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Zusammenfassung: 
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Universität Leipzig, Habilitation 
 
Die Akute Myeloische Leukämie (AML) ist eine sowohl zytogenetisch als auch 
molekulargenetisch äußerst heterogene Erkrankung, die durch die klonale Proliferation 
myeloider Vorläuferzellen sowie eine Ausreifungsblockade charakterisiert ist. Trotz des in den 
letzten Jahren zugenommenen Wissens über die Biologie dieser Erkrankung und 
Weiterentwicklung von Therapiemethoden bleibt das Gesamtüberleben der Patienten mit AML 
überwiegend schlecht. Damit für mehr Patienten eine Heilung der AML möglich werden kann, 
sind ein tieferes Verständnis über die funktionellen Zusammenhänge in der Leukämogenese, 
eine bessere Risikostratifizierung und neue Therapieoptionen erforderlich.  
Diese Habilitationsschrift fasst Publikationen zusammen, die neue molekulare Biomarker und 
deren klinischen Einfluss in der AML untersucht haben. Der Fokus liegt auf der Erfassung 
molekularbiologischer Veränderungen bei Diagnose einer AML oder im Krankheitsverlauf, die die 
Risikostratifizierung der Patienten verbessern kann. Außerdem gestattet die Arbeit Einblicke in 
die mit diesen molekularen Markern verbundene Biologie der AML, sowie mögliche neue 
Therapieoptionen.  
Der erste bis dritte Abschnitt der Arbeit fokussiert sich auf Genmutationen und Genexpressionen 
in der AML. Es wird dargelegt, wie das Vorhandensein bestimmter Fusionstranskripte (hier 
CBFB-MYH11), rekurrenter Mutationen allein (hier im DNMT3A Gen) sowie als Teil genetischer 
Risikoklassifikationssysteme (hier die genetischen Risikogruppen des European LeukemiaNet) 
und die abberrante Expression AML-assoziierter Gene (hier BAALC, ERG und MN1) Beiträge 
zur Prognoseabschätzung der AML bieten.  
Darüber hinaus hat sich in den letzten Jahren die entscheidende Rolle von MicroRNAs in der 
Pathophysiologie der AML herausgestellt. Heute weiß man, dass für die Leukämieentstehung 
und die Aggressivität der Erkankung schon die Dysregulation einer einzelnen microRNA 
entscheidend sein kann. Im vierten Abschnitt wird auf den progostischen Einfluss der 
Expressionslevel zweier MicroRNAs – miR-181a und miR-29b – und deren klinische und 
biologische Konsequenzen eingegangen. Außerdem wird dargestellt, wie verschiedene 
therapeutische Interventionen zu günstigen Änderungen des Expressionsniveaus dieser beiden 
neuen Biomarker und so zu potentiell neuen Therapiestrategien in der AML führen können.  
Weiterhin wächst die Erkenntnis, dass in der AML so gennannte Leukämie-initiierende Zellen 
für Therapieresistenz und Rezidive verantwortlich zu sein scheinen. Der letzte Abschnitt dieser 
Habilitationsschrift fokussiert sich auf das CD34+/CD38- Zellkompartiment, welches einen 
Großteil der Leukämie-initiiernden Zellen enthält. Es wird gezeigt, dass die Bestimmung der 
Größe des CD34+/CD38- Zellkompartiments bei Diagnose geeignet ist, AML Patienten mit 
einem erhöhten Rezidivrisiko nach allogener Stammzelltransplantation zu identifizieren. 
Zusammenfassend zeigt die Arbeit verschiedene Ansätze, wie neue molekulare Biomarker zu 
einer besseren Risikostratifizierung und einem tieferen Verständnis der AML zugrunde 
liegenden Biologie führen können. Des Weiteren beschreibt sie Möglichkeiten der 
therapeutischen Intervention und weist insgesamt auf die klinischen Implikationen dieser neuen 
Biomarker hin.   
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1. INTRODUCTION / EINFÜHRUNG IN DIE THEMATIK 
1.1. Diagnosis 

Acute myeloid leukemia (AML) is the most frequently diagnosed acute leukemia in adults, often 

affecting older individuals with a median age at diagnosis in the late 60’s.1-5 AML originates from 

the clonal expansion of myeloid progenitor cells that lost their ability to mature. Subsequently, 

healthy hematopoietic stem cells (HSCs) are displaced and unable to provide sufficient 

formation of peripheral blood cells. At diagnosis, AML patients present with a variety of non-

specific symptoms, which mostly are a result of peripheral cytopenia (i.e. anemia, 

thrombocytopenia and neutrophilopenia) and dysfunctional leukocytes, including fatigue, 

weekness, bleeding, and infections.1-5  

 

AML diagnosis requires the myeloid blast count to exceed 20%	 in bone marrow or peripheral 

blood, with the exception of AML with t(15;17), t(8;21), inv(16) or t(16;16), which represent AML 

defining cytogenetic changes.4,5 Flow cytometric analysis for surface markers (cluster of 

differentiation, CD) may aid in establishing the diagnosis of AML, as well as in defining mixed-

phenotype acute leukemias.5,6 While traditionally, the morphologic characterisation within the 

French American British Classification (FAB) was commonly used,7 over the last years the 

prognostic importance of cytogenetic and moleculargenetic characterisation became clearer, 

proofed to be more objective and consequently replaced the FAB classification.5 The majority of 

AML cases arise as de novo disease. However, AML might also develop as secondary disease 

originating from other hematologic disorders (e.g. myelodysplastic syndromes, 

myeloproliferative neoplasia) or after cytotoxic therapy of unrelated neoplasms (therapy-related 

AML).1-5 AML is a clinically highly heterogeneous disease, with a variable disease course and 

prognosis, which is thought to be based on differences in clinical features such as patient age, 

performance status and comorbidities, as well as leukemia-specific features including 

cytogenetics or presence of moleculargenetic and epigenetic changes.1-5  

 

 

1.2 Treatment and prognosis 
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Current outcomes with standard treatment approaches remain highly unsatisfactory. Today, 

only up to aproximatly one third of adult patients under the age of 60 years and only about 15% 

of patients over the age of 60 years achieve long-term survival.5 However, older or medically 

unfit patients not eligible for intensive chemotherapy, in general have median survival times of 

only about 5 - 10 months.5 Treatment of AML has changed little over the past decades. Curative 

treatment approaches remain to include the administration of the nucleoside analog cytarabine 

in combination with anthracyclines as induction therapy, followed by repeated cycles of high-

dose cytarabine and/or an autologous or allogeneic hematopoietic stem cell transplantation 

(HSCT).5,8,9 It is only very recently that a deeper understanding of AML biology started to 

provide us with novel therapeutic strategies, e.g. the introduction of tyrosine kinase inhibitors.10 

However, today only few of these agents are available in clinical routine and most are still being 

tested in clinical trials.5 For frontline treatment in older and medically unfit AML patients the 

administration of hypomethylating agents such as decitabine or acazitidine is often 

recommended and used. These treatments result in survival benefits but rarely produce long 

lasting remissions.5 

 

After achievement of a complete remission (CR) following induction chemotherapy, allogeneic 

HSCT is an established form of consolidation therapy for patients at high risk of relapse with a 

suitable donor available.8,9 The therapeutic effects of an allogeneic HSCT are also based on an 

immunologic graft-versus-leukemia (GvL) reaction.11 Furthermore, with the introduction of non-

myeloablative conditioning regimes that greatly reduced the toxicity of high doses of 

chemotherapy and/or radiation and have a greater reliance on GvL effects, allogeneic HSCT 

also became available for older and medically constrained patients.11,12  

 

1.3 Current risk assessment 

Over the past years, the cytogenetic and molecular characterization of AML to determine 

phenotype aggressiveness has steadily improved.5,13,14 Still, optimisation of risk-adapted 

treatment strategies are of high importance and remain an everyday challenge for clinicians. 
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Today, numerous prognosticators facilitate decisions on therapy de-escalation or intensification, 

enrolment in studies testing new agents, and the decision of appropriateness of an allograft 

procedure in first CR with its subsequent treatment-related morbidity, mortality, and financial 

costs.5   

 

Cytogenetic abberations are among the strongest known prognostic parameters in AML.5,15  

About 60% of AML patients show cytogenetic aberrations and for some of these abnormalities a 

strong prognostic impact on CR achievement, cumulative incidence of relapse (CIR) and overall 

survival (OS) has been shown.5,15 About 25% of younger adult AML patients present with 

cytogenetic aberrations known to associate with a favorable prognosis. These include the 

translocation t(15;17)(q22;q21) in acute promyelocytic leukemia (APL) and the inv(16)(p13q22) / 

t(16;16)(p13;q22) and t(8;21)(q22;q22) in the core-binding factor (CBF) leukemias.5,15 These 

individuals can expect CR rates over 90% and long-term survival in up to 65% of cases. On the 

other hand, in about 20% of AML adverse-risk cytogenetics, e.g. monosomies of chromosome 5 

(-5), abnormalities of 3q [abn(3q)] and monosomal or complex karyotypes, are found. In patients 

harboring these adverse-risk cytogenetics, CR rates in 65% and long-term survival in only 10% 

of cases can be exprected. Finally, in approximately 40-50% of newly diagnosed AML, no 

chromosomal aberrations can be found and despite their homogenous genetic appearance (46, 

XX or XY, normal cytogenetics, CN) clinical outcome in these patients proved highly 

heterogeneous.15  

 

The desire to further dissect the heterogenous outcome of CN-AML patients and to improve 

risk-stratification in this large AML subgroup let to the identification of important recurrent 

mutations in AML. Among these are mutations in the nucleophosmin-1 (NPM1) gene, which is 

one of the most commonly mutated genes in AML. NPM1 mutations are present in up to 20% - 

50% of AML cases, depending on the subgroups investigated.16-23 In the latest update of the 

World Health Organization (WHO) classification for AML, NPM1 mutations represent a distinct 

entity and commonly indicate a more favorable prognosis.5,15-23 Approximately one third of AML 
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patients carry an internal tandem duplications in the FLT3 gene (FLT3-ITD), resulting in a 

constitutive activation of several downstream FLT3 pathways. The presence of a FLT3-ITD, 

especially with a higher mutated-to-wildtype allelic ratio (≥ 0.5), is associated with a dismal 

prognosis, with a high risk of relapse even after allogeneic HSCT.24-29 The prognostic impact 

along with the observation that FLT3 is frequently overexpressed in a large subset of AML 

cases has let to the development of FLT3-targeting strategies, and today several FLT3 kinase 

inhibitors are being tested in clinical trials.5,30,10 Among the most studied proteins in AML is the 

CCAAT/enhancer-binding protein alpha (C/EBPα), a transcription factors that is important for 

myeloid differentiation. In AML, the encoding gene CEBPA frequently exhibits mutations, 

deregulation of expression or other functional alterations. CEBPA mutations lead to an altered 

C/EBPα function, affecting expression of downstream genes and consequently deregulated 

myelopoiesis.31 Detecting CEBPA mutations at diagnosis identifies patients with better 

outcomes, especially in the double mutated patients, and particularly in the molecular high-risk 

group (defined by presence of a FLT3-ITD and NPM1 wild-type), thus improving molecular risk-

based classification of AML.32-38  

 

The growing knowledge of molecular changes e.g. cytogenetics, recurrent mutations, or the 

aberrant expression of coding and non-coding genes not only allows us to improve risk 

stratification, but may also enable re-definition of risk-adapted treatment strategies in AML 

patients. It also helps us to better understand the underlying pathogenesis that leads to the 

development of AML. Current research also focuses on how we can exploit this knowledge to 

develop novel targeted therapies for each patient that finally may result in improved cure rates 

of the disease.  

 

In 2010 an international expert panel of the European LeukemiaNet (ELN) provided updated 

evidence and expert opinion-based recommendations for the diagnosis and management of 

AML.39 The standardized reporting system integrated molecular genetic data of the three genes 

mentioned above (i.e. NPM1, CEBPA, FLT3-ITD) into the known diagnostic information of 
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cytogenetics (Table 1). Subsequently, also a prognostic impact of the suggested standardized 

reporting system was demonstrated for AML patients focusing on chemotherapy 

consolidation.40,41 

 
Table 1 (Adapted from Döhner et al.)39: Cytogenetic and molecular genetic risk 
classification in AML according to the 2010 ELN reporting system 
 

Genetic group Subsets 

 
Favorable 

 
t(8;21)(q22;q22); RUNX1-RUNX1T1  
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11  
Mutated NPM1 without FLT3-ITD (normal karyotype)  
Mutated CEBPA (normal karyotype) 

 
Intermediate-I 

 
Mutated NPM1 and FLT3-ITD (normal karyotype)  
Wild-type NPM1 and FLT3-ITD (normal karyotype)  
Wild-type NPM1 without FLT3-ITD (normal karyotype) 
 

 
Intermediate-II 
 

 
t(9;11)(p22;q23); MLLT3-MLL  
Cytogenetic abnormalities not classified as favorable or adverse 
 

 
Adverse 

 
inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1 t(6;9)(p23;q34); 
DEK-NUP214 
t(v;11)(v;q23); MLL rearranged 
–5 or del(5q)  
–7 abnl(17p)  
Complex karyotype*  
 

 
* Three or more chromosome abnormalities in the absence of one of the WHO designated recurring translocations or inversions, 
that is, t(15;17), t(8;21), inv(16) or t(16;16), t(9;11), t(v;11)(v;q23), t(6;9), inv(3) or t(3;3); indicate how many complex karyotype 
cases have involvement of chromosome arms 5q, 7q, and 17p 
 
 

Since then, additional frequent and recurrent mutations have been identified (e.g. in the 

DNMT3A, IDH1 and IDH2 genes) in AML.42-48 The continuous development of next-generation 

sequencing and other methods to detect genetic and epigenetic changes allowed to further 

characterize the biological AML background. However, the genetic profiling of AML is 

heterogeneous and only a few mutations (e.g. FLT3, NPM1, DNMT3A) are present in more than 

a quarter of AML patients.5 

 

Very recently, the ELN recommandations for the diagnostic work-up in AML have been updated 

and now include screening for mutations in NPM1, CEBPA, and RUNX1 genes, mutations in 

FLT3 (activating mutations of FLT3 may also benefit from tyrosine kinase inhibition), and 
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mutations in TP53 and ASXL1, since they consistently have been associated with poor 

prognosis (Table 2).5,49-60 

 

Table 2 (Adapted from Döhner et al.)5: 2017 European LeukemiaNet risk stratification by 
geneticsa 
 

Risk Categoryb Genetic Abnormality 

 
Favorable 

 
t(8;21)(q22;q22); RUNX1-RUNX1T1  
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11  
Mutated NPM1 without FLT3-ITD or with FLT3-ITDlow (c) 
Biallelic mutated CEBPA 

 
Intermediate 

 
Mutated NPM1 and FLT3-ITDhigh (c) 
Wild-type NPM1 without FLT3-ITD or FLT3-ITDlow (c) (without 
adverse-risk genetic lesions) 
t(9;11)(p22;q23); MLLT3-KMT2Ad 
Cytogenetic abnormalities not classified as favorable or adverse 
 

 
Adverse 

 
t(6;9)(p23;q34.1); DEK-NUP214 
t(v;11q23.3); KMT2A rearranged 
t(9;22)(q34.1;q11.2); BCR-ABL1 
inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2,MECOM (EVI1)  
-5 or del(5q); -7; -17/abn(17p) 
Complex karyotype,e monosomal karyotypef 
Wild-type NPM1 and FLT3-ITDhigh  
Mutated RUNX1g 
Mutated ASXL1g 
Mutated TP53h 
 

 

a Frequencies, response rates and outcome measures should be reported by risk category, and, if sufficient numbers are available, 
by specific genetic lesions indicated.  
b Prognostic impact of a marker is treatment-dependent and may change with new therapies.  
c Low, low allelic ratio (<0.5); high, high allelic ratio (>0.5); semi-quantitative assessment of FLT3-ITD allelic ratio (using DNA 
fragment analysis) is determined as ratio of the area under the curve (AUC) “FLT3-ITD” divided by AUC “FLT3-wild type”;  recent 
studies indicate that acute myeloid leukemia with NPM1 mutation and FLT3-ITD low allelic ratio may also have a more    favorable 
prognosis and patients should not routinely be assigned to allogeneic hematopoietic-cell transplantation.  
d The presence of t(9;11)(p21.3;q23.3) takes precedence over rare, concurrent adverse-risk gene mutations. 
e Three or more unrelated chromosome abnormalities in the absence of one of the World Health Organization-designated recurring 
translocations or inversions, i.e., t(8;21), inv(16) or t(16;16), t(9;11), t(v;11)(v;q23.3), t(6;9), inv(3) or t(3;3); AML with BCR-ABL1. 
f Defined by the presence of one single monosomy (excluding loss of X or Y) in association with at least one additional monosomy 
or structural chromosome abnormality (excluding core-binding factor AML). 
g These markers should not be used as an adverse prognostic marker if they co-occur with favorable-risk AML subtypes.  
h TP53 mutations are significantly associated with AML with complex and monosomal karyotype.  
 

1.4 AML-associated gene expression  

Apart from recurrent mutations at diagnosis, expression levels of some AML-associated genes 

e.g. brain and acute leukemia, cytoplasmatic (BAALC), ETS-related gene (ERG), and 
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meningioma-1 (MN1) have been shown to have strong, independent prognostic impact in AML 

patients. 

High expression of the gene BAALC consistently associated with worse outcomes in younger 

and older patients with AML.61-63 This gene maps to chromosome band 8q22.3, is highly 

expressed in CD34-positive bone marrow progenitor cells and downregulated during 

hematopoietic lineage-specific maturation.61,62 Although it’s function in hematopoiesis is still not 

fully understood, there ist evidence that BAALC blocks myeloid differentiation and may 

contribute to leukemogenesis when co-occuring with a second molecular alteration providing a 

proliferation advantage.64 The gene ERG, located at chromosome band 21q22.3, was first 

shown to be involved in leukemogenesis in the rare, but recurrent in AML t(16;21)(p11;q22).65  

Moreover, ERG overexpression was demonstrated in AML patients with complex karyotypes 

with cryptic amplification of chromosome 21.66 It was also found overexpressed in part of 

patients with CN-AML where it contributes to poor prognosis in younger and older CN-AML 

patients.67-71 The MN1 gene is localized at human chromosome band 22q12 and encodes a 

transcriptional coregulator.72 MN1 is involved in myeloid malignancies as a fusion partner of the 

ETV6 gene in the recurrent translocation t(12;22)(p13q11)73 and has been shown to be 

overexpressed in subsets of AML.74,75 Different studies have shown that high MN1 expression 

levels are prognosticators for poor outcome in younger and older CN-AML patients.76-78 

 

The exploration of diagnostic expression levels of these AML associated genes provides 

important additional information for risk stratification and treatment strategies. However, the 

differential expression of these genes may also contribute to AML leukemogenesis. For 

example, Heuser et al.79 demonstrated that MN1 upregulation is involved in development of 

resistance mechanisms against all-trans retinoic acid (ATRA), an agent commonly used in APL 

treatment. Furthermore, they showed MN1 leukemogenecity to cooperate with a MEIS1/AbdB-

like HOX-protein complex, representing a possible therapeutic target in high MN1 expressing 

leukemias.80 

1.5 microRNAs in AML 
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Besides the aberrant expression of coding genes the differential expression of microRNAs 

(miRs) – small, non-coding RNAs – have been identified to play important roles in the initiation 

and progression of various malignancies, including AML.81,82 MiRs are essential for many 

biological processes by controlling the expression of a number of genes involved in commitment 

and differentiation of HSCs, proliferation, apoptosis, immune response, and 

leukemogenesis.81,82 

 

Over the past years, progress has been made in understanding the significance of expression 

levels of some miRs in AML. MiR expression profiles associated with outcome and certain 

molecular aberations in AML which have shed light on AML biology and also aid in refining AML 

risk stratification.81,82 As an example Marcucci et al. identified a miR signature that is associated 

with clinical outcome in a subgroup of patients with high-risk molecular features of AML (those 

who have FLT3-ITD, wild-type NPM1, or both).82 These data suggested that there is a functional 

relationship between miR expression and disease biology in AML patients that may render miR 

expression levels suitable prognostic markers and will help to further identify important players 

in AML biology.  

 

However, a more comprehensive understanding of miR expression within the complex 

regulatory networks that are disrupted in AML cells is necessary for the development of better 

prognostic systems and novel therapeutic strategies employing miR modulators to improve 

patients’ outcomes. 

 

1.6 Leukemia-initiating cells 

Another focus of current research in AML lies on the cells of AML origin. AML is a disease 

developing from the clonal expansion of early progenitor cells or HSCs that lost the ability to 

mature1 – often termed leukemia initiating cells – which are believed to exists within the 

CD34+/CD38- stem cell compartment.83-86 Leukemia initiating cells are postulated to survive 

chemotherapy as measurable (minimal) residual disease and cause AML relapse; their non-
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proliferative state might be one reason for their resistance to chemotherapy.87-90 Some studies 

have suggested that a high burden of leukemia initiating cells at diagnosis of AML patients 

treated with chemotherapy increased their relapse probability and associated with inferior 

outcomes.91-93  

 

1.7 Measurable residual disease 

Additionally to risk stratification at diagnosis, recently, some studies have shown a strong 

prognostic influence of the presence of measurable residual disease (MRD) in AML at different 

time points during treatment.94-96 There is considerable effort in developing reliable techniques 

to quantify remaining leukemia cells in CR defined by cytomorphological criteria to better predict 

the likelihood of AML relapse. Some study groups cassess MRD by multiparameter flow 

cytometric analysis detection of aberrant surface antigen expression on malignant cells.94 Other 

established methods are quantitative real time polymerase chain reaction (PCR) assays 

detecting disease-specific fusion genes or mutations.95,96 Recent data indicates that the 

detection of genes also expressed in healthy individuals at low levels but upregulated in AML 

patients may further extend MRD evaluation possibilities.96 However, today it remains to be 

determined which molecular markers at which time points and detected by which techniques are 

most suitable for residual disease detection and consequently for AML treatment guidance. 

Currently, this remains a very active field of translational research. 
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2. OWN CONTRIBUTION / EIGENER BEITRAG 

2.1 Purpose and objective of the presented work 

As described above AML is a highly heterogeneous disorder, characterized by the clonal 

expansion of AML progenitors arrested at various stages of myeloid differentiation, and by the 

progressive accumulation of multiple chromosomal, moleculargenetic, and epigenetic 

alterations. Prognosis of patients with AML is strongly influenced by the type of chromosomal 

and moleculargenetic alteration, as well as by aberrant (coding and non-coding) gene 

expression. Today outcomes of most AML patients remain poor. Thus, there is urgent need to 

identify prognostic biomarkers for risk stratification, to identify the underlying AML biology and to 

develop new therapeutic targets to subsequently improve AML patients’ survival. 

The studies included in this habilitation focus on molecular prognostic biomarkers, their clinical 

consequences, how theses markers contribute to a better risk stratification in newly diagnosed 

AML as well as how they may be exploited for MRD assessment and novel treatment 

approaches in AML.  

The frist two paragraphes include publications focusing on recurrent cytogenetic and molecular 

changes and also the aberrant expression of AML associated genes, specifically of BAALC, 

ERG, and MN1, as prognostic markers at AML diagnosis. These studies expanded the 

knowledge on risk stratification in AML and highlighted some of the associated AML-biology. 

The third part shows that AML associated gene expression, i.e. BAALC, also functions as MRD 

marker if measured in complete remission. The fourth part focuses on a differential expression 

of miRs – specifically of miR-181a and miR-29b - as prognostic markers in AML, and reveal 

biological, clinical, and therapeutic implications of the identified aberrant miR expression levels. 

Finally, the included paper in the last paragraph demonstrates that the burden of leukemia 

initiating cells at diagnosis - defined by the bone marrow CD34+/CD38- cell population - impacts 

on outcome in patients undergoing allograft procedures, elucidating the importance of treatment 

approaches targeting leukemia initiating cells.  

 

In summary, twelve publications are included in this work: 
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2.2 Cytogenic aberations and recurrent molecular changes at diagnosis as prognostic 

factors in AML 

The first paper in this paragraph concentrates on the common genetic alteration 

inv(16)(p13q22) / t(16;16)(p13;q22) in AML that results in various CBFB-MYH11 fusion 

transcripts. In AML, the biologic and prognostic implications of different inv(16) fusion-products 

remained unclear. This work analyzed CBFB-MYH11 fusion types in inv(16) / t(16;16) patients 

and found that no patient with non-type A fusion carried a KIT mutation, whereas about a third 

of type A fusion patients did. Among the latter, KIT mutations conferred adverse prognosis. 

Furthermore, non-type A fusions associated with distinct clinical and genetic features and a 

unique gene-expression profile. 

The next study determined the frequency of DNMT3A mutations, their associations with clinical 

and molecular characteristics and outcome, as well as the associated gene- and miR-

expression signatures in CN-AML. Missense mutations affecting arginine codon 882 (R882-

DNMT3A) were more common than those affecting other codons (non-R882-DNMT3A). 

Furthermore, DNMT3A mutations were age dependent: while DNMT3A-R882 mutations were 

associated with adverse prognosis in older AML patients, non-R882-DNMT3A mutations were 

associated with adverse prognosis in younger AML patients.  

The last paper included in this paragraph analyzed the prognostic impact of the 2010 ELN 

genetic groups in AML patients receiving allogeneic HSCT after non-myeloablative conditioning. 

While the prognostic utility of the four ELN 2010 genetic groups (favorable, intermediate-I, 

intermediate-II and adverse) in AML patients consolidated with chemotherapy had already been 

described, their impact after allogeneic HSCT remained to be elucidated. The data presented 

here suggest that the ELN 2010 genetic groups may have a reduced prognostic impact for 

patients undergoing allogeneic HSCT after non-myeloablative conditioning as compared to 

those receiving a chemotherapy-based consolidation in first CR.  

 
Manuscripts included in this paragraph: 
 
- Schwind S,* Edwards CG,* Nicolet D, Mrózek K, Maharry K, Wu YZ, Paschka P, Eisfeld AK, 

Hoellerbauer P,Becker H, Metzeler KH, Curfman J, Kohlschmidt J, Prior TW, Kolitz JE, Blum W, 
Pettenati MJ, Dal Cin P, Carroll AJ, Caligiuri MA, Larson RA, Volinia S, Marcucci G, Bloomfield CD: 
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2.3 Aberrant BAALC, ERG, and MN1 expression at diagnosis as prognostic factors in 

older AML patients 

BAALC, ERG, and MN1 expression levels have been identified as prognostic markers in 

younger (< 60 years) CN-AML adults at diagnosis. However, most AML patients are diagnosed 

aged over 60 years, thus the prognostic impact of BAALC, ERG, and MN1 expression levels in 

older patients required further investigation.  

In the first paper integrated in this paragraph, diagnostic expression levels of BAALC and ERG 

in older AML patients were evaluated. Low BAALC and ERG expression levels were associated 

with better outcome in univariable and multivariable analyses. Expression levels of both BAALC 

and ERG were the only factors significantly associated with OS upon multivariable analysis. 

Furthermore, gene and miR expression signatures associated with BAALC and ERG expression 

were assessed.  

In the second paper included in this paragraph, MN1 expression levels prior to therapy were 

analyzed in older CN-AML patients. Low MN1 expressers had higher CR rates and longer OS 

and event-free survival (EFS). MN1 expresser-status-associated gene- and miR-expression 

signatures revealed underexpression of drug resistance and adverse outcome predictors, and 

overexpression of HOX genes and HOX-gene-embedded miRs in low MN1 expressers.  

Interestingly, similarities in the expression signatures in older AML patients in both papers 

compared to younger patients were revealed, suggesting that the historically evolved 60 years 

might not be the optimal age cut-off regarding biological differences in AML patients. In 

conclusion these two papers expanded the knowledge on the strong prognostic impact of 

BAALC, ERG, and MN1 expression levels in older AML patients and elucidated the associated 

biology by demonstrating gene- and miR-expression signatures. 

 
Manuscripts included in this paragraph: 
 
- Schwind S, Marcucci G, Maharry K, Radmacher MD, Mrózek K, Holland KB, Margeson D, Becker H, 

Whitman SP, Wu Y, Metzeler KH, Powell BL, Kolitz JE, Carter TH, Moore JO, Baer MR, Carroll AJ, 
Caligiuri MA, Larson RA, Bloomfield CD: BAALC and ERG expression levels are associated with 
outcome and distinct gene- and microRNA-expression profiles in older patients with de novo 
cytogenetically normal acute myeloid leukemia: A Cancer and Leukemia Group B study. Blood. 2010; 
116:5660-9. 

 



39 
 

- Schwind S*, Marcucci G*, Kohlschmidt J, Radmacher MD, Mrózek K, Maharry K, Becker H, Metzeler 
KH, Whitman SP, Wu Y, Powell BL, Baer MR, Kolitz JE, Carroll AJ, Larson RA, Caligiuri MA, 
Bloomfield CD: Low expression of MN1 associates with better treatment response in older patients 
with de novo cytogenetically normal acute myeloid leukemia. Blood. 2011; 118:188-98. *shared first-
author 

 
 

  



40 
 



41 
 



42 
 



43 
 

  



44 
 

  



45 
 

  



46 
 

  



47 
 

  



48 
 

  



49 
 



50 
 

  



51 
 

  



52 
 

  



53 
 

  



54 
 

  



55 
 

  



56 
 

  



57 
 

 
 
 
  



58 
 

  



59 
 

  



60 
 

 
  



61 
 

2.4 High BAALC expression as residual disease marker prior to allogeneic stem cell 

transplantation 

Over the last years, assessment of MRD for risk stratification during AML disease course 

became of growing interest. MRD allows the detection of a small residual disease population 

despite morphologic remission. Thus, it has the potential to add valuable prognostic information 

for AML patients and will likely guide treatment decisions in the future. 

The paper included in this paragraph evaluates the feasability of BAALC copy number 

assessment for MRD detection by the novel digital droplet PCR technique, prior to allogeneic 

HSCT in CR. It shows that a BAALC copy number in peripheral blood prior to an allogeneic 

HSCT that is higher than the copy number expressed in a healthy control cohort associates with 

a higher CIR and shorter OS in AML patients. These findings are most likely mediated by 

residual disease cells in patients with high BAALC copy numbers. The paper is the first to 

analyze BAALC as a MRD marker in a patient cohort receiving allogeneic HSCT and shows the 

feasability of MRD assessment independent of a disease-specific molecular alteration. 

 

Manuscripts included in this paragraph: 
 
- Jentzsch M, Bill M, Grimm J, Schulz J, Schubert K, Beinicke S, Häntschel J, Pönisch W, 

Franke GN, Vucinic V, Behre G, Lange T, Niederwieser D, Schwind S. High BAALC copy 
numbers in peripheral blood prior to allogeneic transplantation predict early relapse in acute 
myeloid leukemia patients. Oncotarget. 2017. doi: 10.18632/oncotarget.21322 
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ABSTRACT

High BAALC expression levels at acute myeloid leukemia diagnosis have been 
linked to adverse outcomes. Recent data indicate that high BAALC expression levels 
may also be used as marker for residual disease following acute myeloid leukemia 
treatment. Allogeneic hematopoietic stem cell transplantation (HSCT) offers a curative 
treatment for acute myeloid leukemia patients. However, disease recurrence remains 
a major clinical challenge and identification of high-risk patients prior to HSCT is 
crucial to improve outcomes. We performed absolute quantification of BAALC copy 
numbers in peripheral blood prior (median 7 days) to HSCT in complete remission (CR) 
or CR with incomplete peripheral recovery in 82 acute myeloid leukemia patients using 
digital droplet PCR (ddPCR) technology. An optimal cut-off of 0.14 BAALC/ABL1 copy 
numbers was determined and applied to define patients with high or low BAALC/ABL1 
copy numbers. High pre-HSCT BAALC/ABL1 copy numbers significantly associated 
with higher cumulative incidence of relapse and shorter overall survival in univariable 
and multivariable models. Patients with high pre-HSCT BAALC/ABL1 copy numbers 
were more likely to experience relapse within 100 days after HSCT. Evaluation of 
pre-HSCT BAALC/ABL1 copy numbers in peripheral blood by ddPCR represents a 
feasible and rapid way to identify acute myeloid leukemia patients at high risk of early 
relapse after HSCT. The prognostic impact was also observed independently of other 
known clinical, genetic, and molecular prognosticators. In the future, prospective 
studies should evaluate whether acute myeloid leukemia patients with high pre-
HSCT BAALC/ABL1 copy numbers benefit from additional treatment before or early 
intervention after HSCT.

INTRODUCTION

The identification of cytogenetic, molecular, and 
clinical factors impacting on outcome at acute myeloid 
leukemia (AML) diagnosis improved risk stratification 
[1, 2]. But pre-treatment AML characterization may 
not capture all parameters important for outcome, e.g. 
response or resistance to therapy [3]. Early detection 

of measurable residual disease (MRD) through 
multiparameter flow cytometric (MFC) or quantitative 
real time PCR (qRT-PCR) assays may allow treatment 
intervention before overt relapse occurs [3–5]. MFC 
enables MRD assessment through detection of aberrant 
surface antigen expression in complete remission (CR) 
[Wormann et al, ASH 1991,6,7]. However, heterogenic 
outcomes were observed in MFC-MRD studies [8] and 
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reproducibility of MFC-MRD assessment is limited by 
the need of specialized laboratories [3, 4]. Sensitive qRT-
PCR enabled MRD detection in AML cases with common 
fusion genes and in NPM1 mutated AML [3, 9, 10]. 
Thus qRT-PCR MRD monitoring is widely restricted to 
patients carrying specific molecular alterations [11] with 
the exception of Wilms' tumor gene 1 (WT1) expression 
[9, 12]. Because clonal evolution can occur at disease 
progression and might complicate early disease detection 
at relapse [13], it seems reasonable to track several MRD 
markers per patient.

The gene brain and acute leukemia, cytoplasmic 
(BAALC) has been suggested as a suitable MRD marker as 
it is expressed at low levels in peripheral blood and bone 
marrow of healthy individuals [14, 15], but upregulated 
in AML patients [15]. High BAALC expression levels 
at AML diagnosis have been shown to associate with 
adverse outcomes [16–19]. Recently, high BAALC levels 
have also been linked to worse outcome if measured by 
qRT-PCR after achievement of CR [15], completion of 
induction therapy [11, 20] or after allogeneic stem cell 
transplantation (HSCT) [21]. However, qRT-PCR has 
the disadvantage of the need of calibration curves and 
poor inter-laboratory comparability. In chronic myeloid 
leukemia (CML) this led to complex harmonization 
efforts for BCR-ABL1 detection [22], which are not yet 
clinical practice for MRD markers in AML. Here we 
adopted digital droplet PCR (ddPCR), a new technique 
which allows an absolute quantification without the need 
of standard curves [23].

Allogeneic HSCT is a potential curative treatment 
option for AML patients and offers the highest chance of 
sustained remissions [2]. Non-myeloablative conditioning 
regimens (NMA), in which the therapeutic success is mainly 
based on graft-versus-leukemia (GvL) effects, enabled 
allogeneic HSCT in comorbid or older individuals [24]. 
Disease recurrence after HSCT remains a major clinical 
problem with short patient survival [25]. Until today, no 
study evaluated the feasibility of BAALC expression levels 
for risk stratification in AML patients prior to allogeneic 
HSCT in CR or CR with incomplete peripheral recovery 
(CRi), which was the main objective of our study. Early 
identification of AML patients at high risk of relapse 
may result in adjustment of treatment strategies prior to 
morphologic relapse and subsequently improve outcomes. 
With the goal of a robust, rapid, and reproducible approach, 
we used peripheral blood to assess the feasibility of ddPCR 
for absolute quantification of BAALC/ABL1 copy numbers.

RESULTS

BAALC/ABL1 copy numbers in AML patients 
prior to HSCT and in healthy individuals

Within the patient cohort in CR or CRi prior to 
HSCT, we observed a median pre-HSCT BAALC/ABL1 
copy number of 0.03 (range 0.00-2.58, Figure 1). In 
the healthy control cohort, median BAALC/ABL1 copy 
numbers were 0.04 (range 0.03-0.10). Overall, there 
was no significant difference in the BAALC/ABL1 copy 

Figure 1: Comparison of absolute BAALC/ABL1 copy numbers in AML patients pre-HSCT (n=82) and healthy 
controls (n=7).
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numbers between both groups (P=.34). The patient cohort 
and the healthy control cohort were evenly matched in age 
(P=1) and sex (P=1, Supplementary Table 2).

Associations of high pre-HSCT BAALC/ABL1 
copy numbers with clinical and biological 
characteristics

Patients with high and low pre-HSCT BAALC/ABL1 
copy numbers did not differ significantly in the evaluated 
characteristics at diagnosis (Table 1, Supplementary Table 1). 
However, there was a trend for a lower incidence of CEBPA 
mutations in patients with high pre-HSCT BAALC/ABL1 
copy numbers (P=.09). Patients with high and low pre-
HSCT BAALC/ABL1 copy numbers also did not differ 
significantly in pre-HSCT characteristics; specifically, no 
significant differences were found regarding the remission 
status at HSCT, white blood count at time of blood sampling 
for BAALC/ABL1 copy number evaluation or time from 
blood sampling to HSCT (Supplementary Table 1).

Prognostic significance of pre-HSCT BAALC/
ABL1 copy numbers

Patients with high pre-HSCT BAALC/ABL1 copy 
numbers had a significantly higher cumulative incidence 
of relapse (CIR, P=.02, Figure 2A) and shorter overall 
survival (OS, P=.03, Figure 2B) which was reproduced 
when we restricted our analysis to patients with a normal 
karyotype (n=38, P=.007 and P=.11, respectively, Figures 
2C and 2D). Subgroup analyses for patients harboring de 
novo disease (n=52, Supplementary Figure 2), patients 
transplanted in CR (n=68, Supplementary Figure 3), 
CD34-positive AML (n=31, Supplementary Figure 4), 
patients surviving longer than 100 days after HSCT 
(n=71, Supplementary Figure 5), as well as patients 
with diagnostic BAALC/ABL1 copy number information 
available (n=51, Supplementary Figure 6) are shown in the 
Supplementary Material.

One year after HSCT, 52% of patients with high pre-
HSCT BAALC/ABL1 copy numbers relapsed compared to 
25% of patients with low pre-HSCT BAALC/ABL1 copy 
numbers. Furthermore, 38% of patients with high pre-
HSCT BAALC/ABL1 copy numbers were alive compared 
to 68% of patients with low pre-HSCT BAALC/ABL1 copy 
numbers. Patients with high pre-HSCT BAALC/ABL1 copy 
numbers suffering relapse had a trend for shorter time 
to relapse after HSCT (median 78, range 19-244 days) 
compared to patients with low pre-HSCT BAALC/ABL1 
copy numbers (median 116, range 27-543 days, P=.07). 
Furthermore, for patients without non-relapse mortality 
after 100 days and six months after HSCT, those with 
high pre-HSCT BAALC/ABL1 copy numbers more 
often relapsed compared to patients with low pre-HSCT 
BAALC/ABL1 copy numbers (37% vs. 11%, P=.02 
[Figure 3], and 73% vs. 27%, P=.002, respectively). In 

multivariable analysis, high pre-HSCT BAALC/ABL1 copy 
numbers significantly associated with higher CIR (Hazard 
Ratio [HR] 2.6, Confidence Interval [CI] 1.2-5.7, P=.01) 
after adjustment for disease status at HSCT (P=.003) and 
disease origin (P=.009) and shorter OS (HR 2.1, CI 1.1-
4.1, P=.03, Table 2).

Detailed comparisons between the four groups of 
patients experiencing relapse or remaining in remission 
with high or low pre-HSCT BAALC/ABL1 copy numbers 
are shown in the Supplementary Material.

DISCUSSION

Assessment of residual disease provides a powerful 
tool to measure treatment responses and to identify 
patients at high risk of relapse [4]. Although we still lack 
data of prospective MRD-guided trials in non-APL (acute 
promyelocyte leukemia) AML, MRD assessment may 
allow preemptive therapy to delay or even prevent relapse 
and improve outcomes [5, 26, 27]. However, about 40% 
of AML patients do not harbor the today commonly used 
molecular MRD targets [3, 4], reflecting a need for new 
MRD markers.

While the prognostic impact of high BAALC 
expression levels at diagnosis has been widely evaluated 
[3, 16–19], only a few studies with limited patient 
numbers evaluated BAALC expression levels during 
disease course using qRT-PCR [11, 15, 20, 21]. For MRD 
evaluation in AML in general, it remains unclear whether 
peripheral blood or bone marrow should be analyzed [7, 
28]. For BAALC, high correlations of expression levels 
in peripheral blood and bone marrow in both newly 
diagnosed AML patients and healthy individuals have 
been shown [15, 16]. While some authors only used 
bone marrow [21], others used BAALC expression levels 
of either blood or bone marrow for survival analysis at 
diagnosis and during disease course [11, 20]. Peripheral 
blood is derived faster, with lower risk of complications 
and a higher convenience for the patient than bone 
marrow aspiration and results in comparable BAALC 
expression data [15, 16]. Therefore, we decided to restrict 
our analysis to peripheral blood samples to examine the 
prognostic impact of absolute pre-HSCT BAALC/ABL1 
copy numbers in patients receiving NMA-HSCT.

None of the aforementioned studies focusing 
on BAALC expression levels during disease course 
reported significant diagnostic clinical or genetic 
associations with different BAALC expression levels 
at a defined point in time in CR. In our study, we also 
did not detect any significant association of high pre-
HSCT BAALC/ABL1 copy numbers with tested pre-
treatment or pre-HSCT parameters. This may indicate 
that the observed higher CIR and subsequent shorter 
OS is indeed driven by residual disease detected by 
high pre-HSCT BAALC/ABL1 copy numbers rather than 
other commonly tested prognostic parameters. The first 
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Table 1: Clinical characteristics of 82 AML patients treated with HSCT according to absolute pre-HSCT 
BAALC/ABL1 copy numbers (high vs. low, 0.14 cut)

Characteristic All patients 
(n=82)

Low pre-HSCT 
BAALC/ABL1 copy 

numbers (n=61)

High pre-HSCT  
BAALC/ABL1 copy 

numbers (n=21)
P

Pre-HSCT BAALC/ABL1 copy numbers    <.001

 Median 0.03 0.02 0.44  

 Range 0.00-2.58 0.00-0.11 0.14-2.58  

Age at HSCT, years    .79

 Median 63.9 64.9 63.9  

 Range 50.8-76.2 51.5-76.2 50.8-74.9  

Sex, n (%)    .80

 Male 37 27 (44) 10 (48)  

 Female 45 34 (56) 11 (52)  

Hemoglobin at diagnosis, g/dL    .54

 Median 8.7 9.0 8.5  

 Range 4.5-14.4 5.5-14.4 4.5-11.3  

Platelet count at diagnosis, x 109/L    .76

 Median 65 71 63  

 Range 3-224 3-167 13-224  

WBC count at diagnosis, x 109/L    .13

 Median 7.2 4.6 22.4  

 Range 0.7-385 0.8-324 0.7-385  

Blood blasts at diagnosis, %    .48

 Median 22 21 28  

 Range 0-97 0-97 2-97  

BM blasts at diagnosis, %    .87

 Median 50 52 43  

 Range 3-95 3-95 10-95  

Karyotype, n (%)    .45

 Abnormal 41 32 (55) 9 (43)  

 Normal 38 26 (45) 12 (57)  

ELN 2010 Genetic Group, n (%)[36]    .86

 Favorable 17 12 (22) 5 (26)  

 Intermediate-I 19 13 (24) 6 (32)  

 Intermediate-II 19 15 (27) 4 (21)  

 Adverse 19 15 (27) 4 (21)  

Disease origin, n (%)    .60

 De novo 52 40 (66) 12 (57)  

 Secondary 30 21 (34) 9 (43)  

(Continued)
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study to propose BAALC as a potential MRD marker 
analyzed 45 patients with de novo acute leukemia, but 
also included six patients with APL and 11 patients with 
lymphoid leukemia in their analysis [15]. The authors 
were able to show a superior disease-free survival in 
patients with lower BAALC/GAPDH expression levels in 
bone marrow after CR achievement. Another small study 
focused on 45 patients harboring core-binding factor 
(CBF) AML that received an allogeneic or autologous 
HSCT and evaluated BAALC/ABL1 expression levels 
in bone marrow at diagnosis, as well as in CR after the 
first induction cycle, pre-HSCT, and at day 60 post-
HSCT. While the authors showed significantly shorter 
OS, event-free survival (EFS) and higher CIR in patients 
with high BAALC/ABL1 expression levels at diagnosis 
and post-HSCT, there was no significant impact on 
outcome after first induction cycle or pre-HSCT [21]. 
In contrast, we observed a strong prognostic impact of 
high pre-HSCT BAALC/ABL1 copy numbers on CIR 
and OS in univariable and multivariable models. These 
differences might be explained by a lower patient number 
(n=45) and/or the restriction to CBF AML in the study 
of Yoon et al. [21] In 27 CN-AML patients with high 
initial BAALC/ABL1 expression levels, Weber et al. [11] 
observed shorter EFS for individuals with sustained high 
BAALC/ABL1 expression levels in peripheral blood or 
bone marrow after two induction cycles. Later, this data 
was extended to 46 and 33 patients after completion of 
two induction cycles and 3-6 months after completion 
of two induction cycles, respectively [11]. Again, 

patients with high BAALC/ABL1 expression levels 
at either of both time points had shorter EFS. Despite 
this promising data, possible limitations of BAALC as 
MRD marker still have to be determined. While most 
studies showed a prognostic impact without a prior 
assessment of the CD34 expression status [11, 20, 21], 
Najima et al. [15] postulated BAALC as MRD marker 
limited to CD34-positive AML as BAALC is upregulated 
in CD34-positive AML [14]. Restricting our analysis to 
patients with CD34-positive AML, we also observed a 
trend for higher CIR in patients with high pre-HSCT 
BAALC/ABL1 copy numbers despite low patient numbers 
(P=.06, n=31, Supplementary Material). Limited 
numbers of patients with CD34-negative AML prevented 
a separate analysis for this subset. However, we observed 
no difference in CD34-positivity or CD34 expression at 
diagnosis between patients with high or low pre-HSCT 
BAALC/ABL1 copy numbers (Supplementary Table 1). 
Further studies are needed to evaluate whether there are 
specific AML subgroups for which BAALC represents a 
more suitable MRD marker than for others.

To our knowledge until today all studies used qRT-
PCR for BAALC evaluation but different approaches 
to define a cut-off for high or low BAALC expression 
levels during follow-up. Najima et al [15]. used the two-
fold standard deviation over the median of a healthy 
cohort, while Yoon et al. [21] focused on the relative 
BAALC/ABL1 expression of the tested patients and used 
a ROC (receiver operation characteristic) curve to define 
the optimal cut for each point in time individually. The 

Characteristic All patients 
(n=82)

Low pre-HSCT 
BAALC/ABL1 copy 

numbers (n=61)

High pre-HSCT  
BAALC/ABL1 copy 

numbers (n=21)
P

NPM1 at diagnosis, n (%)    .76

 Wild-type 51 36 (77) 15 (71)  

 Mutated 17 11 (23) 6 (29)  

FLT3-ITD at diagnosis, n (%)    1

 Absent 54 38 (79) 16 (80)  

 Present 14 10 (21) 4 (20)  

CEBPA at diagnosis, n (%)    .09

 Wild-type 51 34 (83) 17 (100)  

 Mutated 7 7 (17) 0 (0)  

ABL1, Abelson murine leukemia viral oncogene homolog 1 gene; BAALC, brain and acute leukemia, cytoplasmatic gene; 
BM, bone marrow; CEBPA, CCAAT/enhancer-binding protein alpha gene; ELN, European LeukemiaNet classification 
2010; FLT3-ITD, internal tandem duplication of the fms like tyrosine kinase 3 gene; HSCT, hematopoietic stem cell 
transplantation; NPM1, nucleophosmin 1 gene; WBC, white blood cell.
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latter resembles our approach and – despite different 
methodology - the evaluated cut-off in our cohort was 
also slightly higher than the two-fold standard deviation 
over the median of healthy BAALC/ABL1 copy numbers 
in peripheral blood (0.14 vs. 0.10, respectively). Finally, 
Weber et al. used the median BAALC/ABL1 expression 
at diagnosis of the initial cohort [11] to define high or 
low expression during disease course but restricted their 
analysis to patients with initially high BAALC/ABL1 
expression levels [11, 20]. In our study, for a subset 
of the analyzed patients (n=51) diagnostic material for 
BAALC/ABL1 copy number assessment was available. 
For patients’ characteristic, as well as clinical and 
biological associations linked with high BAALC/ABL1 

copy numbers at diagnosis see the Supplementary 
Material. When we restricted our outcome analyses to 
patients with low or high BAALC/ABL1 copy numbers 
at diagnosis - despite the limited number of patients 
- we observed a trend for higher CIR and shorter OS 
for patients with high pre-HSCT BAALC/ABL1 copy 
numbers in patients irrespective of the diagnostic 
BAALC/ABL1 copy number (Supplementary Figure 
6). In fact five of the patients with low diagnostic 
BAALC/ABL1 copy numbers had high pre-HSCT 
BAALC/ABL1 copy numbers, of which three 
subsequently relapsed (see Supplementary Material for 
details). Thus, despite the limited number of patients, 
our data indicate that pre-HSCT BAALC/ABL1 copy 

Figure 2: Outcome of patients according to pre-HSCT BAALC/ABL1 copy numbers, high vs low, 0. 14 cut, (A) Cumulative Incidence of 
Relapse and (B) Overall Survival for the entire set (n=82) and (C) Cumulative Incidence of relapse and (D) Overall Survival in patients 
with a normal karyotype (n=38).
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number determination can provide valuable clinical 
information also in patients with low diagnostic 
BAALC/ABL1 copy numbers.

Considering the small number of studies focusing on 
BAALC expression as a MRD marker, the optimal cut-off 
needs validation. However, assessment of BCR-ABL1 as 
MRD marker in CML showed us the technical difficulties 
of standard curves and in achieving an inter-laboratory 
comparability to ensure consistent analyses [22]. ddPCR 
has already been shown to provide comparable sensitivity 
to qRT-PCR but seems to have an improved day-to-day 
reproducibility and greater precision [23, 29, Huang et al, 
ASH 2015]. Therefore, ddPCR may represent a promising 
new method for gene expression analyses for MRD 
monitoring in the future.

Our here presented study is the first to demonstrate 
that ddPCR is a feasible method for evaluation 
of absolute BAALC/ABL1 copy numbers prior to 
allogeneic HSCT. We were able to show that patients 
with high pre-HSCT BAALC/ABL1 copy numbers had 
a significant higher CIR and shorter OS (P=.02 and 
P=.03, respectively, Figure 2). Patients with high pre-
HSCT BAALC/ABL1 copy numbers had an over 2.5-fold 
higher risk of relapse and an over 2-fold higher risk of 
death after HSCT compared to patients with low pre-
HSCT BAALC/ABL1 copy numbers (Table 2). Patients 
with high pre-HSCT BAALC/ABL1 copy numbers 
more often suffered relapse within the first 100 days 
after HSCT (37% vs. 11%, P=.02) and the time from 
HSCT to relapse was shorter in patients with high pre-
HSCT BAALC/ABL1 copy numbers by trend (P=.07, 
Figure 3). To our knowledge, no other study reported 
on early relapses detected by high BAALC expression 
levels. We postulate that high pre-HSCT BAALC/ABL1 
copy numbers might indicate a residual disease burden 

in AML patients that subsequently may lead to early 
relapse during follow-up. Noteworthy, for all patients, 
peripheral blood was used in the analyses facilitating 
repetitive MRD assessment. We and others [11, 15, 20, 
21] were able to show that BAALC has the potential to 
allow further risk stratification during disease course and 
subsequently may improve MRD assessment in addition 
to other established MRD markers such as PML-RARA, 
CBFB-MYH11, RUNX1-RUNX1T1 or NPM1 mutations. 
Furthermore, since BAALC is expressed at different 
amounts in all AML patients, it might allow molecular 
MRD detection in patients lacking molecular alterations 
commonly used for MRD assessment.

Restrictions of our study are the retrospective nature 
and the limited patient numbers. Future prospective 
clinical trials are needed to validate the here-established 
cut-off value and the resulting outcome findings in larger 
patient populations.

Even with a variety of possible treatment options 
such as reduction of immunosuppression, donor 
lymphocyte infusions or treatment with hypomethylating 
agents, patients suffering from morphologic relapse 
after HSCT have a very poor prognosis [25, 30, 31]. 
Pre-HSCT BAALC/ABL1 copy number evaluation 
allows early identification of patients at higher risk of 
relapse and subsequently closer monitoring for relapse 
in the post-transplant period. In the future pre-HSCT 
BAALC/ABL1 evaluation might guide preemptive 
treatment to improve the poor prognosis of AML patients 
with a risk for morphologic relapse. Furthermore, 
prospective studies will be required to evaluate whether 
AML patients with high pre-HSCT BAALC/ABL1 
copy numbers might benefit from additional treatment 
or intensification of the conditioning regimen prior to 
allogeneic HSCT.

Figure 3: Time from HSCT to relapse according to high (median 78, range 19-244 days) or low (median 116, range 
27-543 days) absolute pre-HSCT BAALC/ABL1 copy numbers in relapsed patients (n=28).
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MATERIALS AND METHODS

Patients and treatment

A total of 82 adult AML patients who received 
allogeneic HSCT at the University of Leipzig between 
September 2002 and December 2015 were retrospectively 
included in this analysis. All patients had peripheral blood 
samples up to 14 days prior to HSCT (median 7, range 
0-14 days) for BAALC/ABL1 copy number assessment 
available. White blood count (WBC) was assessed at time 
of blood sampling for analysis. Additionally, for 51 of 
these patients diagnostic peripheral blood or bone marrow 
samples were available for BAALC/ABL1 copy number 
analysis. For details see Supplementary Material and 
Supplementary Table 3.

All patients received age-dependent cytarabine 
based chemotherapy protocols (under or over 60 years) 
and were consolidated with HSCT in first (60%) or 
second CR (23%) or CRi (17%). For details please see 
Supplementary Material. Median age at HSCT was 63.9 
(range 50.8-76.2) years. Written informed consent for 
participation in these studies was obtained in accordance 
with the Declaration of Helsinki.

All patients received NMA conditioning with 
fludarabine 30 mg/m2 for three days followed by 2 Gy 
total body irradiation [32, 33] and infusion of granulocyte 
colony stimulating factor (G-CSF)-mobilized peripheral 
blood stem cells on day 0. Reasons for choosing a NMA 
protocol were age over 50 years for patients receiving 
unrelated HSCT (n=71) or age over 55 years for patients 
receiving related HSCT (n=11). Patients’ characteristics 

are shown in Table 1 and Supplementary Table 1. For 
Information regarding prevention and incidence of acute 
and chronic graft-versus-host disease see Supplementary 
Material. Median follow-up after HSCT for patients alive 
was 1.8 years.

Healthy control cohort

In a control cohort of 7 healthy volunteers (median 
age of 62.7, range 39.6-82.0 years), absolute BAALC/ABL1 
copy numbers in peripheral blood were evaluated. Written 
informed consent was obtained for all healthy individuals; 
their characteristics are shown in Supplementary Table 2.

Cytogenetic, moleculargenetic, and flow 
cytometric analyses

At diagnosis, cytogenetic analyses, the presence 
of internal tandem duplication in the FLT3 gene (FLT3-
ITD) as well as mutations in the FLT3 tyrosine kinase 
domain (FLT3-TKD), NPM1 and CEBPA genes were 
determined as previously described [34]. For details 
see Supplementary Material. For patients with material 
available, the CD34 and CD38 expression on mononuclear 
cells in bone marrow at diagnosis was determined as 
previously described [35].

ddPCR assessment of BAALC/ABL1 copy 
numbers

Absolute BAALC copy numbers were assessed 
using a specific ddPCR assay (BioRad, Hercules, 

Table 2: Multivariable outcome analyses of 82 AML patients treated with HSCT

Variable 
Cumulative Incidence of Relapse Overall survival 

HRa (95% CI) P HRa (95% CI) P

pre-HSCT BAALC/ABL1 copy numbers 
(high vs. low, 0.14 cut) 2.6 (1.2-5.7) .012 2.1 (1.1-4.1) .03

Disease origin (de novo vs. secondary) 0.4 (0.2-0.8) .009 - -

Disease status at HSCT (CR vs. CRi) 0.3 (0.1-0.7) .003 - -

ABL1, Abelson murine leukemia viral oncogene homolog 1 gene; BAALC, brain and acute leukemia, cytoplasmatic gene; 
CI, confidence interval; CR, complete remission; CRi, CR with incomplete peripheral recovery; HSCT, hematopoietic cell 
transplantation; HR, hazard ratio.
a HR, hazard ratio, <1 (>1) indicate lower (higher) risk for an event for the first category listed for the dichotomous 
variables.
Variables considered in the models were those significant at α=0.20 in univariable analyses. For OS endpoint, variables 
considered were hemoglobin count at diagnosis, white blood cell count at diagnosis, pre-HSCT BAALC/ABL1 copy numbers 
(high vs. low) and HLA match (antigen match vs mismatch) while for CIR endpoint, variables considered were disease origin 
(de novo vs. secondary), BAALC/ABL1 copy numbers (high vs. low), disease status at HSCT (CR vs. CRi) and ELN 2010 
Genetic Group.
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California, USA; Assay ID: dHsaCPE5025566) according 
to manufacturer’s specifications. Primers and probe 
sequences for ABL1 copy number assessment (Biomers, 
Ulm, Germany) are shown in the Supplementary Material. 
ddPCR was performed on a QX100 platform (BioRad) 
and QuantaSoft software (Biorad) was used for raw data 
processing. With the droplet generator, each sample was 
divided into approximately 10,000 - 20,000 partitions 
(droplets). After PCR amplification (for details see 
Supplementary Material) the samples were placed into the 
droplet reader, where each droplet was read as positive 
or negative for the gene expression by issuing specific 
fluorescence signals (FAM and HEX). Redistribution 
according to the Poisson’s algorithm determined the target 
copy number in the original sample. Two examples of the 
ddPCR droplet reader output are given in Supplementary 
Figure 1.

BAALC/ABL1 cut-off point definition

Using the R package ‘OptimalCutpoints’ a cut-
off point of 0.1397 absolute pre-HSCT BAALC/ABL1 
copies was determined and used to define patients with 
high (n=21, 26%) and low (n=61, 74%) pre-HSCT 
BAALC/ABL1 copy numbers in peripheral blood. For 
details see Supplementary Material.

End points and statistical analyses

For definition of clinical endpoints and statistical 
analyses for associations and survival (univariable and 
multivariable) see Supplementary Material.
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2.5 Aberrant microRNA expression as prognostic markers in AML and their clinical and 

therapeutic implications 

In recent years it became clearer that differential miR expression levels may not only be used 

for risk stratification but that exploring their biology may provide important insights into AML 

pathogenesis. Furthermore, identifiying ways to manipulate their expression levels may present 

new therapeutic avenues for AML treatment.  

The first part of this paragraph focuses on miR-181a. The first presented paper evaluated the 

prognostic significance of miR-181a expression levels in the context of established molecular 

markers in CN-AML, and aided to gain insight into the leukemogenic role of miR-181a. This 

paper was the first to provide evidence that the expression of a single miR is associated with 

clinical outcome of patients with CN-AML, as higher miR-181a expression associated with 

longer diseas-free survival (DFS) and OS.  

The second paper included in this paragraph demonstrates that high miR-181a expression 

levels lead to a less aggressive AML phenotype by directly downregulating KRAS, NRAS, and 

MAPK1 and decrease AML growth. Furthermore, the paper shows that miR-181a expression 

levels not only represent a strong prognostic marker in AML, but are also involved in AML 

biology by targeting the RAS-MAPK-pathway, and that miR-181a mimics represent a novel 

promising therapeutic approach for AML and possibly for other RAS-driven cancers. 

In the second part of this paragraph the role of miR-29b in AML is characterized and potential 

new treatment strategies are discussed. High expression levels of miR-29b expression 

associated with clinical response to the hypomethylating agent decitabine in older AML patients. 

Bortezomib-induced miR-29b up-regulation resulted in loss of transcriptional activation for 

several genes relevant to AML leukemogenesis. In the third paper a phase 1 trial is presented 

that demonstrates the feasibility and preliminary clinical activity of bortezomib plus decitabine in 

AML, and identified FLT3 as a novel pharmacodynamic end point for future trials.  

In the fourth paper it is demonstrated that the potent histone deacetylase inhibitor AR-42 

increased miR-29b levels and led to downregulation of known miR-29b targets (i.e. SP1, 

DNMT1, DNMT3A and DNMT3B). It also shows that the sequential administration of AR-42 
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followed by decitabine resulted in a strong anti-leukemic activity. These preclinical results with 

AR-42 priming before decitabine administration represent a promising, novel treatment 

approach and a paradigm shift with regard to the combination of epigenetic-targeting 

compounds in AML, where decitabine has been traditionally given before histone deacetylase 

inhibitors. 

In the final paper included in this paragraph it is demonstrated that treatment with a transferrin-

conjugated nanoparticle loaded with synthetic miR-29b (Tf-NP-miR-29b) significantly 

downregulated DNMTs, CDK6, SP1, KIT, and FLT3, decreased AML cell growth and impaired 

colony formation. Mice engrafted with AML cells and then treated with Tf-NP-miR-29b had 

significantly longer survival. Furthermore, priming AML cell with Tf-NP-miR-29b before 

treatment with decitabine resulted in marked decrease in cell viability and showed improved 

antileukemic activity compared with decitabine alone in vivo. 
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2.6 Leukemia Initiating Cell Burden as a prognostic marker in AML 

In AML, leukemia-initiating cells are assumed to exist within the CD34+/CD38- cell 

compartment. These cells are more resistant to chemotherapy, enriched in MRD cell 

populations, and likely responsible for relapse. The here included paper shows that a high 

CD34+/CD38- cell burden at diagnosis independently associated with worse outcome in AML 

patients treated with allogeneic HSCT in CR. The inferior outcome was likely mediated by 

residual leukemia-initiating cells in the bone marrow CD34+/CD38- cell population, escaping the 

graft versus leukemia effects after allogeneic HSCT. The paper was the first to analyse the 

prognostic impact of a leukemia-initiating cell population in AML patients consolidated with an 

allogeneic HSCT and demonstrated the feasibility of the CD34+/CD38- cell burden as a marker 

for risk stratification and a potential therapeutic target.  
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diagnosis in acute myeloid leukemia patients undergoing allogeneic stem cell transplantation. Am J 
Hematol. 2017; 92:388-96. 
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3. CONCLUSUION and FUTURE PERSPECTIVES / ZUSAMMENFASSUNG und AUSBLICK 

3.1 Conclusion: molecular characteristics in AML 

The publications discussed in the here presented work on molecular biomarkers have 

contributed to a better understanding of leukemogenic pathways, let to improved risk 

assessment and demonstrated possible novel treatment strategies in AML. Besides the 

importance for translational and functional research in the presense and future improved 

molecular characterisation of AML patients has the potential to adjust risk assessment at 

diagnosis or during disease course as demonstrated in multiple examples in this work. Some 

molecular markers have already been integrated in today’s risk stratification which underlines 

the importance of these findings. Apart from coding genes and proteins, miRs may function as 

targets for new treatment approaches, e.g. by upregulation/ downregulation following 

sequenical treatment prior to cytotoxic therapy. Promising data is provided in animal studies and 

early clinical phase trials in examples in this work. Furthermore, the burden of leukemia initiating 

cells has been shown to provide high prognostic significance and can also contribute to risk 

assessment, highlighting athe importance of clinically evaluating therapeutic approaches to 

tartget this cell population. 

 

3.2 Clonal evolution 

Even though substantial advancements have been achieved in understanding AML biology - 

that also led to the development of novel targeted therapies - and patients’ risk stratification has 

continuously been improved, outcomes for most AML patients’ remain unsatisfactory. Novel 

methodologies, such as next-generation-sequencing to explore moleculargenetic and epigenetic 

changes that drive AML leukemogenesis are beeing implemented and help to understand this 

clinically and genetically very heterogeneous disease.  

In the last years substantial effort has been put into further understanding pre-AML conditions 

and the definition of pre-leukemic stages has evolved.97-99 Patients diagnosed with 

myelodysplastic syndrome, individuals with germline mutations in certain transcription factors 

(such as RUNX1 or CEBPA), or with preceding therapies for unrelated neoplasms such as 
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alkylating chemotherapy or radiation show an elevated risk to develop AML.97,98,100 Apart form 

these conditions, recently it was noted that some mutations found in AML patients (e.g. in the 

DNMT3A, TET2, IDH1 or IDH2 gene) can also be found in older 'healthy' individuals who have 

an increased risk of developing frank AML.99,101,102 In ‘healthy’ individuals these mutations have 

been linked to cloncal hematopoiesis, and the term ‘clonal hematopoiesis of indeterminate 

potential’ (CHIP) was coined, indicating a pre-leukemic condition similar to monoclonal 

gammopathy of undetermined significance (MGUS) or monoclonal B-cell lymphocytosis (MBL). 

Understanding the connection of these mutations linked to the phenomenon of clonal 

hematopoiesis, AML and the impact on prognosis and treatment may provide important 

information to improve patients’ outcomes in the future and today represents an active field of 

research. 

 

3.3 Further defining the leukemia initiating cell population 

Since AML is thought to be initiated and maintained by a population of leukemia initiating cells, 

in the past years growing efforts have been put into identifying the phenotype (e.g. the 

CD34+/CD38- subpopulation84 or expression of the G protein-coupled receptor 56 [GPR56]103) 

of these cells. Additionally, there is increasing evidence that a high expression of stem cell gene 

signatures is associated with poor clinical outcomes.104,105 Since also the diagnostic burden of 

these cells has been associated with outcome it seems crucial to identifiy and target this 

populations to improve remission rates and long term survival for AML patients. Additionally, 

better characterisation of the leukemia initiating cell phenotyp may improve methods for MRD 

assessment, since it may allow for a more sensitive and clinical significant detection of 

remaining disease burden during or after AML treatment. 	

 

These recent developments are examples of current focuses in the field of translational AML 

research that may in the future be able to further improve AML risk stratifications, treatment, and 

outcomes.  
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5. INDEX OF ABREVIATIONS / ABKÜRZUNGSVERZEICHNIS 
 
A 
AML    acute myeloid leukemia 
APL   acute promyelocytic leukemia 
ASXL1   additional sex combs like 1  
ATRA   all-trans retinoid acid 
 
B 
BAALC   brain and acute leukemia, cytoplasmic  
 
C 
CBF   core-binding factor 
CD   cluster of differentiation 
CDK6   cyclin dependent kinase 6 gene 
CEBPA / C/EBPα  CCAAT/enhancer-binding protein alpha gene / protein 
CHIP   clonal hematopoiesis of indeterminate potential 
CIR   cumulative incidence of relapse 
CN-AML   normal cytogenetics 
CR   complete remission 
 
D 
DFS   disease-free survival  
DNMT   DNA methyltransferase  
 
E 
EFS   event-free survival 
ELN   European LeukemiaNet 
ERG   ETS-related gene 
ETV6   translocation-Ets-leukemia virus 
 
F 
FAB   French American British 
FLT3-ITD  internal tandem duplikation in the Fms related tyrosine kinase 3 gene 
FLT3-TKD  tyrosine kinase domain of the Fms related tyrosine kinase 3 
 
G 
GvL   graft versus leukemia 
GPR56   G protein-coupled receptor 56   
 
H 
HSCs   hematopoietic stem cells 
HSCT   hematopoietic stem cell transplantation 
HOX   homebox 
 
I 
IDH   isocitrate dehydrogenase 
 
K 
KRAS   kirsten rat sarcoma 
 
M 
MAPK   mitogen-activated protein kinase 
MPL   monoclonal B-cell lymphocytosis 
MGUS   monoclonal gammopa 
miR   microRNA 
MN1   meningeoma-1 
MHY11   myosin heavy chain 11 
MRD   measurable residual disease 
 
N 
NPM1   nucleophosmin-1 
NRAS   neuroblastoma rat sarcoma 
 
O 
OS   overall survival 
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R 
RAS   rat sarcoma 
RUNX1   Runt-related transcription factor 1 
 
S 
SP1   specificity protein 1 
 
T 
TP53   tumor protein 53 
 
W 
WHO   World Health Organisation 
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