 TKD 

mutation positive are re-stratified into the intermediate-risk group. Patients with 

nonresponse after second induction are re-stratified into the high-risk group. Patients 

within the high-risk group have an indication for allogenic stem cell transplantation 

after the 4th course of chemotherapy, if they achieve CR. If re-stratified into the high-

risk group and refractory disease persists, a salvage treatment with Dx-FLA or (Ida)-

FLA and FLA should be performed, if the clinical conditions of the patient allow. 

Experimental “off study” therapy may be considered prior to SCT as an attempt to 

reach CR. 
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Intermediate-risk group 

Definition 
All patients with de-novo AML, who do not belong to the standard-risk group 

(favorable prognosis) or to the high-risk group (unfavorable prognosis).  

Treatment 

ADxE or AIE (induction 1), HAM (induction 2), AI (course 3), hAM (course 4), and 

HAE (course 5). Maintenance therapy is administered for a year.  

In FLT3 ITD or FLT3 TKD mutation positive AML a treatment with Sorafenib may be 

considered on a compassionate-use basis. 

Re-

Stratification 

Patients with nonresponse after first or second induction or individual disease 

characteristics are be re-stratified into the high-risk group, receiving an allogenic 

stem cell transplantation after the 4th course of chemotherapy, dependent on CR 

achievement. 

High-risk group 

Definition 

All patients with the following genetic evidence: 

 abnormalities in chromosome 12p/ t(2;12) 

 monosomy 5/5q- 

 WT1 mutation and FLT3 ITD 

 monosomy 7 (not in combination with favorable / KMT2A aberrations)  

 t(4;11)(q21;q23); KMT2A/AF4  

 t(5;11)(q35.3;p15); NUP98/NSD1 

 t(6;11)(q27;q23)); KMT2A/AF6 

 t(10;11)(p12;q23); KMT2A/AF10 

 t(6;9)(p23;q34)  

 t(7;12)(q36;p13)  

 t(9;22)(q34;q11) 

 complex karyotype (three or more aberrations, including at least one 

structural aberration, without favorable genetics and without KMT2A-

rearrangement.)  

 inv(3)(q21q26.2)/t(3;3)(q21;q26.2) 

 t(16;21)(p11;q22); FUS/ERG 

 inv(16)(p13.3q24.3) CBFA2T3-GLIS2 

Treatment 

ADxE or AIE (induction 1), HAM (induction 2), AI (course 3), and hAM (course 4). In 

1st remission, an allogenic stem cell transplantation is indicated. 

In FLT3 ITD or FLT3 TKD mutation positive AML a treatment with Sorafenib may be 

considered on a compassionate-use basis. 

Re-

Stratification 

If nonresponse after 2nd Induction occurs, patients may be treated—if the conditions 

of the patients allow—with Dx-FLA or (Ida)-FLA (course 3) and FLA (course 4), to 

achieve CR before transplant. Experimental “off study” therapy may be considered 

prior SCT to reach CR.  
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3.3 Genetics and clonal evolution of AML 

To evaluate and understand the genetic basis of leukemia, positional cloning of 

chromosomal translocations associated with human leukemias led to the identification 

of fusion genes that are implicated in the disease pathogenesis[48,78]. With more than 

100 fusions identified so far, more different fusion genes than leukemic phenotypes 

are currently distinguished. This strongly implies that some of the fusion genes must 

activate similar signal transduction and/or transcriptional activation pathways in the 

leukemic blasts[78].           

 Apart from these gene fusions, genetic aberrations in the blasts of both adults 

and children include also somatic mutations[6,8,9,33,53,130] as summarized in Figure 3 for 

pediatric AML. It could be shown, that neither loss of function mutations in 

hematopoietic transcription factors nor such gene fusions alone do result in malignant 

transformation but the cooperation between at least two broad classes of aberrations 

Figure 3: Molecular and genetic aberrations as well as their nonrandom associations in 

pediatric AML. Integrative analysis of recurrent cytogenetic aberrations (MLL-

rearrangements, t(8;21), inv(16), t(15;17), t(7;12), and t(6;9), normal karyotype (CN) and other 

nonspecific cytogenetic subgroups and molecular aberrations (in FLT3-ITD, WT1, N-RAS, K-

RAS, PTPN11, and c-KIT) based on 237 unselected de novo pediatric AMLpatients. Each 

sector indicates the percentage of patients harboring 1 or more of the aforementioned 

mutations. From Creutzig et al. (2012)[32] 
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is necessary for leukemogenesis[78]. This resulted in the postulation of a two-hit model 

of pathogenesis: Class I mutations or gene rearrangements lead to proliferation or 

survival advantage of the blasts, whereas class II mutations primarily lead to impaired 

hematopoietic differentiation[78]. Murine models demonstrated that cooperation of 

these two types of mutations can be sufficient for leukemogenesis[78]. Studies reporting 

that leukemia-associated class II aberrations can be detected in a proportion of healthy 

individuals [10,141] support this observation that a single genetic aberration alone does 

not appear to be sufficient for leukemogenesis[78]. However, it is hypothesized that 

these aberrations often are a predisposition and if another genetic event arises at 

approximately the same time, malignant transformation can occur[141]. Recent research 

also highlighted the presence of epigenetic modifications in AML due to altered DNA 

methylation or histone modifications as reviewed by Ungerstedt et al. (2018)[148].So far 

unknown mutations in genes related to epigenetic control of the genome and 

modifications to the epigenome itself neither belonging to class I nor class II mutations 

suggest that the two hit model has to be extended[136]. Additionally, recent studies 

suggest a temporal component to leukemogenesis; for leukemic transformation, it 

seems to be required that mutations occur at a specific point in cell development in a 

particular order[106,122,141].        

 Different studies also showed that the blast population in both adult and 

pediatric AML consists of several subclones characterized by the acquisition of 

additional mutations[41,44,98] Therefore, AML blasts obviously undergo clonal evolution 

with either the main clone or a genetic subclone of the primary disease changing the 

genetic phenotype and thereby surviving therapy, and then expanding in the patients 

clinically manifesting as relapse[41]. To understand this clonal evolution, it might be 

essential to identify driver mutations that occur early and/or late in leukemogenesis 

and persist or disappear during the course of the disease. 

 

 

 

3.4 The main genetic aberrations in pediatric AML 

The presence of certain genetic aberrations is an important part in current risk group 

stratification in pediatric AML treatment protocols[32] as shown in Table 2. Standard 

risk AML includes patients with core binding factor (CBF) mutations/dysregulation 
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such as inv(16), t(16;16), t(8;21)[162] and with mutations in nucleophosmin1 gene 

(NPM1)[60,120] and CCAAT/Enhancer Binding Protein Alpha gene (CEBPA); all of these 

mutations are associated with a favorable prognosis[57,60,62]. Patients with mutations in 

the Fms Related Tyrosine Kinase 3 (FLT3) gene are shown to have a poor 

prognosis[100,161]. However, if they occur together with NPM1 or CBF mutations, adult 

patients experience a better survival, while this effect could not be clearly shown in 

children[120]. Genetic aberrations defining the group of patients with high risk AML are 

monosomy 7 and monosomy 5[162]. Translocations involving Histone-Lysine N-

Methyltransferase 2A (KMT2A, previously called MLL) occur in 15-20% of children with 

AML[118] and can be associated with poor outcome[8]. Interestingly, it is the 

translocation partner that predicts the clinical outcome[8]. KMT2A rearrangements with 

Transcription Factor 7 Cofactor (MLLT11) resulting in translocation t(1;11)(q21;q23) 

are associated with a good outcome whereas patients with translocations 

t(6;11)(q27;q23), t(10;11)(p11.2;q23) and t(10;11)(p12;q23) generally have a poor 

prognosis[8]. Other important poor prognostic factors in pediatric AML are loss of 

function mutations in Wilms tumor gene 1 (WT1)[59], especially in combination with 

FLT3 internal tandem duplications (ITD)[19]. Recent studies in both Europe and North 

America have additionally identified NUP98/NSD1 fusions as poor prognostic factor 

occurring in 15% of cytogenetically normal pediatric AML associated with FLT3 

ITDs[61,111]. Patients who do not harbor any of the markers associated with either 

standard or high risk features are stratified into the intermediate risk group[124]. 

 Further common genetic lesions are mutations in the RAS pathway occurring in 

20% of pediatric AML patients with an association to KMT2A rearrangements, inv(16) 

and/or NPM1 mutations[9]. In pediatric patients, the most common aberrations are 

NRAS Proto-Oncogene (NRAS) und KRAS Proto-Oncogene (KRAS) mutations which 

are not associated with a specific prognostic influence or treatment response[9].  

 

 

 

3.5 Next Generation Sequencing (NGS) 

Conventional Sanger sequencing was the gold standard for sequencing and the 

detection of mutations for the past decades[82,102]. This technology has recently been 

replaced by high-throughput approaches collectively described as Next Generation 
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Sequencing (NGS). Using different target enrichment strategies and clonal 

amplifications of DNA, it is now possible to sequence millions of DNA bases and 

strands in parallel, thereby dramatically reducing both time and costs of 

sequencing[34,102,126].        

 However, a reference genome was needed to asses the pathogenicity and 

relevance of genetic variants detected. The Human Genome project provided this in 

2003, after 15 years of conducting Sanger sequencing to determine the sequence of 

the human genome[52]. In parallel, several researchers identified new oncogenes and 

tumorsuppressor genes and could validate pathogenic alterations[104]. The evolution of 

sequencing was further promoted by large-scale cancer sequencing projects such as 

The Cancer Genome Atlas (TCGA)[104].       

 In 2005, Roche Diagnostics launched the 454 Life Sciences machine platform 

as the first NGS sequencing system[95], but other companies such as Illumina and 

Thermo Fisher Scientific introduced their own NGS platforms soon thereafter. The 454 

pyrosequencing is based on adapter-ligated DNA fragments bound to small DNA-

capture beads kept in a water-oil-emulsion[95]. Each bead is subjected to a small well 

with a mix of enzymes and fluorescence-labelled deoxyribonucleotide triphosphates 

(DNTPs) are added sequential while complementary nucleotides are embedded and a 

lightsignal is emitted due to the release of a pyrophosphate[95].   

 The Ion Torrent platform uses the ion semiconductor sequencing strategy and 

was launched by Thermo Fisher Scientific. Sequencing is based on the detection of 

Figure 4: Timeline of major achievements in sequencing technologies. From Morganti et 

al. (2019)[104] 
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hydrogen ions that are released during the polymerization of DNA[4]. A microwell 

containing a template DNA strand to be sequenced is flooded with a single species of 

dNTP[4]. If the introduced dNTP is complementary to the leading template nucleotide, 

it is incorporated into the growing complementary strand[4]. This causes the release of 

a hydrogen ion that triggers an ion-sensitive field-effect transistor (ISFET) sensor[4].

 Illumina launched several benchtop sequencer which all use a sequencing 

strategy that is based on reversible termination (RT) following bridge PCR on a flow 

cell. A mixture of RT nucleotides is added to the flow cell and a DNA polymerase 

incorporates them into the DNA strand[14]. Three steps are repeated in each 

sequencing cycle: The complementary RT nucleotide gets incorporated, the emitted 

fluorescence signal specific for each base gets detected, cleavage of the terminating 

and reporter molecule to restore a free 3′OH group for the next sequencing cycle[14]. 

 With the several different NGS platforms available on the market, it has become 

readily possible to sequence all coding exomes of a genome (Whole Exome 

Sequencing) or even a complete genome (Whole Genome Sequencing) at a less 

expensive price and in a relatively short time. Analysis of these huge amount of NGS 

data is an indispensable need which usually consists of several steps: base calling, 

read alignment, variant identification and variant annotation[104]. After performing these 

analysis, a dataset of detected variants is available and can then be used for research 

or diagnostic approaches[34,90].       

 Recently, Bolouri et al. analyzed the molecular landscape of pediatric AML in a 

large cohort treated within Children’s Oncology Group (COG) AML trials[19]. They 

extensively characterized the mutational, transcriptional and epigenetic landscape of 

a large well-described cohort of children, adolescent and young adult AML patients 

using a combination of different NGS approaches such as whole genome sequencing 

(WGS), targeted capture-based NGS, mRNA and microRNA (miRNA) sequencing and 

also methylation studies[19]. Comparison of different age groups revealed, that 

structural variants including gene fusions were more prevalent in young individuals 

whereas mutations in common genes in adult patients including DNA methyl 

transferase 3 Alpha (DNMT3A) and tumor protein 53 gene (TP53) were extremely rare 

in pediatric patients[19]. So far, undescribed mutations in GATA binding protein 2 

(GATA2), FLT3 and Cbl Proto-Oncogene (CBL) and recurrent mutations in the MYC 

protooncogene (MYC), NRAS, KRAS and WT1 could be detected at high frequencies 

in pediatric AML patients[19]. Pathways such as Wnt signaling, Polycomb repression, 

innate immune cell interactions and a cluster of zinc finger encoding genes which are 
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associated with KMT2A rearrangements were impacted by different genetic 

aberrations as well as by epigenetic events such as promotor DNA 

hypermethylation[19]. The authors showed that the mutational burden in AML patients 

increases with age and that gene fusions and focal copy number aberrations were 

more common in younger subjects[19]. Additionally, it was described that the number 

and location of mutations in genes such as FLT3 and WT1, which are also recurrently 

mutated in adults, is different in pediatric patients. Clonal WT1 mutations occurred 

more often in children and with a higher variability[19]. This study demonstrates the wide 

range of applications of NGS technologies to extensively study the genetic and 

epigenetic diversity in pediatric AML. Nevertheless, further work is needed to decipher 

the genetic complexity of AML. 

 

 

 

3.6 Minimal Residual Disease in AML 

The identification and description of disease-specific markers is an initial step towards 

the encryption of leukemogenesis. However, monitoring the response to treatment in 

the patient over time is another important approach to assess the success of the 

different therapeutic regimens and to understand the biology of the disease on the 

other hand. Minimal Residual Disease (MRD) was initially described as the detection 

of leukemic blasts below the morphologic limit of detection (5%), during and after 

therapy[96]. Current methods for MRD detection are PCR and flow cytometry-based 

methods[30,45,54,55,86,101,150]. Especially in adult AML, MRD monitoring has become a 

widely used and accepted prognostic indicator important for risk stratification and 

treatment planning[76,133]. With respect to MRD-directed therapy in pediatric AML 

however, robust clinical data are still lacking[112]. For example, multiparameter flow 

cytometry, which is a very quick and relatively cheap method to determine MRD using 

the aberrant expression of antigens on the blast cells, is more straightforward in ALL 

than in AML[112]. This is due to the fact, that AML patients have a higher probability to 

present with multiple clones and every clone could contribute to MRD and thus requires 

monitoring[55,86].  
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 Another widely used technique to monitor MRD in addition to qualitative PCR is 

the quantitative Real Time PCR (qPCR). This is a powerful tool using primer and 

probes with which the presence and amount of mutated genes or fusion genes can 

specifically be targeted[11,45,154]. For adult leukemia, an international group from ten 

countries already collaborated and established standardized protocols for qPCR 

analysis of fusion genes that are used to determine the MRD level[11,45]. Presently this 

kind of study has not yet been performed for pediatric AML patients.  

 Supplementing or maybe even replacing the current MRD monitoring platforms 

is another direction for NGS and several studies already suggested its 

applicability[38,113,147,152]. Ultra deep sequencing with close to 1 000 000 reads per 

marker per patient may enable sensitive and reliable MRD monitoring for mutations 

initially identified by NGS in patients lacking markers used by conventional methods 

such as qPCR[147].  
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4 Aims of the thesis 

I established various NGS approaches for the Illumina platform in my thesis to address 

two important topics in current pediatric AML research.  

In the first part of this thesis, an approach that allows to genetically characterize 

AML blasts and specifically AML LSCs was established. Previous studies used somatic 

changes as markers for clonality and have revealed that AML is a complex mosaic of 

different cell populations[35,89,97,98]. Therefore, we aimed to work on a workflow using a 

commercial WGA procedure to analyze the heterogeneity of pediatric AML even on a 

single-cell level, allowing the analysis of clonality and clonal evolution of this disease.  

In the second part of this thesis, we retrospectively analyzed a cohort of pediatric 

AML patients treated on current protocols of the AML-BFM study group in Germany. 

We applied NGS and quantitative Real-Time PCR (qPCR) to identify mutations and 

gene fusions to analyze the correlation between the presence or absence of genetic 

aberrations and survival and treatment response. We thereby focused on and 

confirmed the data about the impact of WT1 and FLT3 mutational status on patient 

outcome using targeted amplicon-based NGS (TS) and further analyzed patient cells 

for the presence of NUP98-NSD1 fusiontranscripts.  
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The treatment outcome of AML in children and adolescents has drastically improved 

over the last decades, however the overall survival is still only around 70%[32,119,162]. 

Understanding the complex mechanisms of leukemogenesis and identifying 

biomarkers predicting initial treatment response and relapse will lead to more precise 

definition of specific risk groups, which is a prerequisite for more specifically adapting 

the treatment according to the individual risk and thereby possibly increasing the 

overall survival further. In this thesis, a workflow for reliable genetic analysis of single 

AML blasts from pediatric AML patients with known mutations in NPM1 and/or FLT3 

ITD as genetic markers was established. To this end, DNA from bone marrow of 

pediatric patients with at least 80% blasts at initial diagnosis was isolated and then 

underwent both targeted amplicon-based sequencing (TS) as well as whole exome 

sequencing. Additionally, genomic DNA was extracted from single AML blasts sorted 

for a leukemic stem cell (LSC)-enriched immunophenotype and then subjected to 

whole genome amplification (WGA). The amplified genomic DNA was analyzed by 

whole exome sequencing (WES) and the findings compared to the results achieved on 

the bulk material. Importantly, this work demonstrated that the quality of WGA was 

sufficient to facilitate WES of single cells and that coverage statistics were comparable 

between single cell and bulk WES data.  

In the second study we tested the hypothesis, whether mutations in WT1 and 

FLT3 that co-occur in AML blasts from children and adolescents at diagnosis are still 

predictors of poor outcome in contemporary treatment protocols. 353 patients (<18 

years) treated in Germany in the BFM-AML studies since 2004 were analyzed. WT1 

mutational status was confirmed via targeted amplicon-based NGS using the TruSight 

myeloid panel (Illumina) and the presence of FLT3 ITDs was additionally confirmed in 

52 patients by fragment length analysis. The presence of NUP98-NSD1 fusion, another 

genetic factor that is frequently associated with FLT3 ITD, was determined 

retrospectively in our cohort from frozen material obtained at diagnosis. Comparing the 

clinical data/treatment outcome of different genetically defined risk groups 

demonstrated that co-occurrence of WT1 mutation, NUP98-NSD1 fusion and FLT3 ITD 

as triple or double factors still predicts dismal response to contemporary first- and 

second-line treatment for pediatric AML.  
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abbreviation full term 

LSC Leucemic stem cell 

AML Acute myeloid leukemia 

NPM1 Nucleophosmin 

FLT3 fms like tyrosine kinase 3 

WES whole exome sequencing 

InDel Insertion or Deletion 

WGA whole genome amplification 

MDA multiple displacement amplification 

TS targeted sequencing 

AML-BFM 

name of the german pediatric AML 

study group 

BM bone marrow 

FAB classification 

French–American–British (FAB) 

classification system for 

hematologic diseases 

n.a. not available 

HR high risk 

SR standard risk 

WBC white blood cell count 

Hb hemoglobin 

PI propidium iodide 

SNV single nucleotide variant 

TSM panel TruSight myeloid Panel 
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Abstract 

Background 

The small portion of leukemic stem cells (LSCs) in acute myeloid leukemia (AML) 

present in children and adolescents is often masked by the high background of AML 

blasts and normal hematopoietic cells. The aim of the current study was to establish 

a simple workflow for reliable genetic analysis of single LSC-enriched blasts from 

pediatric patients.  

Procedure 

For three AMLs with mutations in NPM1 and/or FLT3, we performed whole genome 

amplification on sorted single-cell DNA followed by whole exome sequencing (WES). 

The corresponding bulk bone marrow DNAs were also analysed by WES and 

additionally by targeted sequencing that included 54 genes associated with myeloid 

malignancies.  

Results 

Analysis revealed that read coverage statistics were comparable between single-cell 

and bulk WES data, indicating high-quality WGA. From 102 single-cell variants, 72 

SNVs and InDels (70%) were consistently found in the two bulk DNA analyses. 

Variants reliably detected in single cells were also present in targeted sequencing. 

However, WES with read counts between 50-72X failed to detect rare AML subclones 

in the bulk DNAs.  

Conclusions 

In summary, our study demonstrated that single-cell WES combined with bulk DNA 

targeted sequencing is a promising tool for detecting AML subclones and possibly 

LSCs. 

 

 

Introduction 

 Childhood acute myeloid leukemia (AML) is a rare hematological disorder 

caused by uncontrolled proliferation and impaired differentiation of malignant myeloid 

precursor cells (1, 2). Although the event-free and overall survival of children and 



29 
 

adolescents with AML has steadily increased over the last three decades (3-5) and 

small molecularly and cytogenetically defined subgroups with improved outcome exist 

(6, 7), overall survival after the very intense therapy is still only about 70% (1).   

 In order to improve the prognosis of pediatric AML, numerous approaches to 

understand the complex interplay of molecular and cellular factors regulating the 

development and growth of different AML subtypes have been pursued (8-12). Major 

findings include intrinsic or acquired changes in the microenvironment of the bone 

marrow niche (13, 14) (reviewed in (15)) as well as intrinsic factors in the AML blasts, 

such as epigenetic changes, predisposing germ-line drivers or somatic mutations, 

which all lead to altered differentiation, survival, dormancy and regenerative capacities 

(reviewed in (15, 16)). Contributing factors in the manifestation of AML may also 

comprise deficiencies in innate or acquired immune responses (reviewed in (17)), as 

AML blasts are known to express antigen(s) on their surface that can trigger immune 

responses (18) and can be recognized by donor lymphocyte infusions after allogeneic 

stem cell transplantation (19, 20).  

 More than 20 years ago, studies already suggested that similar to normal 

hematopoiesis, AML may be organized in a hierarchical manner (reviewed in (15)). 

Using CD34, CD38 and lineage specific markers, CD34+CD38- leukemic blasts were 

identified in AML patients that possessed long-term culture initiating activity in vitro (21, 

22) and were capable of engraftment in immunodeficient mice (23-25). Later studies 

demonstrated that these leukemic stem cells (LSCs) can also reside in the 

CD34+/CD38+ fraction or even within CD34- cells (26). In some patients, more than 

one LSC co-exists within the CD34+ cell fraction (26). Importantly, the fact that LSCs 

persist in the bone marrow as a small population of cells capable of recapitulating the 

disease (27-29) implies that long-term cure can only be achieved by eliminating these 

primitive cells, which can be more resistant to common chemotherapy agents (30).  

 During the process of malignant transformation, LSCs undergo continuous 

genetic and epigenetic changes as part of their clonal evolution (31). Extensive studies 

using acquired changes as markers for clonality have indeed revealed that AML in 

individual patients is a complex mosaic of oligo- to polyclonal cell populations (32, 33). 

Chemotherapy exposure of AML LSCs and blasts leads to additional evolutionary 

stress that induces further alterations in the AML cells as adaptation to the treatment. 

This forced evolution can ultimately result in altered signatures of the LSCs and blasts 

at relapse (34). As LSCs with different profiles are present at very low percentages 



30 
 

(27-29), it remains a major technical challenge to genetically characterize few LSC 

cells against a high background of diverse AML blasts and also normal hematopoietic 

cells. Here, enrichment procedures are required to specifically analyse AML 

subpopulations and ideally single cells enriched for LSCs.  

 Next generation sequencing (NGS) has emerged as a technology that provides 

high-quality genetic data, especially in case of heterogeneous cell populations (11, 32, 

35). However, the limited amount of DNA obtainable from single cells currently 

constitutes a major technical challenge, as the characterization of single cells with NGS 

technologies requires reliable and unbiased methods for single-cell whole genome 

amplification (WGA). Several WGA techniques are available with the most important 

ones being based on PCR and/or multiple displacement amplification (MDA) methods 

(36, 37). 

 Here, we established a procedure for WGA of DNA from single CD34+/CD38- 

cells, which is suitable for genomic characterization of these single cells via whole 

exome sequencing (WES). In order to validate this workflow, we performed WGA on 

24 single cells from three pediatric AML patients and showed that unique markers of 

the patient blasts were still present in 16 out of 24 cells. NGS analysis of 5 single 

malignant cells demonstrated the high quality of the WGA procedures as the majority 

of variants identified in single CD34+CD38- blasts were consistently detected in the 

bone marrow bulk populations by both WES and targeted sequencing (TS). 

 

 

Material and Methods 

Patients and samples 

 Specimen were collected within the AML-BFM Trials and used with informed 

consent of the patients and legal guardians, approved by the Ethics Committees. Bone 

marrow (BM) samples were collected at diagnosis and mononuclear cells were stored 

in liquid nitrogen. The characteristic profile of the blasts, including their NPM1 and 

FLT3 status (Table 1), was assessed as previously described (38). The OCI-AML3 cell 

line was purchased from the DSMZ (Braunschweig). 
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Flow cytometry and cell sorting  

Cryopreserved BM cells from each patient were thawed and stained with propidium 

iodide (PI), CD34-PE-Cy7 and CD38-FITC antibodies (Beckman Coulter). Single 

CD34+CD38-PI- cells were sorted on the MoFloXDP cell sorter (Beckman Coulter) into 

single wells of a 96-well plate for microscopic control. Wells with a single cell were 

subsequently transferred into 0.5ml low binding tubes (Biozym). Sorted PI- single cells 

from the OCI-AML3 cell line cells were processed as described above for initial 

establishment of the workflow. 

 

Whole genome amplification (WGA) and quality control 

 Sorted single-cell DNAs were amplified using the MDA-based REPLI-g single-

cell kit (Qiagen). The amplified DNA was purified using the Gel and PCR clean-up kit 

(Macherey-Nagel). To control the amplification quality, fragments of GATA1, Albumin 

and GAPDH located on different chromosomes were detected by Taqman qPCR 

(Supplemental Table S2). 

 

Targeted Sequencing with the TruSight Myeloid panel 

 For targeted sequencing with the TruSight Myeloid (TSM) panel (Illumina, 

Supplemental Table S3), 50ng of bulk DNA derived from each of the three patients 

was used. The libraries were prepared according to the manufacturer`s protocol and 

sequenced on Illumina MiSeqDx using the MiSeq V2 Reagent kit (2x150 cycles, paired 

end run) with a total of 141kb per patient. 

 

Whole exome sequencing (WES) 

 WES was performed on the amplified DNA derived from sorted single cells as 

well as from the bulk bone marrow cells from the three patients. Fragmentation of 

100ng DNA was performed on a Covaris S2 and the size of the fragments was 

controlled with Agilent Technologies 2100 Bioanalyzer.  

 The DNA sequencing library was generated from 100ng of fragmented bulk and 

single-cell DNAs using Agilent SureSelectXT Reagent Kits v5_3´ UTR (75Mb) 
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according to the manufacturer´s protocols. The libraries were sequenced on Illumina 

HiSeq2500 or HiSeq2000, respectively, using TruSeq SBS Kit v3-HS (200 cycles, 

paired end run) with an average of 12.5 x106 reads per single exome. 

 

WES and TSM data analysis 

 Raw reads (fastq format) from the WES samples (n=8) and the TSM targeted 

sequencing (n=3) were aligned to build 37 of the human genome (hg19) using the BWA 

MEM (http://bio-bwa.sourceforge.net/) or Bowtie2 (http://bowtie-

bio.sourceforge.net/bowtie2/index.shtml) algorithms with default settings. Single-

nucleotide variants (SNV) and Indels were called and annotated using a commercial 

software (Sophia DDM, Sophia Genetics, Switzerland). Variant calling was performed 

on each sample independently. For WES, genomic regions covered by <5 reads were 

not considered. For targeted sequencing, genomic regions that were only covered by 

<30 reads were not included. Variants with variant fraction <4% were filtered out. 

Variant analysis was only performed on genomic regions targeted by both the WES 

and TSM approaches.  

 

 

Results 

Patient selection 

For WGA of single CD34+CD38- blasts, we selected three patients with mutations that 

can be readily detected by PCR followed by fragment analysis of the PCR amplification 

products (39-43). As shown in Table 1 and Supplemental Figure S1, AML blasts from 

patient 1 had a somatic insertion of 4bp pairs, c.860_863dupTCTG, in the NPM1 gene 

and an internal tandem duplication (ITD), c.1812_1813ins36, in the FLT3 gene. In 

contrast, the AML blasts from patient 2 had wild-type NPM1 sequences but were 

positive for the FLT3 ITD, c.1734_1837+2dup. The blasts of patient 3 had the same 

NPM1 mutation as patient 1 but had FLT3 wild-type alleles. All three patients had 

elevated leukocyte counts in the peripheral blood with typical antigen expression 

profiles of myeloid blasts.  

 

http://bio-bwa.sourceforge.net/
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Quality control of the WGA DNAs and sequencing  

The workflow was first established using cultivated CD34+CD38-PI- OCI-AML3 cells. 

To quickly check whether error-free amplification of defined areas of the genome had 

occurred, we analyzed fragments of albumin, GATA1 and GAPDH located on different 

chromosomes by Taqman qPCR. With this readout, we achieved correct WGA in 14 

out of 23 (61%) sorted single cells (data not shown).  

 Next, we thawed cryopreserved cells of the three patients from diagnosis and 

sorted single CD34+CD38-PI- cells followed by WGA. From a total of 32 single cells, 

correct amplification of albumin, GATA1 and GAPDH was achieved in 18 (56%) single 

cell DNAs (Supplemental Table S1). Amplified DNAs from two WGA single AML cells 

from patients #1 and #2 and one cell from patient #3 (Supplemental Table S4) was 

then subjected to subsequent WES analysis. WES was also performed on the bulk 

DNA isolated from the mononuclear BM cells from each patient. As an independent 

high-quality sequencing tool, we analysed the bulk DNA from the BM cells with the 

TSM panel that specifically determines the presence of genetic variants in 54 genes 

typically associated with myeloid malignancies and reaches much higher coverage 

compared to WES.  

 

Coverage of the genetic information in bulk versus single-cell DNA  

 We initially compared the coverage between the three sequencing approaches, 

WES of WGA single cell DNA, WES and targeted sequencing of the bulk DNA. The 

total number of aligned reads varied between 51,224,023 - 68,229,043 (~98% of all 

reads) for bulk DNA (n=3) and 32,826,454 - 83,090,381 (~98% of all reads) for single-

cell DNA (n=5) (Supplemental Table S5). For the three bulk DNAs and three of the 

five WGA single-cell DNAs, >95% of the target regions was covered with at least 10 

reads and 50% of the regions was covered more than 60 times (Figure 2A). In 

contrast, the WGA DNAs from two single cells, 73-KM from patient 1 and 92-UE from 

patient 2, had a median coverage of 0 (Supplemental Table S6) due to the facts that 

90% of the target regions were not covered and that the fraction of the target regions 

covered with at least 50X was <10% (Figure 2A). Excluding the latter two single-cell 

DNAs, further analysis revealed that the median coverage per exome varied between 

42 and 63 (mean 50, n=3) in the bulk DNAs and between 23 and 78 (mean 55.6, n=3) 

in the single-cell DNAs (Figure 2B).  
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 The total number of reads that mapped to the target region of the TSM Panel 

(n=3) ranged between 1,551,921 and 2,291,044 (97-99% of all reads) and the 

minimum coverage observed on 90% of the target region was comprised between 

806x and 1346x (data not shown). As shown graphically in Figure 3, the coverage for 

the bulk DNAs was comparable at each genomic position targeted by the TSM panel 

and the WES approach. In contrast, we observed a slightly less uniform coverage in 

the amplified single-cell DNAs, as more regions were present in the amplified single 

cell DNAs that were either over- or underrepresented when using 5-times or one fifth 

of the median coverage as cut-off.  

 When we restricted the comparison to the regions targeted by the TSM panel, 

the uniformity of the coverage in the bulk and the single-cell DNAs WES was 

comparable and the median coverage even higher for the single-cell DNAs, 44 vs. 78, 

as shown for patient 1 in Figure 4. 

 

Somatic variants detected by WES or targeted TSM sequencing  

 In order to determine the quality of the single-cell amplifications, we analysed 

the somatic variants (SNV, InDels) detected by all three sequencing approaches. This 

analysis was possible in 50 out of 54 genes that were sufficiently covered in the 

analyses. As shown in Figure 5a, the majority of variants detected in the WES bulk 

data was found at comparable frequencies in the TSM panel data. The variant 

frequencies in the single-cell data from WES were more variable and more variants 

from the single-cell DNAs were not found in the TSM panel data (Figure 5b).  

 With all approaches, a total of 170 somatic variants were detected in the three 

bulk and the three single-cell DNA samples. 53 variants only detected by TSM panel 

were visually inspected using IGV and 49 were finally classified as false positives and 

therefore excluded from further analysis. The origin of the remaining 121 variants was 

visualized in Figure 5c. Importantly, none of the sequencing approaches was able to 

detect all 121 variants. However, as many as 79 out of 121 variants (65.3%) were 

present in all three data sets. WES readily identified 103 (85.1%) and 93 (76.9%) of 

the 121 variants in the bulk and single-cell DNAs, respectively. Only four (3.3%) 

variants were not detected by WES.  
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 Twelve (9.9%) variants were exclusively found in the single-cell DNAs. Eleven 

of these were classified as artefacts generated during the DNA amplification process, 

as the variant frequencies were <25% and the variants could not be called in the TSM 

panel data (Supplemental Table S7), despite a high read coverage in these areas. A 

synonymous variant in the CUX1 gene (c.603G>A; p.Leu201Leu) was detected at a 

variant frequency of 60% in the single cell from patient #2 (Supplemental Table S7).  

 Out of 28 variants (23.1%) detected in WES bulk data and/or TSM panel data 

but not in the single-cell WES data (Figure 6), 23 were missed in the single-cell data 

because of insufficient or absent coverage at the corresponding regions. Four variants 

were present in the single-cell data but not called by our pipeline due to too low read 

frequencies (Supplemental Table S8). Despite sufficient coverage, one missense 

variant in the TET2 gene (c.5285A>G, p.Ile1762Val) was not present at all in the single-

cell WES data (Supplemental Table S8), probably as the single cell used for DNA 

amplification did not harbor this variant.  

 We identified two variants (1.7%) in the single-cell WES and the TSM panel 

data, which were not detected in the bulk WES data (Figure 6). In depth analysis 

revealed that one variant was not detected due to insufficient coverage. The nonsense 

variant in the KDM6A gene (c.2581G>T; p.Glu861) present in the single cell of patient 

#2 with a variant frequency of 90% was found in the TSM panel data, albeit with a 

variant frequency of only 4.6%.  

 

Retracing the FLT3 ITD and NPM1 mutations in the single-cell DNA WES 

 Finally, we checked whether the NPM1 and FLT3 alleles known for the three 

patients as characteristics of their AML blasts were also present in the data obtained 

from the different sequencing approaches. As shown in Supplemental Table S9, the 

TSM panel was an excellent tool for identifying the mutations and wild-type sequences 

in NPM1 and FLT3 in the bulk DNAs of all patients.  

The WES approach was equally suited to detect the wild-type FLT3 sequences 

and the FLT3 ITD c.1812_1813ins36 (Supplemental Table S8). However, the FLT3 

ITD c.1734_1737+2dup from patient #2 was only detected by WES analysis with our 

improved algorithm. The NPM1 mutation in patient #1 and #3 was found in 

approximately 50 and 25% of reads by WES, respectively.  
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Discussion 

 Seminal work in adults demonstrated that the myeloid disorders MDS and AML 

exhibit clonal heterogeneity that evolves during disease progression and can be 

altered at relapse because of treatment (44). The initial publications have used NGS 

of bulk samples (32, 33, 45, 46), but recent studies also described the functional 

heterogeneity among AML subpopulations by combined single-cell and bulk analysis 

(47). In pediatric AML/MDS, we are often severely limited by the amount of material 

that is available for the diagnostic and experimental procedures. The aim of this work 

therefore was to evaluate whether a commercial WGA procedure allows to analyze the 

heterogeneity of AML in cryopreserved material on single-cell level.  

 For the study, we chose material from three pediatric patients at diagnosis with 

defined mutations in NPM1 and/or FLT3. Five out of 18 successfully amplified single 

CD34+CD38- cell DNAs underwent WES and were compared to WES and also 

targeted sequencing with an amplicon-based approach of the bulk DNAs from the 

patients. Our results demonstrated that the quality of DNA amplified using the MDA 

technology is sufficient for WES of single cells, as also shown by others (48, 49). 

Importantly, the alignment of reads derived from the single-cell DNA was robust and 

highly specific, since consistently >98% of reads were unequivocally mapped to the 

corresponding sites in the reference genome. The median coverage between single-

cell and bulk DNA was comparable. In addition, the coverage uniformity was slightly 

lower in DNA amplified from single cells, which is concordant with findings described 

previously (48, 49).  

 In order to access the error rate in variant detection introduced by the WGA-

MDA technology, the called variants from the single-cell WES data were compared to 

those identified the bulk DNA WES data. As WES generally produces limited coverage, 

we also analyzed the bulk DNA with the TSM panel that readily achieves coverage of 

1000X or more. For a meaningful comparison, we restricted the variant analysis to 

common target regions covered by all three approaches. Not surprisingly, the coverage 

in these target regions was slightly lower in single cells, but still comparable to bulk 

DNA.  
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 From 170 somatic variants detected, 49 were artifacts from the PCR-based DNA 

amplification in the TSM panel. Importantly, 79 of the validated 121 variants (65.5%) 

were present in all three approaches and thus classified as real variants reflecting the 

genetic profile of three CD34+CD38- single cells derived from the patients. Forty-two 

variants were detected only in one or two of the data sets. Out of the twelve variants 

exclusively found in the single-cell WES data, eleven were classified as artifacts as 

their variant frequencies were below 20% and as they were not retraceable in the 

targeted sequencing analysis despite the high coverage achieved. One synonymous 

variant detected in the CUX1 gene in the single-cell WES derived from patient #2 had 

a variant allele frequency of 60% and was classified as a heterozygous SNP from a 

small CD34+CD38-subclone, as it was present in the TSM data set but not the bulk 

WES.   

 We found 28 variants in the bulk DNAs from WES and the TSM panel, that were 

absent in the single-cell WES data; 23 of them were not called in the single-cell data 

due to insufficient coverage at these positions. A TET2 missense variant found in the 

bulk sample (39% in WES and 53% variant allele frequency in targeted sequencing) 

was not be detected in the single-cell data, despite sufficient coverage at this position 

as the single cell simply did not harbor this variant. Three SNVs detected by the TSM 

panel in the bulk DNAs were not called by our pipeline due to insufficient coverage in 

WES single-cell and bulk DNA data. Similarly, a 107bp long insertion detected by the 

TSM panel in the bulk DNA was not called in WES bulk and single-cell data. 

Nevertheless, visual inspection by IGV suggested the presence of this variant in WES 

single-cell DNA, but not in WES bulk DNA. 

 Only two variants that were found in the single-cell and the TSM data sets were 

missing in the bulk WES data. One was not called in the bulk WES due to low coverage 

at this position. The other variant was a nonsense mutation detected in the KDM6A 

gene in the single-cell and the targeted sequencing data from patient #2. This variant 

was identified with a frequency of 4.6% in the TSM panel and therefore only present in 

a small subpopulation for which the WES approach on the bulk DNA did not have 

sufficient coverage to detect.  

 

Our study clearly demonstrated that WGA followed by WES can reliably detect 

at least two third of the somatic changes that are present in single CD34+CD38- AML 

cells. For single cell analysis, the usual coverage of WES (about 50X) is sufficient as 
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variants will be present either in heterozygous or homozygous state in a largely diploid 

genome (except for areas that were amplified or deleted). WES of bulk DNA is helpful 

for screening approaches but does not add much more information when compared to 

WES of amplified single cells. WES however is not ideal to analyze small 

subpopulations of clones, simply due to the low coverage associated with this 

approach. Here, targeted sequencing e.g. by the TSM panel is clearly more powerful 

and also uses less resources. However, the main limitation for targeted sequencing is 

that the genes of interest have to be defined already prior to the sequencing. Targeted 

sequencing of bulk DNA nevertheless is a powerful and also economic research tool 

when used for confirmation of WES data obtained from amplified single-cell DNA, as 

even small subpopulation can readily be detected due to the high read counts. Here, 

the TSM panel as PCR-based amplicon technology will be replaced by capture-based 

assays. For our pediatric AML patients, WES of WGA single-cell DNA in combination 

with targeted bulk DNA analysis will allow to cost-effectively and reliably perform clonal 

analysis at diagnosis, after passage in immunodeficient mice and/or at relapse after 

therapy.  
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Tables 

Table 1. Patient characteristics. 

 
patient 1 patient 2 patient 3 

sex female female female 

Age at 
diagnosis 

[years] 
15 5 7 

FAB 
classification AML M2 AML M1 AML M2 

karyotype 46,XX, inv(9)(p11q12)c 
[25] 46,XX,t(6;9)(p23;q34)[2]/47,idem,+8[18] n.a. 

genetics 

NPM1 
c.860_863dupTCTG 
(p.Trp288Cysfs*?) 

FLT3 ITD 
c.1812_1813ins36 

(p.Glu604_Phe605ins12) 

NPM1 WT 
FLT3 c.1734_1837+2dup (p.?) 

NPM1 
c.860_863dupTCTG 
(p.Trp288Cysfs*?), 

FLT3 WT 

Flow 
cytometry 

CD33, CD13, part CD34, 
cyMPO, CD7 

CD33, part. CD34, CD117, part CD7, 
CD13, CD45, cyMPO 

CD33, CD13, CD38, 
CD123, CD114low, 

cyMPO, part 
CD117 

Risk group HR HR SR 

% blasts 86 78 90 

WBC 

[10
3
/µl] 256.2 46.9 85.1 

Hb [g/dl] 7.9 8.8 9.8 
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Figures 

 

Figure 1. The workflow for three pediatric AML patients with defined mutations in FLT3 

and/or NPM1. DNA derived from the bulk BM sample as well as WGA DNA from sorted 

CD34+/CD38- single cells of each patient was subjected to whole exome sequencing 

(WES). The DNA derived from the bulk samples was additionally analysed using 

targeted sequencing of 54 genes associated with myeloid malignancies. 

Pat 1 

Selection of patients 

Whole exome 
sequencing 

Sorting of single 
CD34+CD38- BM 

cells 

Quality control 

WGA DNA extraction from 
bulk BM 

Pat3 Pat2  

Targeted 
sequencing 
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Figure 2. Fraction of the target region (total size ~75M bp) of WES covered with at 

least a certain number of reads (shown on the x-axis) (A). Coverage on the target 

region of the TSM panel achieved by whole exome sequencing in bulk samples (red) 

and single cells (blue) (B). 

 

 

 

Figure 3. Coverage uniformity for bulk DNA and sorted single cells from the three 

patients (P1-3) displayed for each genomic position targeted with both the TSM panel 

and the WES approach. Orange: observed coverage is larger than 5-times the median 

coverage. Blue: observed coverage is smaller than one fifth of the median coverage. 

Gray: otherwise (i.e. observed coverage is not uniform). The upper line represents the 

single cell and the lower line represents the bulk sample for each patient respectively. 

 

 

 

 

P3 

P2 
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Figure 4. Coverage profile of the overlapping target regions from WES and TSM 

approach for the bulk and one single-cell DNA derived from patient 1. 
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Figure 5. Comparison of the variant fractions found with the TSM panel to those 

identified by WES in bulk DNA (A) and in single-cell DNA (B). Filled circles indicate 

variants consistently found in both technologies; open circles and crosses show 

variants were not found by one technology because of low coverage (crosses) or for 

other reasons (open circles). 1: Variant fractions estimated from single-cell data were 

noisy (data dispersed along the y-axis). 2: All but one variant found in Single Cell DNA 

had low variant fraction. C: Number of variants called with at least one of the 3 

approaches. Variants excluded due to insufficient coverage are not reported in the 

brackets. 
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5.3 Mutated WT1, FLT3-ITD, and NUP98-NSD1 Fusion in Various 

Combinations Define a Poor Prognostic Group in Pediatric Acute Myeloid 

Leukemia 

 

Contribution to present publication: 

 Conception: 20% 

 Experimental work: 50% 

o preparation of DNA and RNA from cryopreserved BM or PB cells from 

pediatric AML patients  

o preparation of libraries for targeted NGS 

o cDNA synthesis  

o  quantitative PCR and detection of NUP98-NSD1 fusion transcripts  

 Data analysis: 50% 

o Analysis and interpretation of targeted NGS data  

o Analysis and interpretation of quantitative PCR data  

 Writing the manuscript: 30% 

 Revising the manuscript: 30% 
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6 Discussion 

The concept of the hierarchic organization of AML with leukemic stem cells (LSCs) as 

the origin has first been described already decades ago[20]. During leukemogenesis, 

LSCs undergo further clonal evolution gaining additional genetic and/or epigenetic 

aberrations and give rise to different clones of leukemic blasts[35,39,40]. The LSCs are 

thought to replenish the leukemic blasts constantly leading to both uncontrolled 

proliferation, as it is seen clinically, and maintenance of the disease[20]. 

Characteristically for this clonal evolution especially in adult AML is, that preleukemic 

mutations can already be found in healthy people[47,157]. This results in a predisposition 

for hematologic malignancies, which is termed clonal hematopoiesis of indeterminate 

potential (CHIP)[142] which has not yet been described for pediatric patients. 

 Several approaches have aimed to unravel the genetic complexity of AML and 

have already increased our knowledge [8,9,19,44,98,135], all of them using bulk samples. 

Recent studies, especially in the field of adult AML, also accomplished to describe the 

functional heterogeneity among AML subpopulations by combined single-cell and bulk 

analysis of the AML blasts[74,81,109,135]. 

In this thesis, one aim was to establish a workflow using a commercial whole 

genome amplification (WGA) procedure to analyse the heterogeneity of pediatric AML 

on single-cell level, thereby better allowing to analyze the clonality and clonal evolution 

in this disease. To this end, bulk BM cells from three pediatric AML patients were 

analyzed using targeted NGS (TS) and also whole exome sequencing (WES). 

Additionally, sorted single BM cells were analysed via WES and the quality and results 

obtained were compared.  

In the second part of the study, we retrospectively analyzed the outcome of a 

cohort of pediatric AML patients with sufficient material available treated on current 

protocols of the AML-BFM study group in Germany. We used NGS and quantitative 

Real-Time PCR (qPCR) to identify mutations in WT1, FLT3 and other myeloid genes 

and retrospectively assessed the presence of a specific gene fusion, NUP98-NSD1, 

by qPCR. Using this data, we then investigated the correlation between the presence 

or absence of genetic aberrations for survival and treatment response/outcome in this 

cohort of pediatric AML patients.  
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6.1 Single cell Whole Genome Amplification  

Standard methods rely on the sequence information obtained from DNA from 

multiclonal cell populations. The genetic information of individual cells is often lost and 

de novo mutations in a low percentage of AML blasts such as subclones or LSCs are 

concealed within the bulk signal in AML samples. Therefore, the need to establish 

methods that facilitate analysis of the genetic profile of single cells has emerged during 

the past years.          

 Almost all human diploid cells contain only ~6 pg of DNA per cell[49]. However, 

for the analysis of the genome, a few hundred ng to µg of genomic DNA is needed for 

library preparation for next generation sequencing. Thus, to analyze the genome of 

single cells, it is mandatory to first amplify the genome before using it in further complex 

genetic analyses[36]. Several whole genome amplification (WGA) methods are already 

commercially available, and their use is described in different studies[36,67,108]. WGA 

usually is either PCR-based or uses isothermal amplification methods[16]. Using 

degenerate primers, degenerate oligonucleotide-primed PCR (DOP-PCR) allows 

dense priming and is typically run in two PCR steps; extension of the hybridized oligos 

and replication of the amplicon[145]. A similar method is MALBAC[160]. However, the 

sequence of the constant regions of the primers is differently designed and in 

combination with thermal cycling during the initial reaction enables a quasi-linear 

amplification[160].          

 For our study, we chose a well-established assay based on multiple 

displacement-amplification (MDA), which works with the φ29 DNA polymerase and 

random hexamer primers in an isothermal reaction. After the hexamer primer annealed 

to the template DNA, the polymerase initiates replication at multiple sites 

simultaneously[108]. Complementary DNA strands are displaced und thus new single 

stranded DNA is generated[108]. Subsequently, priming and strand displacement 

replication ultimately results in the formation of amplified double stranded DNA[108]. The 

amplified DNA can subsequently be used for library preparation and NGS approaches. 

As already described by Hou et al. (2015)[67], this MDA-based WGA approach is 

sufficient to generate sequence reads with a higher and more uniform coverage 

compared to other WGA-methods. The authors isolated 29 single cells from a cell line 

and applied seven different commercial WGA kits. Methods used were DOP-PCR, 

MDA and MALBAC and different sequencing approaches were performed to compare 

the performance of the different WGA kits[67]. The MDA-based WGA approach showed 
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a lower duplication ratio, a higher mapping ratio and a higher genome recovery 

compared to PCR-based methods[67]. Although all WGA strategies tested by Hou et al. 

introduced some amplification bias, the MDA kit showed the highest covered 

sequencing depth and thus should be best suited for variant calling[67].   

 Our single cell sequencing results confirmed these findings. The alignment of 

reads derived from the single-cell DNA was robust and highly specific. Consistently, 

>98% of reads were mapped to the reference genome, which is very concordant with 

the findings reported by Hou et al. (2015)[67]. The median coverage between single-

cell and bulk DNA was comparable. The coverage uniformity was slightly lower in DNA 

amplified from single cells, which was also described previously[36,67].  

 Since we were interested in the error rate in variant detection introduced by the 

WGA-MDA technology in our approach, we also compared the called variants from the 

single-cell WES data to those identified the bulk DNA WES data. We therefore 

additionally analyzed the bulk DNA with TS that readily achieves coverage of 1000X 

or more. The analysis was then restricted to the regions sufficiently covered by all three 

approaches in order to get a meaningful comparison. From 170 somatic variants 

detected, 49 were classified as artifacts from PCR errors or unbalanced distribution of 

PCR products due to uneven amplification. While 42 out of the 121 validated variants 

were detected in only one or two of the data sets, 79 were present in all three 

approaches and therefore classified as real variants reflecting the genetic profile of 

three CD34+CD38- single patient derived cells. We identified eleven out of twelve 

variants exclusively found in the single cell data set as artifacts since the variant 

frequencies were below 20% and they were not retraceable in the TS data despite high 

coverage. Introduction of false positives during the amplification is a well described 

effect of MDA-WGA[36,67]. Primer extension in WGA is dependent on a DNA 

polymerase and the MDA based approach used in this study is based on a φ29 

polymerase with an error rate between 2×10−4 and 4×10−6 [43] explaining the detection 

of false positive variants. On the other hand, also allelic dropout (ADO) and selection 

based bias can be introduced during WGA and is described to be the main cause for 

false negatives and variants with allele frequencies lower than expected[68]  

 It is already known, that the bulk of leukemic blasts consists of several 

subclones that gain additional mutations[41,44,51,98]. Chemotherapy itself may promote 

this evolution even more and clones, which are more fit than others, may survive and 

give rise to relapse[98]. To characterize subclones within the AML blasts therefore is an 

essential step to understand clonal evolution. Additionally, it might be essential to 
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identify driver mutations that occur early in leukemogenesis and persist also during the 

course of the disease. This may then allow more precise disease monitoring and even 

enable more specific targeting the origin of the AML LSCs[98].   

 In our study, one synonymous variant only found in a single cell remained after 

filtering and was classified as a heterogenous SNP. This SNP was also present in the 

TS data but not in the bulk WES approach. Missing subclones in the bulk data is a 

problem that can be caused by insufficient coverage and due to the contamination by 

non-malignant cells. The other way around, we identified some variants in the bulk 

analyses which were not detectable in the single cell data. The main cause for this 

discrepancy was the low coverage at the specific regions. Only one missense variant 

detected in the bulk sample could clearly be excluded from the single cell data since 

the coverage at the specific region was sufficient. The single cell was therefore 

identified as belonging to a subclone that did not harbor this variant. By identifying a 

variant clearly present in the single cell data, present at a low variant frequency in the 

TS data and absent in the bulk WES data, we concluded that the bulk WES approach 

is not sufficient to detect somatic variants of rare subclones due to the low coverage 

that it achieves. Additionally, due to PCR duplicates generated during library 

preparation, the allele frequencies of variants detected in bulk samples can be 

influenced and biased[140]. To determine the presence of subclones even in the bulk 

analysis, the integration of unique molecular identifiers (UMIs) in the library preparation 

step could be another approach apart from single cell sequencing. During library 

preparation, each molecule gets an identifying sequence and therefore copies derived 

from each molecule can be identified in the sequencing data and PCR duplicates and 

false positives can be removed as already described[63,80,137]. 

Our study clearly showed that WGA followed by WES can readily be used for 

genetic analysis of single cells. Coverage achieved by WES in our study is sufficient 

to detect somatic variants in single cells, as variants will be present in homozygous or 

heterozygous state in a diploid genome (except for amplified or deleted areas). WES 

of bulk cells did not add much more information to this, since it is not ideal to analyze 

multiclonal subpopulations where a higher coverage is needed to detect the variants. 

For this purpose, the introduction of UMIs could be an appropriate next step to gain 

the information output of the bulk analysis and reveal the clonal structure. 

Nevertheless, limitations of WES such as unbalanced coverage and the introduction 

of biases due to increase of sequencing reads have also to be considered. A higher 
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coverage compared to WES will readily be achieved by TS. However, the fixed gene 

content can be a limitation; areas of interest must be defined prior to the analysis. TS 

nevertheless is a powerful and useful tool for confirmation of single cell WES data. 

Even small subpopulations can be detected easily due to the high read counts. Since 

this approach is an expensive research platform, the implementation in diagnostic 

workflows is still debatable.         

 The clonal structure of the AML and the importance of subclones in pediatric 

AML is not yet used for diagnostic approaches and clinical decisions and must be 

further investigated. Additionally, it has to be further evaluated how many single cells 

have to be used to differentiate subclones certainly in a bigger analysis. However, WES 

of WGA single-cell DNA in combination with targeted bulk DNA analysis will be a 

promising tool to perform research on clonality of pediatric AML at diagnosis, after 

passage in immunodeficient mice and/or at relapse after therapy. 

 

 

 

6.2 Next Generation Sequencing in pediatric AML 

The gold-standard for detection of mutations, Sanger sequencing, has gradually been 

replaced by NGS approaches. At this moment, both time and costs even for genome 

sequencing are thereby tremendously reduced[34,102,126] and these approaches are 

already validated for clinical and diagnostic applications[34,90]. In pediatric AML, this 

technology enables us, as partly conducted in this thesis, to analyze the genetic 

variation of AML blasts and LSCs even on a single cell but also on a cell population-

based level. Additionally, applying NGS for MRD monitoring using somatic mutations 

seems to be a suitable approach and several proof-of-principle studies have already 

been published[38,147].          

 By establishing panels for TS of genes that are frequently mutated in AML, the 

number of genes analyzed simultaneously have drastically increased and the chance 

to identify at least one mutation per patient therefore increased as well[24]. Although 

this development in the diagnostic possibilities harbors a lot of chances to refine the 

detailed clinical evaluation and may lead to the use of targeted treatment strategies, 

one challenge for the identification of 'true' mutations in AML blasts is the presence of 

variants with unknown significance (VUS)[7]. Several databases already take this into 
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account by trying to depict population allele frequencies and to enable a filtering 

procedure for polymorphisms that do not influence the pathogenesis of AML and other 

diseases[7]. Nevertheless, functional studies are often needed to clarify the role of 

these VUS and their pathogenicity. Such functional assays can be a paramount tool 

used to support clinical annotation of VUS[156]. 

For adult AML patients, the genetic diversity has already been studied in detail 

using NGS technologies[24,70,94]. However, the mutational spectrum in pediatric patients 

is different and needs to be considered carefully. In the present study, the introduction 

of a targeted NGS panel was successfully carried out and helped to identify mutations 

in a very reliable and sensitive manner. Here, the targeted panel was successfully 

introduced as a validation tool for variants detected by whole exome sequencing of 

either WGA single cells or bulk populations. 

As an amplicon-based sequencing panel, the TSM panel nevertheless does have 

some technical limitations as already described by others due to false positive variants 

introduced by PCR amplification[2,127,129]. Sequencing of GC-rich genes is also a 

limitation for amplicon-based sequencing with loci with high GC content often being 

underrepresented or absent[2,127]. Capture-based library preparation may overcome 

these limitations by the use of hybridization probes that are longer than normal PCR 

primers and that can tolerate mismatches and enable enrichment of neighboring 

regions that cannot easily be captured[127].  

 

 

 

6.3 Impact of genetic biomarkers in pediatric AML 

Identification of biomarkers can be utilized by NGS to identify somatic mutations as 

described above. Mutations in WT1 and FLT3 and also the fusion of NUP98-NSD1 

have already been identified as poor prognostic factors in pediatric and adult AML 

[58,59,61,66,84,93,100,111,143,161], but their co-occurrence and association to high-risk patients 

have not yet been reported in a contemporary pediatric AML trial. With a 3-year overall 

survival (OS) probability of 67±9% achieved in our patients with FLT3 ITD, we can not 

confirm the poor prognostic impact described by others[100,131]. However, we could 

show that co-occurrence of all three or any double mutations resulted in a significantly 

lower 3-year overall survival (OS) probability of 42±12% compared to 80±8% for 

patients with none of the mutations or only NUP98-NSD1 (p=0.0003) and 88±8% or 
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73±10% for patients with only WT1 mutation (p=0.0007) or FLT3 ITD (p=0.049). The 

3-year event-free survival (EFS) probability of 23±10% for patients with triple or double 

mutations was significantly lower compared to the EFS of 62±4% for patients with none 

of these mutations or only NUP98-NSD1 (p<0.0001) and the EFS of 63±13% or 

54±10% for patients with only WT1 mutation (p=0.003) or FLT3 ITD (p=0.036). In other 

words, devastatingly all patients enrolled experience an event within the first three 

years and our second line regimens - including stem cell transplantation - largely fail 

to rescue these patients.          

 We showed here, that detection of WT1 mutations and FLT3 ITDs using the 

targeted NGS approach is robust and sensitive. Both SNVs and InDels were detected 

and called reliably using our analysis and our NGS results were concordant with the 

state-of-the-art detection of FLT3 ITDs - PCR amplification followed by capillary 

electrophoresis.         

 Although WT1 mutations were identified as an important prognostic factor and, 

as shown here, in combination with FLT3 ITDs or NUP98-NSD1 are associated with a 

poor prognosis, the role of WT1 in AML is still controversial[69]. Although WT1 

overexpression is described in the majority of acute leukemias and can also be used 

as a MRD marker and even in vaccination studies[65,123],the relevance of high or absent 

WT1 expression is not unequivocally accepted[65,121,123]. The WT1 mutations described 

in this study are monoallelic mutations mainly located in exon 7. They mostly lead to 

frameshifts and/or premature termination codons resulting in shortened protein. 

Although these mutant proteins could act as dominant negative factor and induce a 

myeloid differentiation block in AML blasts[139], such alterations have also been 

described as gain-of-function mutations promoting proliferation in the context of Wilms 

tumors[22]. Therefore, more functional studies exploring the functional consequences 

of WT1 mutations are needed to clarify their meaning in leukemogenesis and analyze 

their potential as targetable markers. Nevertheless, the prognostic impact of WT1 

mutations without FLT3 ITD or NUP98-NSD1 seems to be favourable with 19 out of 29 

cases reaching continued complete remission (CCR).  
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6.4  Implication of genetic biomarkers for treatment 

Targeted treatment strategies aiming specifically for dysregulated signaling pathways 

are already being tested and implemented in recent clinical trials in adult 

AML[107,114,134,149,155]. However, in pediatric AML patients outside of initial phase I/II 

treatment studies, only FLT3 ITDs are currently targeted via tyrosine kinase inhibitors 

(TKIs), albeit without final outcome on a larger cohort being reported yet[87]. 

Combination therapies of newer TKIs such as Quizartinib with standard chemotherapy 

seem to be relatively well tolerated in adults and initial studies have demonstrated 

survival improvement in relapsed or refractory AML patients[27-29]. Here, studies in 

children and adolescents are forthcoming.     

 Another genetic marker and possible target for new treatment strategies 

addressed in the present study is the fusion of NUP98 and NSD1. This particular fusion 

is the most frequent among the 31 different fusion gene partners of NUP98 identified 

so far and occurs in 4-7% of pediatric AML patients[61,111,143]. All NUP98 fusions 

occurring in AML share the N-terminus[61]. Interactions of several NUP98 fusions with 

the Lysine Methyltransferase 2A (KMT2A) and Histone-Modifying complexes such as 

the non-specific lethal (NSL) histone acetyltransferase (HAT) complex have been 

described recently[158]. As KMT2A is frequently involved in pediatric and also adult 

AML, a current working hypothesis is, that fusion oncoproteins can hijack histone-

modifying complexes to drive leukemogenesis[15,25,158]. Inhibiting the function of 

KMT2A or indirect disruption of the KMT2A complex has therefore be proposed as a 

possible target for AML patients harboring NUP98 fusions[158]. NUP98 fusions are also 

frequently accompanied by additional somatic mutations and, as also shown in our 

data set, these mutations often include activating mutations in FLT3 or truncating 

mutations in WT1[143]. A poor prognosis of these combinations was also shown in our 

data set, especially in combination with mutated WT1 mutations or FLT3 ITD. 

 Since its already known that specific myeloid genes are mutated more 

frequently in pediatric AML, we also evaluated the prognostic impact of NRAS, NPM1, 

CEBPA and KIT mutations. Despite a relatively small cohort, our current data suggest 

- in concordance with published results - that mutations in none of these genes are 

prognostically relevant[9,62]. These mutations as single factors neither significantly 

increased the chance of relapse or treatment failure nor reduced the probability of 3-

year overall survival (OS). Nevertheless, these alterations are common genetic lesions 

in pediatric AML[19,32,162] and involve signal transduction pathways that have already 
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been targeted in several studies with ambiguous success[21,146], as reviewed in[75]. 

Nevertheless, combinations of mutations in NRAS, NPM1 and double mutations in 

CEBPA can still be useful for risk group stratification.    

 Although not being an independent prognostic factor, mutations in the RAS 

pathway are hallmarks of the leukemic blasts and therefore offer a targetable aim for 

treatment strategies. Attempts to directly target NRAS via small molecules has not 

been successful, e.g. in melanoma patients[46]. Inhibition of farnesyltransferase as a 

RAS target with tipifarnib on the other hand did show responses in a single phase I 

trial in AML[79]. However, the mutational status of patients who did respond was 

unclear[79]. Inhibition of Mitogen-activated protein kinase kinase (MEK) as another 

downstream mediator of RAS signaling is another possible mechanism to target the 

RAS pathway. Selumetinib for example was used in a phase II trial in AML, where none 

of the patients harbouring a NRAS mutation in the cohort responded to the drug[72]. 

However, preclinical data support the administration of MEK inhibitors to treat NRAS 

mutated leukemia[88,91] and other MEK inhibitors are used in recent clinical trials[92,117]. 

In the future, we will be able to identify more and more genetic and epigenetic 

alterations in malignant cells. It is tempting to speculate that targeted treatment based 

on the identification and interaction of these alterations and affected signalling 

pathways will become clinically important and ultimately will allow to tailor the treatment 

better to each individual patient. To understand and target the interplay of these genetic 

alterations will therefore be paramount to address in future clinical trials and treatment 

protocols. 
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7 Outlook 

To further decipher the underlying genetic mechanisms and improve treatment 

strategies in both pediatric and adult AML patients, several aspects can be addressed 

in the future. The workflow established here for single cell analysis - in combination 

with bulk analysis - should be applied to an expanded cohort of patients and different 

subpopulations of leukemic blasts e.g. based on phenotypic differences or specific 

clinical courses.           

 This approach can also be used in an in vivo xenotransplantation mouse model 

in which the sorted populations are injected into e.g. NOD/scid/gamma (NSG)[71,138] or 

MI(S)TRG mice[42], which lack most of the innate and adaptive immune system. 

Engraftment potential of defined subgroups even on a single cell level can thus be 

evaluated. These xenotransplantation models would also be applicable as a test 

system for specific inhibitors in vivo. Leukemic blasts harbouring specific genetic 

aberrations engrafted in immunodeficient mice could be treated in vivo and the efficacy 

of potential drugs on inhibiting the leukemic cell growth analyzed.  

 Additionally, the descriptive analysis of the mutational landscape of pediatric 

AML must be further expanded using additional NGS approaches to get better insights 

into the genetic basis of the disease and to refine the risk groups. Due to limitations 

observed by using amplicon-based targeted sequencing, establishment of a custom 

capture-based panel with a refined gene content would be an important future step. 

These improved sequencing techniques should be complemented by extensive 

screening for gene fusions via RNA-based NGS that would gain profound knowledge 

about cooperating fusion genes. RNA sequencing may reduce the need for cytogenetic 

analysis using fluorescence-in-situ hybridisation (FISH) which suffers from limitations 

such as the requirement for an adequate number of mitotic cells, a limited resolution 

and limitations in detecting cryptic fusions[115].      

 Epigenetic analyses will additionally help to decipher the genetic diversity of 

pediatric AML. Important epigenetic regulators are DNA methylation, posttranslational 

modifications of histones and miRNA regulation[23]. Mutations in genes involved in 

these processes have already be detected in AML[136] and to further investigate their 

impact, methylome sequencing and miRNA sequencing via NGS can be applied. 
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