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1
Introduction

1.1 Hematopoiesis

Hematopoiesis, the production and differentiation of mature blood cells, e.g. ery-
throcytes, platelets and leukocytes, is a complex multistep process. Its orchestra-
tion is highly versatile and relies on intracellular and extracellular stimuli, which are
to some degree mediated by the stem cell niche, the microenvironment surround-
ing the hematopoietic cells [Crane et al., 2017]. Those stimuli cover the range
from transcription factors (TF) and their target sites (C/EBPα, PU.1, etc.), over
hematopoietic cytokines and their receptors (G-CSF, stem cell factor (SCF), ery-
thropoietin (EPO), thrombopoietin (TPO), etc.) to epigenetic regulatory elements
regulating each step until mature cells are derived [Álvarez-Errico et al., 2015;
Drissen et al., 2016; Metcalf, 2008; Ostuni et al., 2016; Rosenbauer and Tenen,
2007]. The role of TFs is described in section 1.1.3.
In general, hematopoiesis can be divided into several pathways, myelopoiesis,

erythropoiesis, thrombopoiesis and lymphopoiesis. Since granulocytes and gran-
ulocytic disorders are the subjects of this study, the focus will be on myelopoiesis,
the production and maturation of myeloid cells, i.e. granulocytes and monocytes.
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The model of differentiation of hematopoietic pluripotent stem cells, first sug-
gested by Jacobson and Marks, demonstrated in practice by Till and McCulloch,
confirmed by Bradley and Metcalf, reviewed by Tsai and Orkin and Orkin et al., is
the commonly accepted basis for most of the existing in vitro models of hemato-
poiesis [Bradley and Metcalf, 1966; Jacobson and Marks, 1949; Orkin et al., 2015;
Till and McCulloch, 1961; Tsai and Orkin, 1997].
Mature blood cells are derived from undifferentiated hematopoietic stem cells

(HSC) over intermediate differentiation states. Two capacities characterize a stem
cell, the capacity of self-renewal and the ability to differentiate into different mature
blood cells [Doulatov et al., 2012]. HSCs reside on the apex of a hierarchical tree
and are divided into two groups: long-term reconstituting stem cells (LT-HSCs)
which have a high self-renewal potential, and short-term reconstituting stem cells
(ST-HSCs). ST-HSCs are prone to give rise to more committed progenitor cells,
called multipotent progenitors (MPPs) [Orkin and Zon, 2008]. MPPs inherit a re-
duced capacity of self-renewal and differentiate into more committed cells, called
common lymphoid or myeloid progenitor cells (CLP and CMP) [Orkin and Zon,
2008]. CLP and CMP further differentiate into more specialized cells (CFUs =
colony forming units) and mark the earliest bifurcation between myeloid and lym-
phoid branches. Of note, there is another entity of HSC, the lympho-myeloid multi-
potential progenitor (LMPPs) which inherits the potential of differentiating into both
granulocyte-monocyte progenitors (GMPs) and CLPs in vitro [Karamitros et al.,
2018]. Further differentiation of common progenitors results via highly restricted
progenitors (GMPs, MEPs = megacaryocyte-erythrocyte progenitors, CLPs, etc.)
in terminally differentiated, mature blood cells, such as erythrocytes, represent-
ing the vast majority of blood cells, granulocytes, monocytes, thrombocytes and
lymphocytes [Orkin and Zon, 2008].

1.1.1 Myelopoiesis with focus on granulocytic differentiation

In humans, myelopoiesis mainly occurs in the bone marrow and it takes about two
weeks from HSC to mature neutrophils [Ostuni et al., 2016].
Starting with common myeloid progenitors (CMPs), the myeloid lineage con-
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sists of all cells rising from MPPs but those committed to the lymphoid lineage
(except for the above mentioned LMPPs). MPPs give rise to CMPs which then
differentiate stochastically into megakaryocyte-erythroid progenitor cells (MEPs),
granulocyte-monocyte progenitor cells (GMPs), eosinophil and basophil/mast-cell
progenitors (EoBMaP) [Doulatov et al., 2012; Orkin and Zon, 2008; Orkin et al.,
2015]. Myeloid cell fate decision requires specific myeloid, transcription factors
such as PU.1, C/EBPα, C/EBPε, and epigenetic modifies, e.g. histone modifiers
[Blumenthal et al., 2017]. In GMPs, it is their timed expression ratio, which reg-
ulates whether the differentiation is guided towards a granulocytic (granulocyte
colony-forming units; CFU-G) or monocytic (monocyte colony-forming units; CFU-
M) fate [Blumenthal et al., 2017]. Of note, in contrast to GMP which inherit mono-
cytic and granulocytic potential, CFU-G and CFU-M are unilineage-restricted [Sieff
et al., 2015], thus CFU-Gs give rise to myeloblasts which differentiate into mature
segmented neutrophils via pro-myelocyte, myelocyte, meta- and band-myelocyte
state [Lawrence et al., 2018; Sieff et al., 2015]. Whereas CFU-Ms differentiate
into mature monocytes. In early phases of granulocytic differentiation, some TFs
serve as pioneering TFs, meaning previously unaccessible chromatin is made ac-
cessible by them for further, lineage-specific TFs [Ostuni et al., 2016]. In myeloid
progenitor cells, PU.1 is described to act as priming TF, making chromatin ac-
cessible for C/EBPα [Ohlsson et al., 2016]. At steady-state granulopoiesis, dif-
ferentiation into granulocytes is driven by high-levels of C/EBPα and relatively
lower levels of PU.1 [Álvarez-Errico et al., 2015; Friedman, 2007; Ohlsson et al.,
2016; Ostuni et al., 2016]. C/EBPε, another member of the C/EBP family, regu-
lates the transition from promyelocyte to myelocyte state and interacts with GFI-1
and LEF-1, both crucial for granulocytic lineage commitment [Ostuni et al., 2016].
In addition to the TFs mentioned above, growth factors (GFs), or cytokines, are
needed for normal granulopoiesis and lineage commitment. For example, Gran-
ulocyte colony-stimulating factor (G-CSF) can induce both proliferation and matu-
ration of myeloid progenitors at CFU-GM level [Sieff et al., 2015; Skokowa et al.,
2006; Touw et al., 2013]. In 2006, Skokowa et al. showed that G-CSF induces
expression of LEF-1 transcription factor which activates C/EBPα [Skokowa et al.,

3



2006].
Figure 1.1 provides comprehensive information about the maturation of neu-

trophils and figure 1.2 shows a scheme of the hierarchical model of hematopoiesis.

Figure 1.1: Granulocytic maturation
GMPs give rise to myeloblasts which differentiate via several intermediate states to mature
segmented neutrophils.
Adapted from Skokowa et al. [2017]: Severe congenital neutropenias. Nature Reviews Disease Primers
3:17032.

1.1.1.1 Neutrophils and function

Neutrophil granulocytes (neutrophils) are major players in the innate immune re-
sponse and make up approx. 60% of the peripheral blood leukocyte fraction
(4.000 - 12.000/ ul) in healthy individuals [Herold, 2016; Rosales, 2018]. Neu-
trophils are cells of the first-line immune defence. These are the first to respond
to (bacterial) infections and are further recruited by the resulting chemokines, so
neutrophils are essential for both the innate and acquired immune response and
survival [Dinauer et al., 2015]. As research on neutrophils is ongoing, their fur-
ther functions are discovered [Rosales, 2018]. Currently, neutrophils are not only
seen as phagocytes, ingesting and digesting pathogens, but also as essential me-
diators between primary innate immunological response and secondary adaptive
response [Dinauer et al., 2015]. This crosslink between the myeloid and lymphoid
system does not only rely on antigen-presenting cells like monocytes and antigen-
presenting dendritic cells (APC), but also on defensines produced and released
by neutrophils as well as antigen-presentation by activated neutrophils [Dinauer
et al., 2015]. The granulocytic pathogen containment capacity comprises phago-
cytosis, the ingestion, and digestion of, e.g. bacteria and the ability of neutrophils
to release neutrophil extracellular traps (NETs) [Brinkmann and Zychlinsky, 2012;
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Dinauer et al., 2015]. NETs consist, among others, of chromatin, lysosomal en-
zymes, as e.g., neutrophil elastase (NE), and myeloperoxidase (MPO). Together
they build up a 3D net-like structure aiming to bind pathogens and neutralize
them at the site of infection, thus neutrophils prohibit further spreading of infec-
tion [Brinkmann and Zychlinsky, 2012; Dinauer et al., 2015].

1.1.2 New model of hematopoiesis

Currently, the model of hematopoietic differentiation, at least for hematopoiesis
in adults, is challenged and about to be redesigned. Several articles have been
published, where a model was reported not compatible with the current, above de-
scribed paradigm of hierarchical hematopoiesis [Drissen et al., 2016; Notta et al.,
2016; Paul et al., 2015; Velten et al., 2017]. It was reported, that all lineages
emerge directly from multi-potent HSCs which were described by Velten et al.
as a ’cellular continuum of low-primed undifferentiated HSPCs (CLOUD-HSPCs)’
[Velten et al., 2017]. This continuum of HSPCs includes cells phenotypically re-
sembling MPPs, MLPs and LMPPs [Velten et al., 2017]. In this new model, these
cells do not represent a single, stable entity, but represent a transient state of
differentiation and are already functionally uni-potent [Velten et al., 2017]. Sup-
porting this theory of early fate decision, Notta et al. observed and reported the
differentiation of uni-potent erythroid-megakaryocytic progenitors directly from the

Figure 1.2 (preceding page): Scheme of the standard model of hematopoiesis
with focus on myelopoiesis
Long-term and short-term repopulating hematopoietic stem-cells (LT-/ST-HSC) give rise to
more committed multi-potent progenitor-cells (MPP). Those MPPs do not have the potential
of self-renewal but differentiate to either committed myeloid progenitors (CMP) or multipo-
tent lymphoid progenitors (MLP). MLPs form the basis of the lymphoid lineage (not ultimately
shown), and CMPs differentiate into divers myeloid lineages. Differentiation is guided by the
presence (or absence) of specific growth factors, transcription factors and other mechanisms
of hematopoietic differentiation. Granulocyte-monocyte progenitors (GMP) are the common
progenitors of the more mature colony-forming units (CFU) of neutrophils and monocytes. Dif-
ferentiation into both lineages is supported by the presence of a granulocyte-monocyte colony
stimulating factor (GM-CSF), whereas differentiation from CFU-G into mature granulocytes
requires the presence of granulocyte-colony stimulating factor (G-CSF).
Adapted and modified from Sieff et al. [2015] ’Nathan & Oski’s - Hematology and Oncology of Infancy
and Childhood.’ Chapter 1 ’Anatomy and Physiology of Hematopoiesis’. Elsevier/Saunders. 8th Edition.
p.3-51.e21.
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HSPC-compartment [Notta et al., 2016]. Similarly, neutrophils and lymphocytes,
together with monocytes, emerged from this compartment without the presence
of CMPs or other intermediate cells [Notta et al., 2016]. Furthermore, Karamitros
et al. observed, that LMPPs had the potential to differentiate into both GMPs and
CLPs but mostly differentiated in an unilinear manner in vitro [Karamitros et al.,
2018]. The performed in vivo experiments showed, that multilineage-potential
of single cells was possibly smaller than proposed previously, suggesting that
pluripotency of individual cells was more likely a result of the assays used, which
do not reflect in vivo cell fate potential, rather than the unbiased fate of the cells
themselves [Karamitros et al., 2018]. In conclusion, it seems that fate decision
happens on HSC level, and hematopoietic differentiation is not a tree-like model,
but it resembles a more continuous model like a ’Waddington’s landscape’, where
differentiation begins early and the differences between the different cell lines be-
come more significant the further the cells are differentiated (figure 1.3) [Velten
et al., 2017].
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Figure 1.3: Early lineage restriction in hematopoiesis
A cellular continuum of HSCs undergoes early lineage restriction and gives rise to uni-lineage
primed progenitor cells which differentiate into mature blood cells. Differences in cell entities
increase while differentiation continues.
Adapted, modified and merged from Velten et al. [2017] ’Human hematopoietic stem cell lineage
commitment is a continuous process’. (Nature Cell Biology. 19:4. p271-281.) and Notta et al. [2016]
’Distinct routes of lineage development reshape the human blood hierarchy across ontogeny’. (Science.
351:6269. p.aab2116-aab2116-9)
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1.1.3 Transcription factors in hematopoiesis

Transcription factors comprise a group of proteins with the ability to bind to specific
DNA regions and regulating accession and transcription of DNA [Friedman, 2007;
Maston et al., 2006]. They function in a tightly controlled mode of action and can
induce their effect alone or as part of a complex with other proteins and either
work as inducers or suppressors [Maston et al., 2006]; by this TFs enable priming
of a distinct phenotype or provoke a specific cellular response [Friedman, 2007].

1.1.3.1 ETS family of transcription factors

In humans, ETS (E26 transformation-specific) family of transcription factors com-
prises 28 genes all related to each other by the presence of ETS domain in their
protein structure [Ciau-Uitz et al., 2013; Sizemore et al., 2017]. Most prominent
in hematopoiesis and myeloid differentiation is Spi.1 which encodes PU.1 protein
[Rosenbauer and Tenen, 2007].

1.1.3.1.1 PU.1 (Spi.1) transcription factor
PU.1 regulates hematopoietic differentiation at several levels in the maturation hi-
erarchy. PU.1 reduces HSC self-renewal capacity and induces maturation into
CMPs and CLPs [Rosenbauer and Tenen, 2007]. CMPs can be divided into
two groups based on PU.1 expression: CMPs expressing PU.1 can differentiate
into all myeloid cells, whereas CMPs deficient of PU.1 can only differentiate into
MEPs [Rosenbauer and Tenen, 2007]. Differentiation of CMPs into granulocytes
or monocytes is determined by PU.1 expression levels [Rosenbauer and Tenen,
2007]. High levels of PU.1 favor a monocytic phenotype, whereas cells with low
levels of PU.1 differentiate into granulocytic precursors [Rosenbauer and Tenen,
2007]. The regulation of myeloid fate is a complex process and, in addition to
PU.1, is balanced by C/EBPα.
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1.1.3.2 C/EBP (CCAAT/enhancer binding proteins): C/EBPα, C/EBPβ, C/EBPε
and GFI.1

Activation of C/EBPα is required for differentiation from CMP to GMP and is in-
duced by LEF-1 [Friedman, 2007; Sieff et al., 2015; Skokowa et al., 2006]. Al-
though it is expressed throughout differentiation from HSC to mature granulocytes,
after GMP stage, C/EBPα is no longer required for neutrophil maturation [Rosen-
bauer and Tenen, 2007]. LEF-1 is down-regulated by hyperactivated STAT5 via
enhanced ubiquitination and degradation. In CN, STAT5 is continuously activated
and possibly responsible for a block of myeloid differentiation [Gupta et al., 2014;
Skokowa et al., 2006]. Furthermore, LEF-1 induces C/EBPα in the nucleus by
binding to C/EBPα promoter region. LEF-1 translocation in the nucleus requires
HCLS1 and HAX1, whilst HCLS1 is activated by G-CSFR signaling [Skokowa
et al., 2012]. G-CSF can overcome the neutropenic phenotype in CN through the
induction of emergency granulopoiesis via C/EBPβ. C/EBPβ induces the differ-
entiation of neutrophils via G-CSFR signaling independent of the G-CSF - LEF-1 -
C/EBPα signaling pathway [Skokowa et al., 2012] (see 1.1.5.2 for further informa-
tion about CN). The final step from GMP to mature neutrophils is orchestrated by
C/EBPε, and GFI1 (growth factor independent 1 transcription-repres-sor protein).
The absence of one or both transcription factors leads to a lack of neutrophils
[Person et al., 2003; Rosenbauer and Tenen, 2007]. Of note C/EBPα, and GFI1
are crucial for maintenance of adult HSCs [Wang et al., 2017].

1.1.3.3 RUNX family of transcription factors

The RUNX (Runt related transcription factor) transcription factor family is highly
conserved between species and is involved in regulatory processes of diverse
tissues [Tahirov and Bushweller, 2017; Yzaguirre et al., 2017a]. Human RUNX
family of transcription factors consists of three structurally highly identical mem-
bers: RUNX1, RUNX2 and RUNX3 [Van Wijnen et al., 2004; Yzaguirre et al.,
2017a]. Their name originated from the conserved runt homology domain (RHD)
which resembles the runt transcription factor found in Drosophila [Tahirov and
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Bushweller, 2017; Van Wijnen et al., 2004]. At first it was postulated that RUNX3
is required for normal neuronal development, RUNX2 for normal osteogenesis
and RUNX1 is crucial for embryonal hematopoiesis and involved in myeloid differ-
entiation [Bonifer et al., 2017]. In the meantime, it is known that functions of RUNX
proteins overlap and RUNX proteins can compensate the absence of other fam-
ily members, hence genotype-phenotype correlation is not always given [Bonifer
et al., 2017; de Bruijn and Dzierzak, 2017]. This thesis covers topics in the field of
hematology and oncology, so for reasons of importance and simplicity the focus
will be on RUNX1. Synonyms of RUNX1 are CBF-α, PEPB2a and AML1.

1.1.3.3.1 RUNX1 structure and isotypes
Currently 11 splice variants of RUNX1 - located on chromosome 21 - are known

[Bateman, 2019; Uniprot.org], and the most common expression variants are: a
shorter RUNX1a isoform (size: 250 aa), the canonical RUNX1b isoform (UniPro-
tKB: Q01196-1; size: 453 aa; in the following all position designations refer to
the canonical isoform) and a longer RUNX1c isoform (size: 480 aa), which has
23 additional amino acid residues at its N-terminal region. RUNX1 includes sev-
eral functional domains: the RHD (128 aa: aa 50 to 177), the nuclear localiza-
tion signal (NLS; aa 167 to 183), the transactivation domain (TAD; also referred
to as transcription activation domain; 80 aa: aa 291-371) - including an activation
(AD), an inhibitory signal domain (ID) and a nuclear matrix targeting signal (NMTS;
aa 324 to 354) - and a C-terminal VWRPY sequence (aa 449 to 453) [Bonifer
et al., 2017; Lam and Zhang, 2012]. The RHD allows interaction with CBF-β
(core binding factor beta) and binding to DNA, resulting in a RUNX1-CBF-β-DNA
complex formation. Interaction of CBF-β with RUNX1 increases the binding affin-
ity of RUNX1 to DNA and inhibits ubiquitin dependent RUNX1 degradation, thus
leading to a prolonged RUNX1 protein half-life. Hence, in the absence of CBF-β,
RUNX1 is not able to properly exert its functions [Blumenthal et al., 2017; Lam and
Zhang, 2012; Tahirov and Bushweller, 2017]. The function of RUNX1 as either a
transcriptional activator or a repressor is dependent on the respective tissue and
the associated cooperating proteins, recruited via the RHD to the RUNX1 bind-

11



ing sites [Lam and Zhang, 2012]. Interacting proteins of RUNX1 besides CBF-β
are C/EBPα, PU.1, FLI1, GATA1, SMAD3, among others [Lam and Zhang, 2012;
Michaud et al., 2003]. Besides the RHD, RUNX1 functions can be regulated via
the TAD, e.g. by cooperation with MOZ, which depending on its acetylation state,
either enhances or represses RUNX1 induced transcription of target genes [Blu-
menthal et al., 2017; de Bruijn and Dzierzak, 2017]. The NLS is responsible for
wild-type RUNX1 localization in the nucleus, whilst via the VWRPY motif inhibi-
tion of RUNX1 via Groucho/TEL can be induced [Bonifer et al., 2017; Hughes
and Woollard, 2017; Lam and Zhang, 2012]. For RUNX1, to perform its normal
functions, the structural integrity of all domains is required.

1.1.3.3.2 Down-stream targets of RUNX1 and its function in hematopoiesis
and myelopoiesis
RUNX1 is crucial for the initiation and maturation of blood progenitor cells and

HSCs during primitive and definitive hematopoiesis, this process is termed en-
dothelial hematopoietic transition (EHT) [Yzaguirre et al., 2017b]. RUNX1 null em-
bryos die from heavy bleeding and have reduced numbers of blood cells; the same
is observed in the absence of CBF-β, which underlines the importance of RUNX1
and CBF-β in general as well as in this early phase of development [de Bruijn
and Dzierzak, 2017; Yzaguirre et al., 2017b]. RUNX1 is required for the transition
from hemogenic epithelial cells in the embryonal aorta which subsequently differ-
entiate to primitive blood cells - primitive erythrocytic progenitor, primitive bipotent
megakaryocytic-erythrocytic progenitors and primitive macrophages [Yzaguirre
et al., 2017b]. Following primitive hematopoiesis, definitive hematopoiesis pro-
duces lymphoid precursors, myeloid precursors, erythroid-megakaryocytic precur-
sors and pre-HSCs [Yzaguirre et al., 2017b]. They then migrate to the liver, where
they differentiate further, and finally these cells move into the bone marrow, where
they remain for a lifetime [Yzaguirre et al., 2017b]. During EHT, RUNX1 functions
as early acting TF, which means that RUNX1 binds to condensed chromatin, thus
making it accessible for further TFs such as SCL/TAL1 and FLI1 [Bonifer et al.,
2017; Yzaguirre et al., 2017b]. Further required in the EHT are GFI-1 and GFI-1b,
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which mediated the differentiation from endothelial to blood cells [Yzaguirre et al.,
2017b].
In adult hematopoiesis, RUNX1 is expressed in all blood cells except for the ma-

ture erythrocytes, there RUNX1 is downregulated [de Bruijn and Dzierzak, 2017].
In contrast to CBF-β, RUNX1 is not crucial for the maintenance of hematopoiesis
- indicating that other members of the RUNX family compensate RUNX1 defi-
ciency -, but RUNX1 knockout leads to a decrease of LT-HSCs, platelets and
lymphoid cells [de Bruijn and Dzierzak, 2017; Mevel et al., 2019]. Interestingly,
RUNX1 haploinsufficiency, also underlying familial platelet disorder with propen-
sity to AML (FPD/AML; OMIM: 601399), reduces lymphoid numbers and platelet
count but increases the replating capacity of HSC which indicates increased self-
renewal. Furthermore, RUNX1 is involved in the regulation of differentiation of
various hematopoietic cells. Whether RUNX1 activates or represses the expres-
sion of its target gene, is depending on its cooperation partners and the cell type in
which it is expressed. Exemplary targets of RUNX1 are genomic sites of cytokines
and cytokine receptors (e.g. of M-CSF, G-CSFR), genes involved in profound reg-
ulatory pathways, such as apoptosis and cell cycle progression, other TFs (Spi.1
(PU.1), C/EBPα) and myeloid markers such as ELANE (neutrophil elastase, NE),
MPO (myeloperoxidase) [Chuang et al., 2013; de Bruijn and Dzierzak, 2017; Fried-
man, 2007, 2009; Hyde et al., 2017; Michaud et al., 2003]. RUNX1 is especially
involved in cell homeostasis and the regulation of differentiation and proliferation;
enforced expression of RUNX1a has been shown to support proliferation whilst
RUNX1b promoted differentiation of hematopoietic cells [Chuang et al., 2013]. In
summary, although RUNX1 is not necessary for the maintanance of HSC in adult
hematopoiesis, the impaired maturation of megakaryocytes and lymphocytes in
particular, as well as the expansion of GMPs as a result of RUNX1 knockout, show
that balanced RUNX1 expression is important for normal hematopoiesis. Further
roles of the RUNX proteins, besides acting as TF, are currently proposed, e.g.,
Brujin et al. described RUNX1 as well as RUNX3 proteins to be associated with
DNA repair mechanism; thus the future might reveal even more astonishing func-
tions of all RUNX proteins in homeostasis [de Bruijn and Dzierzak, 2017].
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1.1.4 G-CSF, G-CSF receptor and their physiologic roles in neutrophil home-
ostasis

Growth factors, or cytokines, are signaling molecules that play an essential role
in determining cell fate in hematopoietic cells; members of this group are GM-
CSF (granulocyte-macrophage colony-stimulating factor), M-CSF (macrophage
CSF) and G-CSF (granulocyte CSF; encoded by CSF3) with their correspond-
ing cytokine receptors GM-CSFR etc. [Dwivedi and Greis, 2017; Metcalf, 1985].
G-CSF and G-CSFR (granulocyte colony-stimulating factor receptor, encoded by
CSF3R) are key drivers of granulocytic differentiation and are important for suffi-
cient neutrophil numbers [Touw et al., 2013]. Maintaining a sufficient neutrophil
count via G-CSFR signalling involves two modes: (1) basal steady-state granu-
lopoiesis via LEF1 and C/EBPα and (2) emergency granulopoiesis via NAMPT,
NAD+ and Sirt, where Sirt finally induces C/EBPβ (see 1.1.3 for further informa-
tion about transcription factors involved in neutrophil maturation) [Skokowa and
Welte, 2013].
G-CSFR protein consists of three parts: the extracellular domain, the transmem-

brane domain and the intracellular cytoplasmatic domain [Touw et al., 2013]. The
extracellular immunoglobulin-like domain binds G-CSF which activates the recep-
tor via homodimerization in a 2:2 ratio (2 molecules of G-CSF bind 2 molecules of
G-CSFR which form a complex). Mutations which result in a truncated extracellu-
lar part of G-CSFR cause severe neutropenia (see 1.1.5.2 for further information)
[Ward et al., 1999]. After activation, G-CSFR exerts its functions via its cytoplas-
matic domain. In congenital neutropenia, nonsense mutations of the intracellular
part of G-CSFR are an early event in malignant progression towards MDS/AML
(see 1.1.6 for further information about the role of mutant CSF3R) [Touw, 2015].
The intracellular domain of G-CSFR can be categorized in subdomains responsi-
ble for proliferation (membrane proximal part) and differentiation (C-terminal part)
[Dong et al., 1993; Ziegler et al., 1993].
G-CSFR downstream signaling involves three distinct pathways: (i) a JAK/STAT

pathway, (ii) a PI3K/Akt pathway and (iii) a p21RAS/MAPK/ERK pathway [Dwivedi
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and Greis, 2017; Touw et al., 2013]. In the JAK/STAT pathway G-CSF stimulates
STAT3 and STAT5, STAT3 - activated at the C-terminal part - stimulates basal
differentiation of granulocytes whilst STAT5 - activated at the membrane proximal
domain - induces proliferation [Dong et al., 1993, 1998; Hermans et al., 1999;
Touw et al., 2013]. Normally, STAT3 signaling lasts longer (several hours) than
STAT5 signaling (minutes); STAT5 activation induces the elevation of reactive oxy-
gen species (ROS) levels [Hermans et al., 1999; Touw et al., 2013]. The PI3K/Akt
pathway requires HAX1, inhibits apoptosis (promotes survival), stimulates prolifer-
ation and is assumed to produce ROS as well [Dong and Larner, 2000; Skokowa
and Welte, 2013]. The role of the p21RAS/MAPK/ERK pathway is only partially un-
derstood but also important for proliferation, differentiation and possibly ER stress
[Dwivedi and Greis, 2017; Skokowa and Welte, 2013]. G-CSFR signaling is abro-
gated by receptor internalization and negatively influenced by SOCS3 signaling
which is activated by STAT3 [Hunter and Avalos, 2000; Touw et al., 2013].

1.1.5 Inherited bone marrow failure syndromes

Inherited bone marrow failure syndromes (IBMFS) are a heterogeneous group
of genetic diseases with a deficiency of one or more mature blood cell lineages
[Collins and Dokal, 2015; Parikh and Bessler, 2012]. Sometimes these blood
cell defects are accompanied by additional extra-haematopoietic manifestations,
which may become visible even before the haematopoietic disorders [Parikh and
Bessler, 2012]. Examples of IBMFS are: Fanconi anemia (FA), Shwachmann-
Diamond syndrome (SDS), familial platelet disorder with propensity to AML (FPD /
AML), Barth syndrome (BS) and severe congenital neutropenia (CN) [Berman and
Look, 2015; Bione et al., 1996; Song et al., 1999; Wilson et al., 2014]. The extra-
haematopoietic manifestations are manifold: symptoms of FA include anaemia,
altered skin pigmentation, neurological - i.e. developmental - disorders and bone
diseases, etc.; while BS is associated with disorders of the neuronal system,
bones, heart and skeletal muscles in addition to neutropenia. [Bione et al., 1996;
Taylor et al., 2019; Wilson et al., 2014]. Due to their potential of malignant trans-
formation, IBMFS are considered as pre-leukemic syndromes [Collins and Dokal,
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2015; Skokowa et al., 2017]. Nowadays, patients suspected of suffering from
IBMFS are screened early for genetic alterations - such as mutations, instabil-
ities, deletions, etc. - and, in consequence, treatment can be initiated before
the phenotype becomes symptomatic [Collins and Dokal, 2015; Ghemlas et al.,
2015; Skokowa et al., 2017; Taylor et al., 2019]. Mutated genes are among oth-
ers RUNX1 for FPD/AML, SBDS for Shwachmann-Diamond syndrome, multiple
FANC genes for FA and several genes for CN (see 1.1.5.2.1) [Boztug et al., 2008;
Skokowa et al., 2017; Song et al., 1999; Taylor et al., 2019]. New screening tech-
niques such as next-generation sequencing (NGS) can help to identify disease-
causing mutations in previously undiagnosed patients, thereby enabling better
patient management and consequently reducing costs [Ghemlas et al., 2015].

1.1.5.1 Familial platelet disorder with propensity to acutemyeloid leukemia
(FPD/AML)

In 1999, Song et al. identified autosomal dominant mutations in RUNX1 as the un-
derlying cause of FPD/AML (OMIM: 601399) in six affected families [Song et al.,
1999]. In contrast to other IBMFS, which are frequently associated with extra-
hematopoietic manifestations, FPD/AML patients only show pathologies in blood
cells, with a reduced platelet count accompanied by dysfunctional platelets, which
can lead to prolonged bleeding times. As in other IBMFS, FPD/AML patients have
a high risk of leukemogenic transformation, which is reported to be 20-50% (av-
erage 35%) [Hyde et al., 2017; Osato, 2004; Song et al., 1999]. (Further insights
on RUNX1 mutations are provided in section 1.1.6.1.1.)

1.1.5.2 Cyclic and severe congenital neutropenia

Neutropenia is defined by low absolute neutrophil counts (ANC), usually below
1500/ul, and the increased susceptibility to bacterial infections. There are two
types of neutropenia. On the one hand, there are acquired forms, which can
be caused by infectious diseases (viral - EBV, CMV; bacterial - mycobacteria,
salmonella; etc.), certain drugs, (nutritional) deficiencies or can be developed
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spontaneously in the course of life. On the other hand, there are hereditary forms
of neutropenia, such as benign ethnic neutropenia (BEN), or with life-threatening
disease states, such as severe congenital neutropenia (CN) [Boxer, 2012; Gibson
and Berliner, 2014; Herold, 2016; Munshi and Montgomery, 2000]. CN is charac-
terized by an ANC below 500/ul, with or without extra-hematopietic manifestations,
due to inherited or sporadic mutations in among others, ELANE, HAX1, SBDS,
G6PC3 and CSF3R (figure 1.4) [Boztug et al., 2008; Skokowa et al., 2017; Triot
et al., 2014; Ward et al., 1999; Welte and Zeidler, 2009]. CN is a rare disease
with a prevalence of approximately 2.05 per 1 million people. Official numbers
vary between 0.1 and 8.6 cases per 1 million people depending on the country
(numbers calculated from [Donadieu et al., 2013] for Canada, the EU, Switzerland,
Norway and the US). Patients affected by CN suffer from frequent severe bacte-
rial infections, such as pneumonia, oral ulcers and sepsis. When CN is clinically
suspected, the diagnostic approach includes repeated blood counts, bonemarrow
examination and molecular genetic testings (either starting with the gene known to
cause CN in a related patient or ELANE) [Skokowa et al., 2017; Welte et al., 2006].
In the bone marrow smears a maturation arrest of granulocytic differentiation at
the promyelocyte stage is observed, this is often accompanied by eosinophilia
and an increase in the numbers of monocytes [Welte et al., 2006]. Prior to the
discovery and clinical application of G-CSF, CN patients had a reduced life ex-
pectancy with a mortality rate of more than 80%, even despite antibiotic therapy
[Dale, 1998; Kalra et al., 1995; Skokowa et al., 2017; Welte and Dale, 1996]. The
application of G-CSF results in markedly increased ANC values that are closer
to normal (ANC >1000/ul). This provides sufficient protection against bacterial
pathogens [Collins and Dokal, 2015; Skokowa et al., 2017]. Besides infections,
CN patients carry the risk of a leukemogenic progression to MDS or AML. Malig-
nant transformation has been reported before G-CSF was available for treatment
[Gilman et al., 1970], but with a prolonged lifetime and overall survival more cases
of leukemogenic progression were observed [Skokowa et al., 2017]. Through the
development and implementation of databanks and registries, such as the ’Se-
vere Chronic Neutropenia International Registry’ [SCNIR, 2018], patient data can
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be collected and investigated. It has been found that within 15 years approxi-
mately 22% of people affected by CN and treated with G-CSF develop MDS/AML
[Rosenberg et al., 2006, 2010]. The MDS/AML risk of a CN patient under G-CSF
treatment is about 2-3% per year [Rosenberg et al., 2010; Skokowa et al., 2017].
It is remarkable that there are CN patients, who require higher dose of G-CSF to
achieve granulocyte counts over 1000/ul and these have a consecutively higher
MDS/AML risk, reaching values of 40% in a time period of 15 years [Skokowa
et al., 2017]. Despite new advances in targeted gene therapy, made possible
by iPSC (inducible pluripotent stem cells) and CRISPR-Cas9 based models, the
only curative therapy - especially at the event of overt leukemia , i.e. MDS/AML
- is allogeneic transplantation of HSCs (HSC-Tx), which inherits its own adverse
effects, such as sepsis upon immunosuppression and relapse or progression to
leukemia (Of note, success rate and long-term safety of HSC-Tx has improved
over the years.) [Nasri et al., 2019; Pittermann et al., 2017; Skokowa et al., 2017;
Zeidler et al., 2000, 2013]. Thus, the time point to propose HSC-Tx to a CN pa-
tient should be at the end of therapeutic options and chosen carefully [Skokowa
et al., 2017; Zeidler et al., 2000].
Cyclic neutropenia (CyN) is characterized by low ANCs and a periodic change

in the number of neutrophils and monocytes - the numbers change cyclically over
21 days (interestingly, the number of monocytes behaves anticyclically to that of
neutrophils). CyN is caused by ELANE mutations [Skokowa et al., 2017]. Until
2015, patients with CyN were not expected to progress to AML, but Klimiankou et
al. described a case where CyN patient developed AML [Klimiankou et al., 2016a].
Therefore, both CN and CyN are considered as preleukemic syndromes, with CN
having the higher probability of leukemic progression [Skokowa et al., 2017].

1.1.5.2.1 Mutations and mechanisms underlying CN
As mentioned above, CN can be the result of a broad range of mutations, but in

approximately 40% of the cases, CN is caused by autosomal-dominant mutations
in the ELANE gene, encoding neutrophil-specific elastase (NE) [Makaryan et al.,
2015; Skokowa et al., 2017]. Mutations in ELANE can also be observed in CyN
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[Makaryan et al., 2015; Skokowa et al., 2017]. Neutrophil elastase is a cytotoxic
serine protease found in neutrophil granules and important for the intracellular
processing of protein substrates and extracellular pathogen defense [Skokowa
et al., 2017].
The mechanism underlying CN caused by mutated ELANE is a subject of cur-

rent research and several theories of possible pathomechanisms have been pro-
posed over the years. It was observed that the differentiation of neutrophils stopped
at the promyelocyte stage and progenitors became apoptotic [Aprikyan et al.,
2003; Köllner et al., 2006; Massullo et al., 2005; Skokowa et al., 2017; Welte
et al., 2006]. It is currently assumed that mutations in ELANE cause protein mis-
folding and induce the unfolded protein response (UPR) which leads to apopto-
sis [Dannenmann et al., 2019; Germeshausen et al., 2013; Horwitz et al., 2007;
Nustede et al., 2016; Skokowa et al., 2017; Thusberg and Vihinen, 2006; Weis-
chenfeldt et al., 2005]. Further theories include the mislocalization of mutated NE
and disturbed biological functions of the NE mutants; but results among different
workgroups were inconsistent and could only partially explain the CN pathogen-
esis [Bellanné-Chantelot et al., 2004; Germeshausen et al., 2010, 2013; Grenda
et al., 2007; Köllner et al., 2006; Makaryan et al., 2015; Massullo et al., 2005;
Skokowa et al., 2017]. Recent discoveries in iPSC generated myeloid cells of CN
patients suggest a connection between the mislocalization theorem and the endo-
plasmatic reticulum stress-induced UPR hypothesis [Nayak et al., 2015]. Nayak
et al. showed that ELANE mutations caused a maturation arrest, led to mislocal-
ization of NE and resulted in reduced levels of C/EBPα [Nayak et al., 2015]. In
addition, they showed that either correction of the ELANE mutations or the admin-
istration of Sivelestat (a drug limiting NE misfolding) and low-dose G-CSF allowed
myeloid progenitors to differentiate and to overcome the neutropenic phenotype
[Nayak et al., 2015]. They hypothesized that Sivelestat and G-CSF restored NE
trafficking, i.e. resolved mislocalization, and resolved misfolding what abrogated
ER/UPR stress which allowed normal C/EBPα activity, as observed in healthy
myelocytes [Nayak et al., 2015]. Nasri et al. went one step further and showed
by CRISPR/Cas9 mediated knockout of mutant ELANE - they introduced a pre-
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mature stop codon in exon 2 which leads to nonsense-mediated mRNA decay in-
hibiting mutant ELANE expression - granulocytic differentiation could be induced
resulting in functional neutrophils [Nasri et al., 2019]. Interestingly, induction of
ELANE mutations - previously observed in CN patients - in mice did neither induce
a neutropenic phenotype nor resulted in malignant transformation of myeloid cell
clones [Grenda et al., 2002].
Another point of great interest in CN is the correlation of genotype and phe-

notype. There have been reports which showed genotype-phenotype correlation
by intensive statistical analysis, e.g. some ELANE mutants were exclusive to
CyN or correlated with a more severe or benign phenotype. However, a reliable
phenotype-genotype prediction can not yet be done [Germeshausen et al., 2013;
Makaryan et al., 2015; Skokowa et al., 2017]. Genotype-phenotype prediction
was further questioned when Newburger et al. and Boxer et al. reported about
a sperm donor (phenotypically healthy) with mosaicism for mutant ELANE in his
spermatozoa who fathered eight children, seven with a CN and one with a CyN
phenotype - all positive for the same ELANE mutation (NE p.S97L) [Boxer et al.,
2006; Newburger et al., 2010; Skokowa et al., 2017]. For CyN besides individual
differences in mutant ELANE effects, a statistical/mathematical model has been
proposed which, by a negative feedback-loop, explains the cycling of neutrophil
amounts observed in patients [Horwitz et al., 2007; Skokowa et al., 2017]. Another
pathomechanism proposed by Skokowa and Welte concerns CXCR4 expression
in HSPCs, which correlates negatively with the release of hematopoietic cells in
the blood. CXCR4 is a substrate cleaved by NE and the authors argue that incor-
rect processing of CXCR4 by the mutated NE could lead to an increased surface
expression of CXCR4 and thus limit the release of neutrophils in blood, as ob-
served in CN patients [Skokowa and Welte, 2013].
In addition to ELANE mutations, mutations in SBDS and SLC37A3 are the sec-

ond, respectively third most frequent cause of CN [Skokowa et al., 2017]. SBDS
encodes the Schwachman-Bodian-Diamond syndrome protein, and in SBDS pa-
tients neutropenia is accompanied by pancreatic and the bone disorders [Dale and
Welte, 2011; Skokowa et al., 2017; Spoor et al., 2019]. Mutations in SLC37A4, en-
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coding G6PT (glucose 6 phosphate transporter), lead to neutropenia associated
with metabolic disturbances, whilst mutations in G6PC3, a G6PCT dependent
protein, lead to pancytopenia [Skokowa et al., 2017; Spoor et al., 2019]. Of note,
some patients with mutated G6PC3 have abnormalities in the urogenital system
or congenital heart defects [Boztug et al., 2008].
Another cause of CN are autosomal-recessive mutations in the HAX1 gene

[Klein et al., 2007; Skokowa et al., 2017]. HAX1 encodes the HCSL1-associated
protein X1, and HAX1mutations lead to CN in approx. 2-7 % of cases [Klein et al.,
2007; Skokowa et al., 2017]. Of note, HAX1mutations are a more frequent cause
of CN in Europe, presumably due to consanguineous families, and also in the pedi-
gree first described by Kostmann in 1956, HAX1 mutations were found as cause
of CN [Klein et al., 2007; Kostmann, 1956]. In Europe, incidence of homozygous
HAX1mutations reaches 11%, while in the US noHAX1mutation was found in CN
patients [Donadieu et al., 2013; Skokowa et al., 2017]. HAX1 mutations may be
associated with extra-hematopoietic manifestations, such as abnormal neurologic
presentation. In line, HAX1 deficient mice died as a consequence of neurologic
disabilities [Chao et al., 2008; Germeshausen et al., 2008; Skokowa et al., 2017].
Interestingly, the CN phenotype induced by HAX1 mutations is highly similar to
the one induced by ELANE mutations [Skokowa et al., 2006; Zeidler et al., 2009].
HAX1 functions as anti-apoptotic protein and in CN due to homozygous truncating
mutations can not longer exert its role, thus affected myelocytes undergo apop-
tosis [Boztug et al., 2008; Klein et al., 2007; Touw, 2015]. Furthermore, it was
observed that HAX1 is involved in reducing ER stress, which is also elevated in
mutated (MT-)ELANE CN, suggesting similarities in CN pathogenesis for both af-
fected genes [Touw, 2015]. Lentiviral induction of HAX1 in HAX1-mutant hiPSC
derived cells induced neutrophil maturation - i.e. overcame the CN phenotype
[Morishima et al., 2014]. Mutant HAX1 as cause of CN was further confirmed by
Pittermann et al., who corrected mutant HAX1 p.W44X by CRISPR/Cas9 to wild
type HAX1 in hiPSC derived myeloid cells [Pittermann et al., 2017].
Besides the UPR theory, Skokowa et al. found that in myeloid cells of CN pa-

tients with mutations in either ELANE or HAX1, levels of LEF1 transcription factor,
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lymphoid enhancer-binding factor 1, were reduced [Skokowa et al., 2006, 2009].
They postulated a mechanism in which reduced LEF1 levels resulted in reduced
NE, CEBPα levels and increased PU.1 levels which lead to a maturation arrest
of promyelocytes and favored a monocytic fate [Skokowa et al., 2009]. Of note,
reduced LEF1 levels were not observed in samples obtained from CyN patients
[Skokowa et al., 2009]. In addition, mutations in other genes cause CN but are
rare, and in some cases the cause is unknown [Skokowa et al., 2017].

Figure 1.4: Mutations present in CN
The genetic causes of CN are highly versatile. In approx. 45% of the cases, CN is caused by
mutations within ELANE, followed by SDBS§, SLC37A4*, HAX1 mutations and mutations in
the G6PC3 gene. In the remaining 20% of CN cases, CN is caused by other mutations, not
further mentioned here (WAS$, CSF3-R, GFI£, etc.).
† Glucose-6-Phosphatase Catalytic Subunit 3
£ Growth Factor Independent 1 Transcriptional Repressor
§ Ribosome maturation protein SBDS
* Solute Carrier Family 37 (Glucose-6-Phosphate Transporter), Member 4
$ Wiskott - Aldrich - Syndrome
Adapted from Skokowa et al. [2017]: ’Severe congenital neutropenias’. Nature Reviews Disease Primers
3:17032.

1.1.6 Leukemogenic progression in CN

Leukemogenic progression is a highly versatile multi-step process including ge-
netic or epigenetic mechanisms. On blood cell level, these alterations lead to ei-
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ther a pre-leukemic syndrome or leukemia. The mutations, in the process of leuke-
mogenesis, first described by Knudson et al., and referred to as two-hit model of
malignant transformation include type-I and type-II mutations [Gilliland et al., 2004;
Knudson, 1971].
Type-I mutations, in e.g. FLT3ITD, bcr-abl, N-ras, lead to increased proliferation

and prolonged survival of the affected cells. On the blood level, type-I mutations
can lead to myeloproliferative disorders (MPD) such as increased proliferation and
prolonged survival of red blood cells in Polycythemia vera (PV) which is caused
by JAK2 mutations [Hyde et al., 2017].
Type-II mutations restrict differentiation, exemplary mutations can be found in

C/EBPα, CSF3R and RUNX1 which induce myelodysplastic syndromes (MDS)
[Hyde et al., 2017]. Currently, the postulated mechanism of malignant progression
is the two-hit model of cooperating type I and II mutations that lead to malignant
transformation; however, it must be taken into account that there are other au-
thors which suggest that hematopoietic cells may be more resistant to leukemic
transformation and more than ”two hits” may be required to induce a leukemic
phenotype [Hyde et al., 2017; Lin et al., 2017; Schnittger et al., 2011].

1.1.6.1 Mechanisms of leukemogenic progression downstream of the CN-
assosiated mutations

A frequently observed early event in the leukemogenic transformation of CN pa-
tients is the occurrence of myeloid cells clones positive for both a) the inherited mu-
tation underlying the CN phenotype and b) a possibly acquired nonsense mutation
in CSF3R [Beekman and Touw, 2010; Skokowa and Welte, 2013; Skokowa et al.,
2017; Touw et al., 2013; Welte and Zeidler, 2009]. From the early on, nonsense
G-CSFR was reported to act dominantly negative over wild type (WT-) G-CSFR in
CN patients and mutant G-CSFR seemed to promote proliferation and suppress
differentiation [Dong et al., 1994, 1995; Dwivedi and Greis, 2017; Hermans et al.,
1999; Qiu et al., 2017; Touw et al., 2013].
It is known that cytoplasmic truncated G-CSFR protein leads to numerous distur-

bances in the downstream signaling pathway in myeloid cells [Dwivedi and Greis,
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2017; Qiu et al., 2017; Touw et al., 2013].
Mutant CSF3R causes prolonged signaling thus acts dominantly negative over

wild type CSF3R.
It was hypothesized that dominance of nonsense CSF3R over wild type CSF3R

is achieved by (i) lower receptor internalization rates [Hermans et al., 1999] and
(ii) by avoidance of inhibitory signaling via SOCS3 [Zhuang et al., 2005]. Inter-
nalization as well as SOCS3 mediated termination of G-CSFR signaling requires
C-terminal domains which are not expressed by nonsense CSF3R found in CN.
Internalization of G-CSFR disrupts G-CSFR signaling by degradation, thus dimin-
ished internalization of nonsense G-CSFR leads to a longer half-life and sustained
signaling compared to wild type G-CSFR signaling [Dwivedi and Greis, 2017; Her-
mans et al., 1999; Touw et al., 2013]. Normally, SOCS3 mediated G-CSFR signal-
ing termination is induced by STAT3 and requires a tyrosine residue not expressed
by nonsense G-CSFR.
JAK2/STAT pathway in nonsense CSF3R clones is altered in favor of prolifera-

tion.
Interestingly, nonsense G-CSFR leads to prolonged STAT5 activity - promoting

proliferation - and shortened STAT3 activity - reducing differentiation and reduced
SOCS3 activation. This might be due to the fact that the C-terminal region re-
quired for activation of STAT3 but not STAT5 is missing. Another explanation was
given by Zhang et al. who postulated that STAT3 activation requires internalization
while STAT5 activation can occur without internalization [Zhang et al., 2018]. Ad-
ditionally, the ROS levels are increased by the enhanced STAT5 signaling [Touw
et al., 2013].
Sustained PI3K/Akt pathway signaling in nonsense CSF3R clones suppresses

apoptosis and increases ROS production.
When nonsense G-CSFR is activated, the PI3K/Akt signaling pathway lasts

longer, inhibiting apoptosis and further increasing ROS levels [Gits et al., 2006;
Touw et al., 2013]. ROS, in concordance with ER stress, results in amplified intra-
cellular stress which might lead to genomic instability and the acquisition of further
mutations required for leukemic progression.
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Cooperating effects of nonsense CSF3R andmutant ELANE abrogate UPR and
pro-apoptotic signaling.
A recently published report suggested that nonsense G-CSFR abolished the ex-

pression of mutant ELANE, thus terminating MT-NE-induced UPR and pro- apop-
totic signals [Qiu et al., 2017]. Presumably, in addition to the mechanisms men-
tioned above, this leads to a switch from production of neutrophils that tend to
undergo apoptosis to those that have a proliferative advantage over the other
clones that are not positive for nonsense CSF3R [Qiu et al., 2017].

1.1.6.1.1 RUNX1mutations and their implications in phenotypes other than
CN-AML
RUNX1 point mutations were reported to define early events in malignant trans-

formation in AML and MDS patients with different FAB (French-American-British
classification systems for hematological disease) subtypes [Blumenthal et al., 2017;
Hyde et al., 2017; Imai et al., 2000; Michaud et al., 2002; Osato et al., 1999]. On
average, acquired RUNX1 mutations can be found in approximately 15% of all
AML patients. Additionally, inherited RUNX1 mutations were found to be the un-
derlying cause of FPD/AML which inherits a high risk - approximately 35% - for
leukemogenic progression (see bone marrow failure syndromes) [Haferlach et al.,
2016; Osato, 2004; Song et al., 1999; Stengel et al., 2018]. RUNX1 mutations
were especially frequent in FAB M0 subtype, associated with mutagens such as
cytotoxic therapy, DNA damage (e.g. caused by radioactivity), older age and con-
fer an unfavorable prognosis [Harada et al., 2003; Hyde et al., 2017; Osato, 2004;
Tang et al., 2009].
The observed mutations can be grouped into four categories: (1) N-terminal

truncating mutations (Nt), (2) missense mutations (Ms), (3) frameshift mutations
resulting in an elongated protein (Fs) and (4) C-terminal truncating mutations (Ct)
(figure 1.5) [Harada and Harada, 2009; Hyde et al., 2017]. The mechanism that
contributes to malignant transformation, is not yet fully understood, but has been
broadly elucidated since its first discovery by Ostao et al. in 1999 [Cammenga
et al., 2007; Harada and Harada, 2009; Hyde et al., 2017; Osato et al., 1999].
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There have been inconsistent reports about the effects of Nt-RUNX1 on its func-
tion. On the one hand, it was reported that Nt-RUNX1 lost its ability of DNA- and
CBF-β -binding, thus presented a loss of function; and on the other hand, Michaud
et al. reported for e.g RUNX1p.R174X a dominant negative effect over wild type
(WT-) RUNX1 [Hyde et al., 2017; Imai et al., 2000; Michaud et al., 2002; Osato
et al., 1999; Song et al., 1999]. However, it is currently assumed that Nt-RUNX1
is degraded by nonsense mediated mRNA decay (NMD), thus is not expressed
in vivo, which results in haploinsufficiency of RUNX1. [Cammenga et al., 2007;
Hyde et al., 2017; Maquat, 2004; Weischenfeldt et al., 2005].
Due to the absence of the TAD, elongated Fs-RUNX1 proteins are proposed to

have an abrogated protein-protein interactions, thus are also non-functional [Hyde
et al., 2017]. In summary, Nt-RUNX1 and Fs-RUNX1 act via haploinsufficiency.
Missense mutations (Ms) alter the aa-residue sequence and cluster mainly in

the RHD domain of RUNX1 protein [Metzeler and Bloomfield, 2017]. They were
described to interrupt DNA, but not CBF-β binding and thus act dominantly nega-
tive over WT-RUNX1 [Harada and Harada, 2009; Hyde et al., 2017].
C-terminal truncated RUNX1 proteins do not undergo NMD and are reported

to be expressed in CD34+ cells [Schmit et al., 2015]. Although it is still unclear,
there are several suggestions that try to explain the leukemogenic potential of Ct-
RUNX1: Ct-RUNX1 with absent or impaired TAD might lack important interaction
potential with other proteins restricting its trans-activation potential, Ct-RUNX1
might compete with WT-RUNX1 for target genes as well as for CBF-β and other
coactivator/corepressor proteins and one report proposed that Ct-RUNX1 might
repress Gadd45a thus interfere with DNA-damage stress response [Bellissimo
and Speck, 2017; Harada and Harada, 2009; Hyde et al., 2017; Michaud et al.,
2002]. Furthermore, depending on the position of truncation, Ct-RUNX1 resem-
bles the splice-variant RUNX1a, which is also described to inhibit WT-RUNX1
activity. In summary, all proposed effects of Ct-RUNX1 result in a loss of func-
tion, which might be accompanied by possibly negative inhibitory effects on WT-
RUNX1. Of special interest is, that Ct-RUNX1 and Ms-RUNX1 induce different
clinical characteristics. The bone-marrow of patients with Ms-RUNX1 is hypocel-
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lular and those of Ct-RUNX1 patients is hypercellular [Harada and Harada, 2009].
Further evidence of the inhibitory potential of some MT-RUNX1 types was de-
rived from FPD/AML patients. Those who were positive for allegedly dominant
RUNX1 proteins were more likely to undergo malignant transformation compared
to patients in whom the mechanism was explained by RUNX1 haploinsufficiency
[Michaud et al., 2002; Osato, 2004; Song et al., 1999]. Thus, there are some
similarities between Ms- and Ct-RUNX1.
Finally, all mutations have in common that they reduce the amount ofWT-RUNX1

[Harada and Harada, 2009; Hyde et al., 2017]. In line with a dominant effect of
some mutant RUNX1 proteins, Cammenga et al. reported that Ms-RUNX1 mu-
tants resulted in the accumulation of myeloid progenitors at a higher ratio than did
RUNX1 deficiency alone [Cammenga et al., 2007]. This implicates that RUNX1
can function simultaneously as tumor suppressor and oncogene. Interestingly,
biallelic RUNX1 mutations are frequently associated to FAB M0 subtype, indicat-
ing that absence of RUNX1 causes a more severe leukemic phenotype [Osato,
2004]. In contrast, gain of Chr 21, first reported by Preudhomme et al., is not as-
sociated with FAB M0 but accompanied by at least one additional mutant RUNX1
allele and never by an additional wild type allele [Preudhomme et al., 2000, 2009].
In line with the multiple hit model of malignant transformation, i.e. leukemogen-
esis, sole RUNX1 mutations do not induce a malignant phenotype, thus the oc-
currence of secondary, cooperating events is required [Cammenga et al., 2007;
Gilliland et al., 2004; Knudson, 1971]. Downstream of RUNX1 mutations those
cooperating effects include e.g. mutations in EVI.1, CSF3R, FLT3, KRAS, NRAS,
IDH1/2, monosomy 7, trisomy 13, trisomy 21 [Christiansen et al., 2004; Harada
and Harada, 2009; Hyde et al., 2017; Osato, 2004]. On a rare basis, mutations
in C/EBPα and NPM1 are found in samples positive for MT-RUNX1 [Harada and
Harada, 2009; Hyde et al., 2017; Osato, 2004]. Of special notice is, that RUNX1
mutations serve as an independent negative predictor for overall survival (OS) and
lower rates of complete remission (CR), but not for disease-free survival [Metzeler
and Bloomfield, 2017].
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RUNT homology domain Transactivation domain

AA 1 50 177 242 371 453

RUNX1 (UniProtKB: Q01196-1)

Nt nonsense X haploinsufficiencyi)

WT

missense X reduced DNA-binding and
CBF-β sequestrationii)

frameshift X impeded multimerization
loss of functioniii)

Ct nonsense Xiv)
Impeded multimerization
CBF-β sequestration
loss of function

Figure 1.5: Model of RUNX1 mutations and changes in protein expression
Different types of RUNX1 mutations found in MDS, CN-AML, FPD/AML, CML and AML
patients and their implications for MT-RUNX1 functions. (i) N-terminal (Nt) nonsense mu-
tations result in truncated RUNX1 molecules and due to nonsense-mediated decay lead to
RUNX1 haploinsufficiency. (ii) Missense mutations result in impaired DNA binding capacity
and confer dominant negative potential. (iii) Frameshift mutations result in an exchange of
amino-acids downstream the mutation site, thus impair the protein structure and interrupt
RUNX1 multimerization as well as transactivation potential. (iv) Nonsense mutations result
in C-terminal (Ct) truncated RUNX1 proteins and lack transactivation potential with retained
DNA- and CBFβ-binding potential. They are reported to confer negative dominant potential
over WT-RUNX1.
Adapted from Hyde et al. [2017]’RUNX1 and CBF-β mutations and activities of their wild type alleles
in AML’ Advances in Experimental Medicine and Biology, 2017. vol 962. p.265-282.

1.1.6.1.2 Role of RUNX1mutations in leukemic progression in CN/AML pa-
tients
It is particularly striking, that patients harboring clones positive for both the

CN-associated mutation and CSF3R mutations show no malignant phenotype
[Skokowa et al., 2014, 2017]. Hence, further genetic alterations are required for
the induction of a leukemic phenotype. In 2014, Skokowa et al. reported that in
addition to CSF3R mutations, heterozygous mutations in RUNX1 were a frequent
event [Skokowa et al., 2014]. In the cohort investigated, approximately 64% of
CN-AML patients were positive for MT-RUNX1 [Skokowa et al., 2014, 2017]. Fur-
thermore, it was shown thatRUNX1mutations - distributed across the gene - were
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a late event of leukemogenic progression in CN-AML patients and occurred after
clones were positive for mutant CSF3R (figure 1.6) [Skokowa et al., 2014]. The
authors proposed a cooperation between MT-G-CSFR and MT-RUNX1 which in-
duced the leukemic phenotype (figure 1.7). They suspected that CSF3R muta-
tions offered a survival advantage for mutant over wild type clones, in combination
with G-CSF administration [Skokowa et al., 2014]. This was further supported
by the fact, that in one patient, clones positive for MT-CSF3R and MT-RUNX1
disappeared when G-CSF was discontinued. In vitro experiments showed, that
CD34+ cells positive for both RUNX1 and CSF3R mutations had reduced differen-
tiation and increased proliferation potential, i.e. presented a leukemic phenotype
[Skokowa et al., 2014].
Interestingly, some of the patients were not only positive forRUNX1 andCSF3R

mutations but also for mutations related to leukemia such as SUZ12, EP300, CBL,
CREBBP, FLT3-ITD and some also harbored chromosomal abnormalities such
as monosomy 5, monosomy 7, trisomy 21, which were acquired after the occur-
rence of RUNX1 mutations [Skokowa et al., 2014]. Of special note is, that Nras
was found to be mutated in one patient which was negative for both CSF3R and
RUNX1 mutations. This was interpreted by the authors as a possible alternative
mechanism of leukemogenic progression in CN [Skokowa et al., 2014].
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Figure 1.6: Distribution of RUNX1 mutations RUNX1 protein identified in CN
patient at overt AML
RUNX1 mutations were distributed over the whole RUNX1 protein with a cluster in RHD (AA
position 50 till 178; first blue box). RHD and TAD (AA 242 - 371) are indicated by blue
boxes. Colored vertical lines indicate mutation position (red = missense, yellow = frameshift
and blue = nonsense mutation). Letters and numbers indicate AA exchange and AA position
respectively. Numbers in brackets indicate multiple patients with the same mutation.
All info and annotations refer to RUNX1 UniProtKB:Q01196-1 (www.uniprot.org). Adapted from
Skokowa et al. [2014] ’Cooperativity of RUNX1 and CSF3R mutations in severe congenital neutropenia:
A unique pathway in myeloid leukemogenesis’. Blood, 2014. vol.123. no.13. p.2229-2237.

Figure 1.7: Model of malignant progression in CN
Somatic CSF3R and RUNX1 mutations follow inherited ELANE mutations. A malignant
phenotype (MDS/AML) is observed only in cells which inherit ELANE and both somatic
mutations.
Adapted from Skokowa et al. [2014] ’Cooperativity of RUNX1 and CSF3R mutations in severe
congenital neutropenia: A unique pathway in myeloid leukemogenesis’. Blood, 2014. vol.123.
no.13. p.2229-2237.
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1.2 Discovery, biogenesis and function ofmicroRNA

1.2.1 Discovery of microRNA

MicroRNAs (microRNA, miR) are small approx. 22 nucleotide (nt) long non-coding
RNAs, discovered first in the nematode C. elegans in the 1990s [Almeida et al.,
2011; Lee, 1993; Weiss and Ito, 2018]. Since microRNAs are involved in post-
transcriptional regulation of mRNAs (messenger RNA), they are considered as
key players in protein regulation, although they are not translated into proteins
[Weiss and Ito, 2018].

1.2.2 Nomenclature of microRNA

The understanding of microRNA’s nomenclature is essential for distinction be-
tween different microRNAs (summary in figure 1.8, a registry of microRNAs is
available at mirbase.org [MiRBase, 2018]).
Before 2003, the discovered microRNAs were mostly named either according to

the phenotype they induced or genes and organisms in which they were discov-
ered. For example, let-7 microRNA family was named according to its function
of controlling steps in larval development in C. elegans [Pasquinelli et al., 2000;
Weiss and Ito, 2018]. In 2003, whenmore microRNAs have been discovered, they
received numeric names, e.g. ’miR-125’ [Ambros et al., 2003; Griffiths-Jones,
2005; Weiss and Ito, 2018]. It is generally accepted, that microRNAs with ho-
mologous sequences from 2nd to 8th nt (nucleotide) belong to the same family of
microRNA and are therefore grouped in microRNAs families [Budak et al., 2016].
MicroRNAs differing in only a few nucleotides (usually 2 nt) are even closer related
(they represent so-called sister microRNAs); thus a letter is added to the numeric
name, e.g., ’miR-125a’ and ’miR-125b’. If different genomic regions code for the
same microRNA, the microRNA receives a number following the actual name,
e.g., ’miR-125b-1’ and ’miR-125b-2’. MicroRNAs from the same locus consist of
two different strands, the 3’-strand and the 5’-strand, the suffix at the end of a
microRNA’s name gives information about its origin, e.g., ’miR-125b-2-3p’ and
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’miR-125b-2-5p’ [Budak et al., 2016; Ha and Kim, 2014]. Several prefixes exist to
indicate the organism in which the microRNA occurs, for example, hsa-miR-125b
is found in human (homo sapiens) [Budak et al., 2016].

hsa miR-125b-2-5p
Figure 1.8: Summary of nomenclature of microRNA
A letter code is indicating the species, e.g., ’hsa’ for ’homo sapiens’ or ’v’ for ’viral’ (black).
A letter code following the species indicates the grade of processing. The prefix ’pri-’ indicates
a microRNA not yet processed by Drosha, whereas a ’pre-’ indicates a microRNA already
processed by Drosha but not yet by Dicer. Mature microRNAs do not require a prefix (red).
In most cases a numeral code represents the name and the family of the microRNA. A letter
following the numeral code indicates similarity between two microRNAs which only differ in
a few nucleotides (e.g. ’a’ for sub-type ’a’ and ’b’ for sub-type ’b’) (blue). A number
following the microRNA’s name indicates that there are several gene loci coding for the exact
same microRNA (green). The suffix ’5p’ or ’3p’ represents the strand the miR is descending
(brown).
Some microRNAs, discovered before 2003, do not follow this strict nomenclature.

1.2.3 Biogenesis of microRNA

The synthesis of microRNAs follows either a canonical Dicer-dependent pathway
or a Dicer-independent (’slicer’ and RNA-POL III dependent) pathway [O’Connell
et al., 2011]. Of note, the comprehensive description of microRNA biogenesis
in the following chapter covers the canonical pathway only and does not apply
to the synthesis of all yet known microRNAs (figure 1.9). The description of all
possibilities of microRNA biogenesis would exceed the capacity of this thesis, thus
we refer to further literature on microRNA-biogenesis, e.g. by MacFarlane and
Murphy, Weiss and Ito, Krol et al. or Ha and Kim [Ha and Kim, 2014; Krol et al.,
2010; MacFarlane and R. Murphy, 2010; Weiss and Ito, 2018].
The microRNA biogenesis starts, similar those of mRNA, with transcription by

RNA Polymerase II. The initially produced transcript is termed pri-miRNA and is
longer than the final structure (approx. 1kb). Pri-miRNAs already contain the final
microRNA sequence which includes the stem- or hairpin-loop. The characteristic
loop results from Watson-Crick pairing of complementary nucleotides, which is
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later forming the 3’ and 5’ microRNAs strands. In the nucleus, pri-miRNAs are
processed by an enzyme complex, termed the Microprocessor, including Drosha
Ribonuclease III [Weiss and Ito, 2018]. As a result of being processed by the Mi-
croprocessor complex, pri-miRNAs lose large parts of their sequence and mainly
consist of their hairpin-loop, a 3’ tail 2 nt longer than the 5’ tail and are from this
point referred to as pre-miRNAs. Pre-miRNAs are approx. 70 nts long and de-
livered in the cytoplasm via transporter protein EXP5 in a GDP-dependent man-
ner [Weiss and Ito, 2018]. In the cytoplasm, pre-miRNAs are cleaved at their
hairpin-loop by the Dicer enzyme complex, an RNA Polymerase III. It cuts the 5’
pre-miRNA strand after 22 nt in 3’ direction right below the hairpin-loop and leaves
a double-stranded but very short RNA structure. Those RNA strands are mature
5’-miRNA and 3’-miRNA [Ha and Kim, 2014].

Figure 1.9: Scheme of microRNA biogenesis
Pri-microRNA is transcribed by RNA Pol II and afterward processed by Drosha with support
from DGCR8. The resulting pre-microRNA is transferred via a GTP dependent mechanism
from the nucleus into the cytoplasm by exportin 5 (EXP5). In cytoplasm, pre-microRNA
is processed and cleaved by an enzyme complex including Dicer. Afterward, one mature
microRNA strand is selected and used for post-transcriptional regulation by AGO protein. The
passenger strand is degraded.
Adapted and merged from Ha and Kim [2014] ’Regulation of microRNA biogenesis’. Nature Reviews
Molecular cell biology. 15:8. p.509-534 and Krol et al. [2010] ’The widespread regulation of microRNA
biogenesis, function and decay’. Nature Reviews Genetics. 11:9. p.597-610.
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1.2.4 Functions of microRNA

Dicer in interplay with human AGO (argonaute) protein selects the strand with
the lower binding energy in its 5’ end, thus the thermodynamically more unstable,
or the strand with an uracil (’U’) residue in 1st nucleotide position as the guiding
strand [Ha and Kim, 2014; Weiss and Ito, 2018]. The selected microRNA strand is
transferred into an AGO protein and later serves as a template for mRNA binding.
AGO proteins inherit endonucleolytic activity and mediate the function of small
RNAs, e.g. by binding microRNAs and recruitment of other enzymes and factors.
This effector complex is termed microRNA induced silencing complex (miRISC)
and is responsible for the diverse ways of post-transcriptional repression of mRNA
by microRNA [Höck and Meister, 2008; Weiss and Ito, 2018]. The strand that was
not selected as guiding strand, is released and quickly degraded by component 3
promotor of RISC (C3PO) [Weiss and Ito, 2018]. In contrast to early publications,
both microRNA strands inherit the potential to act as guiding strand and not always
the 5’-strand is preferably selected [Ha and Kim, 2014]. After the AGO proteins
bound to a microRNA, the complex of microRNA and AGO protein binds to a spe-
cific mRNA via Watson-Crick base-pairing and assembles the RISC on the spot.
Watson-Crick base pairing occurs between the 2nd and 8th nt of the microRNA
and mainly the 3’-untranslated region (UTR) of the target mRNA, but binding of
microRNA to 5’-UTR and central parts of mRNA structure has also been described
[Almeida et al., 2011; Ha and Kim, 2014; MacFarlane and R. Murphy, 2010; Weiss
and Ito, 2018]. AGO proteins and RISC assembly lead to translational repression
of the affected mRNA via three canonical pathways (figure 1.10):

i) mRNA degradation:
If the microRNA binds to the mRNA and their sequences match completely,
cleavage of the mRNA is immediately initiated by the miRISC, and as a
result, mRNA is degraded on the spot [Höck and Meister, 2008; Jonas and
Izaurralde, 2015].

ii) Translational inhibition:
If the microRNA’s sequence does not match the mRNA’s completely, trans-
lational repression can be achieved by inhibition of cap-dependent transla-
tional initiation; of note, the exact molecular process remains a subject of
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current research [Jonas and Izaurralde, 2015]. It is assumed, that trans-
lational repression accounts for 6-26% of microRNAs repression capacity
[Jonas and Izaurralde, 2015].

iii) Deadenylation and subsequent decapping and degradation:
After the microRNA has bound to the mRNA, a poly-enzyme complex initi-
ates deadenylation of the poly-A tail. Subsequently, decapping is performed
by another enzyme-complex and leaves an mRNA ready for degradation by
5’ to 3’ exonuclease enzyme XRN1 [Jonas and Izaurralde, 2015].
Of note, it is currently proposed, that there is a close link between the path-
ways ’ii)’ and ’iii)’. Since untranslated mRNA is inevitably degraded, it is hard
to distinguish between the effect of translational inhibition and the effects of
deadenylation, decapping and degradation in terms of mRNA silencing by
microRNA [Jonas and Izaurralde, 2015].

Figure 1.10: Model of microRNA functions
MicroRNAs use different mechanisms to induce translational repression.
Adapted and merged from Höck and Meister [2008] ’The Argonaute protein family’. Genome biology.
9:2. p.210.1-210.8. and Ha and Kim [2014]’Regulation of microRNA biogenesis’. Nature Reviews.
Molecular cell biology. 15:8. p.509-524.

Besides the canonical pathways of microRNA induced repression, there are
further ways how microRNAs influence homeostasis and regulate cell signaling.
Some microRNAs induce gene transcription, e.g., miR-373 and miR-205 are de-
scribed to recruit enzymes of translational activity to complementary promotor re-
gions [Weiss and Ito, 2018]. This function inherits large potential for future re-
search, but microRNA’s translational activation is yet poorly understood [Weiss
and Ito, 2018].
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1.2.5 Role of microRNA in hematopoiesis with focus on myelopoiesis and
leukemogenic progression

The understanding of microRNA’s role in hematopoiesis has progressed continu-
ously in recent years. Petriv et al. investigated microRNA clusters among many
different hematopoietic cells and cells related to the hematopoietic system [Petriv
et al., 2010]. They discovered, that microRNA expression of hematopoietic cells
depends on the cell type and stage of differentiation. Thus, it is possible to group
cells into clusters based on the expression of microRNA, and vice versa, mea-
suring microRNA expression proved to be another way to distinguish between
cell-types and between hierarchical stages of differentiation [Petriv et al., 2010].
MiR-223 is a well-characterized microRNA in hematopoiesis. In HSC, the miR-

223 expression level is relatively low, but it increases with differentiation [O’Connell
et al., 2011; Petriv et al., 2010]. This is caused by C/EBPα and NFI-A both com-
peting for binding of a miR-223 promotor region and controlling miR-223 expres-
sion [Weiss and Ito, 2018]. C/EBPα induces miR-223 expression resulting in a
repression of NFA-1 by miR-223. Vice versa when NFA-1 is expressed, it inhibits
miR-223 and thus reduces granulocytic differentiation, so repression of NFA-1 by
miR-223 is nothing else but a positive auto-regulatory feedback loop [O’Connell
et al., 2011; Weiss and Ito, 2018]. Furthermore, miR-223 deficiency leads to gran-
ulocytic proliferation in mice, suggesting a second function of miR-223 as an in-
hibitor of proliferation [Weiss and Ito, 2018]. Another myeloid regulatory pathway
of microRNAs is known, where PU.1 and C/EBPα cooperatively induce miR-223
expression more strongly than they would do it independently, and in contrast
GATA1, a TF stimulating erythroid differentiation, represses miR-223 expression
[Weiss and Ito, 2018].
Petriv et al. investigated further microRNAs, and found additional specific ex-

pression profiles, e.g., miR-125b is strongly expressed in hematopoietic stem and
progenitor cells, and upon differentiation its expression level is reduced [Petriv
et al., 2010]. The miR-125 family comprises of three independent miRs, -125a,
-125b-1 and -2, and is involved in a wide range of oncologic processes [O’Connell
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et al., 2011; Weiss and Ito, 2018]. Overexpression of miR-125b blocks the differ-
entiation in cells from human leukemia cell lines (HL-60 and NB4) and in CD34+

blasts obtained from patients and additionally cooperates with GATA1 to induce
proliferation [Weiss and Ito, 2018]. This further indicates a close link between
microRNA expression and their role for cell homeostasis and differentiation. Sur-
dziel et al. found, that miR-125b negatively affected the differentiation induced by
activated G-CSFR. It inhibited differentiation and supported proliferation of neu-
trophil progenitor cells, highlighting the importance of microRNA in myelopoiesis
andmyeloid cell homeostasis [Surdziel et al., 2011]. Other microRNAs were found
to be especially highly expressed in myeloid cells like miR-25, -221 and as men-
tioned -223 [Petriv et al., 2010]. Petriv et al. reported, that particular microRNAs
clustered by expression in biologically similar cells, e.g., it was found that expres-
sion of certain microRNAs subjected to very low variability in lymphoid CD4+, CD8+

and natural killer cells (NK). Thus, it was hypothesized, that microRNAs control
important intracellular programs and clusters grouped according to similar expres-
sion of microRNAs that reflect functional similarities between the cells [Petriv et al.,
2010]. Petriv and Kuchenbauer et al. also found similarities in the expression of
microRNA clusters between cells of the same hierarchical level - in terms of their
state of differentiation. Those similarities significantly changed or disappeared
upon differentiation [Petriv et al., 2010]. As a result, cells can be distinguished by
microRNA expression clusters and grouped according to their stage of differenti-
ation and functional similarities.
Let-7 microRNA family was one of the first microRNAs discovered [Pasquinelli

et al., 2000], and later reported to be expressed throughout myeloid differentiation
[Petriv et al., 2010]. Let-7 is involved in an auto-regulatory feedback loop with lin-
28 and Hmga2 which regulates HSC maintenance [Weiss and Ito, 2018].
The complex regulatory mechanisms involving miRNAs have a great potential

for malfunction and disruption of crucial cellular processes. Hence, several miR-
NAs, known as oncomiRs, have oncogenic potential [Weiss and Ito, 2018]. There
are three pathways of malignant transformation related to microRNAs: (1) microR-
NAs (oncomiRs) induce malignancies by over-expression, (2) microRNAs which
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usually suppress oncogenes and induce malignancies when down-regulated, and
(3) general disturbances in microRNA biogenesis can impair all microRNAs, thus
lead to disease [Weiss and Ito, 2018].
Additionally to its role mentioned above, miR-125 plays a role in prostate cancer,

and a microRNA cluster including miR-125b inherits oncogenic potential in AML
[Klusmann et al., 2010; Weiss and Ito, 2018].
Among microRNAs involved in the orchestration of leukemogenesis and malig-

nant transformation, is miR-139-5p which down-regulation is associated with child-
hood AML and poor outcome, whereas up-regulation of miR-139-5p indicates a
better prognosis [Emmrich et al., 2015]. MiR-139-5p usually represses EIF4G2
and therefore leads to cell cycle arrest and apoptosis, thus, functioning as a tumor
suppressor [Emmrich et al., 2014]. Its down-regulation leads to a contrary effect,
and thus, promotes proliferation and malignant progression [Emmrich et al., 2015].
This effect was not only reported by Emmrich et al. in leukemia, but also in solid
malignancies such as hepatocellular carcinoma (HCC). Thus, low miR-139 ex-
pression levels favor metastasis of cancerous cells, whereas an up-regulation of
miR-139-5p is associated with a lower risk of metastatic spreading and a better
prognosis in general [Emmrich et al., 2015; Luo et al., 2014; Wong et al., 2011].
Another microRNA involved in malignant diseases is miR-3151, which is located
within the genomic region of BAALC (for brain and acute leukemia, cytoplasmic)
on chromosome 8 [Eisfeld et al., 2012, 2014]. BAALC and miR-3151 are up-
regulated in neural cells and undifferentiated hematopoietic cells [Eisfeld et al.,
2014]. It has been described, that patients with overt leukemia or after stem-cell
transplantation and high levels of BAALC expression had a worse prognosis and
shorter remission intervals compared to patients without BAALC or miR-3151 ex-
pression. Eisfeld et al. hypothesized, that suppression of TP53 by miR-3151 was
responsible for leukemogenic progression in this AML group and the relatively
worse outcome of the patients [Eisfeld et al., 2012]. In a later published article,
they showed that over-expression of miR-3151 reduced p53 abundance, inhibited
apoptosis and supported the proliferation of cells [Eisfeld et al., 2014]. Interest-
ingly, they also observed that BAALC but not miR-3151 expression was induced

38



by RUNX1, which is known to be involved in leukemogenic progression in Congen-
ital Neutropenia (CN) patients [Eisfeld et al., 2014; Skokowa et al., 2014] (sections
1.1.3 and 1.1.5). Of note, this reflects the potential clinical use of microRNAs as
markers for diseases and predictors for the outcome.
A potential for clinical use of microRNAs and their role in diseases lays in the

field of translational therapy, where targeting microRNA homeostasis and affected
pathways could serve to manipulate pathologic conditions in patients where there
is currently no or only inferior treatment available. For BAALC and miR-3151,
Eisfeld et al. showed that Bortezomib (a proteasome inhibitor, used as drug in
multiple myeloma patients) is a potential drug available for treatment. The authors
found that Bortezomib disrupted SP1/NF-κB and subsequently reducedmiR-3151
and BAALC levels [Eisfeld et al., 2014]. Another example for translational therapy
was a phase II trial, that has been conducted to target miR-122, a cofactor of
HCV replication, by the drug Miravirsen, an antagomiR of miR-122 with the aim
to reduce the viral load of HCV in 2014 [Weiss and Ito, 2018]. Antagonization
of miR-122 repressed the protection that miR-122 provided HCV by inhibiting its
degradation [Drury et al., 2017; Weiss and Ito, 2018]. It was shown that, following
a few subcutaneous applications of Miravirsen, the viral load had been reduced
significantly, but unfortunately started rising again in most patients after a few
weeks [Drury et al., 2017]. In summary, targeting of microRNAs and the related
pathways inherits a potential for future therapies and treatments, but it will take
further research until drugs regulating or interfering with microRNA can be admin-
istered to patients on a regular basis.
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1.3 Aims of the study

In this study, we aim to evaluate the mechanism of leukemogenic progression in
congenital neutropenia.

1. We aimed to investigate mutated RUNX1 allelic fraction abundance com-
pared to RUNX1 wild type fraction in patients at CN and CN-AML stage.
This is a continuation of the project started by our group in previous years
and published by Skokowa et al. [Skokowa et al., 2014]. Furthermore, we
sought to establish a workflow allowing us to isolate DNA and identify targets
of wild type RUNX1 versus mutated RUNX1 and obtain information about
the binding behavior of RUNX1.

2. Our aim was to investigate the expression pattern of microRNAs in a CN pa-
tient cohort. Therefore, the present work was designed to establish a work-
flow for isolation and quantification of microRNA. Additionally, we wanted to
investigate expression of ’miR-125b’ and ’miR-3151’ in hematopoietic cells
obtained from CN patients and healthy donors.
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Luck is a matter of preparation
meeting opportunity.

Lucius Annaeus Seneca

2
Material and Methods

Materials and methods used for gathering the data presented in chapter 3.

2.1 Material

2.1.1 Cells and cell lines

The cells and cell lines mentioned in the table 2.1 were used in this study. In total,
twenty-three patients with CN, CyN or MDS/AML were analyzed. The study was
performed with the signed informed consent of all subjects obtained through the
respective institutional review boards and was approved by the Tübingen Medical
School Institutional Review Board (966/2018B02, 929/2018B02, 814/2018B02).
Mutated genes are depicted in italic brackets behind the patient ID.
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Table 2.1: Cells and cell lines

Name Origin

Cells derived from CD34+ BM MNC AGSkokowa
HEK 293T DSMZ
HL-60 DSMZ
hiPSCs AGSkokowa
Jurkat DSMZ
K-562 DSMZ
KG1-alpha DSMZ
MDA-MB-231 DSMZ
NB4 DSMZ
CD33+ cells from HD#4 AGSkokowa
CD33+ cells from HD#5 AGSkokowa
CD33+ cells from HD#12 AGSkokowa
CD33+ cells from HD#28 AGSkokowa
CD33+ cells from HD#28 AGSkokowa
CD33+ cells from HD#30 AGSkokowa
CD33+ cells from HD#31 AGSkokowa
CD33+ cells from patient #E14 CN (ELANE) AGSkokowa
CD33+ cells from patient #E14 CN-AML (ELANE, CSF3R,
RUNX1)

AGSkokowa

CD33+ cells from patient #E31 CN (ELANE) AGSkokowa
CD33+ cells from patient #E31 CN-AML (ELANE, CSF3R,
RUNX1)

AGSkokowa

CD33+ cells from patient #E32 CN (ELANE) AGSkokowa
CD33+ cells from patient #E32 CN-AML (ELANE, CSF3R,
RUNX1)

AGSkokowa

CD33+ cells from patient #H1 (HAX1) AGSkokowa
CD33+ cells from patient #H2 (HAX1) AGSkokowa

Continued on the next page
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Table 2.1: Cells and cell lines – continued from the previous page

Name Origin

CD33+ cells from patient #E1 (ELANE) AGSkokowa
CD33+ cells from patient #U1 (genetically unclassified) AGSkokowa
CD33+ cells from patient #U2 (genetically unclassified) AGSkokowa
CD33+ cells from patient #H3 (HAX1) AGSkokowa
CD33+ cells from patient #S1 (SDS) AGSkokowa
CD33+ cells from patient #E2 (ELANE) AGSkokowa
CD33+ cells from patient #E3 (ELANE) AGSkokowa
CD34+ cells from #HD28 AGSkokowa
CD34+ cells from #HD29 AGSkokowa
CD34+ cells from #HD30 AGSkokowa
CD34+ cells from #HD31 AGSkokowa
CD34+ cells from patient #H4 (HAX1) AGSkokowa
CD34+ cells from patient #U1 (genetically unclassified) AGSkokowa
CD34+ cells from patient #U2 (genetically unclassified) AGSkokowa
CD34+ cells from patient #E2 (ELANE) AGSkokowa
CD34+ cells from patient #H5 (HAX1) AGSkokowa
hiPSCs #HDiPS AGSkokowa
hiPSCs from patient #E14 L5-diff (ELANE, CSF3R, RUNX1) AGSkokowa
hiPSCs from patient #E14 L6-diff (ELANE, CSF3R, RUNX1) AGSkokowa
hiPSCs from patient #E14 L8-diff (ELANE) AGSkokowa
hiPSCs from patient #E14 L10-diff (ELANE, CSF3R, RUNX1) AGSkokowa
hiPSCs from patient #E14 L11-diff (ELANE, CSF3R, RUNX1) AGSkokowa
hiPSCs from patient #E14 L13-diff (ELANE, CSF3R, RUNX1) AGSkokowa
hiPSCs from patient #E14 L14-diff (ELANE, CSF3R, RUNX1) AGSkokowa
hiPSCs from patient #E14 L15-diff (ELANE, CSF3R, RUNX1) AGSkokowa
hiPSCs from patient #E14 L16-diff (ELANE, CSF3R, RUNX1) AGSkokowa
hiPSCs from patient #E14 L6-diff (ELANE, CSF3R, RUNX1) AGSkokowa
hiPSCs from patient #E14 L8-diff (ELANE) AGSkokowa

Continued on the next page
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Table 2.1: Cells and cell lines – continued from the previous page

Name Origin

hiPSCs from patient #E14 L10-diff (ELANE, CSF3R, RUNX1) AGSkokowa

2.1.2 Equipment

Table 2.2: Equipment

Name Company

Agilent Bioanalyzer 2100 Agilent
Neubauer chamber Hecht
Centrifuge 5147R Eppendorf
Centrifuge 5418 Eppendorf
Centrifuge 5424 Eppendorf
Centrifuge 5424R Eppendorf
Centrifuge 5810R Eppendorf
Centrifuge Megafuge 1.0 R Heraeus
Centrifuge myFuge mini Benchmark
Centrifuge Z160M Hemde
Dual Flat BlockTM GeneAmp PCR System 9700 ThermoFisher Scientific
Film processor CP1000 AGFA
Filmcasette AGFA
Flow cytometer FACS Diva BD Biosiences
Focused ultrasonicator M220 Covaris
Freezer -80 °C GFL
Fridge +4 °C and Freezer -20 °C Comfort Liebher
Fridge +4 °C Comfort no freeze Liebher
Gel electrophoresis running chamber Bio Rad
Gel electrphoresis power unit E835 Consort

Continued on the next page
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Table 2.2: Equipment – continued from the previous page

Name Company

Gel-documentation system INTRASSience Imaging
Gelelectrophoresis hood Heraeus
Hood DNA/RNA UV-Cleaner UVC/T-AR Kisker-Biotech
Hood Safe 2020 ThermoFisher Scientific
Icebuckets Neolab
Icemaker AF100 Scotsman
Incubator Hera cell ThermoFisher Scientific
LightCyclerTM 480 Roche
Microscope CKX 41 Olympus
Microscope Wilovert S hund
Microwave AEG
Mini Protean 3 cell Bio Rad
Mini Trans Blot Bio Rad
Mixer RCT basic IKA
NanoDrop ND-1000 Nano Technologies
PCR Cycler Master nexus GX2 Eppendorf
PCR600 Workstation Air Clean
Pipette research 0.5-10 ul Eppendorf
Pipette research 10-100 ul Eppendorf
Pipette research 100-1000 ul Eppendorf
Pipette research 2-20 ul Eppendorf
Pipette research 20-200 ul Eppendorf
Pipetteboy Integra Biosiences
Power Pack Basic Bio Rad
QuantStudioTM 3D Digital PCR Chip Adapter Kit
for Flat Block Thermal Cycler

ThermoFisher Scientific

QuantStudioTM 3D Digital PCR Chip Loader ThermoFisher Scientific

Continued on the next page
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Table 2.2: Equipment – continued from the previous page

Name Company

QuantStudioTM 3D Digital PCR Instrument with
Power Cord

ThermoFisher Scientific

QuantStudioTM 3D Digital PCR Thermal Pads ThermoFisher Scientific
QuantStudioTM 3D Tilt Base ThermoFisher Scientific
Rocker ’Rocky’ LTF
Rocker M3 CMT
Steam Autoclave Type 022.022.050 Wesa
Thermomixer 5436 Eppendorf
Vortex Genie 2 Bender & Horbein AG
Vortex MS3 basic IKA
Waterbath 36°C GFL

Table 2.3: Consumables

Name Company

96 Well Light Cycler plates Sarstedt
Adhesive qPCR foil Sarstedt
AFA Tubes Covaris
Amersham Hyperfilm TM Gel GE Healthcare
Biosphere extra long tips Sarstedt
Biosphere filter tips (2.5; 10; 100; 1000 ul) Sarstedt
CD33 Microbeads human Miltenyi Biotec
CD34 PE-Cy7 Clone 8G12 antibody BD
DMSO Sigma
DNA Away solution Carl Roth
DNA gel Loading Dye (6x) 5x1ml ThermoFisher Scientific
DNA LoBind Tube 1,5ml Eppendorf

Continued on the next page
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Table 2.3: Consumables – continued from the previous page

Name Company

Eppendorf DNA lo-bind (0.2; 0.5; 1.5; 2.0ml) Eppendorf
Eppendorf tubes (0.2; 0.5; 1.5; 2.0ml) Eppendorf
Flow cytometry tubes BD Biosiences
TaqMan Assay reagents ThermoFisher Scientific
Gel Red Nucleic Acid Gel stain Biotrend
Immersion Fluid syringe ThermoFisher Scientific
Low Binding SafeSeal-Tips (10; 100; 200; 1000;
1250ml)

Bioyzm

Luminata Forte Western HRP Substrate Millipore
Nitrocellulose 0,2mm 1 roll 300mm x 4m GE Healthcare
Page Ruler Pre-stained Protein Ladder, 10 to
180 kDa

ThermoFisher Scientific

Pierce Control Agarose Resin ThermoFisher Scientific
Pierce ECL Western Blotting Substrate ThermoFisher
Pierce IP lysis Buffer 250ml ThermoFisher Scientific
ProtranPremium Western blotting membranes,
nitrocellulose

Amersham

QuantStudioTM 3D Digital PCR Chip Lid v2 ThermoFisher Scientific
QuantStudioTM 3D Digital PCR Chip v2 ThermoFisher Scientific
QuantStudioTM 3D Digital PCR Chip v2 Kit ThermoFisher Scientific
QuantStudioTM 3D Digital PCR Master Mix v2 ThermoFisher Scientific
QuantStudioTM 3D Digital PCR Sample Loading
Blade

ThermoFisher Scientific

QuantStudioTM 3D Digital PCR Sample Loading
Blade 8

ThermoFisher Scientific

QuantStudioTM 3D Digital PCR Master Mix v2 ThermoFisher Scientific
Quibit assay tubes Invitrogen
Safe-Lock Tubes (0.5; 1.5; 2.0ml) Eppendorf

Continued on the next page
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Table 2.3: Consumables – continued from the previous page

Name Company

Sample Loading Guide 15 combs Bio Rad
Serol. Pipette (5; 10; 25; 50ml) Sarstedt
TC-Flask (T25, T75ml) Sarstedt
Test tubes (15; 50ml) Greiner Bio-One
Whatman gel blotting paper, Grade GB003
58x60 cm

Sigma-Aldrich
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2.1.3 Reagents and chemicals

Table 2.4: Reagents and chemicals

Reagents/chemicals Company

10x RT Buffer Applied Biosystems
2-Mercaptoethanol Sigma
APEL serum-free differentiation medium Stemcell technologies

Inc.
Aqua ad iniectabilia Braun
Basic fibroblast growth factor (bFGF) Prepotech
Bovine serum albumin (BSA) Milteney
Buffer AL (264ml) Qiagen
Calcium chloride Merck
Chloroform Roth
DMSO Sigma
DMEM F12 Sigma
dNTP Mix PCR Grade Qiagen
Double destilled water (ddH2O) Merck
Ethanol 100% SAV
Ethanol 100% Roth
Fetal Bovine Serum (FBS) Lot: 025M3361 500
ml

Sigma Aldrich

Fetal Calf Serum (FCS) Biochrome
Gel Red Biotium
Granulocyte Colony Stimulating Factor (G-CSF) R&D Systems
Hydrochloric acid (HCl) Carl Roth
Isopropanol VWR Chemicals
IL-3 R&D Systems
Knockout Serum Replacement Invitrogen

Continued on the next page
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Table 2.4: Reagents and chemicals – continued from the previous page

Reagents/chemicals Company

L-Glutamine R&D Systems
LE Agarose Biozym
Matrigel Corning
Methanol Roth
Methanolfree Formaldehyde ThermoFisher Scientific
Methocult H4435 Enriched medium Stemcell Technologies
Mitomycin-C Sigma
N,N,N’,N’-tetramethyl-ethane-1.2-diamine
(TEMED)

Sigma

Non-essential amino acids solution Invitrogen
PBS 500 ml Biozym
Penicillin/Streptomycin 100ml Biochrome
Prointeinase K ThermoFisher Scientific
Protease Inhibitor cocktail Roche
RNase A Qiagen
RNaseZap Ambion
ROCK Inhibitor R&D
RPMI 1640 medium Gibco
Stem cell factor (SCF) R&D Systems
SDS 250 g >99.5% Roth
Sterillium Bode
Tris Roth
Tween 20 AppliChem
Vascular Endothelial Growth Factor (VEGF) R&D Systems
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2.1.4 Kits

Table 2.5: Kits

Name Company

MACS MicroBead Technology Miltenyi
miRNeasy Micro Kit Qiagen
Omniscript RT Kit Qiagen
Pierce Reversible Protein Stain-Kit ThermoFisher Scientific
QIAamp DNA Mini Kit Qiagen
QuantStudioTM 3D Digital PCR chip kit v.2 ThermoFisher Scientific
Quibit dsDNA HS Assay Kit Invitrogen
Quibit Protein Assay Kit Invitrogen
Quibit RNA HS Assay Kit Invitrogen
RNeasy Micro Kit Qiagen
TaqMan Advanced mi RNA cDNA Synthesis Kit ThermoFisher Scientific

2.1.5 Primers

2.1.5.1 Digital PCR primers

For digital PCR, custom TaqMan SNP Genotyping assays (ThermoFisher Scien-
tific, US) were designed individually. The assays include specific primers and
probes, labeled with VIC green or FAM blue dyes for detection. The sequence of
the target gene was identified by means of (primer-) basic local alignment search
tool (Primer-BLAST) and then two sequences were created, one for the wild-type
sequence and one with the target mutation. Afterward, the resulting nucleotide
sequences were processed by RepeatMasker software (Institute for Systems Bi-
ology; table 2.9) and subsequently submitted to ThermoFisher Scientific. The
TaqMan assays used for digital PCR are listed in table 2.6.
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2.1.5.2 MicroRNA assays

For the detection and quantification of microRNA, the following ’TaqMan Advanced
miRNA Assays’ (Thermo Fisher Scientific, US) were used:

• hsa-miR-3151-5p for miRNA-3151

• hsa-miR-125b-5p for miRNA-125b subtypes

• hsa-let-7b-5p for miRNA-let-7b, which was described as constitutively ex-
pressed in hematopoietic cells by Petriv et al., served as endogeneous con-
trol and was used for normalization [Petriv et al., 2010].

2.1.5.3 Real-time PCR primers

Table 2.7: qPCR Primers for ChIP

Gene name Primer Name Primer sequence (5’ to 3’) PCR-
product
length

RUNX3 RUNX3PR_fwd TGAGCTGAGGTTGGGTTGA 150
RUNX3PR_rev AGGCTCTGGTGGGTACGA

RUNX3 PK.RUNX3_fwd TGTATCCGTCTAGGCAGTGGA 258
PK.RUNX3_rev CCCCACAGCCTGCGATTTTT

UBE2M UBE2M_fwd GCTCGCGGTCACTTCATCTT 188
UBE2M_rev GAAGGTACTCGACCTCGCAC

KHSR KHSR_fwd GTGCTTGTAAAGATGGGCAGC 278
KHSR_rev CGCTAATCCCCTCGCTGTCT

GNA15 GNA15_fwd TAATTCTGAAGCCAGCGGGAG 276
GNA15_rev AACCGGATAGCAGCAACGA

PKC-beta PKCB_fwd ATCCCATTGGTCATTCTGCA 310
PKCB_rev TATTGATCTACTGAAATCCTTCCTC

53



2.1.6 Antibodies

Table 2.8: Antibodies for IP and Western Blot

Antibody Origin Company Catalog number

alpha-Tubulin Rabbit Cell Signaling CS2144
anti-goat Donkey Santa Cruz SC2020
anti-mouse HRP Cell Signaling CS7076
anti-rabbit Goat Santa Cruz SC2004
beta-Actin Mouse Cell Signaling CS3700
ELANE Goat Santa Cruz SC9520
rabbit isotype control Rabbit Cell Signaling CS2729S
RUNX1 Rabbit Abcam ab23980
RUNX1 Rabbit Cell Signaling CS4334S
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2.1.7 Software

Table 2.9: Software

Name Source

Adobe Draw Adobe Systems
Primer-BLAST blast.ncbi.nlm.nih.gov
Excel Microsoft
FACS Diva Software BD Biosciences
FlowJo flowjo.com
GraphPad Prism graphpad.com/scientific-

software/prism
LightCycler 480 Software lifescience.roche.com
miRBASE mirbase.org
PowerPoint Microsoft
QuantStudio 3D AnalysisSuite
Cloud Software

Thermo Fischer Scientific

RepeatMasker repeatmasker.org
Smart Servier smart.servier.com
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2.2 Methods

2.2.1 Cell biology methods

2.2.1.1 Cell culture

All non-adherent cells were cultured in 25ml or 75ml TC-Flasks (Sarstedt, GER)
in RPMI 1640–Gibco medium (Life Technologies, US, CA) supplemented with
10% inactivated FCS and 1% PBS in a HERAcell incubator (Heraeus, GER) at
37 °C and in a 5% CO2 environment. 293T cells were cultured in DMEM under
the conditions mentioned above. The medium was changed depending on cell
confluency. Non-adherent cells (all cells except for MDA-MB-231, breast-cancer
cell line and 293T cell line) were centrifuged with 300 xg for 5minutes, washed in
PBS and new medium was added. Afterward, the supernatant was replaced by
fresh medium. Cells were passaged twice a week. Non-adherent cells were cen-
trifuged at 300 xg for 5minutes, the supernatant was removed and 1–3ml fresh
medium was added, cells were counted in a Neubauer chamber (LO - Laborop-
tik Ltd, UK), mlࡡ/6cellsx were seeded. Dead cells were excluded by Trypan
blue staining. For the adherent cells, medium was removed and cells were incu-
bated with a trypsin-EDTA solution at 37 °C for 5minutes. After that, FCS was
added to block enzymatic activity of trypsin, and cells were spun down by cen-
trifugation, then the cell pellet was resuspended in fresh medium and cells were
counted in a Neubauer chamber. Dead cells were excluded by Trypan blue stain-
ing. mlࡡ/6cellsx were seeded.

2.2.1.2 HiPSC cell culture

The h iPSCs were maintained on mitomycin-C treated SNL-feeder cells (Pub-
lic Health, England) in iPSC-medium consisting of DMEM F12 (Sigma) supple-
mented with 20 Knockout Serum Replacement (Invitrogen), 30 ng/ml bFGF (Pe-
protech), 1% non-essential amino acids solution (Invitrogen), 100 µM 2-Mercapto-
Ethanol and 2 mM L-Glutamine.The iPSC-medium was replaced every day. The
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hiPSCs were subcultured by manual colony-picking onto new SNL feeder cells
every 10 days.

2.2.1.3 EB-based hematopoietic differentiation of hiPSCs

HiPSCs were dissociated from SNL-feeders or Matrigel-coated plates (Corning)
using PBS/EDTA (0.02%) for 5min. EB induction was done via spin EBs (20 000
cell/EB) in 96-well plates using APEL serum-free differentiation medium (Stem-
cell Technologies) with bFGF (20 ng/ml) and ROCK Inhibitor (R&D). The next day,
BMP4 (40 ng/ml) was added to induce mesodermal differentiation. On day 4, EBs
were plated on matrigel-coated 6-well-plates (10 EBs/well) in APEL medium sup-
plemented with VEGF (40 ng/ml) + SCF (50 ng/ml) + IL-3 (50 ng/ml). For myeloid
differentiation, the medium was changed 3 days later to APEL + IL3 (50 ng/ml)
+ GCSF (50 ng/ml). The first hematopoietic floating cells appeared on day 12 -
14. Floating cells were harvested every 3-4 days and used for qPCR, digital PCR,
Western Blot analysis from day 14 to day 32.

2.2.1.4 Colony forming unit (CFU) assay

10,000 floating cells from EB-based iPS differentiation at day 14 were used for
CFU-Assay using Methocult H4435 Enriched medium (Stemcell Technologies).
Colonies were counted after 10 or 14 days.

2.2.2 Cell separation of CD34+ and CD33+ cells

Separation of CD33+ and/or CD34+ cells from bone marrow or peripheral blood
samples was done by means of MACS MicroBead Technology (Miltenyi, GER)
according to the protocol. At first, total cell number was determined then cells were
centrifuged at 300 xg and supernatant was removed and cells were diluted in PBS-
buffer. FcR Blocking Reagent and CD34+ Micro Beads were added, and the cell
suspension was incubated at +4 °C for 30min. The PBS-buffer was added to the
mixture and centrifuged at 300 xg for 10min, then supernatant was removed, the
cells were taken into solution with PBS-buffer, placed on the magnetic columns
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and steadily rinsed with buffer. The flow-through was collected in an additional
tube for CD33+ separation. The CD34+ fraction was eluted from the column in a
new tube and cell purity was tested by means of FACS. Separation of CD33+ cells
followed the same principle except using CD33+ Micro Beads instead of CD34+

Micro Beads. A part of the supernatant from the column elution, the CD33+ cells
as well as the CD34+ cells were kept for purity control with flow cytometry.

2.2.3 Molecular biology methods

2.2.3.1 DNA isolation

DNA isolation from blood cells was performed according to the standard protocol
using the QIAamp DNA Mini Kit (Qiagen, Germany). The DNA purity and quantity
was measured by NanoDrop (Thermo Fisher Scientific, US) or Qubit (Life Tech-
nologies, GER).

2.2.3.2 Total RNA isolation

RNA isolation was performed according to standard protocols using either RNeasy
Micro Kit (Qiagen, Germany) or miRNeasy Micro Kit (Qiagen, Germany). The
RNA purity and quantity was measured by NanoDrop (Thermo Fisher Scientific,
US) or Qubit (Life Technologies, GER).

2.2.3.3 Messenger RNA transcription to cDNA

RNA was transcribed using a standard protocol. The RNA transcription mix con-
sists of 500 ng RNA, 27 ul ddH2O, 2 ul random Oligo(dT)18 Primer and 2 ul of Ran-
dom Hexamers (both ThermoFisher Scientific, US), 10x RT-buffer, 5mM dNTPs
and Omniscript Reverse Transcriptase (QIAGEN, Germany). The resulting cDNA
was either used immediately or kept at -80 °C until further use.
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2.2.3.4 cDNA synthesis for quantification of microRNAs

Total RNA isolated with miRNeasy Micro Kit was used to quantify microRNA abun-
dance. It was processed according to the TaqMan Advanced miRNA Assay’s pro-
tocol. Poly(A) tailing reaction was performed with the master mix from table 2.10
at conditions from table 2.11. Next, ligation reaction master mix (table 2.12) was
added and incubated at conditions depicted in table 2.13. After ligation, the re-
sulting solution was used for reverse transcription with the mix from table 2.14 at
the conditions shown in table 2.15. Finally, the 5 ul of the obtained cDNA was am-
plified using amplification master mix (table 2.16) and incubated at the conditions
from table 2.17. The amplified product was stored until further use at -20 °C.

Table 2.10: Poly(A) tailing master mix

Name/Purpose Volume (per one reaction)

10X Poly(A) Buffer 0.5 ul
ATP 0.5 ul
Poly A Enzyme 0.3 ul
RNase-free water 1.7 ul

Table 2.11: Poly(A) tailing conditions

Name/Purpose Temperature Duration

Polyadenylation 37 °C 45min
Stop reaction 65 °C 10min
Hold 4 °C hold
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Table 2.12: Ligation reaction master mix

Name/Purpose Volume (per one reaction)

5X DNA Ligase Buffer 3.0 ul
50% PEG 8000 4.5 ul
25X Ligation Adaptor 0.6 ul
RNase-free water 0.4 ul
RNA Ligase 1.5 ul

Table 2.13: Ligation reaction conditions

Name/Purpose Temperature Duration

Ligation 16 °C 60min
Hold 4 °C hold

Table 2.14: Reverse transcription master mix

Name/Purpose Volume (per one reaction)

5X RT Buffer 6.0 ul
dNTP Mix (25mM each) 1.2 ul
20X Universal RT Primer 1.5 ul
10X RT Enzyme Mix 3.0 ul
RNase-free water 3.3 ul

Table 2.15: Reverse transcription reaction conditions

Name/Purpose Temperature Duration

Reverse transcription 42 °C 15min
Stop reaction 85 °C 5min
Hold 4 °C hold
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Table 2.16: microRNA amplification reaction master mix

Name/Purpose Volume (per one reaction)

2X miR-Amp Master Mix 25.0 ul
20X miR-Amp Primer Mix 2.5 ul
RNase-free water 17.5 ul

Table 2.17: microRNA amplification reaction cycler conditions

Cycling step Temperature Duration Cycle repeats

Enzyme activation 95 °C 5min 1X
Denaturation 95 °C 3 sec 14X
Annealing & Elongation 60 °C 30 sec
Stop reaction 99 °C 10min 1X
Hold 4 °C hold 1X

2.2.3.5 Digital PCR (dPCR)

Digital PCR was used for absolute endpoint quantification of gene copy numbers
using TaqMan SNPGenotyping Assays (ThermoFisher Scientific, US, MA). At first,
isolated gDNA was diluted to approximately 7 ng/ul, then a master mix was set up
according to the ’Rare mutation analysis protocol’ from ThermoFisher Scientific,
US, MA. 12 ul of diluted gDNA were added to the master mix (table 2.18) and
incubated at the conditions depicted in table 2.19. Analysis of dPCR data was
performed with QuantStudio 3D AnalysisSuite (ThermoFisher Scientific, US, MA)
and Excel (Microsoft, US, CA).

Table 2.18: Digital PCR master mix

Name/Purpose Volume for 2 chips (1 sample)

Master Mix v2 17.4 ul
TaqMan Assay 20X (primer/probe mix) 1.74 ul
Molecular grade water 3.66 ul
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Table 2.19: Digital PCR cycling conditions

Cycling step Temperature Duration Cycle repeats

Enzyme activation 96 °C 10min 1X
Annealing & Extending 60 °C 30 sec 39X
Denaturation 60 °C 3 sec
Stop reaction 99 °C 10min 1X
Hold 4 °C ∞ 1X

2.2.3.6 Real-time PCR (qPCR)

Real-time PCR (qPCR) was used for quantitative endpoint quantification of miRNA
and gDNA abundance. This method uses TaqMan Advanced miRNA Assays or
SYBR Green dye and primer pairs for the gDNA sequences. According to the
amount of target substance, a fluorescent signal was generated and measured.
Threshold difference between target subject and housekeeping control subject
were calculated and normalization was performed using delta Ct method [Livak
and Schmittgen, 2001]:

ΔCt = Ct [housekeeping]− Ct [target]

fold− change = ΔCt-࡞

a) Quantitative RT-PCR for miRNA was performed using the master mix from
table 2.20 and the cycling conditions shown in table 2.21. MicroRNA let-7b
served as endogenous control.

Table 2.20: microRNA-qPCR master mix

Component Volume for one reaction
2X TaqMan Universal master mix II 5 ul
20X TaqMan Advanced miRNA Assay 0.5 ul
RNase-free water 2 ul
transcribed miRNA 2.5 ul
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Table 2.21: Quantitative PCR cycling conditions for miRNA abundance

Cycling step Temperature Duration Cycle repeats
Enzyme activation 95 °C 10min 1X
Denaturation 95 °C 15 sec 45X
Annealing & Extending 60 °C 60 sec
Hold 5 °C ∞ 1X

b) Quantitative RT-PCR for gDNA abundance quantification following RUNX1
ChiP was performed using the master mix from table 2.22 at the cycling
conditions shown in table 2.23. DNA sequences of the genes were ob-
tained from NCBI (https://www.ncbi.nlm.nih.gov/), primers were designed
using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and
reconfirmed using in-silico PCR. As a next step primers were tested with
DNA from cell lines to confirm specificity (data not shown). gDNA was used
in 1:50 dilution.

Table 2.22: gDNA-qPCR master mix

Component Volume for one reaction
2X SYBR Green PCR mix 5 ul
Forward/reverse Primer mix 0.8 ul
gDNA 4.2 ul

Table 2.23: Quantitative PCR conditions for RUNX1 binding target abundance

Cycling step Detail Temperature Duration Cycle
re-
peats

Preincubation 95 °C 10min 1X
Amplification Denaturation 95 °C 10 sec 40X

Annealing 63 °C 10 sec
Elongation 72 °C 30 sec

Meltingcurve Interruption 95 °C 5 sec 1X
Heating & Tm Analysis 65 °C 60 sec 5 °C

every
5 sec

Cooling 40 °C 10 sec hold
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2.2.3.7 Flow cytometry and fluorescence-activated cell sorting (FACS)

Flow cytometry uses the principle of fluorescence, light emission and light excita-
tion of fluorochromes that are specifically added to mark target structures, such
as surface proteins. It produces multi-parameter data to specify and quantify the
abundance of labeled target structures of the cells passing by the lasers and de-
tectors. It was used for CD33 and CD34 surface protein to determine the purity
of MACS sorting. Cells were stained with BD CD34 (8G12) Pe-Cy7 antibodies
for CD34+ cell separation and with BD CD33 (P67.6) Pe-Cy7 antibodies for iso-
lation of CD33+ cells. Afterward, stained cells were washed with PBS-buffer and
used for analysis. Analysis was performed with FACS Diva II (BD Biosiences) and
’FlowJo’ software (FlowJo LLC, Ashland, Oregon).

2.2.4 Biochemistry methods

2.2.4.1 Protein isolation

Cells were washed with PBS, spun down and supernatant was removed. The
pellet was lysed in 5X Laemmli–buffer.

Table 2.24: Laemmli–Buffer

Name Chemicals

5X Laemmli–Buffer 300mM Tris/HCl p.H 6.8
3% DTT (w/v)
40% Glycerol (v/v)
2% SDS (w/v)
0.05% Bromphenol blue (w/v)

2.2.4.2 Western blot

Western Blot was performed in several steps. Equal amounts of total protein were
loaded to an SDS page gel and run in 1X running buffer in a BioRad running
chamber at 80V for 20minutes, then voltage was increased to 120V and run for
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another 60minutes. Afterward, the gel was placed in a stacking sandwich and
transfer was done in 1X wet transfer buffer in a BioRad transfer chamber with
100V at +4 °C for 60minutes. Subsequently, the membrane was washed three
times in TBST for 5minutes each. Following the washing step, reversible staining
was performed with Pierce Reversible Staining Kit for Nitrocellulose Membranes
(ThermoFisher Scientific, US, MA) according to the kit’s protocol. The stained
membrane was scanned and afterward staining was erased. Blocking was done in
5% blocking-milk for 60minutes followed by incubation in primary antibody (1:500
- 1:1000) in 5% blocking-milk at 4 °C over night. Afterward, the membrane was
washed three times in TBST and then incubated in secondary antibody (1:2000 -
1:4000) in 5% blocking-milk at room temperature for 1 hour. Used antibodies are
listed in table 2.8. After incubation with secondary antibody, the membrane was
washed three times for 5minutes in TBST and then incubated with either ’Pierce
ECLWestern Blotting Substrate’ (ThermoFisher Scientific, US) or ’Luminata Forte
Western HRP Substrate’ (Merck Millipore, GER). Subsequently, the membrane
was analyzed with X-ray films. After the detection of protein bands, the membrane
was washed three times with TBST for 10minutes and incubated in stripping buffer
for 15 minutes at RT. Following incubation with stripping buffer, the membrane
was incubated in blocking solution and was then ready to detect different proteins.
Developed films were scanned.
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Table 2.25: Western Blot buffers and solutions

Purpose/Name Chemicals

10X Running Buffer 25mM Tris–Buffer
192mM Glycine
1% SDS (w/v)
ddH2O to 2000ml
pH 8.3–8.5

10X Wet Transfer Buffer 250mM Tris–Buffer
1.92M Glycine
ddH2O to 1000ml

1X Wet Transfer Buffer 10X Wet Transfer Buffer
200ml Methanol
ddH2O to 1000ml

10X TBS 200mM Tris–Base
1.37M NaCl
ddH2O to 1000ml
pH 7.6

1X TBST 10X TBS
1ml Tween 20
ddH2O to 1000ml

5% Blocking–milk ࡡ g/ml skimmed milk powder
ddH2O
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Table 2.26: PAGE preparation

Purpose (Concentration) Chemicals for 2 gels

Stacking gel (4%) 3.0ml ddH2O
1.5ml Tris–Buffer 0.5M pH 6.8
1.0ml 30% Acrylamide (w/v)
12 ul 20%Ammonium persulfate
12 ul Temed (w/v)

Separation gel (12%) 2.6ml ddH2O
3.0ml Tris–Buffer 1.5M pH 8.8
5.0ml 30% Acrylamide (w/v)
1.4ml 1% SDS (w/v)
24 ul 20%Ammonium persulfate (w/v)
24 ul Temed (w/v)

Separation gel (15%) 1.6ml ddH2O
3.0ml Tris–Buffer 1.5M pH 8.8
6.0ml 30% Acrylamide (w/v)
1.4ml 1% SDS (w/v)
24 ul 20%Ammonium persulfate (w/v)
24 ul Temed

2.2.4.3 Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation was done according to the truChIPTM Chromatin
Shearing Reagent Kit protocol and performedwithM220 Focused-ultrasonicatorTM

(Covaris, US, MA). The following instructions refer to the kit’s protocol [Covaris,
2016] (For buffer composition see table 2.27). For each ChIP, 1 x 106 cells were
washed once with PBS then cross-linked with 1X Fixing Buffer A and 11.1%
formaldehyde for 10minutes at RT. Afterward, Quenching Buffer E was added and
incubated for 5minutes. Cells were centrifuged, the supernatant was removed
and washed with 1X PBS. Lysis Buffer B was added and the solution was incu-
bated at 4°C for 10minutes. Afterward, it was spun down, the supernatant was dis-
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carded and the pellet was resuspended in 1X Wash Buffer C. Subsequently, cells
were incubated at 4 °C for 10minutes, centrifuged, the supernatant was discarded
and the pellet was resuspended in Shearing Buffer D3. Chromatin shearing was
done by means of M220 Focused-ultrasonicatorTM (Covaris, US, MA) according
to conditions listed in table 2.28, and aimed to produce fragments of approx. 200
- 300 bp length. Aliquots were taken after 10, 15 and 20 minutes of sonication and
shearing efficiency was controlled using Bioanalyzer. The sheared chromatin was
processed and immunoprecipitated with either RUNX1 (Abcam, ab23980, US)
or rabbit IgG (Cell Signaling, CS2729S, US) antibody following the instructions
of Lee et al. ChIP protocol was performed using magnetic ’uMACS Protein A
MicroBeads’ (Miltenyi BioTec, GER) and buffers listed in table 2.27 [Lee et al.,
2006]. The isolated DNA was purified using ’QIAquick PCR purification kit’ (QIA-
GEN, GER). ChIP efficiency was controlled by means of qPCR and melting curve
analysis (see 2.2.3.6).

Table 2.27: ChIP buffers, solutions and reagents

Name / Purpose Volume per ChIP sample

1X PBS 2.0 ml PBS

Fixing Buffer A
50 ul Fixing Buffer A
450 ul H2O

11.1% Formaldehyde
690 ul 16% Formaldehyde
310 ul H2O

Quenching Buffer E 23 ul

1X Lysis Buffer
100 ul 5 X Lysis Buffer B
400ul H2O
5ul 100X Buffer F

1X Washing Buffer
50ul 10 Wash Buffer C
450 ul H2O
5 ul 100X Buffer F

Continued on the next page
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Table 2.27: – continued from the previous page

Name / Purpose Volume per ChIP sample

1X Shearing Buffer D3
100ul 10X Shearing Buffer D3
900ul H2O
10 ul 100X Buffer F

Low Salt Wash Buffer

0.1% SDS
1% Triton X100
2mM EDTA
20 mM Tris- HCl pH 8.0
150mM NaCl

High Salt Washing Buffer

0.1% SDS
1% Triton X100
2mM EDTA
20 mM Tris- HCl pH 8.0
500mM NaCl

LiCl Washing Buffer

0.25M LiCl
1% NP-40
1% Sodium Deoxycholate
1 mM EDTA
10mM Tris-HCl pH 8.0

Elution Buffer
1% SDS
100 mM NaHCO3
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Table 2.28: ChIP Shearing conditions

Name Settings

Target BP (Range) 200–700

Duty Cycle 5%

Intensity peak power 75Watts

Cycles per Burst 200

Processing Time empirical (5–30minutes)

Bath Temperature 7°C
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Learning never exhausts the brain.

Leonardo da Vinci

3
Results

3.1 RUNX1 gene copy-number quantification

In 2014, our group reported on the cooperativity of RUNX1 and CSF3R mutations
in a CN patient cohort with overt MDS or AML [Skokowa et al., 2014]. Myeloid cell
clones of CN patients were carrying the inherited mutations (e.g., ELANE, HAX1,
GPT1) and positive for additional acquired mutations. Skokowa and colleagues
observed a sequential gain of CSF3R mutations, followed by RUNX1 mutations
in CN individuals who developed a malignant phenotype. They postulated fol-
lowed mechanism of malignant transformation in CN: inherited genetic lesions
and lesions in CSF3R alone were not sufficient to induce leukemia, but further
alterations - as mutations in RUNX1 - were required [Skokowa et al., 2014].
We grouped the CN patients according to their RUNX1 mutation types and

searched for other associated chromosomal aberrations (table 3.1). In the pa-
tients’ group with missense RUNX1 mutations, seven patients were positive for
trisomy 21 and no trisomy 21 was found in the six CN-AML patients with non-
sense RUNX1 mutations. Fisher’s two-tailed t-test indicated non-random distribu-
tion of trisomy 21 occurrence between CN-AML missense RUNX1 and non-sense
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RUNX1 mutation cohorts (p = 0.0515). Thus, we aimed to investigate the ratio of
wild type and mutant RUNX1 alleles in CN-AML patients positive for missense
RUNX1 and trisomy 21. Of note, all RUNX1mutations associated with trisomy 21
were located within the RHD. Subsequently, Sanger sequencing was performed
on samples from ‘CN-AML patient #14’ and ‘CyN-AML patient #1’ obtained at CN
and CN-AML stage.

Table 3.1: Phenotypical and genetic characterizations of investigated CN pa-
tients with nonsense and missense RUNX1 mutations

Pat. ID. RUNX1 muta-
tion position,
AA

Karyotype CN-associated mu-
tation position, AA

nonsense RUNX1 mutations

#21† p.R174X
p.L294QfsX6

47, XX 1mar[8];
47, idem, del(10)(q32))

ELANE p.G214R
GFI1

#13‡‡ p.R139X
p.V137D

46, XX ELANE p.A79VfsX9

#16‡ p.R174X 46, XY ELANE p.G214R
#15§ p.R139X t(p1;q3) ELANE p.C151Y
#20± p.Q370X 46,XX,add(2)(q37),

add(7)(q22))
WAS

#10± p.F13TrpfsX14
p.R139ProfsX47

45, XY, -7 [10];
46XY [5]

HAX1 p.V44X

missense RUNX1 mutations

#14§ p.R139G
p.M240I

2010:
45,XY,-7[9]; 46,XY[11]
2011:
47,XY,+21[13]; 46,XY[2]

ELANE p.C151Y

#22§ p.K83Q 46,XY ELANE
p.IVS411G>T

Continued on next page
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Table 3.1– Continued from previous page

Pat. ID. RUNX1
specifics

Karyotype CN inflicting muta-
tions

#18‡‡ p.R64P 46,XY,t(9;11) ELANE p.N113K
#6†† p.R80S 45,XX,-7 ELANE p.L152P
#11+ p.R174L 46,XY,add(21q) ELANE p.A57V
#7¢ p.R135K 46,XY,-7,+21 ELANE p.S126L
#31£ p.R174L 47,XY,+21[14] /46,XY[4] ELANE p.G174R
#1CyN p.D171N 46,XX,-7,+21[14] ELANE p.A223P
#4$ Intron4

c.415_427dup6,
c.421_427dup7

45,XX,-7[12];
46,XX[11]

WAS p.S478I

#26‡‡ p.R80S 45,XY,-7 WAS p.L270P
#19= p.L29S

p.R64P
46,XX HAX1 p.V44X

#17= p.I22K 46,XY HAX1 p.V44X
#25? p.S114P

p.Y380_
G394delinsC

46,XX,dup(21)
(q22.1q22.3)[19]

n.a.

#12† p.K83Q 47,XX,+21 GPT1

AML FAB subtypes:
$AML M0, §AML M1, †AML M2, ‡AML M4
††AML M5, ‡‡AML FAB NA, +AML/B-ALL, =MDS
¢MDS/AML M1, ±MDS/RAEB, ?MDS/RAEB-2
£RAEB-T/AML FAB NA

Adapted from Skokowa et al. [2014], Blood, 2014.
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3.1.1 Sanger sequencing of ELANE, RUNX1 and CSF3R mutations in CN-
AML patient #14 andCyN-AML patient #1 at neutropenia and leukemia
stage

Some of the data presented in section 3.1.1 and 3.1.2 were published in Cell Stem
Cell : ‘iPSC modeling of stage-specific leukemogenesis reveals BAALC as a key
oncogene in severe congenital neutropenia’ [Dannenmann et al., 2021]. A pre-
vious karyotyping of the myeloid cells of CN-AML patient #14 had revealed an
additional chromosome 21 (Chr 21, i.e. trisomy 21) at the CN-AML stage, which
was not observed in cells obtained at the CN stage one year earlier (table 3.1).
Sanger sequencing was performed to confirm the presence of ELANE, RUNX1
and CSF3R mutations at CN and CN-AML stages (figure 3.1). Since RUNX1 is
located on Chr 21, we were especially interested in the RUNX1 wild type to mu-
tant allele ratio. The comparison of nucleotide peak heights in RUNX1 Sanger se-
quencing data allowed the initial evaluation of a mutant and wild type gene dosage.
Sanger sequencing was performed with gDNA isolated from hiPSC derived CD34+

cells from CN-AML pat. #14. The hiPSC derived CD34+ patient cells were pro-
grammed to characterize the myeloid cell clones observed at the CN and CN-AML
stage of the disease. CN cells were positive for the inherited ELANE mutation
NP_001963.1:p.C151Y (figure 3.1 A). Additionally, the CN-AML clones were pos-
itive for RUNX1 NP_001001890.1:p.R139G and CSF3R NP_000751.1:p.Q718X
mutations (figure 3.1B; [Dannenmann et al., 2021]). The peak heights represent-
ing the mutant RUNX1 allele exceeded those of wild type alleles.
In 2016, members of our group described the leukemogenic progression in a

CyN patient for the first time [Klimiankou et al., 2016a]. Besides the ELANE mu-
tation, they reported mutations in CSF3R and RUNX1 as well as trisomy 21 in
the leukemia cells of this patient [Klimiankou et al., 2016a]. We analyzed DNA
isolated from BM MNC CFU cells of ‘CyN patient #1’ (figure 3.1C). Again, Sanger
sequencing data depicted that the peak height resembling the mutant RUNX1 al-
lele (NP_001001890.1:p.D171N) was higher than the peak of wild type RUNX1
allele. In summary, Sanger sequencing data indicated an increased dosage of
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missense RUNX1 mutant allele over wild type RUNX1 allele for both patients in-
vestigated.

ELANE p.C151YRUNX1CSF3R

(a) CN-AML pat. # 14 - CN stage

CSF3R p.G741X RUNX1 p.R139G ELANE p.C151Y

(b) CN-AML pat. # 14 - CN / AML stage

CSF3R p.G741X RUNX1 p.D171N ELANE : p.A233P 
p.V235TrpfsX

(c) CyN-AML pat. # 1 - CN / AML stage

Figure 3.1: Sanger sequencing data for ELANE, CSF3R and RUNX1 mutations
of one CN and one CyN patient
Figures A and B depict exemplary results of Sanger sequencing of hiPSC derived CD34+ cell
clones with similar characteristics of cells obtained at CN and CN-AML phenotype stage of CN-
AML patient #14. The bottom row depicts Sanger sequencing results of CyN-AML patient
#1 obtained from CD34+ CFU cells with the same characteristics as the cells present at
AML stage. Genetic characterization of inherited ELANE mutation and de novo CSF3R and
RUNX1 mutations are depicted. Black boxes and arrows indicate the mutation site with the
resulting alteration in nucleotide sequence depicted above (colored) and amino acid position
of the mutation (black). Data kindly provided by the authors and adapted from Klimiankou et
al. ‘Two cases of cyclic neutropenia with acquired CSF3R mutations, with 1 developing AML’,
Blood 2016; 127:21; p.2638-2641; [Klimiankou et al., 2016a]. Adapted from Dannenmann et
al., [2021].

3.1.2 RUNX1mutant allele ratio quantification at CN and leukemia stage by
means of digital PCR

To quantify the mutant to wild type RUNX1 allele ratio, we performed digital PCR
(dPCR), using samples of three different patients collected at CN and CN-AML
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stages (figures 3.2 to 3.6). Each patient harbored a unique RUNX1 missense
mutation. We used custom SNP Genotyping assays from Thermo Scientific (see
table 2.6 for detailed assay information). The assays were designed for RUNX1
mutations: NP_001 001 890 .1: p.R139G (CN-AML patient #14), p.D171N (CyN-
AML patient #1) and p.R174L (CN-AML patient #31) (figure 3.2). We measured
the mutant to wild type RUNX1 allele ratio in hiPSC derived CD34+ cells. Those
cells arise from a pure cell clone, whereas native patient samples at leukemia
stage always represent a mixture of normal and malignant cells.
Firstly, we investigated gDNA of hiPSC derived samples obtained from CN-AML

patient #14 (figure 3.3A). We found no RUNX1 mutation in samples at CN stage.
In CN-AML samples, we detected RUNX1 NP_001 001 890 .1: p.R139G mutant
allele. Digital PCR data show that the genomic amount of mutant RUNX1 allele
surpasses those of wild type RUNX1 allele by approximately two-fold. HSPCS
derived from two different CN-AML hiPSC clones (L6 and L10) which were ex-
amined provided similar results; in each sample, the mutated RUNX1 p.R139G
allelic fraction exceeded the wild type fraction by 1,82 (L10), or 1,97 (L6) times
[Dannenmann et al., 2021].
To confirm this observation, we investigated gDNA from CD34+ BM MNCs of

the same patient obtained at CN and CN-AML stages (figure 3.3B). Interestingly,
with a fraction of 14.73% mutated RUNX1 was already detected in myeloid cells
obtained at the CN stage. This proportion increased to 30.31% at CN-AML stage,
but did not reach the formerly determined 2:1 ratio. Thus, we decided to exam-
ine gDNA isolated from CFU derived cells with confirmed ELANE, CSF3R and
RUNX1 mutations. In these cells, we observed again the 2:1 ratio between mis-
sense RUNX1 p.R139G and wild type RUNX1 alleles. In addition, we examined
DNA obtained from seven hiPSC derived cell samples of the CN-AML patient #14;
all showed the mutant to wild type RUNX1 allele ratio of approximately 2:1 (figure
3.4).
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Figure 3.2: Scatterplot of digital PCR results of CN patients (n = 3) collected
at CN and CN-AML stages
Representative images of digital PCR data plots for RUNX1 wild type and mutation amplifi-
cation and quantification. FAM reporter dye signals (mutant RUNX1 allele = blue dots) are
plotted on the Y-axis, VIC reporter dye signals (wild type RUNX1 allele = red dots) are plotted
on the X-axis. Green dots represent wells containing both PCR products, wild type and mutant
RUNX1 allele, whereas yellow dots represent empty wells. The ratio of mutant and wild type
allele was calculated based on the number of FAM and VIC positive signals on the chip. For
example: gDNA of samples from CN-AML Pat. #14 in CN and CN-AML phase were amplified
and investigated using TaqMan Custom SNP assays (Thermo Fisher Scientific, USA) for wild
type and RUNX1 p.R139G allele. At CN phase, only wild type RUNX1 allele was detectable
(n= 11987), whereas at CN-AML phase, mutated RUNX1 p.R139G was detected in 360 wells
and wild type in 179 wells. Correspondingly, the ratio of mutant to wild type RUNX1 is 2,01.
Adapted from Dannenmann et al., [2021]. All data were analyzed using the QuantStudio 3D Analysis
Suite (Thermo Fisher Scientific, USA).

77



0,07%

66,35% 64,53%

99,93%

33,65% 35,47%

0%

20%

40%

60%

80%

100%

120%

CN iPS L8 CN-AML iPS L6 CN-AML iPS L10

RU
NX

1
al

le
lic

 fr
ac

tio
ns

CN-AML Pat. #14

RUNX p.R139G WT RUNX1

(a) hiPSC derived cells

14,73%
30,31%

68,80%

85,26%
69,68%

31,02%

0%

20%

40%

60%

80%

100%

120%

CN (BM) CN-AML (PB) CN-AML (CFU)

RU
NX

1
al

le
lic

 fr
ac

tio
ns

CN-AML Pat. #14

RUNX1 p.R139G WT RUNX1

(b) Primary and CFU derived cells

Figure 3.3: Digital PCR analysis of RUNX1 mutant and wild type allelic frac-
tions in hiPSC, CFU derived and primary cells of CN-AML pat. #14
Fractions of wild type and mutant RUNX1 p.R139G alleles - in ‘a)’ hiPSC derived cells or ‘b)’
primary and CFU derived cells at CN and leukemia (CN-AML) phase - are shown in light and
dark grey, respectively. The frequency of mutant and wild type allele is given in percentage.
Each bar represents a representative clone (L8, L6, L10, CFU) or native sample (CM, PB).
Adapted from Dannenmann et al., [2021]. All data were analyzed using the QuantStudio 3D Analysis
Suite (Thermo Fisher Scientific, USA).
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Figure 3.4: Summarized digital PCR results of RUNX1 mutant to wild type
allelic fractions in hiPSC cells obtained from CN-AML patient #14
Fractions of wild type and mutant RUNX1 p.R139G alleles in samples derived from iPS cells of
CN-AML patient #14 resembling CN-AML phase. The frequency of mutant (dark grey) and
wild type (light gray) allele is expressed in percentage. Each bar represents one set of samples
at CN-AML stage. In each sample, the mutant RUNX1 exceeds the wild-type allele by about
2:1 with a ratio between 1.71 and 2.13.
All data were analyzed using the QuantStudio 3D Analysis Suite (Thermo Scientific, USA).

To confirm the gene dose increase of mutant RUNX1 at CN-AML stage, we
analyzed CD34+ BM MNCs of two more patients - CN-AML patient #31 and CyN-
AML patient #1- by means of dPCR. The results confirmed our previously obtained
data (figures 3.5a and 3.5b). Again, the mutant RUNX1 allelic fraction exceeded
the frequency of wild type allele in a ratio of approximately 2:1 [Dannenmann et
al., 2021]. An increase of mutated RUNX1 allele had occurred in all three patients
investigated (see summary in figure 3.6).
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Figure 3.5: Digital PCR analysis of RUNX1 mutant to wild type allelic fractions
in CD34+ BM MNC of CN-AML pat. #31 and CyN-AML pat. #1
Fractions of wild type and mutant RUNX1 alleles in samples from CN-AML pat. #31 and
CyN-AML pat. #1, quantified by digital PCR. The frequencies of mutant and wild type allele
are expressed in percentage. Each bar represents one set of clones at either CN/CyN or CN-
AML/CyN-AML stage.
a) At CN stage (left bar), only wild type RUNX1 allele was detectable, whereas in CN-AML
phase mutant (RUNX1 p.R174L) copy numbers reached approx. 59.55% of the total allelic
fraction.
b) At CyN stage (left bar), only wild type RUNX1 allele was detectable, whereas in CyN-AML
phase mutant (RUNX1 p.D171N) copy numbers reached approx. 64.10% in BM sample and
approx. 63.71% in CD34+ sample of the total allelic fraction.
Adapted from Dannenmann et al., [2021]. All data were analyzed using the QuantStudio 3D Analysis
Suite (Thermo Fisher Scientific, USA).

Figure 3.6: Summary of digital PCR analysis of MT RUNX1 to WT RUNX1
ratio quantification in all investigated patients (n = 3)
The graph depicts the ratio quantification analysis of missense RUNX1 to wild type allelic
fractions at CN (light gray) and CN-AML (dark gray) stages. Mutant to wild type allele
ratio is the highest at CN-AML phase and lowest at CN stage. At CN-AML stage, the MT
RUNX1/WT RUNX1 ratio is about 66% (2:1 ratio).
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3.2 RUNX1 binding pattern in NB4 and U937 cell

lines

As a consequence of our findings obtained by dPCR, we aimed to establish a
workflow, allowing us to investigate the binding pattern of wild type RUNX1 in cell
lines. In a longer perspective, this workflow could be adapted to study the effects
of mutant RUNX1 on the binding pattern of wild type RUNX1.

3.2.1 Selection of cell lines for RUNX1 chromatin immunoprecipitation
(ChIP)

We focused on cell lines in which RUNX1 protein expression has already been
described, or in which the expression of RUNX1 is reported on proteinatlas.org.
Proteinatlas.org indicated RUNX1 expression in NB4, U937 and 293T cells [Hu-
man Protein Atlas, 2019; Thul et al., 2017]; RUNX1 expression in Jurkat cells was
described by Peterson et al. [2005]. To confirm the expression of RUNX1, we
examined Jurkat, NB4, U937 and 293T cell lines using Western blot and results
were normalized to α-Tubulin. First, we compared the Abcam RUNX1-antibody
(anti-RUNX1 antibody; ab23980) - validated for ChIP - to a RUNX1 antibody (Cell
Signaling; CS4334S), we had previously used for RUNX1 detection. Western blot
analysis revealed RUNX1 expression in NB4, U937 and Jurkat cell lines (figure
3.7). Thus showed, that the Abcam antibody for ChIP had sufficiently detected
RUNX1 protein (data not shown). Hence, we decided to conduct the further ChIP
experiments in NB4 and U937 cell lines using this antibody.
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Figure 3.7: RUNX1 expression in U937, NB4 and Jurkat cell lines
Western blot analysis of RUNX1 in U937, NB4 and Jurkat cell lines. α -Tubulin was used as
loading control. RUNX1 expression was detected in all three tested lines.
Following antibodies were used:
RUNX1: rabbit polyclonal anti-RUNX1 antibody (Abcam; ab23980). α-Tubulin: rabbit polyclonal
anti-α-Tubulin antibody (Cell Signaling; CS2144).

3.2.2 ChIP of RUNX1 in NB4 and U937 cell lines

ChIP was performed with NB4 and U937 cell lines and anti-RUNX1 antibody (Ab-
cam; ab23980), normal rabbit IgG (Cell Signaling, CS 2729S) served as isotype
control. Western blotting with samples obtained subsequently and during ChIP
workflow showed visible bands for RUNX1 (data not shown) - Thus we confirmed
RUNX1 enrichment.

3.2.3 Enrichment of RUNX1 binding sites in ChIP measured by qRT-PCR in
U937 cells

To further validate the efficiency of our ChIP protocol, we have selected previ-
ously identified RUNX1 binding sites from multiple genomic RUNX1 targets and
confirmed the enrichment by quantitative real-time PCR (qRT-PCR) in U937 cells.
The investigated RUNX1 binding sites, i.e. target genes, were: RUNX3 (Chr 1),
PKC-beta (Chr 16) and GNA15 (Chr 19). RUNX1 binding sites in RUNX3 gene
were identified using the UCSC genome browser (www.genome.ucsc.edu) and
ChIP-seq data from publications loaded as ’bigwig’ file in the genome browser
[Illendula et al., 2015; Kent et al., 2002a,b]. We identified two RUNX1-RUNX3
binding sites: one extragenic , i.e. promoter region (RUNX3-promoter region),
located on genome positions 24 965 034 - 24 965 183 and one intragenic site
(RUNX3-RUNX1 intragenic binding site) on genome position 24 906 620 - 24 906
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877. The PKC-beta and GNA15 binding sites, both in the promoter regions, were
identified in publications and located on genomic sites 23 846 605 - 23 846 914
[Hug et al., 2004] and 3 133 154 - 3 133 429 [Gardini et al., 2008], respectively.
TPO sequence was used for normalization of the unspecific gDNA enrichment by
ChIP. TPO is not expressed in myelopoietic cells, thus interaction of RUNX1 and
TPO is highly unlikely [Human Protein Atlas, 2018; Uhlén et al., 2015].
QPCR analysis of the U937RUNX1ChIP sample compared to the U937 isotype-

control ChIP sample (figure 3.8) indicated enrichment of one RUNX1-RUNX3
(genome position: 24 965 034 - 24 965 183) and the RUNX1-GNA15 binding
site - the enrichment was 3.95- and 2.93-fold respectively. In contrast, no enrich-
ment was detected for PKC-beta and the other RUNX1-RUNX3 binding site. PCR
product specificity was validated bymelting curve analysis and gel electrophoresis
(data not shown).
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Figure 3.8: qPCR analysis of the enrichment of RUNX1 binding sites in RUNX3,
GNA15 and PKC-beta in U937 cells
Chromatin isolated from U937 cells was subjected to ChIP (see 3.2.2), performed with rabbit
RUNX1 antibody (Abcam, ab23980) and rabbit IgG antibody (Cell signaling, CS2729S), which
served as isotype control. ChIP output samples were analyzed by qPCR. Chromatin enrichment
was calculated by the ΔCt method where chromatin enrichment of TPO sequence served as
an endogeneous control for unspecific enrichment (data not shown). [Livak and Schmittgen,
2001]. Chromatin enrichment is depicted on the Y-axis, sample types (isotype control = iso,
RUNX1 antibody = RUNX1) on the X-axis. Four target genes have been investigated: three
promoter regions of PKC-beta$, GNA15*, RUNX3 and one intragenic RUNX1 binding site in
RUNX3.
* G protein subunit alpha 15
$ Protein Kinase C beta
g.p.: genome position on respective chromosome
Data sets were tested for statistical significance using unpaired two-tailed t-test (ns: not significant, ***:
p=0,0001 and ****: p<0,0001).

3.3 microRNA expression profiling in hematopoietic

cells of CN patients (n = 10)

MicroRNAs have been described previously as versatile regulators in normal and
malignant hematopoiesis, but their role in the pathogenesis of CN has not been
investigated. Therefore, expression profiling of microRNA and the study of molec-
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ular biological changes could improve our understanding of CN pathogenesis and
progression to AML. We aimed to establish a workflow, that would allow us to
isolate microRNAs from CN patients and investigate the expression profile of dif-
ferent microRNAs. We focused on two microRNAs: miR-125b, which is involved
in the regulation of granulopoiesis [Surdziel et al., 2011], and miR-3151, which is
associated with BAALC and whose upregulation is connected with a poor patient
outcome in AML [Eisfeld et al., 2012]. We had previously observed upregulation of
BAALC expression in hiPSC derived hematopoietic cells of CN-AML patient #14
at CN-AML stage (data not shown; see Dannenmann et al., [2021]). This finding
supported the idea of BAALC and miR-3151 as relevant for the CN patient group,
at least for those who progress to AML.
MicroRNA expression is highly variable, differs between distinct cell types and

changes during differentiation [Petriv et al., 2010]. Therefore, we have investi-
gated microRNA expression in bone marrow mononuclear cells (BM MNCs) of
healthy donors and CN patients. We studied CD33+ and CD34+cells, and com-
pared the expression levels between the groups: CN to healthy donor and CD33+

to CD34+ cells. Further information of the samples investigated, their mutation
subtype and differentiation stage is provided in tables 3.2 and 3.3. TaqMan Ad-
vanced microRNA assays (Abcam, US; material and methods 2.1.5) were used
to determine miRNA expression profiles using qRT-PCR. MicroRNA let-7b was
used as endogenous control.

3.3.1 Design and implementation of a microRNA investigation workflow

First, we aimed to establish a workflow that would allow us to isolate and process
microRNA from primary BM and PB samples of CN patients. Following CD34+

and CD33+ cells isolation and separation using ‘MACS separation protocol’, as
described in material and methods (section 2.2.2), sample purity was checked us-
ing flow cytometry. Only samples with a purity higher than 80% of live CD34+ or
CD33+ cells were used for further analysis. Exemplary FACS purity control data
is shown in figure 3.9. Cell samples were prepared according to our microRNA
workflow (chapter 2.2.3) and quantified by means of qPCR. Products of qPCR
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Table 3.2: Overview of CN patient samples for microRNA quantification
All native patient samples were bone marrow mononuclear cells.

Patient
ID

CN related gene (detailed mu-
tation annotation)

cell
type

HD12 - CD33+

HD28 - CD33+
CD34+

HD29 - CD34+

HD30 - CD33+
CD34+

HD31 - CD34+
E1 ELANE (p.S126L) CD33+
E2 ELANE (p.R192GfsX21) CD33+
E4 ELANE (p.V190-F199del) CD33+
H1 HAX1 (exon 2 p.W44X) CD33+
H3 HAX1 (exon 2 p.W44X) CD33+
H4 HAX1 (exon 2 p.W44X) CD34+
H5 HAX1 (exon 2 p.W44X) CD34+
S1 SDS (not specified) CD33+

U1 genetically unclassified CN CD33+
CD34+

U2 genetically unclassified CN CD33+
CD34+

Table 3.3: Overview of hiPSC derived CN patient samples for microRNA ex-
pression quantification

Patient ID CN related gene (detailed muta-
tion annotation)

cell type

CN-AML Pat. #14 iPS L8 ELANE (exon 4; p.C151Y) hiPSC
CN-AML Pat. #14 iPS L10 ELANE (exon 4; p.C151Y) hiPSC
HD iPS 1 - hiPSC
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were subjected to gel electrophoresis and analyzed using UV-light and ‘GelRed
Nucleic Acid Gel Stain’ (Biotinum, US) (data not shown). The microRNA detec-
tion protocol was established in cell lines MDA-MB-231 and KG1-alpha. Once
established, the workflow was used for primary patient samples. Figure 3.10
shows Ct-values measured by qPCR for miR-125b expression in MDA-MB-231
and KG1-alpha cells. While we established and tested the workflow, normaliza-
tion for miRNA expression was omitted.
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Figure 3.9: Exemplary FACS purity assessment for CD34+ cell fraction after
MACS sorting
Live CD34+ cell fraction was defined by gating on side scatter (SSC-A) and forward scatter
(FSC-A) properties excluding dead cells and debris (left). Histogram of flow cytometry cell
counts labeled with CD34+ PE-Cy7 antibody, clone 8G12 (BD Biosciences, US) (right).
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Figure 3.10: Ct values of miR-125b in KG1-alpha and MDA-MB-231 cell lines
Ct values obtained by qRT-PCR results confirmed miRNA abundance. Total RNA was isolated
from KG1-alpha and MDA-MB-231 cell lines. Subsequent to translation and amplification of
microRNA, qRT-PCR was performed for miR-125b as validation of protocol efficiency. Ct-
values are plotted on the Y-axis. During the process of establishing our workflow normalization
and testing of statistical significance were omitted. qRT-PCR products were confirmed by gel
electrophoresis (data not shown).

3.3.1.1 MicroRNA expression profiling by qRT-PCR analysis in CD33+ and
CD34+ cells of CN patients

Significant miR-125b and let-7b expression was observed in samples from 10 out
of 21 investigated patients and 4 out of 5 healthy donors. The microRNA expres-
sion profile in CD33+ cells, showed a variable pattern of expression for let-7b and
miR-125b (figure 3.11). Further analysis, grouped according to genes with in-
herited mutations, showed no systematics or an ordered expression. Statistical
testing using two-tailed t-test did not provide significant differences, neither be-
tween healthy donors and CN patients nor between CN subgroups (p » 0.05). No
expression of miR-3151 was detected in any CD33+ sample.
Let-7b and miR-125b expression profiling in CD34+ cells revealed a homoge-

neous pattern of expression. MiR-125b expression exceeded let-7b expression
in all investigated samples (n = 8; figure 3.12). Of note, no statistically significant
difference could be found between the CN patient cohort and the healthy donor
group. Analysis of relative miR-125b expression during differentiation revealed
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downregulation of miR-125 upon differentiation from CD34+ to CD33+ cells. Fur-
thermore, miR-3151 expression was not detected in CD34+ cell fraction.
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(a) qPCR analysis of miR-125b and let-7b expression in CD33+ cells
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(b) miR-125b expression normalized to let-7b in CD33+ cells

Figure 3.11: Quantitative PCR analysis of miR-125b and let-7b expression in
myeloid CD33+ cells of CN patients and healthy donors
a) Ct-values of MiR-125b and let-7b expression analysis by qRT-PCR in CD33+ cells of CN
patients with diverse mutations and healthy donors showed a very heterogeneous profile. The
Samples are grouped by phenotype and genotype (table 3.2). Dark columns represent let-7b
expression and light grey columns represent microRNA-125b expression. Ct-values are plotted
on the Y-axis, patient identifiers are plotted on the X-axis.
b) Normalization of miR-125b expression to let-7b confirmed the heterogenous profile indicated
in ‘a)’. Testing of statistical significance for differences in expression between healthy donors
(green) and CN-patients (red) was omitted due to heterogeneous expression patterns. X-
fold expression levels are plotted on the Y-axis (log scale), patient identifiers on the X-axis.
Expression levels were calculated according to 2-ΔCt method [Livak and Schmittgen, 2001].
Detailed data can be found in the appendix (table 7.1).
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(a) qPCR analysis of miR-125b and let-7b expression in CD34+ cells
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(b) miR125b-expression analysis in CD34+ cells

Figure 3.12: Quantitative PCR analysis of miR-125b and let-7b expression in
myeloid CD34+ cells of CN patients and healthy donors
a) MiR-125b and let-7b expression analysis in CD34+ cells of CN patients with diverse mu-
tations and healthy donors showed miR-125b expression exceeding let-7b expression in every
sample. Samples are grouped according to their phenotype and genotype (table 3.2). Dark
columns represent let-7b expression and light grey columns represent microRNA-125b expres-
sion. Ct-values are plotted on the Y-axis, patient identifiers are plotted on the X-axis.
b) Normalization of miR-125b expression to let-7b confirmed the upregulation of miR-125b
compared to let-7b as indicated by values of ‘a)’. Testing of statistical significance for dif-
ferences in expression between healthy donors (green) and CN-patients (red) did not provide
significance (Welch ungrouped t-test: p>0.05). X-fold expression levels are plotted on the Y-
axis (log scale), patient identifiers on the X-axis. Expression levels were calculated according
to 2-ΔCt method [Livak and Schmittgen, 2001].
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Figure 3.13: Comparative analysis of relative miR-125b expression in CD34+

and CD33+ cells
Change of relative miR-125b expression (normalized to let-7b) upon differentiation from CD34+
to CD33+ cells was calculated for four samples - two healthy donors, two CN patients -
according to the 2-Δ Ct (left) and 2-ΔΔ Ct method (right) [Livak and Schmittgen, 2001].
* unpaired t-test: p < 0.05

3.3.1.2 MicroRNA analysis in hiPSC derived cells

Quantitative PCR analysis of expression profiling of let-7b and miR-125b in hiPSC
derived CD34+ cells revealed a strong overexpression of miR-125b when com-
pared to let-7b in all samples (figure 3.14). However, as in primary CD34+ sam-
ples, no difference in the grade of miR-125b expression was observed between
patient samples and healthy donor sample. Due to low sample numbers and
high Ct-values of let-7b, normalization and testing for statistical significance was
omitted (Data are shown in the ‘Appendix’ table 7.3). Once again, miR-3151 ex-
pression was not detectable.
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Figure 3.14: Expression levels of miR-125b in hiPS derived CD34+ cells of
‘CN-AML pat. #14’
Quantitative PCR data of miR-125b and let-7b expression analysis in hiPSC derived CD34+
cells of a CN patient who developed leukemia and one healthy donor (HD) revealed continuous
a higher abundance of miR-125b compared to let-7b. Both hiPSC derived cell lines of CN-
AML pat. #14 were positive for ELANE mutations. Clone L8 resembled the CN phenotype
and clone L10 resembled the CN-AML phase of the patient’s disease, thus clone L10 was also
positive for CSF3R and RUNX1 mutations.

3.3.1.3 Correlation analysis for miR-125b and let-7b in CD33+ and CD34+

cells of CN patients

To confirm independent expression of miR-125b and let-7b in CD33+ and CD34+

cells from our patient group, we performed correlation analysis by means of an XY-
scatterplot. Scatterplot results of qPCR data for miR-125b and let-7b showed no
correlation between the two microRNAs for both CD33+ and CD34+ cells (figure
3.15, detailed overview of Ct-values and standard deviation and correlation anal-
ysis is depicted in the Appendix table 7.1 and 7.2). Thus, further analysis and
calculation of Pearson’s coefficient proved to be insignificant and miR-125b and
let-7b were assumed to be independently expressed. Of note, analysis was per-
formed according to Rowe, P. [Rowe, 2012].
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Figure 3.15: Correlation analysis of let-7b and miR-125b in CD33+ and CD34+

cells of healthy donors and CN patients.
Ct-values obtained by means of quantitative PCR for let-7b and miR-125b were plotted in an
XY-scatterplot with let-7b expression plotted on the X-axis and miR-125b expression plotted
on the Y-axis. Green plots mark Ct-values obtained from healthy donor samples, red plots mark
Ct-values from CN patient samples. Letter code is explained in table 3.2. Graph ‘a)’ shows
the distribution for the investigated microRNAs in CD33+ cells, whereas graph ‘b)’ shows the
distribution in CD34+ cells. Calculation of Person’s correlation showed no significance.
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The results presented in this section show a heterogeneous expression of mi-
croRNA -125b and let-7b in CD33+ cells. In CD34+ cells, when normalized to
let-7b, we observed a miR-125b overexpression. It should be mentioned that in
this project, our initial plan was also to investigate the microRNA expression in
leukapheresis samples of healthy donors. Like our patient group, those donors
were treated with clinical dosages of G-CSF, thus would have provided important
data on the effect of G-CSF on microRNA homeostasis. Unfortunately, only trace
amounts of microRNA could be obtained from leukapheresis samples by our ex-
perimental setup. Therefore we could not investigate this group and use the data
to evaluate the effects of G-CSF onmicroRNA expression in myeloid cells. In addi-
tion, there was no sample in which miR-3151 expression was detected. Therefore,
in the next chapter the results of this section will be discussed in more detail.
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Science is organized knowledge.
Wisdom is organized life.

Immanuel Kant

4
Discussion

4.1 RUNX1 gene copy number quantification

In continuation of a project published by Skokowa et al. in Blood 2014, the aim of
this study was to expand the current knowledge regarding the underlying mecha-
nism of malignant transformation in CN patients [Skokowa et al., 2014]. In 2014,
our group reported about the cooperation between sporadic CSF3R (granulocyte
colony-stimulating factor receptor) and RUNX1 (Runt related transcription factor
1) mutations in a group of CN patients who progressed to MDS/AML on a large
scale [Skokowa et al., 2014].
Malignant progression in blood cells, i.e. leukemogenesis, is a versatile process

resulting of diverse genetic or epigenetic changes in the affected clones. The cur-
rently proposed multiple hit theory involves cooperating alterations which support
proliferation, self-renewal and inhibit differentiation [Gilliland et al., 2004]. Exem-
plarily, those alterations can be chromosomal translocations resulting in fusion-
proteins, mutations in tumor suppressor genes, gain of function mutations in onco-
genes, misbalances in chromosomal amounts and mutations in epigenetic modi-
fiers. In general, they can be grouped in type-I or type-II alterations which enhance
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proliferation (e.g. alterations affecting FLT3, KRAS, NRAS, KIT ) or inhibit differen-
tiation (e.g. alterations affecting CEPBa, RUNX1, HIPK2), respectively [Gilliland
et al., 2004; Harada and Harada, 2009; Röllig et al., 2018].
CN and familial platelet disorder with associatedmyeloidmalignancy (FPD/AML)

belong to the group of inherited bone-marrow failure syndromes (IBMFS); in ad-
dition to the disease-defining phenotypes, they have a significantly increased risk
of malignant transformation [Skokowa et al., 2017; Song et al., 1999]. Since all
IBMFS are susceptible to malignant progression, the mechanisms underlying ma-
lignant transformation might show similarities. Therefore, new insights on one
type of IBMFS could help to understand the others. In most cases the cause
of FPD/AML are heterozygous mutations and deletions of RUNX1 - encoded on
chromosome 21 (Chr 21) - and patients present with a low platelet count (below
100.000/ul), impaired platelet function and consequently prolonged bleeding time
[Song et al., 1999]. On average, malignant transformation is observed in 35% of
FPD/AML patients [Béri-Dexheimer et al., 2008; Perez Botero et al., 2017].
The underlying cause of CN are mutations in ELANE (neutrophil elastase; CN,

1, autosomal dominant (AD); OMIM: 202700 ), GFI-1 (Growth Factor Indepen-
dent Protein 1; CN, 2, AD; OMIM: 613107), HAX1 (HCLS1-associated protein
X-1; CN, 3, autosomal recessive (AR); OMIM: 610738) andWAS (Wiskott-Aldrich
syndrome protein; CN, X-linked; OMIM: 300299) among others [Boztug et al.,
2008; Skokowa et al., 2017; Triot et al., 2014; Ward et al., 1999; Zeidler et al.,
2009]. Of note, there are other IBMFS also presenting with neutropenia such
as Shwachman-Diamond syndrome (mutation in SBDS; Shwachman- Bodian- Di-
amond syndrome protein; OMIM: 260400) and cases of CN with yet unknown
causes [Skokowa et al., 2017]. The mutations lead to a low absolute neutrophil
count (ANC) of less than 500/ul by stopping the maturation of neutrophils at the
promyelocyte stage [Welte et al., 2006]. Since neutrophils are needed for pathogen
defense, especially against bacteria, patients with severely reduced ANC are vul-
nerable to bacterial infections and CN patients often have fever, pneumonia, skin
abscesses and an increased sepsis rate [Skokowa et al., 2017; Welte and Dale,
1996]. Cyclic neutropenia (CyN) is also caused by ELANE mutations. In CyN, the
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ANC fluctuates cyclically at a low level over a period of about 21 days, while the
ANC is low, patients show the same symptoms as CN patients [Skokowa et al.,
2017]. Both groups, CN and CyN patients, receive therapeutic doses of G-CSF,
which leads to an increase in ANC of over 1000/ul; this provides sufficient protec-
tion against pathogens and leads to an almost normal life expectancy [Skokowa
et al., 2017; Welte and Dale, 1996]. However, approximately 22% of CN patients
progress towards MDS/AML [Skokowa et al., 2017]. Until 2016, CyN patients
were expected to be spared from malignant transformation, but Klimiankou et al.
reported a female CyN patient who developed AML at the age of 17 [Klimiankou
et al., 2016a].
In this study, we re-analyzed the data of the patient cohort from 2014 and the

CyN-AML patient from 2016 (For simplicity, CN-AML and CyN-AML are referred
to as CN-AML in the following). When analyzing the cohort, we discovered that
seven patients positive for CSF3R mutations (MT-CSF3R) and missense (Ms)
RUNX1mutations had acquired trisomy 21. This was not detected in any of the pa-
tients with MT-CSF3R and nonsense (Ns) RUNX1 mutation (n=6) (Fisher’s t-test
indicated a non-random distribution of the two defined constitutions; p = 0.0515;
table 3.1) [Skokowa et al., 2014].
Constitutional trisomy 21 is the cause of Down’s Syndrome (DS; OMIM: 190685),

first described by John Langdon Down in 1862/66 [Cantor, 2015; Down, 1866].
Typically, people affected by trisomy 21 are of a small stature and suffer from
delayed cognitive development and generally reduced intelligence. Besides con-
genital defects such as heart and gastrointestinal problems, they also have an
increased risk for developing leukemia [Cantor, 2015]. In the first months of life,
4-18% of patients with DS develop ’Down syndrome associated transient abnor-
mal myelopoiesis’ (DS-TAM), which is either fatal or disappears in the months
following presentation. 25% of patients who survive the DS-TAM phase develop
leukemia - termed ’Down syndrome associated acute megakaryoblastic leukemia’
(DS-AMKL) [Cantor, 2015]. Interestingly, in Down syndrome sporadic RUNX1mu-
tations are very rare and are reported only in single cases [Cantor, 2015; Izraeli,
2006; Taketani et al., 2002].
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Before mutations in RUNX1 were reported, RUNX1 was known as a transloca-
tion partner in t(8;21) AML FAB M2, where it induces its leukemogenic potential
as a part of the chimeric protein RUNX1-RUNX1T1 [Miyoshi et al., 1991]. The first
RUNX1 mutations were reported by Osato et al. in AML patients of various sub-
types, this first observation was followed by others reporting RUNX1 mutations
in FPD/AML, MDS, secondary AML, CML, CMML, FA (Fanconi Anemia; various
FANC genes; OMIM: 227650), etc. [Imai et al., 2000; Osato et al., 1999; Preud-
homme et al., 2000; Song et al., 1999]. Since 2016, there is a preliminary WHO
entity for AML with mutated RUNX1, which takes into account the fact that AML
withmutatedRUNX1 is associated with a worse response to treatment, a generally
worse prognosis and requires special treatment [Haferlach et al., 2016; Stengel
et al., 2018].
We aimed to investigate whether, in CN-AML patients, trisomy 21 was associ-

ated with an increase in the wild type or mutant RUNX1 allele dosage. In contrast
to the rare association of mutant RUNX1 and trisomy 21 in Down Syndrome, in
MDS/AML, trisomy 21 following RUNX1 mutations is more frequent and associ-
ated with an increase of the mutant RUNX1 allelic fraction [Preudhomme et al.,
2000, 2009; Taketani et al., 2003].
In order to obtain first insights, we performed the Sanger sequencing of RUNX1,

ELANE and CSF3R for hematopoietic cell samples of CN-AML pat. #14 [Dan-
nenmann et al., 2021] and CyN pat. #1 [Klimiankou et al., 2016b] from CN and
CN-AML stages (figure 3.1). In samples obtained at the CN stage, Sanger se-
quencing showed only the inherited ELANE mutations. At the CN-AML stage -
where karyotyping of myeloid cells of both patients revealed trisomy 21 (data not
shown) - Sanger sequencing revealed additional mutations inCSF3R andRUNX1
[Dannenmann et al., 2021]. It is particularly remarkable, that in both patients the
Sanger sequence data at the site of the RUNX1mutation showed elevated peaks
with a mutant > wild type allele ratio. This would be compatible with an additional
mutant allele on the additional chromosome 21.
To validate this observation, we examined the gene copy number of mutant and

wild typeRUNX1 in samples from three CN-AML patients - the two patients already
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examined by Sanger sequencing and one additional patient (CN-AML pat. #31) -
at the CN and CN-AML stage using digital PCR and custom TaqMan probes (Ther-
moFisher Scientific, US, Ca) (figures 3.3 to 3.6). Digital PCR allows the analysis
of the gene copy number by a novel approach; in digital PCR the samples are dis-
tributed on a chip containing about 10,000 reaction wells, so each well contains
about one copy of the target gene. PCR performed with fluorescence-labeled
probes - different labels for mutant RUNX1 (FAM dye) and wild type RUNX1 (VIC
dye) - amplifies and identifies the target genes and allows quantification and cal-
culation of mutant to wild type ratio.
In total, we investigated six samples of CN-AML pat. #14, two of CN-AML pat.

#31 and three of CyN-AML pat. #1 in duplicates and additionally screened seven
hiPSC derived samples of CN-AML pat. #14 by means of digital PCR. For CN-
AML pat. #14, we observed signals of mutant RUNX1 allele in all native samples
obtained at CN and CN-AML stage of disease and MT-RUNX1:WT-RUNX1 ratio
was significantly below 50%. To rule out the possibility of simultaneously examin-
ing non-leukemic and malignant cells in the same reaction, we decided to inves-
tigate pure cell clones which were either hiPSC or CFU derived [Dannenmann et
al., 2021]. Investigation of these samples showed that at CN stage, MT-RUNX1
was not detectable; and at CN-AML stage, MT-RUNX1:WT-RUNX1 ratio reached
levels around 2:1. Thus, we confirmed that trisomy 21, which had occurred after
clones were positive for mutant RUNX1, led to an increase in the allelic fraction
of mutant RUNX1 [Dannenmann et al., 2021]. This was in line with observations
by Preudhomme et al., who reported that in AML patients, trisomy 21 lead to addi-
tional alleles of mutated RUNX1 [Preudhomme et al., 2000; Roumier et al., 2003].
Furthermore, we hypothesize that the association of trisomy 21 and missense

RUNX1 could reflect a variation of the underlying pathomechanism of leukemo-
genesis in CN patients proposed by Skokowa et al [Skokowa et al., 2014]. The
functionally relevant RUNX1mutations (this excludes synonymous mutations and
single nucleotide polymorphisms (SNP)) can be divided into four categories: (i) N-
terminal point mutations that cluster in the RHD (Ms-RUNX1), (ii) frameshift muta-
tions (Fs) and N-terminal (Nt) nonsense mutations, (iii) C-terminal (Ct) nonsense
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mutations and (iv) frameshift mutations that result in an elongated RUNX1 pro-
tein. Previously reported functional studies of RUNX1 mutants indicated different
effects of the altered RUNX1 proteins, and since Skokowa et al. have discovered
Ms-, Nt- and Ct-RUNX1 mutations in our cohort, the discussion about their effects
will focus on these mutations [Skokowa et al., 2014].
There have been inconsistent reports about the effects of Nt-RUNX1. On the

one hand, Nt-RUNX1 was reported to have lost its ability to bind DNA and CBF-β,
thus representing a loss of function; on the other hand, Michaud et al. reported
a dominant negative effect for e.g. RUNX1 p.R174X compared to WT-RUNX1
[Harada et al., 2003; Imai et al., 2000; Michaud et al., 2002; Osato et al., 1999].
However, it is currently assumed that Nt-RUNX1 is degraded by nonsense me-
diated mRNA decay (NMD), thus not expressed in vivo, which results in haploin-
sufficiency of RUNX1 [Cammenga et al., 2007; Christiansen et al., 2004; Maquat,
2004; Perez Botero et al., 2017; Song et al., 1999; Weischenfeldt et al., 2005;
Zhao et al., 2012]. The same would be true for frameshift mutations resulting in
Nt-RUNX1 proteins. In RUNX1 mutant patients other than CN-AML, there were
reports about Fs-mutations resulting in elongated RUNX1 proteins, which lack the
transactivation domain (TAD) leading to a loss of function of the protein. For the re-
maining two mutations, Ms-RUNX1 and Ct-RUNX1, expression was confirmed in
vivo and both were reported to act negatively dominant over WT-RUNX1 [Schmit
et al., 2015]. Ms-RUNX1 is not able to bind to DNA and thus might repress WT-
RUNX1 activity either by protein sequestration (e.g. of CBF-β or others) or by dis-
ruption of other signaling pathways [Cammenga et al., 2007; Harada and Harada,
2009; Imai et al., 2000; Osato, 2004; Osato et al., 1999; Zhao et al., 2012]. It is
important to note that it cannot be excluded that other, possibly not yet known
functions, of wild type RUNX1 could still be executed by Ms-RUNX1. In addition
to the experimentally obtained data, a further indication of the dominant poten-
tial of some RUNX1 mutations in FPD/AML patients was derived by analyzing
the malignant transformation rates. It was observed that more patients belonging
to pedigrees positive for RUNX1 mutations (K83E) with an assumed dominant
negative potential progress to AML more frequently than patients belonging to
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haploinsufficient RUNX1 (deletion of one RUNX1 allele) pedigrees - 54% versus
34% [Michaud et al., 2002]. It is known that Ct-RUNX1 retains both DNA and
CBF-β binding capacity but is not capable of transactivation due to impaired TAD,
resulting in loss of function (haploinsufficiency) and possibly associated with pro-
tein sequestration [Zhao et al., 2012]. In the case of Ct-RUNX1, the absence
of the VWRPY motif could also be of importance, this domain usually allows the
suppression of RUNX1 via Groucho/TLE [Roumier et al., 2003]. Clinical observa-
tions also indicate functional differences between Ct- and Ms-RUNX1; the bone
marrow of Ct-RUNX1 patients was hypercellular and additional mutations were
found less frequently, while Ms-RUNX1 patients had hypocellular bone marrow
and often had additional mutations [Harada and Harada, 2009].
Since Nt-RUNX1 acts via haploinsufficiency, Nt-RUNX1 mutations reduce the

available wild type RUNX1 amount by 50%. According to our observation, it can
be hypothesized that this could be sufficient to induce leukemia in cells positive
for both CSF3R mutations and RUNX1 mutations. Complementing the mecha-
nism postulated by Skokowa et al., that CSF3R mutations give the affected cells
a survival advantage and the acquisition ofRUNX1mutations would manifest their
fate towards leukemia, Chin et al. reported that the haploinsufficiency of RUNX1
increases the sensitivity of the cells to G-CSF, which promotes their proliferation
and suppresses differentiation [Chin et al., 2016; Skokowa et al., 2014]. Although
the experiments were performed with cells positive for WT-CSF3R, they implied
that in our cohort, mutated RUNX1 would contribute to the effects of mutated
CSF3R, supported by the daily administration of G-CSF - which was reported by
Ritter et al. in 2018 [Chin et al., 2016; Ritter et al., 2018]. Furthermore, RUNX1-
haploinsufficient mice showed an increase of myeloid colonies (promoted prolif-
eration) and a decrease in LT-HSCs numbers associated with an increased re-
plating capacity reflecting the malignant potential of RUNX1 haploinsufficiency
[Sun and Downing, 2004]. Furthermore, reduced platelet numbers, as observed
in FPD/AML patients, were also reported in this study [Sun and Downing, 2004].
The emergence of trisomy 21 after acquisition of CSF3R and missense RUNX1
mutations suggests that the amounts of missense RUNX1 protein might not be suf-
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ficient to cause fully developed leukemia in affected hematopoietic cells without
trisomy 21. The increased amounts of missense RUNX1 protein due to trisomy 21
and two copies of mutated RUNX1 would overcome this state, and the total neg-
ative dominant potential of the missense RUNX1 protein - expressed by the two
alleles - could eventually provide sufficient suppression of wild type RUNX1 and in-
duce the leukemic phenotype (figure 4.1C) [Roumier et al., 2003]. Assuming that
Nt-RUNX1 exerts its malignant potential solely through the loss of diploidy, it is
obvious that trisomy 21 would not increase the malignant potential of Nt-RUNX1.
Furthermore, Harada et al. suggested, that Nt-RUNX1 could confer a greater
malignant potential than Ms-RUNX1 and induce proliferation sufficient to mimic
MDS/AML [Harada and Harada, 2009]. Of note, in the patient group presented by
Skokowa et al. some patients were positive for further leukemia associated mu-
tations such as mutations in SUZ12, EP300, CBL, CREBBP, FLT3-ITD and Nras
[Skokowa et al., 2014]. Interestingly, as noted by the authors, the patient positive
for the Nras mutation was negative for mutations in RUNX1 and could represent a
separate entity of leukemogenesis in CN [Skokowa et al., 2014]. The presence of
additional mutations to the RUNX1 mutations has been described as standard in
AML patients and is consistent with the observations that mutated RUNX1 alone
is not sufficient to induce leukemia [Chin et al., 2016; Stengel et al., 2018]. The
authors also reported that either the loss of the wild type allele or multiple RUNX1
mutations negatively affected the prognosis and that a negative effect was seen
by⩾ 2 additional mutations and survival. Of note, in this particular study mutations
in CSF3R were not investigated [Stengel et al., 2018]. In their report, Skokowa
et al. also examined the CN-AML samples for mutations in NPM1, FLT3-ITD,
FLT3-TKD, CEBPA, NRAS, KRAS, CBL, TET2, IDH1, IDH2, DNMT3A, SUZ12,
EP300 [Skokowa et al., 2014]. Regarding the leukemogenic potential of RUNX1,
it would be of great interest to have whole genome analysis data available. Whole
genome or exome analysis, preferably from samples taken at different points in
time of the leukemogenic transformation, would clarify whether other mutations
that cooperate with RUNX1 and CSF3R are present, and if so, in what order they
occur. Moreover, it would be of interest to further clarify the effects of missense
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and Ct-nonsense RUNX1 mutations on their behavior.
To address the functional differences between wild type, missense and non-

sense RUNX1 as suggested above, we started to investigate RUNX1 binding pat-
terns using chromatin immunoprecipitation (ChIP). Our aim was to establish a
workflow that would allow the enrichment of genomic regions bound by RUNX1 in
the cell lines NB4 and U937. In this study, we achieved gDNA enrichment through
our ChIP workflow for the already known RUNX1 targets GNA15 and RUNX3 in
U937 cells (figure 3.8) [Gardini et al., 2008; Illendula et al., 2015]. It is important
to note that the enrichment of the target genes was below the level we expected
(achieved enrichment < 5 times). In accordance with our relatively low enrichment,
Gardini et al., who performed ChIP for RUNX1-RUNX1T1, also described a low
enrichment of GNA15 [Gardini et al., 2008]. Since Illendula et al. did not provide
data for RUNX3 enrichment, the data we obtained for the enrichment of RUNX3
gDNA could not be compared with other data [Illendula et al., 2015]. In addition
to low GNA15 and RUNX3 enrichment, we failed to enrich DNA of e.g. PKC-β.
Since we used primers for PKC-β that have already been used and described by
Hug et al., we assume that the problems encountered reflect problems in the ChIP
experiment or are due to a lower, altered RUNX1 affinity in our cell lines and not
the result of unspecific primers or errors in the qPCR [Hug et al., 2004]. Since
enrichment levels were generally low, for future experiments, our workflow must
be optimized in terms of sensitivity, and in terms of reliability; thus, the ChIP data
provided must be treated with caution. Based on the underlying study, we hypoth-
esize that in some CN-AML patients, missense RUNX1 and trisomy 21 - leading
to a 2:1 ratio of mutant to wild type RUNX1 allelic fractions - might be sufficient
to induce the malignants phenotype in the affected individuals. Besides probing
our theory whenever possible, future studies will have to address the following
questions. Firstly, are nonsense RUNX1 mutations, in addition to either CSF3R
mutations or the CN-causative mutation, sufficient to induce a leukemic pheno-
type? Secondly, do missense RUNX1 mutations, that are not associated with
trisomy 21, induce leukemic progression by another mechanism, or are they ac-
companied by further mechanisms that contribute to leukemia formation in these
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patients? Hence, the future provides further potential for exiting scientific research
in the field of CN.

CN phenotype AML phenotype

ELANE
HAX1
WAS
GFI1

+ CSF3-R

pre-leukemic phenotype

A)

B)

C)

+ cooperative effects
+ Ct-RUNX1 dominantly negative 

+ cooperative effects

haploinsufficiency+ Nt-RUNX1

+ Ms-RUNX1
+ trisomy 21

+ cooperative effects

Figure 4.1: Overview of possible mechanisms of malignant transformation de-
pending on the underlying RUNX1 mutation
Following CN-associated mutations and CSF3R mutations, mutations in RUNX1 are the most
common genetic changes observed and published in CN. Our observation indicates different
mechanisms of leukemogenesis for the different RUNX1 mutations, whilst additional cooper-
ating effects can not yet be excluded: (A) N-terminally truncated RUNX1 (Nt) - subjected
to NMD - might exert its leukemic potential solely via haploinsufficiency; (B) C-terminally
truncated RUNX1 (Ct) might act dominantly negatively over wild type RUNX1; (C) missense
RUNX1 (Ms) might also contribute to leukemogenic progression via dominant negative sup-
pression of wild type RUNX1 but requires an increased allelic fraction which is achieved by an
occurrence of trisomy 21. Cooperating effects can for example comprise mutations in SUZ12,
EP300, CBL, CREBBP, FLT3-ITD or Nras.
Adapted from Skokowa et al., ‘Cooperativity of RUNX1 and CSF3R mutations in severe con-
genital neutropenia: A unique pathway in myeloid leukemogenesis’ [Skokowa et al., 2014]
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4.2 Expression analysis ofmicroRNA-125b andmiR-

3151 in CD34+ and CD33+ cells of CN patients

This study aimed to lay the ground for the investigation of microRNA profiles in
our CN patient group and to quantify the expression of microRNA-125b, miR-3151
in this patient cohort. On the longer perspective, this aims to increase the under-
standing of the mechanisms underlying the disease and to contribute to the knowl-
edge about dysregulated intracellular signal transduction processes contributing
to the high frequency of leukemogenic progression observed in the patient group.
Since their first description by Lee et al. in 1993, microRNAs, which are ap-

proximately 22 nt long non-coding RNAs, have become an important subject in
molecular biology, such as in cell homeostasis and disease modeling - especially
oncogenesis and leukemogenesis [Lee, 1993]. MicroRNAs exert their biological
activity via several mechanisms which all involve Watson-Crick base pairing of
matching nucleotides in or next to their seed region - a conserved RNA sequence
spanning from nt position 2 to 8 - to mRNA or DNA [Bartel, 2018]. Their functional
range includes the induction of mRNA degradation, the inhibition of translation,
and supposedly transcriptional control over genes of both proteins and noncoding-
RNA (ncRNA) [Bartel, 2018; Jonas and Izaurralde, 2015; Rasko and Wong, 2017;
Weiss and Ito, 2018; Zardo et al., 2012].
MicroRNA expression profiles differ between distinct cell types and microRNA

expression levels change upon differentiation even within the same cell type. For
example, it was reported that in granulocytes, microRNA expression patterns were
altered when cells were functionally active compared to inactive cells [Chen et al.,
2004; Larsen et al., 2013; Petriv et al., 2010; Weiss and Ito, 2018]. As research
on microRNA progressed, it became possible to use microRNA expression data
to distinguish and group cells from both hierarchical and functional points of view,
comparable to grouping by protein expression [Petriv et al., 2010]. Additionally,
experimentally altered microRNA expression profiles made it possible to generate
pluripotent stem cells from mature cells [De Haan and Lazare, 2018]. Moreover,
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overexpression studies of specific microRNA (-clusters) have shown that altered
microRNA expression levels had dramatic effects, such as a competitive advan-
tage in replating experiments, eventually leading to a disease-like phenotype by
affecting important cellular mechanisms e.g. apoptosis, or promoted a certain
cell fate [Bousquet et al., 2010; Gerrits et al., 2012; O’Connell et al., 2010]. These
observations and experiments highlight that microRNAs play an important role in
cell homeostasis, as a consequence alterations in cell homeostasis have impact
on the whole cell including its microRNA transcriptome. Vice-versa, alterations
primarily affecting the microRNA transcriptome will eventually affect cell home-
ostasis. Prior works have noted the importance of considering the complexity of
microRNA physiology when investigating microRNA expression [Shaham et al.,
2012]. A great comprehensive insight of intracellular RNA dynamics is given by
Chen et al. who illustrate the spatio-temporal interplay between the players in-
volved in post-transcriptional mRNA regulation [Chen et al., 2018]. It is crucial
to remember that biological effects of a given microRNA - besides its own ex-
pression level - is dependent on the availability of target structures as well as the
expression of synergistic and antagonistic factors. This complexity leads to contra-
intuitive observations: exemplarily miR-223, a microRNA involved in granulocytic
differentiation, was reported to be upregulated during granulocytic differentiation,
but knockout of miR-223 led to appearance of increased numbers of hyperma-
ture neutrophils, which indicates a sophisticated microRNA balance achieved in
healthy cells and crucial for them to function properly [Fazi et al., 2005; Johnnidis
et al., 2008; O’Connell et al., 2011; Stavast et al., 2018].
Early works in the field of hematopoiesis and hematological diseases - e.g. AML

- pioneered the understanding of microRNA physiology and laid the foundation
for the relatively broad knowledge of microRNA homeostasis in general, their in-
volvement in cell differentiation and (hematological) disease modelling in partic-
ular. First reports stated that some microRNAs were predominantly expressed
in hematopoietic tissue with almost mutually exclusive expression of miR-223 in
the bone marrow and miR-181 in the thymus and B-lymphocytes [Chen et al.,
2004]. It is especially interesting, that microRNAs often target early acting genes
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- i.e. transcription factors and their regulators - such as RUNX1, PU.1, C/EBPa,
myb and Socs1, adding a new dimension to this already manifold orchestration
[O’Connell and Baltimore, 2012; Stavast et al., 2018]. By regulating early acting
TFs, microRNAs are able to heavily impact the cell program with relatively small
effort, thus affecting the heterochrony of cell maturation - i.e. the morphological
aspects of the cells in a time-dependent manner [Rowe et al., 2016]. On HSC
level, maintenance of the HSC pool is (co)mediated among others by miR-125
and let-7 family members. In more differentiated cells arisen from HSCs, on mi-
croRNA level lineage fate is mediated by e.g., miR-223, miR-150 and miR-181
[Zhao et al., 2012]. MiR-125b achieves HSC maintenance by supporting the pro-
liferation of HSCs and myeloid progenitors whilst suppressing their apoptosis -
relevant miR-125b targets are LIN28A, a pluripotency gene, Bak1 and Bmf, both
mediators of apoptosis [Bousquet et al., 2008, 2010; Chaudhuri et al., 2012; Emm-
rich et al., 2014]. Its involvement in those profound regulatory processes and in
the pathogenesis of (trisomy 21 associated) leukemia, makes miR-125b an es-
pecially interesting subject in terms of its role in CN pathogenesis and malignant
transformation [Klusmann et al., 2010; Skokowa et al., 2017]. Let-7 family of mi-
croRNA mediates the balance between HSC maintenance and differentiation via
a regulatory mechanism including LIN28 and Hmga2 regulation, which both pro-
mote self-renewal. LIN28 expression suppresses let-7, let-7 is able to suppress
Hmga2 expression; in this context, let-7 expression is associated with differentia-
tion [Weiss and Ito, 2018]. In favor of cell maturation, some of those microRNAs
involved in HSCmaintenance are downregulated asmiR-125b, whilst others, such
as miR-223, are upregulated during differentiation, miR-223 reaches its highest
expression levels in mature granulocytes [Petriv et al., 2010]. MiR-223 is embed-
ded in a feedback loop between C/EBPα (CAAAT-enhancer box protein alpha)
andNF1-A (nuclear factor 1 a; inducing erythroid cell fate in hematopoietic progen-
itor cells), which favor or repress granulocytic fate, respectively [Fazi et al., 2005;
Fukao et al., 2007; Starnes et al., 2009; Stavast et al., 2018; Zardo et al., 2012].
Interestingly, C/EBPα exerts its function by inducing the expression of miR-223
which limits E2F1 expression, a suppressor of miR-223 and functional opponent
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of C/EBPα [Pulikkan et al., 2010; Stavast et al., 2018]. Another important myeloid
transcription factor, PU.1, resides in the center of a microRNA regulatory network
which also mediates myeloid differentiation eventually towards a monocytic fate.
This network consists of microRNAs -342, -141, -200c and -223, and PU.1 induces
miR-223 which acts as mentioned above [Stavast et al., 2018]. In cells expressing
C/EBPα, thus primed for myeloid fate, miR-223 and members of the let-7 family,
which were among the first identified microRNAs in C. elegans, are upregulated
during myeloid differentiation and suppress the stemness as well as genes of the
erythroid fate [Stavast et al., 2018]. In CD34+ cells, RUNX1 is involved in fate se-
lection between monocytic and granulocytic fate. When suppressed via miR-129,
it does not longer inhibit expression of CSF3R, i.e granulocytic differentiation, oth-
erwise it favors monocytic fate via induction of CSF1R (M-CSF) [Stavast et al.,
2018].
In this study, we aimed to isolate microRNA and quantify the expression of

miR-125b and miR-3151 in CN patients and compare the results to cells obtained
from healthy donors. Our workflow proved to be successful in terms of isolating mi-
croRNA from native patient samples. Furthermore, we observed the previously re-
ported down-regulation of miR-125b expression upon myeloid differentiation from
CD34+ to CD33+ cells, when microRNA expression results were normalized to
let-7b (figure 3.13) [Petriv et al., 2010]. However, we did not observe significant
differences between healthy donors and CN samples as well as no differences
within the CN groups with distinct genetic backgrounds, indicating no different
physiology of miR-125b and let-7b in these populations (figures 3.11, 3.12 and
3.14). Furthermore, we aimed to examine miR-3151 expression in our patient
group. Approximately one third of microRNAs is transcribed and generated from
intronic parts of protein-coding genes [Baskerville and Bartel, 2005]. MicroRNA
miR-3151 is located in the intronic region of BAALC (brain and acute leukemia
cytoplasmic) and previous studies have shown that their expression correlates
with poor prognosis in AML patients [Eisfeld et al., 2012]. The first study focused
solely on BAALC expression and revealed positive correlation with other prognos-
tic markers, e.g. C/EBPα mutations in AML, but also showed that higher BAALC
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expression was associated with lower complete remission rates and poor overall
survival [Langer et al., 2008; Weber et al., 2014]. After the discovery of miR-3151,
it was shown that miR-3151 had prognostic relevance in AML and high expres-
sion of both, miR-3151 and BAALC, was associated with inferior endpoints [Eis-
feld et al., 2012; Schotte et al., 2011]. Subsequent studies reported TP53 (tumor
protein 53) as direct target of miR-3151, which regulates p53 mediated apoptosis
[Eisfeld et al., 2014]. However, we did not confirm expression of miR-3151 in any
sample, neither in samples obtained from CN patients or healthy donors nor in
hiPSC derived cells. The lack of detection of miR-3151 can have several reasons.
On the one hand, it is possible that miR-3151 is not expressed in our samples
or in too small amounts for detection by our workflow. This would mean, that in
the hiPSC model of our index patient, the expression of BAALC is not associated
with the microRNA encoded in its intron, as reported by Eisfeld et al. [Dannen-
mann et al., 2021]. Unfortunately, on the other hand, we had no positive control
for miR-3151, thus a failure of the TaqMan assay, although unlikely, cannot be
excluded.
Caution towards our quantitative microRNA expression data is given based on

several reasons: normalization, different genetic backgrounds and sample treat-
ment. First of all, we have normalized our results using let-7b as endogeneous
control, on the basis of a report by Petriv et al. who carefully examined microRNA
expression in myeloid cells and showed that let-7b was constantly expressed
among all cells at different stages during granulocytic differentiation [Petriv et al.,
2010]. Hence, it is plausible to assume that changes of miR-125b expression re-
ported by our workflow reflects the reported behavior of miR-125b in myeloid cells.
However, partially contradicting the reports of Petriv et al., Rajasekhar et al. re-
ported a down regulation of miR-125b in myeloid cells which was accompanied by
an up-regulation of let-7b [Rajasekhar et al., 2018]. Furthermore, Raghavachari et
al. also reported altered let-7b expression levels upon differentiation from CD34+

cells into mature granulocytes [Raghavachari et al., 2014]. Of note, upon exam-
ination of the Ct-values in the raw data generated by qPCR, we observed indi-
cation for increased let-7b expression levels from CD34+ to CD33+ cells in two
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of the four samples studied (Appendix tables 7.1 and 7.2). This is in line with
the two reports. Although this was only observed in patient samples and not in
healthy donors, due to the small sample size it is not possible to draw solid con-
clusions. Interestingly, in the report about the prognostic impact of BAALC and
miR-3151 in AML patients, Eisfeld et al. observed a down-regulation of let-7b in
cells with high BAALC expression and in a later report the authors reported a SNP
in the BAALC which expression could be induced by RUNX1 [Eisfeld et al., 2012,
2014]. Taken together, this implies the relevance of BAALC and miR-3151 in the
leukemogenic progression in CN patients and in the context of mutant RUNX1.
This might be of special interest in light of our index patient CN/AML pat. # 1,
where we observed both elevated BAALC expression levels and mutant RUNX1
[Dannenmann et al., 2021]. Finally, the question remains whether significance
of miR-125b down-regulation from CD34+ to CD33+ cells is achieved by actual
down-regulation of miR-125b or by simultaneous up-regulation of let-7b expres-
sion. To take into account the influence of G-CSF, we initially planned to include
healthy cells obtained by leukapheresis. This would have allowed us to study
healthy myeloid progenitor cells that have been exposed to G-CSF. Unfortunately,
we were not able to isolate sufficient RNA amounts from leukapheresis samples
for further investigation, thus we could not quantify the impact of G-CSF on the
expression of the microRNA. This would have been especially interesting for the
expression of miR-125b, since Surdziel et al. have reported increased expression
of miR-125b by G-CSF treatment in 32D cells [Surdziel et al., 2011]. However, this
is counter-intuitive since G-CSF promotes differentiation and miR-125b is usually
down-regulated upon myeloid differentiation [Petriv et al., 2010; Shaham et al.,
2012]. When they induced miR-125b expression to supraphysiologic levels, they
observed alteration in G-CSFR signalling in the 32D cell line. Later, their obser-
vation of increased miR-125b expression upon G-CSF treatment in mice was not
confirmed in human cells by Rajasekhar et al. They reported that upon G-CSF-
triggered differentiation, miR-125b expression was decreased, as also reflected
by our data [Rajasekhar et al., 2018]. Regarding that in this study, the miR-125b
expression in cells of the same hierarchical level do not differ significantly based
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on their origin - e.g. between CD34+ cells from CN patients and healthy donors
- we also urge caution. Since the reported data are a part of a completely new
project aiming to study microRNA profiles in CN patients, and initially the sam-
ple size was very small, it makes it hard to reach significance or to draw gen-
eral conclusions from the data obtained. Although a purity control by means of
fluorescence-labelled flow cytometry of the living CD34+ or CD33+ fractions was
performed for each sample after cell separation - purity levels of over 80% were
achieved - we cannot exclude that residual impurities or the remaining heterogene-
ity within the isolated cell fractions may have influenced the observed microRNA
expression levels [Notta et al., 2016; Velten et al., 2017; Wünsche et al., 2018].
To address potential improvements for the performance of microRNA studies

in the future, we would suggest several recommendations. First of all, we would
recommend selecting appropriate normalization modes. There are multiple ways
to increase the reliability of the data obtained via endogeneous control or spike-in
controls. Normalization with microRNA as endogeneous control offers the pos-
sibility to examine microRNA expression without the risk of misinterpreting data
due to alterations affecting the whole microRNA machinery. For example, when
an experimental set up affects the processing machinery of microRNAs (Dicer,
Drosha, etc.), or when the microRNA biogenesis is initially affected, an endoge-
nous control would possibly be affected to a similar degree as the target microRNA,
hence false conclusions could be avoided [Lin and Gregory, 2015; Schwarzen-
bach et al., 2015]. Another way of endogeneous normalization of microRNA ex-
pression data is the usage of other RNA types, such as snoRNAs (small nucleolar
RNAs), but more recently there have been reports urging caution because other
RNA types underly a different physiology compared to microRNA, which could add
bias to the data analysis and interpretation [Schwarzenbach et al., 2015]. Normal-
ization of microRNA expression data using spike-in controls, which are normally
added to the experimental set-up after RNA isolation and before reverse transcrip-
tion, allows an objective quantification and normalization of microRNA expression
with some caveats, like the increased risk of false positive results [Schwarzen-
bach et al., 2015]. The gold-standard to find appropriate candidates for normal-
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ization would be an initial review of the literature followed by the experimental
confirmation of steady expression for the different experimental conditions and
normalization against multiple endogeneous controls as well as spike-in controls
[Schwarzenbach et al., 2015]. Further possibilities are the usage of microarrays or
next-generation sequencing techniques which initially do not need normalization
[Schwarzenbach et al., 2015].
Although we used a MACS-based sorting strategy and performed purity control

by fluorescence-labeled flow cytometry using CD34+ and CD33+ antibodies, those
populations are still very heterogenous [Notta et al., 2016; Velten et al., 2017;
Wünsche et al., 2018]. To address the possibility of data bias due to impurities in
the cell fractions, for further experiments we recommend single cell approaches
which are available and allow high resolution investigation of microRNA expres-
sion [Faridani et al., 2016]. Data obtained by those techniques are either suitable
for screening purpose or to validate data obtained by workflows bearing the pos-
sibility of (slightly) impure samples but require more sophisticated data analysis
skills than simple qPCR results. However, it should be investigated if and which
microRNAs could be detected by single-cell RNA sequencing. Due to the fact
that the expression of microRNA depends, among other factors, on the degree of
cell differentiation, the cellular environment and the therapeutic agents, we recom-
mend a careful selection of the control reference group, in which the differences
to the study group are defined as precisely as possible [Schwarzenbach et al.,
2015].
In CN, the research field of microRNA still holds many interesting perspectives

that need to be explored. In the treatment of leukemia patients, good risk stratifi-
cation lays the ground for selection of the appropriate treatment protocol. Factors
that are already used for risk stratification in AML patients due to their prognostic
value are among others FLT3-ITD, wild type NPM1, high ERG expression, and
mutations resulting in drug resistance [Langer et al., 2008]. Reports show, that
microRNAs can also serve as such markers and allow assumptions about the
general prognosis or indicate relapse and malignant progression [Marcucci et al.,
2011; Weiss and Ito, 2018]. E.g. low expression levels of let-7 family members
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are accompanied by increased expression of LIN28 family members - their coun-
terpart - and can serve as markers for poor prognosis in intestinal cancer [Weiss
and Ito, 2018]. As aforementioned, miR-3151 can be used alone or together with
BAALC as a prognostic marker for various endpoints in AML patients [Díaz-Beyá
et al., 2015; Eisfeld et al., 2012, 2014; Langer et al., 2008; Weber et al., 2014].
Furthermore, other microRNAs such as miR-155 and miR-181, as well as miR-
223∗, can be used for the purpose of risk-stratification in AML [Eisfeld et al., 2012;
Marcucci et al., 2013; Schwind et al., 2010; Weiss and Ito, 2018]. In AML, miR-
223∗ (the functional 3’-strand of miR-223) expression correlates with other prog-
nostic markers and high miR-223∗ expression is usually found in low-risk groups
[Kuchenbauer et al., 2011; Weiss and Ito, 2018]. However, throughout different
cancer entities there are inconsistent reports about the prognostic implication of
a given microRNA. For example, when down regulated, miR-124-1 is associated
with an unfavorable prognosis in solid tumors; in AML a comparatively lower ex-
pression of miR-124-1 is associated with a longer relapse-free interval - i.e. a
better prognosis [Wang et al., 2014; xing Chen et al., 2014]. Thus, in CN it would
be desirable to identify markers which (i) could predict the G-CSF response, and
either hereby would allow early risk stratification towards malignant progression
thus allow adapting the therapy towards early allogenic HSC transplantation or (ii)
as for other malignant diseases, would be one indicating malignant progression
or relapse. In this sense, it would be of interest to review and confirm existing
markers for their suitability in CN/AML and to discover new ones.
As already proven, microRNA physiology bears therapeutic potential such as

the antagonization of oncogenic microRNAs (oncomiRs) via antagonistic microR-
NAs (antagomiRs) or administration of tumorsuppressive microRNAs [Wallace
and O’Connell, 2017; Weiss and Ito, 2018]. One of the most prominent samples
comes from ‘Miravirsen’ an antagomiR against miR-122 in hepatitis caused by
HCV. There, ‘Miravirsen’ was initially able to decrease the viral load in human
[Van Der Ree et al., 2016; Wallace and O’Connell, 2017; Weiss and Ito, 2018]. As
studies and clinical trials already demonstrated proof of principle, it is necessary to
obtain more knowledge about the contribution of microRNAs to the pathomecha-
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nisms underlying CN and its malignant progression. First steps could be to search
for altered microRNA expression profiles - i.e. altered microRNA clusters - in CN
or CN/AML patients and to compare the obtained data with data from healthy indi-
viduals and throughout the course of CN. Depending on the results, further points
addressed could include, e.g. investigation of the impact of mutated CSF3R or
RUNX1 on microRNA expression profiles.
In summary, a deeper knowledge about the role of microRNA in CN could con-

tribute to the understanding of the underlying pathomechanisms and eventually
lead to diagnostic or therapeutic agents and strategies that could be applicable in
CN, e.g. similar to initial effects of the antagomiR ‘Miravirsen’ in HCV [Van Der
Ree et al., 2016].
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5
Summary

The underlying study is based on the research work published in Blood by Skokowa
et al. in 2014. The authors postulated a unique mechanism of leukemogenesis in
a group of patients suffering from congenital neutropenia (CN), a disease charac-
terized by a low absolute neutrophil count and a high susceptibility of malignant
progression to MDS or AML, which occurs in approximately 20% of CN patients
[Skokowa et al., 2014, 2017]. They found that, in approximately 70% of CN/AML
patients, in addition to the inherited CN-associatedmutations (e.g., ELANE, HAX1,
GPT1 and WAS), the AML phenotype was observed when hematopoietic cell
clones were positive for sporadic RUNX1 mutations which were acquired after
sporadic CSF3R mutations. The authors postulated cooperating leukemogenic
effects of RUNX1 and CSF3R mutations.
In this Doctoral Thesis, we re-analyzed the CN/AML patients’ group investigated in
2014. Among those patients who underwent malignant transformation, we found
hints of non-random distribution for sporadic missense (n = 7) and nonsense (n
= 6) RUNX1 mutations (Fisher’s t-test: p = 0.0515) at AML stage. Furthermore,
samples positive for missense RUNX1 mutations were also positive for trisomy
21. This was not observed in samples positive for nonsense RUNX1 mutations
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(table 3.1).
Since RUNX1 is located on chromosome 21, it was of special interest to test

whether trisomy 21 resulted in an increase of the mutant or the wild-type RUNX1
allelic fraction. Thus, we performed Sanger sequencing and digital PCR on sam-
ples of three selected CN/AML individuals all positive for missense RUNX1 muta-
tions and trisomy 21 (UniProtKB:Q01196, p.R139G, p.D171N, p.R174L) (figures
3.1 to 3.6). We were able to confirm an increase of mutant RUNX1 allelic fraction
over wild type RUNX1 allelic fraction in a 2:1 ratio in all three patients. Hence,
we showed that the occurrence of trisomy 21 was accompanied by an increase
of the mutant RUNX1 allele. Since in our patient cohort nonsense RUNX1 mu-
tations were not associated with trisomy 21, we concluded that this was due to
different mechanisms of leukemogenic progression between both groups (figure
4.1). Furthermore, we established a chromatin immunoprecipitation assay us-
ing a RUNX1 antibody which allows the identification of binding patterns of differ-
ent mutated RUNX1 proteins to DNA or to other proteins, interaction partners of
RUNX1 protein in the future. This might contribute to the better understanding
of the patho-mechanisms underlying the effects of different RUNX1 mutations in
leukemogenesis.
The second objective reported in this thesis, was to investigate the role of mi-

croRNAs in CN pathogenesis. MicroRNAs are small, approximately 22 nts long
noncoding RNAs, which exert diverse biologic functions including the post- tran-
scriptional control of mRNAs [Lee, 1993]. First, we established a workflow for the
isolation and expression quantification of microRNAs in CN patients. We were
able to isolate and quantify microRNA-125b and let-7b and aimed to investigate
microRNA-3151 (figures 3.11 to 3.14). We observed that miR-125b expression
levels were down-regulated upon myeloid differentiation from CD34+ hematopoi-
etic stem and progenitor cells to CD33+ promyelocytic cells. Those findings were
in line with previous reports [O’Connell et al., 2011; Rajasekhar et al., 2018; Sha-
ham et al., 2012]. Interestingly, we could not detect significant differences in miR-
125b expression levels between healthy donors and CN patients, neither in CD34+

nor in CD33+ cell populations. This was also true for miR-125b expression lev-
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els in CN samples, when grouped according to their inherited mutations (ELANE,
HAX1, etc.). Of note, miR-3151 expression was not detected in any of the sam-
ples; either because it is not expressed by the cells investigated or due to technical
issues of the methods used. In this study, we successfully identified and quanti-
fied microRNAs, known to be relevant for hematopoiesis, for the first time in our
patient cohort. However, due to the small sample size and the small number of
microRNAs examined, further research in this field is required in order to finally
draw significant conclusions about the role of microRNA in CN pathogenesis.
In summary, this study expands the understanding of leukemogenic progres-

sion in CN and provides valuable workflows for further investigation of the role of
RUNX1 proteins as well as microRNA profiles in CN.
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6
Zusammenfassung

Die vorliegende Arbeit basiert auf einer in 2014 von Skokowa et al. in Blood ver-
öffentlichten Studie. In dieser postulierten die Autoren einen einzigartigen Mecha-
nismus der Leukämogenese bei Patienten mit kongenitaler Neutropenie (CN). CN
ist eine Krankheit, die durch eine niedrige absolute Neutrophilenzahl gekennzeich-
net ist und mit einer hohen malignen Progressionsrate zu MDS oder AML einher-
geht. Eine maligne Progression tritt bei etwa 20% der CN Patienten auf [Skoko-
wa et al., 2014, 2017]. Die Autoren fanden heraus, dass in ca. 70% der CN/AML
Patienten der AML-Phänotyp auftrat, wenn die hämatopoetischen Stammzellen,
zusätzlich zu den vererbten CN assoziierten Mutationen (beispielsweise ELANE,
HAX1, GPT1 und WAS), positiv für sporadische CSF3R Mutationen, gefolgt von
sporadischen RUNX1Mutationen waren. Die Autoren postulierten, dass in diesen
Patienten, kooperierende leukämogene Effekte von RUNX1 und CSF3R Mutatio-
nen verantwortlich für die Leukämie-Entwicklung sind.
In der vorliegenden medizinischen Doktorarbeit analysierten wir die in 2014 un-

tersuchte CN/AML Patientengruppe erneut. Unter den Patienten, die eine mali-
gne Transformation haben, fanden wir Hinweise auf eine nicht-zufällige Verteilung
sporadischer missense (n = 7) und nonsense (n = 6) RUNX1 Mutationen in AML
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Blasten (Fisher’s t-Test: p = 0,0515) (Tabelle 3.1). Darüber hinaus waren Proben,
die positiv für missense RUNX1 Mutationen waren, auch positiv für Trisomie 21.
Dies wurde bei Proben, die positiv für nonsense RUNX1 Mutationen waren, nicht
beobachtet. Da RUNX1 auf Chromosom 21 kodiert ist, war es von besonderem
Interesse zu untersuchen, ob hierbei Trisomie 21 zu einer Erhöhung der mutierten
oder der wildtypischen RUNX1 Allelfraktion führt. Daher führten wir eine Sanger-
Sequenzierung und digitale PCR an Proben von drei ausgewählten CN/AML In-
dividuen durch, die alle positiv für missense RUNX1 Mutationen und Trisomie 21
waren (UniProtKB: Q01196, p.R139G, p.D171N, p.R174L) (Abbildungen 3.1 bis
3.6). Wir konnten eine Erhöhung der mutierten RUNX1 Allelfraktion gegenüber
der Wildtyp RUNX1 Allelfraktion in einem Verhältnis von 2:1 in Proben aller drei
Patienten bestätigen. Somit konnten wir zeigen, dass das Auftreten der Trisomie
21 mit einem Anstieg des mutierten RUNX1 Allels einhergeht. Da in unserer Pa-
tientenkohorte nonsense RUNX1 Mutationen nicht mit Trisomie 21 assoziiert wa-
ren, folgerten wir, dass dies auf unterschiedliche Mechanismen der Leukämoge-
nese in beidenGruppen zurückzuführen war (Abbildung 4.1). Darüber hinaus eta-
blierten wir ein Verfahren zur Chromatin-Immunpräzipitation von RUNX1 mittels
RUNX1-Antikörper, das in Zukunft die Analyse von Bindungsmustern verschieden
mutierter RUNX1 Proteine an DNA, andere Proteine, RUNX1-Interaktionspartner,
ermöglicht. Dies könnte zum besseren Verständnis der Pathomechanismen, die
den verschiedenen RUNX1 Mutationen in der Leukämogenese zugrunde liegen,
beitragen.
Der zweite Gegenstand dieser Arbeit, ist die Untersuchung der Rolle von mi-

croRNAs in der CN Pathogenese. MicroRNAs sind kleine, ca. 22 nt lange nicht-
kodierende RNAs, die verschiedene biologische Funktionen ausüben, darunter
die post-transkriptionelle Kontrolle von mRNA [Lee, 1993]. Zunächst etablierten
wir einen experimentellen Arbeitsablauf zur Isolierung und Expressionsquantifi-
zierung von microRNAs bei CN Patienten. Wir waren in der Lage, microRNA-
125b und let-7b zu isolieren und zu quantifizieren, weiterhin zielten wir auf die
Untersuchung von microRNA-3151 ab (Abbildungen 3.11 bis 3.14). Wir beob-
achteten, dass die Expression von miR-125b bei der myeloischen Differenzierung
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von CD34+ hämatopoietischen Stamm- und Progenitorzellen zu CD33+ Promye-
lozyten herunter reguliert wurde. Diese Befunde stimmten mit früheren Berichten
überein [O’Connell et al., 2011; Rajasekhar et al., 2018; Shaham et al., 2012]. In-
teressanterweise konnten wir keine signifikanten Unterschiede in den miR-125b
Expressionslevel zwischen gesunden Spendern und CN Patienten feststellen, we-
der in CD34+ noch in CD33+ Zellpopulationen. Dies galt auch für die miR-125b
Expressionslevel in CN Proben, wenn sie nach ihren vererbten Mutationen grup-
piert wurden (ELANE, HAX1, etc.). Eine Expression vonmiR-3151 wurde in keiner
der Proben nachgewiesen; entweder weil miR-3151 in den untersuchten Zellen
nicht exprimiert wird oder ihre Expression auf Grund technischer Probleme der
angewendeten Methoden nicht nachgewiesen werden konnte. In dieser Studie
ist es uns erstmalig in unserer Patientenkohorte gelungen, für die Hämatopoiese
relevante microRNAs zu identifizieren und zu quantifizieren. Aufgrund der gerin-
gen Stichprobengröße und der geringen Anzahl von untersuchten microRNAs ist
jedoch weitere Forschung auf diesem Gebiet erforderlich, um letztendlich signifi-
kante Schlussfolgerungen über die Rolle von microRNAs in der Pathogenese der
CN ziehen zu können.
Zusammenfassend trägt diese Studie zum Verständnis der leukämogenen Pro-

gression bei CN Patienten bei. Zusätzlich liefert sie experimentelle Methoden für
die künftige Untersuchung vonRUNX1Proteinen und die Erstellung vonmicroRNA-
Profilen in CN.
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7
Appendix

7.1 Supplementary data

Table 7.1: Ct-values obtained by means of qPCR for let-7b and miR-125b
expression in CD33+ cells
All values depicted are Ct-values obtained by means of qPCR and were rounded to three
decimal places. Standard deviation is depicted in the column following the mean microRNA
expression and labeled St. Dev.

Pat. ID let-7b St. Dev miR-125b St. Dev
HD12 30.997 0.176 32.07 0.235
HD28 28.077 0.126 27.12 0.017
HD30 27.233 0.061 26.513 0.021
H1 34.67 0.912 30.91 0.096
H3 28.82 0.242 31.72 0.168
E1 27.577 0.159 30.757 0.015
E2 32.667 0.518 29.263 0.035
E4 27.877 0.081 28.307 0.101
S1 28.687 0.042 29.15 0.03
U1 25.597 0.032 29.72 0.026
U2 30.06 0.082 29.917 0.083
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Table 7.2: Ct-values obtained by means of qPCR for let-7b and miR-125b
expression in CD34+ cells
All values depicted are Ct-values obtained by means of qPCR and were rounded to three
decimal places. Standard deviation is depicted in the column following the mean microRNA
expression and labeled St. Dev.

Pat. ID let-7b St. Dev miR-125b St. Dev
HD28 27.143 0.040 23.547 0.025
HD29 27.773 0.131 22.493 0.025
HD30 28.340 0.260 23.840 0.056
HD31 28.697 0.050 24.630 0.010
H4 30.837 0.129 29.460 0.026
H5 28.063 0.146 23.683 0.038
U1 27.893 0.085 25.550 0.026
U2 32.910 0.286 22.080 0.078

Table 7.3: Ct-values obtained by qPCR for let-7b and miR-125b from iPS
derived cells from ’CN-AML pat. #14’ and healthy donor
All values depicted are Ct-values obtained by means of qPCR and were rounded to three
decimal places. Standard deviation is depicted in the column following the mean microRNA
expression and labeled St. Dev.

Pat. ID let-7b St. Dev. miR-125b St. Dev.
HD hiPSC 34.213 0.239 79.90 0.85
CN-AML pat. #14 L8 hiPSC 35.33 0.251 112.79 1.62
CN-AML pat. #14 L10 hiPSC 35.127 0.538 106.296 42.796

Table 7.4: Expression analysis of miR-125b normalized to let-7b by means of
2-ΔCt-values for CD33+ cells from healthy donors and CN patients
All values depicted are 2-ΔCt-values (miR-125b expression - let-7b-expression) obtained by
means of qPCR and were rounded to three decimal places. Standard deviation was calculated
according to ’Guide to Performing Relative Quantitation of Gene Expression Using Real-Time
Quantitative PCR’ by Applied Biosystems (US) [Applied Biosystems, 2008].

Pat. ID 2-ΔCt St. Dev.
HD12 0.475 0.294
HD28 1.941 0.127
HD30 1.647 0.065
H1 0.206 0.336
H2 13.548 0.917
H3 0.134 0.295
E1 0.110 0.160
E2 10.580 0.519
E4 0.742 0.129
S1 0.725 0.051
U1 0.057 0.042
U2 1.104 0.117
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Table 7.5: Expression analysis of miR-125b normalized to let-7b by means of
2-ΔCt-values for CD34+ cells from healthy donors and CN patients
All values depicted are 2-ΔCt-values (miR-125b expression - let-7b-expression) obtained by
means of qPCR and were rounded to three decimal places. Standard deviation was calculated
according to ’Guide to Performing Relative Quantitation of Gene Expression Using Real-Time
Quantitative PCR’ by Applied Biosystems (US) [Applied Biosystems, 2008].

Pat. ID 2-ΔCt St. Dev.
HD28 12.098 0.048
HD29 38.854 0.133
HD30 23.013 5.931
HD31 16.757 0.051
H4 2.597 0.132
H5 20.821 0.151
U1 5.074 0.089
U2 1820.35 0.297

Table 7.6: Analysis of relative microRNA-125b expression change upon differ-
entiation from CD34+ to CD33+ cells in four samples
All values depicted were obtained by means of qPCR and calculated according to 2-ΔΔCt -
method (miR-125b target; let-7b control; all values rounded to three decimal places) [Livak
and Schmittgen, 2001]. Standard deviation (’St. Dev.’) was calculated according to ’Guide to
Performing Relative Quantitation of Gene Expression Using Real-Time Quantitative PCR’ by
Applied Biosystems (US) [Applied Biosystems, 2008].

Pat. ID 2-ΔΔCt St. Dev.
HD28 0.160 0.048
HD30 0.073 0.266
U1 0.0006 0.297
U2 0.011 0.089
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Table 7.7: Testing power for the down regulation of miR-125b upon differen-
tiation from CD34+ to CD33+ cells
Quantification of testing power and statistical significance for qPCR results of miR-125b ex-
pression profiling indicated statistical significance in un-paired one-tailed t-test which was
confirmed by unpaired two-tailed t-testing after removal of outliers.

Unpaired t test HD28
P value <0.0001
P value summary ****
Significantly different (P < 0.05)? Yes
One- or two-tailed P value? Two-tailed
t, df t=40.49, df=4

Unpaired t test HD30
P value 0.0009
P value summary ***
Significantly different (P < 0.05)? Yes
One- or two-tailed P value? Two-tailed
t, df t=8.757, df=4

Unpaired t test U1
P value 0.0009
P value summary ***
Significantly different (P < 0.05)? Yes
One- or two-tailed P value? Two-tailed
t, df t=27.75, df=4

Unpaired t test U2
P value 0.0011
P value summary **
Significantly different (P < 0.05)? Yes
One- or two-tailed P value? Two-tailed
t, df t=8.463, df=4
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