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Abstract i

Abstract

Dissecting functional consequences of gene mutations contributes to understanding disease
development and identifying potential treatment strategies. Mutations in epigenetic regulators
(especially in DNMT3A, TET2, and ASXL1, termed DTA mutations) have been identified in
acute myeloid leukemia patients, as well as individuals without history of hematologic
malignancies. Mutations in these genes are hypothesized to confer a clone a competitive
advantage, leading to preferential expansion of this specific clone. DTA mutations are proposed
to be preleukemic events that are acquired before leukemia onset and are thought to elevate the
risk for acquisition of additional mutations that in turn drive malignant transformation. Clones
harboring these mutations are able to survive chemotherapy, potentially increasing the risk for
disease recurrence. In this thesis, | investigated the impact of DTA mutations in the human
hematopoietic stem and progenitor cell compartment, as well as the role of preleukemic events
in patients with AML t(8;21).

Using CRISPR/Cas9, site-specific mutations were introduced in CD34" progenitor cells freshly
isolated from umbilical cord blood samples. By delivering Cas9 nuclease together with an in
vitro transcribed sgRNA as ribonucleoprotein, 1 was able to achieve editing efficiencies ranging
from 40% for the sgRNA targeting exon 13 of ASXL1 to over 90% for the sgRNA targeting
exon 6 of TET2. A known hotspot mutation in DNMT3A R882H was introduced with an
efficiency of up to 50% in the cell bulk. After successful genetic modification, cells were
subjected to in vitro assays to assess phenotype, self-renewal properties, differentiation
capacities, and long-term culture-initiating potential. Clonal composition and expansion were
assessed via deep sequencing and subsequent analysis of introduced specific insertions and
deletions. To investigate the role and importance of preleukemic mutations in AML
leukemogenesis, a comprehensive genetic in-depth characterization of AML t(8;21) was
performed. To this aim, DNA from the time of diagnosis was analyzed via next generation
sequencing with a targeted gene panel including exons and coding regions of 66 genes
recurrently mutated in hematologic malignancies. From 56 patients, samples from clinical
remission were analyzed for the previously identified mutations by targeted re-sequencing of

amplicons spanning the target region.

In this thesis, | was able to demonstrate that mutations in DNMT3A, TET2, and ASXL1 influence
the behavior of hematopoietic stem and progenitor cells (HSPCs) in a gene-specific fashion.
Mutations in ASXL1 had only little effect on HSPCs with no observed changes in expression of

differentiation markers after culture for three weeks and no enhanced proliferation in long-term
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culture. The only hint that ASXL1 mutations have an impact on the fitness of HSPCs was
increased colony forming ability after long-term culture, meaning that although progenitor cells
did not proliferate during the long-term culture period, they were able to sustain and generate
colonies later. DNMT3A mutations led to a longer retention of CD34 marker expression in
differentiation culture experiments, but not enhanced serial replating capacity. TET2-mutated
cells, in contrast, showed delayed myeloid marker expression in short-term culture and
increased self-renewal of committed progenitor cells. Both, DNMT3A and TET2 mutations led
to clonal expansion of distinct cell clones during long-term culture with a competitive
advantage over wild type cells. The clonal composition of TET2- and DNMT3A-mutated
samples differed, with TET2™samples being more diverse. Collectively my data indicate that
DNMT3A mutations preferentially influence primitive HSC clones, whereas TET2 mutations
enhance the fitness of committed progenitor cell clones. ASXL1 mutations might need
additional events to drive clonal expansion. Analysis of patient samples revealed that mutations
in DNMT3A and TET2 are early events in AML t(8;21) and potentially acquired before the
onset of the disease. ASXL1 mutations are neither early nor late events in these patients but are

potentially cooperating events in leukemia transformation.

In this thesis, | was able to demonstrate that DTA mutations enhance the fitness of distinct
human hematopoietic stem or progenitor cell clones, in terms of self-renewal and proliferative
capacity, leading to clonal expansion. The results obtained here highlight the importance of
monitoring specific preleukemic events to prevent disease recurrence as well as development

of severe hematologic conditions.
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Zusammenfassung

Um die Entwicklung von Krankheiten aufzudecken und etwaige zielgerichtete
Behandlungsstrategien zu entwickeln, ist es essenziell den funktionellen Einfluss bestimmter
Genmutationen zu untersuchen. Mutationen in epigenetischen Regulatoren wie DNMT3A,
TET2 und ASXL1 (auch DTA-Mutationen genannt) wurden sowohl in Patienten mit akuter
myeloischer Leukamie als auch in Patienten ohne hdmatologische Erkrankung gefunden. Diese
Mutationen fiihren zu einem Vorteil bestimmter Zellklone, die daraufhin expandieren. DTA-
Mutationen werden auch als pra-leukdmische Mutationen bezeichnet, die vor dem Ausbruch
der Leukdmie bereits in Stamm- und Vorlauferzellen vorkommen und ein erhéhtes Risiko fir
das Auftreten weiterer Mutationen bedingen. Zusatzliche Mutationen in einem pra-
leukamischen Klon kénnen wiederum zur malignen Transformation des Zellklons flihren. Des
Weiteren kdnnen Zellen mit pra-leukdmischen Mutationen resistent gegen Chemotherapie sein
und somit das Risiko eines Rezidivs erhdhen. In dieser Arbeit habe ich den Einfluss von
Mutationen in DNMT3A, TET2 und ASXL1 auf humane h&matopoetische Stamm- und
Vorléauferzellen untersucht, sowie die Rolle von pra-leuk&mischen Mutationen in Patienten mit
AML 1(8;21) erforscht.

Mit Hilfe von CRISPR/Cas9 wurden spezifische Mutationen in CD34-positiven
Vorlauferzellen eingefthrt, die frisch aus Nabelschnurblut isoliert wurden. Die Cas9-Nuklease
wurde zusammen mit in vitro-transkribierter SgRNA in Form von Ribonukleoproteinen in die
Zellen gebracht. In Exon 13 von ASXL1 wurden Insertionen und Deletionen in mindestens 40%
der Zellen generiert und in Exon 6 des Gens TET2 konnten in mehr als 90% der Zellen
Insertionen und Deletionen entdeckt werden. Die spezifische Mutation DNMT3A R882H wurde
in bis zu 50% der transfizierten Zellen eingefihrt. Die erfolgreich mutierten Zellen wurden
anschlieBend in in vitro-Experimenten untersucht in Hinsicht auf Verdnderungen im Phanotyp,
der Fahigkeit zur Selbsterneuerung, Differenzierungsféhigkeit und der Fahigkeit sich in
Langzeitkulturen zu vermehren. Die klonale Zusammensetzung, sowie die Expansion
bestimmter Zellklone wurden mit Hilfe von Deep Sequencing und anschlielender Analyse der
generierten Insertionen und Deletionen untersucht. Patienten mit AML t(8;21) wurden auf pra-
leukdmische Mutationen untersucht, indem DNA vom Diagnosezeitpunkt via Next-Generation
Sequenzierung analysiert wurde. Kodierende Regionen von 66 Genen, die wiederholt in
malignen h&matologischen Erkrankungen auftreten, wurden in die Analyse eingeschlossen.
Von 56 Patienten wurden DNA-Proben vom Zeitpunkt der klinischen Remission erneut auf die

bereits identifizierten Mutationen untersucht.
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In dieser Arbeit konnte ich zeigen, dass Mutationen in DNMT3A, TET2 und ASXL1
unterschiedliche Effekte auf hdmatopoetische Stamm- und Vorlduferzellen haben. Mutationen
in ASXL1 hatten den mildesten Effekt. Weder Unterschiede in der Expression von
Differenzierungsmarkern noch erhéhte Replatierungsfahigkeit in Vergleich zu Wildtypzellen
wurden beobachtet. Des Weiteren zeigten die Zellen kein vermehrtes Wachstum in der
Langzeitkultur. Sie waren jedoch in der Lage Kolonien nach der Langzeitkultur zu bilden, was
bedeuten konnte, dass diese Zellen trotz des unveranderten Proliferationsverhaltens einen
Vorteil gegeniiber Wildtypzellen haben und somit in der Lage sind die Langzeitkultur zu
Uberdauern. Zellen mit DNMT3A Mutationen exprimierten den Vorlauferzellmarker CD34
langer als Kontrollzellen. Mutationen in TET2 fuhrten zu einer verspateten Expression von
myeloischen Differenzierungsmarkern und einem erhohten Selbsterneuerungspotential von
Vorlauferzellen. Sowohl in Zellen mit DNMT3A- als auch mit TET2-Mutationen konnte ich die
Expansion bestimmter mutierter Zellklone nachweisen. Die Proben mit eingefiihrten
Mutationen in TET2 hatten jedoch eine groRere Anzahl verschiedener Insertionen und
Deletionen als Proben mit DNMT3A-Verénderungen. Die Daten dieser Arbeit zeigen, dass
Mutationen in DNMT3A dazu fuhren, dass primitive Zellklone einen evolutiondren Vorteil
erhalten, wohingegen reifere Vorlauferzellen von Mutationen in TET2 profitieren. Mutationen
in ASXL1 fahren mdglicherwiese nur in Anwesenheit weiterer genetischer oder zelluldrer
Veranderungen zu klonaler Expansion. In Patienten mit AML t(8;21) treten Mutationen in
DNMT3A und TET2 wahrscheinlich friher auf als andere Mutationen und kommen
maoglicherweise in Vorlauferzellen vor, bevor sich die eigentliche Erkrankung entwickelt.
Mutationen in ASXL1 scheinen weder friihe noch spéte Ereignisse zu sein, sondern treten
irgendwann dazwischen auf. Sie kooperieren moglicherweise mit anderen Mutationen, um
Zellen zu transformieren.

In dieser Arbeit konnte ich zeigen, dass DTA-Mutationen die Fitness von bestimmten Stamm-
und Vorlauferzellen im menschlichen Stammzellkompartiment erhéhen und so zu einer
Expansion der mutierten Zellklone fuhren. Die Ergebnisse dieser Arbeit bestatigen, dass die
Untersuchung und Beobachtung pra-leukamischer Klone dazu beitragen konnte, ein Rezidiv

oder sogar die Entstehung schwerer hamatologische Erkrankungen zu verhindern.
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Abbreviations
°C degree Celsius
Mg microgram
pl microliter
pm micrometer
UM micromole/liter
5caC 5-carboxylcytosine
5fC 5-formylcytosine
5hmC 5-hydroxymethylcytosine
5hmuU 5-hydroxymehtyluracil
5mC 5-methylcytosine
aa amino acid
ADD domain ATRX-Dnmt3-Dnmt3L domain
ADP adenosine diphosphate
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ALL acute lymphocytic leukemia
AML acute myeloid leukemia
APOBEC apolipoprotein B editing complex
APS ammonium persulfate
Arg/R arginine
ASXL additional sex combs-like
Asx additional sex combs
ATP adenosine triphosphate
BAP1 BRCAU1-associated protein 1
BRCA1 Breast cancer susceptibility protein type 1
BCA bicinchoninic assay
BER base excision repair
BFU-E burst-forming unit erythroid
BM bone marrow
BMI1 B lymphoma Mo-MLYV insertion region 1 homolog
bp base pair
BSA bovine serum albumin
Cas9 CRISPR associated nuclease 9
CB cord blood
PHD plant homeodomain
CBF core-binding factor
CD cluster of differentiation
cDNA complementary DNA
CFC colony-forming cell
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CFU colony-forming unit

CFU-E colony-forming unit erythroid

CFU-GEMM colony-forming unit granulocyte, erythrocyte, macrophage, megakaryocyte
CFU-GM colony-forming unit granulocyte, macrophage
CHIP clonal hematopoiesis of indeterminate potential
Cl confidence interval

CLL chronic lymphocytic leukemia

CLP common lymphoid progenitor

CML chronic myeloid leukemia

CMP common myeloid progenitor

CMV cytomegalovirus

CN cytogenetically normal

CRISPR clustered regularly interspaced short palindromic repeat
ddPCR digital droplet polymerase chain reaction
DMEM Dulbecco's Modified Eagle Medium

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

DNase deoxyribonuclease

DNMT DNA methyltransferase

dNTP deoxynucleotide triphosphate

dsDNA double stranded DNA

DTA DNMT3A, TET2, ASXL1

DTT dithiothreitol

dUTP deoxyuridine triphosphate

e.g. exempli gratia

EDTA ethylenediaminetetraacetic acid

EPO erythropoietin

FACS fluorescence activated cell sorting

FBS fetal bovine serum

FcR Fc receptor

FDR false discovery rate

FLT3-L FMS-like tyrosine kinase 3 ligand

g gravitational constant

G-CSF granulocyte colony stimulating factor

GFP green fluorescent protein

GM-CSF granulocyte macrophage colony stimulating factor
GMP granulocyte-monocyte progenitor

Gy grey

h hour

HCI hydrochloric acid

HDAC histone deacetylase
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HDR
HEPES
HIF-1
His/H
HLTM
HMT
HRP
HSC
HSPC
i.e.

ICE
IDE
IL-3
IL-6
IMDM
Indel
IR

ITD
IT-HSC
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kb

KO
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LMPP
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MDS
MEP
mg
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MLP
mM
M-MLV
MNC
MPN
MPP
mMRNA

homology directed repair
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
hypoxia inducible factor 1

histidine

human long-term culture medium
histone methyltransferase

horseradish peroxidase

hematopoietic stem cell
hematopoietic stem or progenitor cell
id est

inference of CRISPR edits

integrated development environment
interleukin 3

interleukin 6

Iscove's modified Dulbecco's medium
insertion and deletion

ionizing radiation

internal tandem duplication
intermediate-term HSC

in vitro transcription

kilo base

knockout

Luria broth

lymphoid-primed multipotential progenitor
loss of heterozygosity

long-term

long-term culture-initiating cell
mole/liter

magnetic cell separation
myelodysplastic syndrome

megakaryocytic-erythroid progenitor

milligram
minute
milliliter

myeloid-lymphoid progenitor
millimole/liter

Moloney Murine Leukemia Virus
mononuclear cell
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multipotent progenitor
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TBS-T

tris-buffered saline with Tween 20

X Abbreviations
ms millisecond
mut mutated/mutation
ng nanogram
NHEJ non-homologous end joining
NK cell natural killer cell
nM nanomole/liter
nm nanometer
No. Number
NOS not otherwise specified
OPN osteopontin
P/S penicillin/streptomycin
PAGE polyacrylamide gel electrophoresis
PAM protospacer adjacent motif
PB peripheral blood
PBS phosphate buffered saline
PCR polymerase chain reaction
PHD plant homeodomain
Pl propidium iodide
PI3K phosphatidylinositol 3-kinase
pmol picomole/liter
PRC 1/2 polycomb repressive complex 1/2
Pro/P proline
PWWP domain Proline-Tryptophan-Tryptophan-Proline domain
gRT-PCR quantitative real-time polymerase chain reaction
RCLB red cell lysis buffer
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RNase ribonuclease
RNP ribonucleoprotein
ROS reactive oxygen species
RPMI Roswell Park Memorial Institute medium
RTK receptor tyrosine kinase
RUNX1-3 runt-related transcription factor 1-3
S second
SCF stem cell factor
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SgRNA single guide RNA
SNP single nucleotide polymorphism
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1 Introduction

1.1 Hematopoiesis

1.1.1 Hematopoietic System
Hematopoiesis describes the process of continuous production of mature blood cells, which is
the main function of the hematopoietic system. Mature blood cells have a short lifespan and
have to be generated continuously from rare hematopoietic stem cells (HSCs). The bone
marrow, which is localized in the medulla of axial and long bones, is the major blood producing
organ in adult mammals and harbors precursors and multipotent stem cells at various
differentiation and developmental states. It is comprised of a vascular compartment, the stroma,
and the hematopoietic cell compartment. This microenvironment regulates life cycle,
maturation, and migration of the cells. Quiescent hematopoietic cells are dependent on stromal
cells to maintain self-renewal and multipotency. Stromal cells influence signaling in the cell
pools to facilitate proliferation and differentiation via interaction on various levels (i.e., direct

cell-cell interaction or indirect via growth factors and cytokines).

Multipotent stem cells in the bone marrow can give rise to HSCs, mesenchymal stem cells, and
endothelial precursor cells. These cells have long-term self-renewal capacity to maintain the
stem cell pool [1]. By asymmetric division multipotent stem cells generate committed
progenitors. With further differentiation of multipotent into oligopotent and unipotent stem
cells, the cells lose their self-renewal potential and become lineage committed [2]. A small
quiescent HSC pool resides in the bone marrow and is characterized as non- or slowly dividing
long-term hematopoietic stem cells (LT-HSC) [3, 4]. Short-term HSCs (ST-HSC) maintain
cycling and are generated by asymmetric cell division from the quiescent pool. In the classical
model found in most textbooks, hematopoietic differentiation is described as a hierarchical,
tree-like system (Figure 1.1) that begins with the differentiation of HSCs into multipotent
progenitors (MPP), which in turn differentiate into common lymphoid progenitors (CLP) or
common myeloid progenitors (CMP). CMPs divide into megakaryocytic-erythroid progenitors
(MEP), which in turn differentiate into erythrocytes or megakaryocytes and platelets, and
granulocyte-monocyte progenitors (GMP), which differentiate into monocytes, macrophages,
granulocytes, and mast cells. CLPs give rise to committed lymphoid precursors (e.g., pro B
cells, pro T cells), which eventually differentiate to B cells, T cells, and natural killer cells (NK

cells).
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Figure 1.1 Model of human hematopoietic differentiation. The simplified differentiation tree from HSCs to
differentiated blood cells begins with an HSC pool comprising different types of cells with heterogeneous self-
renewal potential, which can produce all lineages. These differentiate into more committed progenitors, which in
turn produce differentiated blood cells. HSC: hematopoietic stem cell, LT: long-term, IT: intermediate-term, ST:
short-term, MPP: multipotent progenitor, CMP: common myeloid progenitor, MLP: myeloid-lymphoid
progenitor, MEP: megakaryocyte-erythrocyte progenitor, GMP: granulocyte-monocyte progenitor, CLP: common
lymphoid progenitor, NK cells: natural Killer cells. The graphic was generated with Smart Servier Medical Art
templates [5].

Due to improved methodology, new types of hematopoietic cell populations have been
identified and the classical differentiation tree revised. Most studies focused on single aspects
of the hematopoietic differentiation process, which makes it difficult to paint a comprehensive
picture of the hematopoietic development. For example, a fraction of HSCs have an extended
repopulating capacity, but not unlimited, and are placed somewhere between ST-HSCs and LT-
HSCs (intermediate-term hematopoietic stem cells, IT-HSC) [6]. MPP are a highly
heterogeneous population with cells being more similar to ST-HSCs or cells that preferentially
generate lymphoid cells but retain myeloid output and are therefore defined as myeloid-
lymphoid progenitors (MLP, equivalent to murine lymphoid-primed multipotential progenitors,
LMPP [7]), contradicting to some extent the previously described early fate decision between
lymphoid and myeloid lineages [8]. Although often described as a step-wise process,
hematopoietic differentiation is nowadays believed to be a continuous process and classical

boundaries between cell populations are lacking [9, 10]. It has also been shown that the
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megakaryocytic lineage can directly rise from HSCs and bypass MPPs [11]. The model is
further complicated by a profound heterogeneity within the HSC compartment, in which cells
differ in their self-renewal ability and differentiation outputs. These cells possess highly
variable chromatin architecture and show lineage-specific priming. Taken together,
hematopoiesis is a highly regulated process in which multipotent as well as lineage-restricted
hematopoietic stem and progenitor cells (HSPC) are continuously generating terminally
differentiated blood cells. With emerging experimental techniques and progress on single cell
level, more advances are made, and the hematopoietic differentiation process can be refined.
Nevertheless, to dissect altered and malignant hematopoiesis it is essential to understand the

normal processes around hematopoietic stem cell development.

1.1.2 Hematopoietic Stem and Progenitor Cells
HSCs are characterized as quiescent and divide rarely (estimated every 175-350 days [12]). The
most dormant HSCs have the highest repopulation capacity in mouse studies [13]. Nevertheless,
these cells can transiently proliferate, especially in response to stress when the blood system
has to be replenished rapidly [13]. Interestingly, although the most dormant HSCs (i.e., LT-
HSCs) have the highest repopulation capacity, these cells are not responsible for blood cell
production in healthy individuals but rather function as an emergency pool in case of injury
[14]. They are less susceptible to cytotoxic agents, e.g., ultraviolet light, ionizing radiation, or
chemicals because these agents mainly target cells in M or S phase of the cell cycle. Stem cells
have tightly controlled DNA damage response and repair mechanisms [15]. Since HSCs are
long-lived, they can accumulate damage over time. Infrequent divisions are a mechanism to
protect LT-HSCs from DNA or protein damage. A tight regulation of the stem cell state and

stem cell fate is therefore important.

The local microenvironment plays an important role in maintenance of stem cell function and
differentiation. The cell state is regulated by extrinsic and intrinsic factors. Extrinsic factors are
mainly dependent on components of the stem cell niche, for example cytokines, growth factors,
and chemokines that are produced by the surrounding cells [16], as well as oxygen tension and
nutrient concentrations [17, 18]. These external signals are translated to modulate intrinsic
signaling pathways, transcription factors, and epigenetic marks. It has been shown as early as
1975 that especially quiescent HSCs are located close to the surface of the bone in the endosteal
region and move towards the vascular region during differentiation and maturation [19]. It has
been confirmed that the localization of cells in specific niches is a dynamic process with cells

moving from the quiescence-maintaining endosteal zone to the differentiation-promoting
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vascular zone [20, 21]. In the endosteal niche cellular components secrete cytokines and
molecules that regulate the HSC state, e.g., osteopontin (OPN) that maintains HSC quiescence
[22] and membrane-bound stem cell factor (SCF). Membrane-bound SCF binds and activates
the receptor c-Kit, a tyrosine kinase receptor that is expressed in high levels in LT-HSC and in
turn leads to activation of stem cell specific gene expression [23]. Additionally, adhesion of
HSPCs to stromal cells is mediated by membrane-bound SCF [24, 25]. Although the direct
involvement of osteoblasts in the regulation of HSC quiescence has been debated [26], a
number of studies has shown that the number of osteoblasts directly correlates with the number
of LT-HSCs [20, 27]. The contrasting findings of different studies might result from
heterogeneity within the HSC compartment and resulting definition of HSCs. A feasible
hypothesis is that especially quiescent HSC reside in the endosteal region in close proximity to
osteoblasts, whereas cycling HSCs, as well as MPPs, are found in the perivascular or
subendosteal region (reviewed in [28]). Differentiation into myeloid and megakaryocyte
progenitors is supported by bone marrow endothelial cells [21]. These are located in the
vascular zone, into which HSCs migrate upon release from membrane-bound SCF [29]. This
short excursion in HSC regulation by niche components is by far not complete but should
demonstrate the various interactions that are necessary for homeostasis in the hematopoietic
system. The stem cell state is further regulated by activating and deactivating various extrinsic
and intrinsic signaling factors and pathways, like Hedgehog, Notch, transforming growth factor
B (TGF-p), as well as cell cycle and proliferation regulation via p53 and phosphatidylinositol
3-kinase (PI3K) pathway. These pathways are regulated by cues from the microenvironment
mentioned before resulting in distinct epigenetic profiles that are fluent with the changing needs
within the environment. The importance of epigenetic regulation within the hematopoietic

system will be elucidated in another chapter.

Oxygen tension is another cue for HSC regulation. HSCs exist in a low oxygen environment,
which is maintained in the stem cell niche. It has been reported that HSCs have a hypoxic profile
with low oxidative phosphorylation. The cells are therefore dependent on anaerobic glycolysis
to produce ATP. Metabolism in a low oxygen environment is regulated by hypoxia inducible
factor 1 (HIF-1). HIF-1 transcriptionally activates glycolytic genes and therefore mediates the
metabolic switch from oxidative to glycolytic metabolism [30]. Due to the limitation of
mitochondrial respiration, endogenous levels of reactive oxygen species (ROS) are low in
HSCs. These cells are highly sensitive to ROS and lose stem cell properties. It is therefore
suggested, that the distinct metabolism of self-renewing HSCs is a key feature to retain the

quiescent state [31]. When cells move from a quiescent to an actively proliferating state (i.e.,
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becoming ST-HSC and MPP), more energy in form of ATP is needed. Interestingly, it has been
found that these actively proliferating cells are not only proliferating to differentiate but also to
produce more progenitors with the same properties (e.g., self-renewal). These cells are the main
source of unperturbed hematopoiesis [32]. To accomplish this, cells need to switch to oxidative
phosphorylation. Therefore, metabolism seems tightly engaged in the regulation of HSC fate
and differentiation. Mitochondrial respiration is a cue for HSCs to enter the cell cycle and
compromise self-renewal capacity. This switch is reversible, depending on external signals
[33]. The hematopoietic system can react to changes in the environment and produce cells based
on the current needs and balance between HSC self-renewal and generation of differentiated
progeny. Deregulation of these processes might tip the scale and lead to uncontrolled self-

renewal or skewing in mature blood cell production.

1.1.3 Altered and Clonal Hematopoiesis
Alterations in the tightly controlled processes of hematopoietic stem cell maintenance might
ultimately lead to the onset of hematologic malignancies. Especially in the aging system cells
are exposed to extrinsic as well as intrinsic stress factors that might cause damage and disrupt
homeostasis. To avoid accumulation of DNA damage, HSCs divide infrequently and limit their
self-renewal and long-term repopulating potential with the number of divisions. This effect
might cause the functional decline in the aging stem cell compartment [34]. HSCs from elderly
individuals showed decreased repopulation capacities, indicating impaired stem cell functions
[35]. It has been demonstrated that immunophenotypically characterized HSCs are increased in
elderly individuals but have lower engraftment potential. The former might be a compensation
mechanism for decreased HSC functionality [36]. Additionally, the aged hematopoietic system
exhibits a myeloid differentiation bias and an increase in myeloid progenitors compared to
lymphoid progenitors [37]. It is not clear whether alterations in HSC differentiation or changes
in myeloid and lymphoid progenitor cell survival and proliferation are the main cause of this
skewing. It is possible that the composition of the heterogeneous stem cell pool is affected in
the aging system [38]. As reported in the previous chapter, different niche components might
regulate HSC functions differently, balancing self-renewal and lineage output. In the aging
system niche homeostasis might be disrupted, favoring distinct lineage output or expansion of
the HSC pool and supporting the already intrinsic cellular changes [39]. Interestingly, older
hematopoietic progenitor cells are localized more distant from the endosteum of the bone than
younger cells, together with impaired adhesion to the niche cells [40]. Molecularly, genes
regulating lymphoid differentiation were found to be downregulated in aged HSCs from mice,
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whereas the expression of myeloid specific genes was enhanced, underlining the finding of

myeloid skewing in aged progenitors [41].

Over the lifespan of an individual, cells are prone to accumulate DNA damage. In HSCs
accumulation of DNA damage mainly results from physiological stress (e.g., viral infection or
blood loss) that forces the cells to enter the cell cycle. The resulting replicative stress is
primarily a consequence of elevated ROS in the cell. When HSCs are forced to enter the cell
cycle, mitochondrial respiration leads to accumulation of ROS. Repopulation studies with
human cells in mice revealed that intracellular upregulation of ROS led to accumulation of
DNA damage accompanied by loss of self-renewal capacity [35]. HSCs that were forced to
enter the cell cycle exhibited a reduced repopulating activity and increased myeloid lineage bias
[42]. These observations are in line with the hypothesis that hematopoietic stem cells limit their
replicative potential and loose stem cell function with increasing number of divisions, as
described earlier in this chapter. An increased level of DNA breaks was observed in HSPCs
from older mice, with the highest frequency of DNA damage in more primitive cells [43].
Similarly, an increased exposure to oxidative stress leads to accumulation of mitochondrial
DNA damage, which affects mitochondrial function. This process drives premature aging of
stem cells, independent of physiological aging mechanisms [44]. In contrast, progenitor cells
have generally a higher turn-over rate than quiescent HSCs, therefore exhibit a higher baseline
level of DNA damage, and have more efficient repair mechanisms. As a result, progenitors do

not show a decreased functionality in response to physiological stress or increased age [42].

A consequence of these altered stem cell functions might be clonal skewing in hematopoiesis.
It has been reported that especially in older mice a few dominant clones with myeloid
differentiation bias are selectively expanded. In these studies the cell clones exhibited a higher
self-renewal capacity than unbiased (or “balanced”) HSPCs [38, 45]. In humans a similar
phenomenon has been described. The earliest reports of expansion of distinct clones was
demonstrated in elderly women with skewed X-inactivation patterns in blood cells [46].
Somatic mutations have been identified in blood cells of older women without hematologic
malignancies [47], healthy HSPCs [48], or non-leukemic cells from patients suffering from
acute myeloid leukemia (AML) [49]. HSPCs affected by these somatic mutations might gain
an advantage, leading to preferential expansion of this clone, an effect that is mainly seen in the
aging hematopoietic system. Large sequencing studies have identified mutations in multiple
genes in blood cells of elderly individuals suffering from non-hematologic diseases [50, 51] or
in blood cells of healthy elderly individuals [51, 52]. Interestingly, the identified mutations were
found in the same set of genes (i.e., DNMT3A, TET2, ASXL1, JAK2, PPM1D, and SF3B1) in
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different cohorts of elderly individuals without a hematologic malignancy. In 2015, the term
clonal hematopoiesis of indeterminate potential (CHIP) was introduced to describe individuals
that do not have a hematologic disorder, but carry a detectable somatic mutation in cells of the
blood or bone marrow in hematologic malignancy-associated genes [53]. Our group
demonstrated that CHIP-associated mutations are found in the stem cell compartment in very
primitive progenitors and led to preferential expansion of myeloid cells [54]. Random
mutations occur regularly in HSPCs with 0.07-0.86 mutations/year, estimated by the replication
fidelity of HSPCs [48]. The incidence of CHIP-associated mutations increases with age [48, 51,
52], suggesting that the already described changes in the aging hematopoietic system make cells
more susceptible to mutation acquisition, for example by increased cell divisions. The selective
advantage conferred by somatic mutations might be more pronounced in elderly individuals,
leading to increased expansion and therefore detection of the clone in the peripheral blood. In
the aging hematopoietic system, the incidence of somatic mutations is increased, leading to a

higher risk of developing hematologic malignancies when cooperating mutations arise.
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1.2  The Onset of Hematologic Malignancies

1.2.1 Preleukemia and Leukemia Stem Cells
Dysregulation of stem cell functions might be a cause for onset of hematologic malignancies.
It has often been demonstrated that cancers arise in a clonal fashion, with certain mutations
leading to an evolutionary advantage of the cell ([55], reviewed in [56]). It has been reasoned
that in the hematopoietic system the heterogeneous HSC compartment might be a target of
tumorigenic events since HSCs already have a high self-renewal potential and might therefore
need fewer transforming events. With their self-renewal capacity, HSCs also have the
advantage of a longer life span and therefore higher chance to accumulate more somatic
mutations [57]. Chromosomal abnormalities have been found in phenotypically normal
primitive HSCs in patients in long-term remission, indicating that these events are present early
on in the stem cell compartment and can expand with the clone when more mutations are
acquired [58, 59]. In sequencing studies, HSC populations that carried only a subset of
mutations of the leukemic cell population were identified in AML patients [60]. These
preleukemic HSCs have been shown to regenerate all blood lineages and have an advantage
over “normal” HSCs leading to clonal expansion [49]. Preleukemic cells are able to survive
chemotherapy and persist during remission. Many studies reported genes in epigenetic
regulators (i.e., DNA methylation and chromatin remodeling) as being involved in the
preleukemic state [61]. Based on these observations, leukemogenesis is described as a stepwise
process with an initiating event occurring in HSPCs that might already carry hundreds of
random background mutations. An initiating event confers advantage to the cell, leading to an
expansion of this cell clone carrying background mutations. Over time more mutations are
acquired, including driver mutations that lead to the transformation of this clone. In AML cases
with unknown drivers, mutations in DNMT3A and IDH1 have been identified as initiating
events and these mutations might cooperate in the initiation process [48]. In the same study,
several mutations were found in AML with known drivers as wells as in cases with unknown
drivers, indicating that these mutations cooperate with the initiating events in transforming the
clone (e.g., internal tandem duplication of FLT3, FLT3-ITD). Similar observations have been
made in other sequencing studies: mutations in epigenetic regulators (e.g., DNMT3A, IDH2)
occur before mutations in FLT3, confirming the stepwise process of leukemogenesis [49].
Preleukemic cells have been described as functionally normal but are more likely to transform
into leukemia. The identification of preleukemic events has substantially added to the

understanding of leukemogenesis, which is essential to identify possible treatment regimens.
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1.2.2 Acute Myeloid Leukemia
Leukemia arises from HSCs with acquired or inherited genetic abnormalities. The Robert-Koch
Institut reported just over 6,000 leukemia cases in women and 7,900 leukemia cases in men in
Germany in the year 2016, leading to an age standardized incidence rate of 8.6 in women and
13.5 in men per 100,000 inhabitants [62]. The median age at diagnosis was 74 for women and
71 for men, with 4% of patients being under 15. In children and young adults, the incidence of
leukemia decreases with increasing age. Over the age of 30 the relative risk of leukemia onset

increases with higher incidence in men (Figure 1.2).
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Figure 1.2 Age-specific leukemia incidence rate per sex. Incidence for 2015-2016 in Germany are shown. The
graph was modified from The German Centre for Cancer Registry Data at the Robert-Koch-Institut [62].
Especially acute lymphocytic leukemia (ALL) has a higher incidence in children and decreases
with age, whereas AML incidence drastically increases in elderly people [63]. In men 39% of
newly diagnosed leukemia was chronic lymphocytic leukemia (CLL), 22% AML, 9% chronic
myeloid leukemia (CML), and 6% ALL. In women the numbers were comparable, with slightly
more AML and less CLL cases. The 5-year survival rate was around 57% for all leukemia
subtypes in men and women. The highest 5-year survival rate had female CML patients with
86% and male CLL patients with 83%. The lowest 5-year survival rate was found in AML
patients with 21% for both sexes in the overall population [62]. In AML patients between 65-
74 years of age the 5-year survival rate is just above 16% and in patients older than 75 years
below 5% [63].
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AML is characterized by impaired hematopoiesis and bone marrow failure as a result of clonal,
abnormally differentiated, and proliferative hematopoietic cells, especially myeloid cells [64].
Most patients show symptoms of bone marrow failure, like anemia and thrombocytopenia, but
also fatigue, anorexia, and weight loss [65]. AML diagnosis is based on the identification of
blasts (=20%) in the bone marrow or peripheral blood by morphologic evaluation as well as
flow cytometry of surface markers. Additional molecular and cytogenetic analysis is used to
determine the subtype of AML, which is essential for evaluation of prognosis and treatment
regimen [66]. Based on the world health organization classification from 2016 of AML and
related neoplasms, AML is classified into AML with recurrent genetic abnormalities with many
more subgroups based on translocations or cytogenetic aberrations, AML with myelodysplasia-
related features, therapy-related myeloid neoplasms, AML not otherwise specified (AML,

NOS), as well as myeloid sarcoma, and myeloid proliferations related to down syndrome [67].

Prognostic factors that explain variations in treatment outcome are patient-specific
demographic as well as clinical parameters, like age, general health, performance status, and
comorbidities. In older patients the outcome is generally poorer, partly due to age-specific
mutations that increase resistance to chemotherapy [68]. More importantly, genetic
abnormalities have been identified to predict disease outcome [69, 70]. AML patients are often
mutated in FLT3 (either an internal tandem duplication, ITD, or tyrosine kinase domain
mutation, TKD, 28% of patients), KRAS and NRAS (12%), TP53 (8%), or KIT (4%). Mutations
in these genes are usually associated with active proliferation. As described above, these
mutations often occur in combination with other initiating mutations that are associated with
impaired hematopoiesis and differentiation (for example in NPM1, CEBPA, but also epigenetic
regulators) [71]. AML patients are grouped into three risk groups (favorable, intermediate, and
adverse) to predict treatment outcome based on cytogenetic and molecular alterations (Table
1.1). Poor prognosis is also marked by mutations in RUNX1 or ASXL1, but only if they do not
co-occur with favorable prognostic markers. Both mutations are associated with older age [69].
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Table 1.1 Classification of AML based on cytogenetic and molecular abnormalities. Prognostic risk groups
are listed as reviewed by De Kourchkovsky and Abdul-Hay 2016 [65] and D&hner et al. 2017 [68] CN-AML.:
cytogenetically normal AML. *without FLT3-1TD or FLT3-ITD'¥ (allelic ratio <0.5)

Prognostic-risk group Cytogenetic profile and molecular abnormalities
Favorable t(8;21)(q22;922.1) without KIT™
inv(16)(p13.1922)
t(15;17)(922;q12)
CN-AML: NPM1™t without FLT3-ITD *
CN-AML.: biallelic CEBPAM!
Intermediate t(8;21)(922;922) with KITmut
CN-AML: NPM1™t with FLT3-ITD""
CN-AML: NPM1WT without FLT3-ITD *
1(9;11)(p21.3;023.3)

Cytogenetic abnormalities (not included in other groups)

Adverse TP53™ regardless of cytogenetic profile
CN with FLT3-ITDhigh
CN with DNMT3A™M
CN with KMT2A-PTD
inv(3)(q21926.2)
1(6;9)(p23;934.1)
11q abnormalities other than t(9;11)
=5 or del(5q)
=7
Complex karyotype

The first phase of therapy is generally induction therapy with the purpose to achieve
morphologic complete remission with reduction of blasts to an undetectable level. Intensive
induction chemotherapy is based on treatment with anthracycline and cytarabine [66]. Complete
remission is achieved in 60-85% of younger adults and 40-60% of patients older than 60 years
[64]. Consolidation therapy serves the purpose to prevent early relapse by controlling minimal
residual disease. Either consolidation therapy is managed by chemotherapy (intermediate dose
cytarabine) or allogeneic hematopoietic stem cell transplantation. The latter is particularly
recommended in patients who are unlikely to have extended complete remission [68]. Changes
in treatment regimens are tested continuously but will not be elucidated further in this short
overview. Targeted therapy has been shown effective for distinct AML subgroups. For example
the multitarget kinase inhibitor midostaurin has been approved for FLT3-mutated AML in
combination with regular induction and consolidation treatment regimens [72] with

improvement of event-free and overall survival [73]. FLT3-mutated AML has a poor prognosis
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and is associated with high relapse rates [74, 75]. Characterization of AML patient groups with
distinct features will lead to a better understanding of patient treatment outcomes and identify
possible targets for future personalized therapies.

1.2.3 Core Binding Factor Acute Myeloid Leukemia
Core binding factor acute myeloid leukemia is a common name for a subgroup of AML with
cytogenetic aberrations, namely t(8;21)(g22;922) and inv(16)(p13g22)/t(16;16)(p13;q22). The
translocations lead to the formation of fusion genes RUNX1-RUNX1T1 [76] and CBFB-MYH11
[77], respectively. The core binding factor is comprised of 3 o subunits (termed Runt related
transcription factor 1-3, RUNX1-3), which binds a distinct DNA motif, and one § subunit (core-
binding factor P, CBFB), which stabilizes the interaction with DNA [78]. In normal
hematopoiesis RUNX1 and CBFB are involved in regulation of early and definitive
hematopoiesis [79]. The fusion of the Runt domain of RUNX1 (on chromosome 21) and
RUNXT1 (formerly known as ETO, on chromosome 8, Figure 1.3) result in a protein that acts
as dominant negative inhibitor of RUNX1- and CBF-mediated transcription leading to impaired

hematopoietic development and differentiation [80].

RUNX1 ]
t(8;21)
RUNX1T-RUNX1T1 [ IR ey
RUNX1
RUNX1T1

Figure 1.3 Domains of RUNX1 and the fusion product RUNX1-RUNX1T1. The upper schematic represents
the wild type RUNX1 protein. The lower schematic depicts the fusion product RUNX1-RUNXI1T1 with the
translocation site (indicated by a black arrow). Blue: Runtl DNA-binding domain. Orange: RUNX1T1 protein
with its Zinc finger domain (dark grey).

This deregulation is not sufficient to induce leukemia but might serve as an initiating event that
primes cells for leukemic transformation. RUNX1-RUNX1T1 has been found in patients before
the clinical onset of AML, as well as in patients in clinical remission [59], supporting this
hypothesis. Accompanying mutations are therefore the actual drivers of leukemia. Patients with
AML t(8;21) are grouped into the favorable risk group with low primary drug resistance and
high remission rates (~95%) as well as 5-year survival (over 50%) [81]. Nevertheless, the

relapse rates remain high and survival after relapse is low [82].
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1.3  Epigenetic Regulation

1.3.1 Epigenetic Regulation in the Hematopoietic System
Epigenetic regulation is crucial in developmental as well as adult hematopoiesis. Since many
genes involved in hematologic malignancies or preleukemic conditions are epigenetic
regulators, this chapter will elucidate the importance of epigenetic regulation in the
hematopoietic system in more detail. As described in the beginning, environmental cues are
translated into intrinsic signaling networks, which in turn control transcription factors and the
epigenetic state in the cell. Expression of genes is regulated via chromatin accessibility and it
has been demonstrated that DNA methylation factors and chromatin modifiers are essential for

unperturbed hematopoiesis.

Chromatin is organized in nucleosomes, consisting of DNA and histone octamers.
Posttranslational modifications at N-terminal tails of histones lead to conformation changes of
DNA and changing accessibility of regulatory and genetic regions [83]. Histone modification
generally involves acetylation, methylation, phosphorylation, ADP-ribosylation, sumoylation,
and ubiquitination. While acetylation of lysine residues is associated with active transcription
and deacetylation with gene repression, histone methylation is more complex depending on the
residue and the number of methyl groups transferred. Histone modification is tightly linked
with the methylation status of the DNA. In mammalian cells, DNA methyltransferases catalyze
the addition of a methyl group to the fifth carbon of the cytidine ring, primarily within CpG
dinucleotides. CpG dinucleotides are specifically enriched (compared to their distribution over
the rest of the genome) in regulatory regions of genes, for example promotor regions. These
enriched segments are called CpG islands [84]. DNA methyltransferase (DNMT) 1 is essential
for maintaining methylation marks after cell division and targets hemimethylated DNA.
Unmethylated DNA is targeted by DNMT3A and DNMT3B which are de novo DNA
methyltransferases [85, 86]. CpG islands in regulatory regions are mostly unmethylated. During
development, hematopoiesis, and hematopoietic differentiation, the methylation status of
regulatory regions is modified. Methylated DNA is in turn a target for proteins with methyl-
CpG-binding domains. These proteins are then responsible for the recruitment of histone
methyltransferases (HMT) and histone deacetylases (HDAC). By applying specific marks at
amino acid residues of histones, the chromatin gets a more compact conformation, and gene
expression is repressed. Conversely, unmethylated DNA is associated with an open chromatin
conformation and expression of genes. Active DNA demethylation plays an important role in

the switch from hematopoietic stem cell maintenance to proliferation and differentiation, as
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well as direct lineage specification. Ten-eleven translocation (TET) family of proteins have
been identified to catalyze the demethylation of 5-methylcytosine (5mC) [87, 88]. Generally,
epigenetic regulation is important for balancing self-renewal and differentiation. DNA
methylation prevents premature differentiation. Members of polycomb repressive complexes,
like BMI1 (B lymphoma Mo-MLYV insertion region 1 homolog), have been shown to be
essential for early hematopoietic development as well as for maintenance of HSC self-renewal
[89]. The maintenance methyltransferase DNMT1 prevents early myeloid differentiation,
which has been demonstrated in mice with Dnmtl knockout cells showing upregulation in
myeloid specific genes and increased myeloid cell output. In normal hematopoiesis, restriction
of myeloid differentiation seems to be essential to permit lymphoid lineage output [90]. DNA
methylation is dynamic, with increased methylation in promotor regions in stem cell specific
genes (e.g., HOXA9, HOXB5) and decreasing methylation in lineage specific genes in more

differentiated progenitor populations [91].

Mutations in epigenetic regulators have been found in various hematologic malignancies
(summarized in [92]), as well as in individuals without history of blood cancers (see chapter
1.1.3). It seems therefore highly likely (and has often been hypothesized) that mutations in these
regulators pay a role in the onset of leukemia. In the next chapter, the role of some genes most
effected in hematologic malignancies as well as CHIP will be reviewed in more detail.

1.3.2 Mutations in Epigenetic Regulators and Aberrant Hematopoiesis

1321 DNMT3A
DNMT3A is one of the two de novo methyltransferases identified in mammals [86]. Mutations
in DNMT3A are often found in hematopoietic cells and in association with hematologic
malignancies [93, 94], with the implication of being early events [49]. Encoded on chromosome
2p23, DNMT3A consists of 23 exons that are transcribed in different splice forms. DNMT3A1
is a full length transcript that has an alternative transcription start site, DNMT3AZ2 is an N-
terminal truncated isoform and expressed in embryonic stem cells [95]. The catalytic domain
with methyltransferase activity is located at the C-terminus, is dependent on binding to
S-adenosyl methionine, and transfers a methyl group at the C5 position of cytidine. The
regulatory regions consist of the DNA-binding PWWP-domain and the ADD domain, which is
responsible for interaction with histone tails (Figure 1.4). In homeostasis, DNMT3A acts as an
oligomer of either heterodimeric DNMT3A-DNMT3L or DNMT3A-homodimers. The

different domains of DNMT3A have been demonstrated to interact with various binding
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partners on protein, histone, and DNA level, to modulate its catalytic activity and influence
DNA methylation patterns [96].

With the help of knockout studies, it has been demonstrated that Dnmt3a” mice do not survive
longer than one month [86]. Conditional deletion of Dnmt3a has shown, that mouse HSCs shift
towards self-renewal and hinder differentiation, with preferential expansion of Dnmt3a
knockout HSCs over wild type HSCs. Dnmt3a-null HSCs have the same phenotype as wild
type HSCs and are able to generate all lineages, but the overall output of differentiated cells is
compromised [97]. Loss of Dnmt3a in mouse HSCs leads to loss of DNA methylation,
especially at genes regulating self-renewal, like Hoxa9 and Meisl. In more differentiated
Dnmt3a-null progenitors, these self-renewal and multipotency genes are not properly repressed,
leading to disturbed differentiation [97, 98]. Dnmt3a knockout (KO) HSCs are immortalized,
meaning they can be transplanted into mice and generate more HSCs, but are not capable of

producing differentiated progeny [99].

DNMT3A has first been found mutated in AML patients by targeted sequencing of tumor
samples in around 20% of patients investigated [100, 101]. The majority of DNMT3A mutations
are found in the catalytic domain affecting amino acid Arginine 822 (R882, Figure 1.4).

R882
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Figure 1.4 Mutations in DNMT3A. Lollipop plot depicting the mutations in DNMT3A found in the TCGA AML
cohort [71]. The data were accessed via cbioportal [102, 103]. PWWP: Proline-Tryptophan-Tryptophan-Proline
domain, ADD: ATRX-Dnmt3-Dnmt3L domain, aa: amino acid.

This specific mutation impairs the ability to form homodimers and decreases catalytic activity
[104]. It has been hypothesized that disruption of DNMT3A function results in diverse effects
depending on the differentiation state of the cell [105]. DNMT3A mutations have been found in
preleukemic HSCs in patients with AML at diagnosis, in remission, and relapse [49].
Preleukemic cells carrying DNMT3A mutations survive induction chemotherapy, are able to
reconstitute the bone marrow after therapy, and generate clonal mature populations [61]. In
individuals with CHIP, DNMT3A is most commonly affected and mutations are found in
various cells of the hematopoietic differentiation tree [54]. CHIP does not per se lead to the
onset of leukemia [51, 52], but increases the risk of hematologic malignancies, indicating that
clones carrying mutations for example in DNMT3A are more likely to transform if given enough

time.
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1322 TET2

The function of ten-eleven translocation (TET) enzymes was only discovered after it has been
found mutated in myeloid malignancies [106]. All three family members, TET1, TETZ2, and
TETS3, actively convert 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), and are
therefore DNA oxidases [87]. The process is Fe(ll) and a-ketoglutarate dependent. TET
proteins can catalyze the oxidation of 5mC to 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC) [107]. The formation of intermediate products such as 5ShmC can lead to active and
passive DNA demethylation. The latter follows replication when DNMT1 is not able to
recognize 5hmC and does not maintain the methylation mark at this specific cytosine residue
[108]. Active DNA demethylation is realized via DNA repair pathways. First, 5hmC is
converted to 5-hydroxymethyluracil (5hmU) by activation induced cytidine deaminase
(AID)/apolipoprotein B editing complex (APOBEC), then leading to base excision repair
(BER) pathway dependent conversion to unmethylated cytosine. Similarly, 5caC is converted
into unmethylated cytosine via BER. The enzymatic function of TETZ2 is localized between
amino acids (aa) 1129 and 1936 (of total 2002 aa) within cysteine rich regions and a double-
stranded B helix [109].

TET2 mutations have been identified in individuals with CHIP, although not as frequently as
DNMT3A mutations [50-52], as well as myelodysplastic syndrome (MDS)/myeloproliferative
neoplasms (MPN) [110, 111] and AML in 10-20% of the patients [112-114]. The mutation
status of TET2 can function as a prognostic marker, leading to poorer overall survival in
intermediate-risk AML [70, 114]. In myeloid cancers, mutations in TET2 have been connected
with impaired 5mC hydroxylation [115]. The role of TET2 mutations and especially functional
knockouts has been investigated intensively in mouse studies. In multipotent progenitors as
well as myeloid progenitors isolated from mice, Tet2 expression is high and silencing of Tet2
led to an increase in myeloid cell production [115]. Loss of Tet2 led to a disruption of
hematopoiesis with an upregulation of HSC self-renewal and expansion of the stem and
progenitor cell compartment [116-118]. Another study demonstrated that silencing of Aid led
to a similar effect, connecting impaired DNA demethylation with Tet2-knockdown phenotype
[119]. Nevertheless, it seems that TET2 mutations alone are not drivers of hematologic
malignancies and cooperating mutations have often been detected [69]. These observations
indicate that alterations in TET2 might play a similar role as DNMT3A mutations, increasing

the risk of leukemic transformation in the stem cell compartment.
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1323  ASXL1

Additional sex combs-like (ASXL) 1 is, in contrast to TET2 and DNMT3A, not involved in
DNA methylation and demethylation but functions as chromatin remodeler by interacting with
polycomb repressive complexes (PRC). The mammalian regulators are paralogs of Drosophila
melanogaster Additional sex combs (Asx), which regulates Hox gene expression [120]. The
human ASXL1 gene is located on chromosome 20q11 and encodes a protein consisting of three
functional domains. The ASXN domain forms the N-terminus and is essential for DNA-binding
of the protein. An ASX homology (ASXH) domain, also called deubiquitinase adaptor, is
located in the N-terminal region and binds deubiquitinase BRCA1 (breast cancer susceptibility
type 1 protein)-associated protein 1 (BAP1). A plant homeodomain (PHD) finger forms the C-
terminus and is essential for recognition of histone modifications [121].

ASXL1 has diverse roles in histone modification and chromatin remodeling. Disruption of
AsxI1 in mice led to impaired lymphopoiesis as well as myelopoiesis, but is not sufficient to
induce leukemia [122]. Other groups reported that heterozygous loss of Asxll led to
development of MDS/MPN-like conditions [123]. Deletion of AsxI1 in hematopoietic cells
resulted in a loss of the repressive trimethylation of lysine 27 on histone 3, for example in the
vicinity of the HoxA gene cluster. HoxA gene expression is in turn upregulated in Asxl1 mutated
cells, disrupting myelopoiesis [124]. A C-terminal truncating mutation of AsxI1 is associated
with clonal advantage of the cell, promoting leukemic transformation [125]. ASXL1 is often
mutated in MDS [126, 127], MPN [128], and AML [129, 130] and has also been found in
individuals with CHIP [51, 52]. In AML patients, ASXL1 is more often mutated in older patients
[131, 132], as well as in patients with t(8;21) [132]. The majority of ASXL1 mutations are
nonsense or frameshift mutations in the last exon (exon 12 in hg19, exon 13 in hg38). The C-
terminal truncation of ASXL1 has been investigated intensively in recent years. Some groups
demonstrated that mutant AsxI1 interfered with the catalytic activity of PRC2 [133], whereas
another group found that truncated AsxI1 led to development of myeloid malignancies in mice
[134]. Several groups demonstrated that knock-in of truncated AsxI1 in mice did not lead to
transformation but disrupts hematopoiesis by interfering with chromatin regulation of PRC 1/2
[135-137].
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2 Aim of the Thesis

In this thesis, the goal is to investigate the impact of mutations in DNMT3A, TET2, and ASXL1
on the hematopoietic stem and progenitor cell compartment. In mouse models, it has been
demonstrated that knockouts of either of the three genes (also termed DTA mutations), disrupt
normal hematopoiesis, lead to expansion of the stem cell pool, and favor skewed differentiation.
Studies on human cells have been carried out in xenograft mouse models or as retrospective
studies of cell expansion in elderly individuals or cancer patients.

In healthy, young hematopoietic stem and progenitor cells from umbilical cord blood, genetic
modifications will be introduced using CRISPR/Cas9 and the cells will be monitored in various
in vitro culture systems regarding altered phenotype, self-renewal properties, differentiation
capacities, and long-term culture initiating potential. The advantage of cord blood cells is the
low rate of DNA damage due to the young age and therefore few numbers of replications. The
cells have not been exposed to various environmental factors, making it possible to study the
unperturbed effects of the mutations themselves. To dissect if the mutations lead to clonal
expansion in in vitro settings, | will evaluate the introduced mutations and clonal composition
of the samples. In this thesis, the hypothesis that DTA mutations have a direct impact on the
human stem and progenitor cell compartment and lead to preferential expansion of the
investigated cells will be tested.

In a second, independent part of the project, | will investigate AML patients with t(8;21) to
dissect the mutational composition and disease progression retrospectively. Samples from the
time point of diagnosis will be screened for mutations using a targeted gene panel. For some
patients, samples from clinical remission will be re-sequenced to elucidate whether distinct
mutations are present after induction therapy. Here, I will investigate whether distinct clones
are able to survive chemotherapy and can be drivers of disease progression. Both parts will
elucidate the role of DTA mutations in the onset and development of diseases of hematopoietic
stem and progenitor cells, including myeloid malignancies in general and AML especially. By
characterizing the functional impact of these gene targets, disease monitoring can be improved,
and distinct therapy options evaluated.



Material and Methods

19

3 Material and Methods

3.1 Material

3.1.1 Equipment

Name Provider
2100 Bioanalyzer Instrument Agilent
4200 TapeStation System Agilent
Amaxa™ Nucleofector™ II Lonza

Alphalmager EC

BD FACSAria™ II SORP

BD FACSCanto™ II Cell Analyzer
Biological Safety Cabinet Class Il
Bioruptor Plus

Cell culture incubator

Centrifuge

Heating block/shaker
ImageQuant™ LAS 4000

Incucyte S3

KS 4000 i control (incubator shaker)
LUNA™ Auytomated Cell Counter

Microbiological incubator Heraeus function line

Microscope

MiSeq sequencer

MJ Mini PCR cycler

NanoDrop 1000 Spectrophotometer
Neon™ Transfection System
NextSeq 550 sequencer

Pipette controller

BioShake XP

Quantus™ Fluorometer

QX200 droplet generator

QX200 droplet reader

S3e sorter

StepOnePlus™ Real-Time PCR System
Vacusafe vacuum pump

Water bath

Alphalnnotech
BD Biosciences
BD Biosciences
Nuaire
Diagenode
Binder

various models
various models
GE Healthcare
Sartorius

IKA systems
Logos Biosystems
Thermo Scientific
various models
IHlumina®
Bio-Rad

Thermo Scientific
Invitrogen™
IHlumina®
various models
QInstruments
Promega

Bio-Rad

Bio-Rad

Bio-Rad

Applied Biosystems™

Integra

various models
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3.1.2 Consumables

Name

Supplier (Catalog No.)

8 Well PCR tube strips plus strips of 8 domed caps
96 Well Non-Skirted PCR Plate

Abgene™ 96 Well 0.8mL Polypropylene Deepwell
Storage Plate

Biosphere® Filter Tip 10 pl
Biosphere® Filter Tip 100 pl
Biosphere® Filter Tip 1000 pl
Biosphere® Filter Tip 20 pl
Biosphere® Filter Tip 200 pl
Combitips advanced® 0.1 ml
Combitips advanced® 0.2 ml
Combitips advanced® 0.5 ml
Combitips advanced® Biopur® 0.2 ml
Combitips advanced® Biopur® 1.0 ml
Combitips advanced® Biopur® 5.0 ml
Cord blood collection bag

CryoPure Tube 1.6ml white

Disposable needles Sterican® long bevel facet, 70 mm,
0.90 mm

Domed 8 well cap strips

Falcon® 1 mL Serological Pipet
Falcon® 10 mL Serological Pipet
Falcon® 100 pum Cell Strainer

Falcon® 12-well Clear Flat Bottom TC-treated
Multiwell Cell Culture Plate

Falcon® 15 mL High Clarity PP Centrifuge Tube
Falcon® 2 mL Serological Pipet

Falcon® 24-well Clear Flat Bottom TC-treated
Multiwell Cell Culture Plate

Falcon® 25 mL Serological Pipet

Falcon® 35 mm TC-treated Easy-Grip Style Cell Culture
Dish

Falcon® 40 um Cell Strainer
Falcon® 5 mL Round Bottom Polystyrene Test Tube

Falcon® 5 mL Round Bottom Polystyrene Test Tube,
with Cell Strainer Snap Cap

Falcon® 5 mL Serological Pipet
Falcon® 50 mL High Clarity PP Centrifuge Tube

4ti-0780
4ti-0750

ThermoFisher Scientific (AB0859)

Sarstedt (70.1130.210)
Sarstedt (70.760.212)
Sarstedt (70.762.211)
Sarstedt (70.760.213)
Sarstedt (70.760.211)
Eppendorf (0030089405)
Eppendorf (0030089413)
Eppendorf (0030089421)
Eppendorf (0030089626)
Eppendorf (0030089642)
Eppendorf (0030089677)

Macopharma (MSC1200PU)

Sarstedt (72.380)

Carl Roth (C722.1)

4ti-0752

Corning (357521)
Corning (357551)
Corning (352360)
Corning (353043)

Corning (352096)
Corning (357507)
Corning (353047)

Corning (357525)
Corning (353001)

Corning (352340)
Corning (352052)
Corning (352235)

Corning (357543)
Corning (352070)
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Falcon® 50 mL Serological Pipet

Falcon® 6-well Clear Flat Bottom TC-treated Multiwell
Cell Culture Plate

Falcon® 96-well Clear Flat Bottom TC-treated Culture
Microplate

Falcon® 96-well Clear Round Bottom TC-treated Cell
Culture Microplate

Folded filters ROTILABO® Type: 113P
Hypodermic needle 16G 1,60x40mm
Inoculation spreader

LUNA™ Cell Counting Slides

MACS LS Columns

MACS MS Columns

Micro tube 2.0ml

MicroAmp™ Fast Optical 96-Well Reaction Plate with
Barcode

MicroAmp™ Optical Adhesive Film
Neoprene gloves

Nitrocellulose membrane
Amersham™ Protran® Premium

Nunc EasYFlask 25¢cm?
Nunc EasYFlask 75cm?

Nunc™ 96-Well Polypropylene DeepWell™ Storage
Plates

Nylon membrane Amersham Hybond-N+
Petri dish 92x16mm

Reagent Reservoirs, 25 ml

SafeSeal tube 1.5ml

Spritzenfilter ROTILABO® PVDF, 0,22 um
TapeStation 4200 Loading Tips

Tube 13ml, 100x16mm, PP

Vasco® Nitril blue glove S

Vasco® Nitril white glove S

Corning (357550)
Corning (353046)

Corning (353072)

Corning (353077)

Carl Roth (CA10.1)

VWR (613-2032)

Sarstedt (86.1569.005)

Logos Biosystems (L12001)
Miltenyi Biotec (130-042-401)
Miltenyi Biotec (130-042-201)
Sarstedt (72.691)

Applied Biosystems (4346906)

Applied Biosystems (4311971)
VWR (112-0027)
GE Healthcare (10600003)

ThermoFisher Scientific (156340)
ThermoFisher Scientific (156499)
ThermoFisher Scientific (260251)

GE Healthcare (RPN203B)
Sarstedt (82.1472)

Carl Roth (EKT7.1)
Sarstedt (72.706)

Carl Roth (P666.1)
Agilent (5067-5599)
Sarstedt (62.515.006)

B. Braun (9209817)

B. Braun (9208410)
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3.1.3 Chemicals and Reagents

Reagent/Chemical

Supplier (Cat. No.)

2-Mercaptoethanol

2-Propanol

4',6-Diamidino-2-Phenylindole, Dilactate (DAPI)
Albumin Fraktion V

Amersham ECL Prime Western Blotting Detection
Reagent

Ammonium acetate

Ammonium peroxydisulfate (APS)
Ampicillin sodium salt

AMPure XP

BD FACSFlow™ Sheath Fluid

BD FACS™ (Clean Solution

BD FACS™ Rinse Solution

BD FACS™ Shutdown Solution

Biocoll separating solution

Bovine serum albumin, heat shock fraction
Collagen coating solution

Mini, EDTA-free Inhibitor

cOmplete™, Protease

Cocktail

ddPCR™ Droplet Generator Oil for Probes
ddPCR™ Supermix for Probes (No dUTP)
Dimethyl sulfoxide (DMSO)

DMEM

dNTP Set (100mM)

Ethanol Rotipuran 99.8% p.a.

Ethylene diamine tetraacetic acid (EDTA)
Fetal Bovine Serum

GelRed Nucleic Acid Gel Stain
GeneRuler 100 bp Plus DNA Ladder
Glycin Pufferan 99% p.A.

Glycerol Ultra Pure

Hydrocortisone

Hygromycin B (50mg/ml)

IMDM

LB-Agar (Luria/Miller)

LB-Medium (Luria/Miller)

MEM a, nucleosides

AppliChem (A1108)

Carl Roth (6752)
BioLegend (422801)

Carl Roth (8076)

GE Healthcare (RPN2232)

Fluka (9688)

Carl Roth (9592)

Carl Roth (HP62)
Beckman Coulter (A63881)
BD Bioscience (342003)
BD Bioscience (340345)
BD Bioscience (340346)
BD Bioscience (334224)
Merck (L6115)

Sigma Aldrich (A7906)
Sigma Aldrich (125-50)
Roche (4693159001)

Bio-Rad (186-3005)
Bio-Rad (186-3025)
Sigma Aldrich (41639)
Gibco™ (11960044)
Invitrogen™ (10297018)
Carl Roth (9065.2)

Carl Roth (8040.3)
Sigma Aldrich (F7524)
VWR (730-2957)
Thermo Scientific™ (SM0322)
Carl Roth (3908.3)
Invitrogen™ (15514-011)
Sigma-Aldrich (H0888)
Gibco™ (10687010)
Gibco™ (21980065)

Carl Roth (X969.1)

Carl Roth (X968.1)
Gibco™ (12571063)
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Methanol

MethoCult™ H4434 Classic
MethoCult™ H4435 Enriched
MyeloCult™ H5100
N,N,N’,N'-Tetramethylethylenediamine (TEMED)
Nuclease-Free Water

PBS, pH 7.2
Penicillin-Streptomycin (10,000 U/mL)
PhosSTOP

Ponceau S

Potassium acetate

Propidium iodide

Protein Marker VI

Proteinase K

Random Primers

Recombinant human Flt3-Ligand
Recombinant human IL-3
Recombinant human IL-6
Recombinant human SCF
Recombinant human TPO

RNase A Solution

Rotiphorese® 50x TAE Puffer
RPMI 1640 Medium

Sodium chloride

Sodium hydroxide

StemSpan™ SFEM 11

TRIS

Triton® X 100

Trypan Blue Solution
Trypsin-EDTA (0.05%), phenol red
Trypsin-EDTA (0.25%), phenol red
Trypsin-EDTA (0.5%)

UltraPure™ Agarose

Carl Roth (CP43.3)

STEMCELL Technologies (04434)
STEMCELL Technologies (04435)
STEMCELL Technologies (05150)
Carl Roth (2367.3)

Invitrogen™ (AM9937)

Gibco™ (20012068)

Gibco™ (15140122)
Sigma-Aldrich (4906845001)

Carl Roth (5938.1)

Sigma-Aldrich (P1190)
Sigma-Aldrich (P4864)
AppliChem (A8889)

Fisher Scientific (BP1700-100)
Invitrogen™ (48190011)
PeproTech (300-19)

PeproTech (200-03)

PeproTech (200-06)

PeproTech (300-07)

PeproTech (300-18)

Promega (A7973)

Carl Roth (CL86.1)

Gibco™ (21875034)

Carl Roth (3957.1)

Carl Roth (6771.2)

STEMCELL Technologies (09655)
Carl Roth (5429.2)

Carl Roth (3051.2)

VWR (K940)

Gibco™ (25300054)

Gibco™ (25200056)

Gibco™ (15400054)

Invitrogen™ (16500500)
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3.1.4 Kits and Enzymes

Kit

Supplier (Cat. No.)

Agilent DNA 1000 Kit

Agilent High Sensitivity DNA Kit

AllPrep DNA/RNA Mini Kit

BsmBlI

Cell Line Nucleofector™ Kit V

ddPCR™ KRAS G12/G13 Screening Kit

DNA Clean & Concentrator-5

HotStarTag DNA Polymerase

KAPA HiFi HotStart ReadyMix

Luna® Universal g°PCR Master Mix

Methylated DNA Standard Kit

MiSeq® Reagent Kit v2 300 cycles

M-MLV Reverse Transcriptase

NEB Next Multiplex Oligos For Illumina (96)
NEB Next Ultra DNA Library Prep Kit for [llumina
Neon™ Transfection 10 pl-Kit

NextSeq® 500/550 Mid Output Kit v2 (300 cycles)
NucleoBond Xtra Midi Plus Kit

NucleoSpin Tissue XS Kit

Pierce™ BCA™ Protein-Assay

PrimePCR™ ddPCR™ Mutation Assay: DNMT3A p.R882H, Human

PrimePCR™ ddPCR™ Mutation Assay: DNMT3A WT for p.R882H,
Human

PrimePCR™ ddPCR™ Mutation Assay: JAK2 p.V617F, Human
PrimePCR™ ddPCR™ Mutation Assay: JAK2 WT for p.V617F, Human
QIAmp DNA Mini Kit

QIAquick Gel Extraction Kit

QIAquick PCR Purification Kit

QuantiFluor® dsDNA System

QuantiFluor® RNA System

RNA Clean & Concentrator-5

RNase-free DNase Set

RNeasy Mini Kit

T7 endonuclease |

TapeStation D1000 ScreenTape System

TapeStation High Sensitivity D1000 ScreenTape System
TruSeq Custom Amplicon Kit (96 samples)

Agilent (5067-1504)

Agilent (5067-4626)

Qiagen (80204)

New England BioLabs® (R0580)
Lonza (VACA-1003)

Bio-Rad (863506)

Zymo Research (D4013)

Qiagen (203203)

Roche (KK2601)

New England BioLabs® (M3003)
Active Motif ® (55008)

Illumina (MS-102-2002)
Invitrogen™ (28025021)

New England BioLabs® (E7600S)
New England BioLabs® (E7370L)
Invitrogen™ (MPK1096)
Ilumina (FC-404-2003)
Macherey Nagel (740412.50)
Macherey Nagel (740901.50)
Thermo Scientific™ (23227)
Bio-Rad (dHsaCP2000089)
Bio-Rad (dHsaCP2000090)

Bio-Rad (dHsaCP2000061)
Bio-Rad (dHsaCP2000062)
Qiagen (51306)

Qiagen (28115)

Qiagen (28104)

Promega (E2670)

Promega (E3310)

Zymo Research (R1013)
Qiagen (79254)

Qiagen (74104)

New England BioLabs® (M0302L)
Agilent (5067-5582/5583/5586)
Agilent (5067-5584/5585/5587)
Illumina (FC-130-1001)
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3.1.5 Plasmids
Plasmid Supplier (No.)
pCas9_GFP gift from Kiran Musunuru (Addgene plasmid # 44719) [138]
pLKO5.sgRNA.EFS.tRFP gift from Benjamin Ebert (Addgene plasmid # 57823) [139]

3.1.6 Oligonucleotides

Table 3.1 PCR and sequencing primers. Primers were designed using Benchling [140] or Primer3plus [141].
The M13-tag was added to the sequence manually.

Name

Sequence

DNMT3A_ex14 M13 F
DNMT3A_ex14 M13 R
DNMT3A_ex6_M13 F
DNMT3A_ex6_M13 R
DNMT3A_ex23 _M13 F
DNMT3A_ex23 M13 R
DNMT3A ex4 F
DNMT3A_ex4 R
ASXL1 ex13 F

ASXL1 ex13 R

ASXL1 ex7_M13_F
ASXL1 ex7_M13_R
ASXL1 ex8_M13_F
ASXL1 ex8_M13_R
TET2_ex6_F
TET2_ex6_R
DNMT3A_ex23 T7E1 F
DNMT3A_ex23 T7E1 R
TET2 ex6 _T7E1 F
TET2_ex6_T7E1 R
pLKO_U6_SEQ_forw

tgtaaaacgacggccagtGCTGCTCTTTGGTTCTGTCC
caggaaacagctatgaccCAGGTGTGCTACCTGGAATGG
tgtaaaacgacggccagtTGTGGGAAGGAGAGGAAGTG
caggaaacagctatgaccGCTGAAGGAGCAGATGAACC
tgtaaaacgacggccagtGCACATGGTTGGTGATCTGA
caggaaacagctatgaccCGGAAGGGAGCTTGGTTTTGT
tgtaaaacgacggccagtAAACAGGCTAAGCCCACTGA
caggaaacagctatgaccCAGCCAAGTCCCTGACTCTCA
tgtaaaacgacggccagtGGTCAGATCACCCAGTCAGTT
caggaaacagctatgaccCAGCCCATCTGTGAGTCCAAC
tgtaaaacgacggccagtTTTGTGGCTCTGCAGTTGAC
caggaaacagctatgaccCCAGCAATACTGGGATGCTT
tgtaaaacgacggccagtGGTTCTAGTGCTGGGCTCTG
caggaaacagctatgaccAAAATAGAGGGCCACCCAAG
tgtaaaacgacggccagtGCTGCAAGTGACCCTTGTTT
caggaaacagctatgaccCCTTATCGCATGACTGCCAAA
GCACATGGTTGGTGATCTGA
GGAAGGGAGCTTGGTTTTGT
AAGAGGTCCATTCTAGTGCC
GCTGATCATTTAGCAGCAGT
TTTGCTGTACTTTCTATAGTG
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Table 3.2 quantitative real-time PCR primers. Primers were designed using PrimerQuest tool from Integrated

DNA technologies.

Name

Sequence

ASXL1_gPCR_F
ASXL1_gPCR_R
DNMT3A_gPCR_F
DNMT3A_gPCR_R
TET2_gPCR_F
TET2_gPCR_R
GAPDH_gPCR_F
GAPDH_gPCR_R

GGAGAAGGATGAAGGACAAACA
GTCATTGGAGCATCCGAGTAG
GCCCATTCGATCTGGTGATT
GGCGGTAGAACTCAAAGAAGAG
AGGTTTGGACAGAAGGGTAAAG
CGAACCACCCACTTAGCAATA
GAAGGTGAAGGTCGGAGTCA
AATGAAGGGGTCATTGAT

Table 3.3 Oligonucleotides for CRISPR/Cas9 sgRNA-vector cloning or RNP sgRNA in vitro transcription.
Single guide RNAs were designed using CCTop [142], CRISPRscan [143], and Benchling [140]. Additional bases
were added based on the prospective cloning sites for vector cloning or for in vitro transcription of the sgRNA
[144]. RNP: ribonucleoprotein

Name Delivery  Ordered Oligonucleotide

DNMT3A_T1_F Vector CACC-gCGTCTCCAACATGAGCCGCT
DNMT3A_T1 R Vector AAAC-AGCGGCTCATGTTGGAGACGC
DNMT3A_T3_F Vector CACC-gCTCGCCAAGCGGCTCATGT
DNMT3A_T3_R Vector AAAC-ACATGAGCCGCTTGGCGAGC
TET2_sg_F Vector CACC-ACGGCACGCTCACCAATCGC
TET2_sg_R Vector AAAC-GCGATTGGTGAGCGTGCCGT

DNMT3A_ex23 T1
DNMT3A_ex6_sg
DNMT3A_ex4_sg
DNMT3A_ex14 sg
ASXL1 ex8 sg
ASXL1 ex7_sg
ASXL1_ex13 sg
TET2_ex6_sg

RNP
RNP
RNP
RNP
RNP
RNP
RNP
RNP

taatacgactcactataGGTCTCCAACATGAGCCGCTgttttagagctagaaatagc
taatacgactcactataGGCTCGGCATGGGCCGCTGAGgttttagagctagaaatagc
taatacgactcactataGGAAAGCGGTGACACGCCAAgttttagagctagaaatagc
taatacgactcactataGGGTACCAGTACGACGACGAgttttagagctagaaatagc
taatacgactcactataGGCCACGCCGATGGCGAGAGgttttagagctagaaatagc
taatacgactcactataGGCCACGTGGAATCTGCAT Cgttttagagctagaaatagc
taatacgactcactataGGCACCACTGCCATCGGAGGgttttagagctagaaatage
taatacgactcactataGGCGGCACGCTCACCAATCGCqgttttagagctagaaatagc
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Table 3.4 Oligonucleotides for homology directed repair.

Name

Sequence

DNMT3A_HR

DNMT3A_anti-

sense

ASXL1_HR

DNMT3A T1_
PAMG5-35

DNMT3A T1
nonPAM65-35

ASXL1ex13_
PAM®65-35

ASXL1ex13
nonPAM 65-35

CTGGCCAGCACTCACCCTGCCCTCTCTGCCTTTTCTCCCCCAGGGTATTTGGTT
TCCCAGTCCACTATACTGACGTCTCCAACATGAGCCACTTGGCGAGGCAGAG
ACTGCTGGGCCGGTCATGGAGCGTGCCAGTCATCCGCCACCTCTTCGCTCCGC
TGAAGGAGTATTTTGCGTGTG

CACACGCAAAATACTCCTTCAGCGGAGCGAAGAGGTGGCGGATGACTGGCAC
GCTCCATGACCGGCCCAGCAGTCTCTGCCTCGCCAAGTGGCTCATGTTGGAGA
CGTCAGTATAGTGGACTGGGAAACCAAATACCCTGGAAGAGAAAAGGCAGA
GAGGGCAGGGTGAGTGCTGGCCAG

ACCCTCGCAGACATTAAAGCCCGTGCTCTGCAGGTCCGAGGGGCGAGAGGTC
ACCACTGCCATAGAGAGGCGGCCACCACTGCCATCGGATGGCCCGGGTGGAG
GTGGCGGCGGGGCCACCGATGAGGGAGGTGGCAGAGGCAGCAGCAGTGGTG

ATGGTGGTGAGGCCTGTGGCCACCC

CTGCCTTTTCTCCCCCAGGGTATTTGGTTTCCCAGTCCACTATACTGACGTCTC
CAACATGAGCCACCTTGCGAGGCAGAGACTGCTGGGCCGGTCATGGA

GAGCGAAGAGGTGGCGGATGACTGGCACGCTCCATGACCGGCCCAGCAGTCT
CTGCCTCGCAAGGTGGCTCATGTTGGAGACGTCAGTATAGTGGACTGGG

ACTGCCATAGAGAGGCGGCCACCACTGCCATCGGATGGCCCGGGTGGAGGTG
GCGGCGGGGCCACCGATGAGGGAGGTGGCAGAGGCAGCAGCAGTGGTG

CATCGGTGGCCCCGCCGCCACCTCCACCCGGGCCATCCGATGGCAGTGGTGG
CCGCCTCTCTATGGCAGTGGTGACCTCTCGCCCCTCGGACCTGCAGAG

3.1.7 Antibodies
Table 3.5 Flow cytometry antibodies.

Antibody Dilution Clone Supplier (No)
Anti-human CD14 APC 1:20 61D3 eBioscience (17-0149)
Anti-human CD14 Brilliant Violet 510 1:100 M5E2 BioLegend (301841)
Anti-human CD19 PE-Cy7 1:100 HIB19 BD Biosciences (560728)
Anti-human CD235a FITC 1:100 HI264 BioLegend (349104)
Anti-human CD3 APC 1:100 HIT3a BioLegend (300311)
Anti-human CD34 APC 1:10 581 BD Biosciences (555824)
Anti-human CD34 FITC 1:100 561 BiolLegend (343604)
Anti-human CD34 PE 1:50 581 BD Biosciences (555822)
Anti-human CD38 AlexaFluor 700 1:20 HIT2 BD Biosciences (560676)
Anti-human CD38 PE-Cy7 1:50 HIT2 BioLegend (303516)
Anti-human CD41 FITC 1:100 HIP8 BioLegend (303704)
Anti-human CD56 PE-Cy7 1:100 5.1H11 BioLegend (362510)
Anti-human CD66b Pacific Blue 1:60 G10F5 BioLegend (305112)
Anti-human CD90 PerCP-Cy5.5 1:20 5E10 BiolLegend (328118)

Anti-human FceRlo 1:20 AER-37 BioLegend (334610)
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Table 3.6 Protein or DNA immunoblotting antibodies.

Antibody Dilution Supplier (No)
5-Hydroxymethylcytosine (5ShmC) antibody (pAb) 1:10,000 Active Motif (39770)
5-Methylcytosine (5mC) (D3S2Z) Rabbit mAb 1:500 Cell Signaling Technologies (28692)
ASXL1 Antibody - middle region 1:1,000 Aviva (OAAB07377)
DNMT3A Antibody (C-12) 1:200 Santa Cruz (sc-365769)
TET2 Antibody (S-13) 1:200 Santa Cruz (sc-136926)
B-Actin Antibody (C-4) 1:1,000 Santa Cruz (sc-47778)
Swine Anti-Rabbit Immunoglobulins - HRP 1:1000 Agilent Dako
Goat Anti-Mouse Immunoglobulins - HRP 1:2000 Agilent Dako
3.1.8 Buffers and Media

Table 3.7 Buffer recipes.
Buffer Components
10x Red Cell Lysis Buffer 1.55 M NH4CI

Alkaline Lysis Buffer I

Alkaline Lysis Buffer Il

Alkaline Lysis Buffer 11l

10x PBS

10x TBS

10x Transfer Buffer

10x Electrophoresis Buffer

Ponceau Staining Solution

Stacking Gel Buffer
Resolving Gel Buffer

100 mM KHCO3
1 mM EDTA, pH 7.4

50 mM glucose
25 mM Tris-Cl (pH 8.0)
10 mM EDTA (pH8.0)

0.2 N NaOH
1% SDS

60 ml 5 M potassium acetate
11.5 ml glacial acetic acid
28.5 ml H,0

1.37 M NaCl

27 mM KCI

100 mM NazHPO,
18 mM KH2PO4

1.54 M NacCl
1.3 M Tris

2 M Glycin
250 mM Tris

2 M Glycin
250 mM Tris
35 mM SDS

2% Ponceau S
30% Trichloroacetic acid
30% Sulfosalicylic acid

0.5 M Tris-HCI, pH 6.8
2 M Tris-HCI, pH 8.0
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Table 3.8 Cell culture media recipes.

Medium Components

StemSpan Expansion Medium StemSpan SFEM 11
L-Glutamine (2 mM)
P/S (1 U)
SCF (100 ng/ul)
FLT3-L (100 ng/ul)
TPO (100 ng/ul)

Human Long-Term Culture Medium (HLTM) MyeloCult H5100
Hydrocortisone (1 uM)

MyeloCult Expansion Medium MyeloCult H5100
L-Glutamine (2 mM)
P/S (1 V)
SCF (100 ng/pl)
FLT3-L (100 ng/ul)
TPO (20 ng/ul)

StemSpan Liquid Culture Medium StemSpan SFEM 11
L-Glutamine (2 mM)
P/S(1U)
SCF (50 ng/pl)
FLT3-L (50 ng/pl)
TPO (20 ng/ul)
IL-6 (20 ng/ul)
IL-3 (20 ng/pl)

K-562 Culture Medium RPMI-1640
FBS (10%)
L-Glutamine (2 mM)
PIS(1U)

M2-10B4 Culture Medium RPMI-1640
FBS (10%)
L-Glutamine (2 mM)
P/S (1 U)

SI/SI Culture Medium DMEM
FBS (10%)
L-Glutamine (2 mM)
P/S (1 V)
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3.1.9 Software

Software

Use

Provider

Alphalmager

BD FACSDiva™ software
FlowJo v10

GraphPad Prism 6

ImageJ

ImageQuant® LAS 4000 v 1.3

Integrative genomics viewer v2.3.97

Mutation surveyor v.5.0.0
Nanodrop-1000 v3.7.1
IncuCyte® Software (v2019B)
QuantaSoft™ v1.7.4
Rv.3.4.0-4.0.2.

RStudio v0.99.903-1.2.5042
StepOnePlus™ Software v2.3

Gel imaging

Flow cytometry

Analysis of flow cytometry
Statistical testing

Blot quantification

Western and Dot blot detection
Visualization of genomic data
Mutation analysis

Nucleic acid quantification
Live cell analysis

ddPCR analysis

Statistics and graphics

IDE for R

gRT-PCR

Alphalnnotech

BD Biosciences
BD Biosciences
GraphPad Software
GE Healthcare
Broad Institute, UC
Softgenetics®
Thermo Scientific
Sartorius

Bio-Rad

Applied Biosystems™

*The table does not include web-based applications that were used for analysis as indicated in the methods section

(i.e., ICE, TIDE, BaseSpace sequence Hub)

3.1.10 Cell Lines

Cell Line Species  Type Modification Provider

K-562 Homo CML, lymphoblast ATCC (CRL-1972)
sapiens

M2-10B4 Mus Bone marrow Produce human cytokines ~ StemCell Technologies

(IL-3, G-CSF) musculus fibroblasts IL-3 and G-CSF [145] (00301)

Sl/SI Mus Bone marrow Produce human cytokines ~ StemCell Technologies

(IL-3, SCF)

musculus fibroblasts

IL-3 and SCF [145]

(00302)
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3.1.11 Primary Material and Patient Samples

3.1.11.1  Umbilical Cord Blood Collection
Cord blood of 11 donors was obtained in cooperation with the obstetrics clinic at Charité
Universitatsmedizin Berlin between March 2019 and May 2020. The anonymous sampling of
cord blood was approved by the Charité’s Ethics Committee (process number EA2/234/18).
The collection of umbilical cord blood was performed ex utero by an obstetrician or trained
midwife with an umbilical cord blood collection bag from Macopharma. The umbilical cord

blood sample was handled anonymously to respect the privacy of mother and child.

3.1.11.2 Patient Samples
We received DNA extracted from peripheral blood or bone marrow samples from 331 patients
(age between 15 and 84 years) with t(8;21) AML from collaborating institutions in Germany
(n=65), Netherlands (n=50), Taiwan (n=80), and United Kingdom (n=136). Written consent
was obtained in accordance with the declaration of Helsinki and ethical approval was obtained

from the local ethics committees of the cooperating institute.
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3.2 Methods

3.2.1 Cell Biological Methods

3.2.1.1  Culture and Maintenance of Cell Lines

Cell lines were cultivated in a humid atmosphere at 37 °C and 5% CO; in a cell culture
incubator. All cell lines were cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS), 100 U/ml Penicillin/Streptomycin (P/S), and 2 mM L-glutamine (Glut).
The suspension cell line K-562 was passaged twice a week by transferring the whole content
of the cell culture flask into a 15 ml centrifuge tube and centrifuging at 400x g for 5 min. The
supernatant was removed and the cell pellet resuspended in fresh culture medium. The required
fraction of the cell suspension was added to a fresh cell culture flask and medium was filled to
15 ml. Adherent cells were passaged once or twice a week, depending on the confluence. After
removing the cell culture medium from the flask, the cell surface was carefully rinsed with
phosphate buffered saline (PBS) and 0.05% Trypsin/EDTA was added onto the adherent cell
layer. After incubation at 37 °C, the cells were resuspended in fresh cell culture medium and a
fraction of the cell suspension was transferred into a new cell culture flask. Cell lines were
passaged for up to 3 months.

Upon the first passage, a fraction of the culture cells was cryopreserved by resuspending the
cells in cryo-preservation medium containing 50% culture medium, 40% FBS, and 10%
DMSO. The cell suspension was transferred into cryo-preservation tubes and stored in a
freezing container at -80 °C for 24 h. For long-term storage the cells were removed from the
freezing container and transferred into liquid nitrogen. Cells were thawed at 37 °C in a water
bath, carefully resuspended in pre-warmed culture medium, and centrifuged at 400x g for 5 min
to remove the remaining cryo-preservation medium containing DMSO.

Cell lines were regularly checked for mycoplasma contamination via polymerase chain reaction
(PCR) and the identity of the cell lines was confirmed (Human Cell Line Authentication

Services, Eurofins Genomics).

3.2.1.2 Preparation and Irradiation of Feeder Cell Lines
The feeder cell lines SI/Sl and M2-10B4 were obtained as a kind gift from colleagues (Prof. Dr.
Michael Heuser, Hannover Medical School, Germany). Both cell lines are engineered to
produce the human cytokines IL-3 (interleukin-3) and SCF or IL-3 and G-CSF (granulocyte-

colony stimulating factor), respectively [145, 146]. Every third passage the cells were selected
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by adding a defined concentration of selection antibiotics to the culture medium, as listed in
Table 3.9.

Table 3.9 Final concentration of selection antibiotics for feeder cell lines.

Cell line Geneticin (G418) [mg/ml] Hygromycin B [mg/ml]
M2-10B4 (IL-3, G-CSF) 0.4 0.06
SI/SI (IL-3, SCF) 0.8 0.125

Feeder cell lines were maintained as described above. For co-culture experiments, feeder cells
were mixed at a 1:1 ratio and seeded in collagen coated cell culture plates. Cells were seeded
at a density of approximately 2.5x10* cells/cm?. After letting the cells adhere, they were
irradiated with 80 Gy, using a y irradiation source, to inhibit proliferation. The irradiated feeder

cells were incubated for at least 24 h before adding primary test cell material.

3.2.1.3 Isolation of Mononuclear Cells from Umbilical Cord Blood by
Density Centrifugation

Cord Blood (CB) collection and handling procedures are described in section 3.1.11.1. The
freshly collected cord blood was filtered through a 40 um cell strainer, transferred into 50 ml
reaction tubes and diluted with 1 volume of PBS supplemented with 1 mM EDTA
(PBS/EDTA). To separate mononuclear cells, density centrifugation was performed. For this
purpose, 15 ml Biocoll density centrifugation separation solution was transferred into a 50 ml
reaction tube and overlaid with 30 ml of the diluted blood. After centrifugation at 760x g for
30 min, mononuclear cells (MNC) were collected from the interphase and transferred into a
fresh 50 ml reaction tube. The cells were washed by filling up the tube with PBS/EDTA and
centrifuging at 300x g for 15 min. The supernatant was removed and the cell pellet was
resuspended in 10-20 ml red cell lysis buffer (RCLB). Erythrocyte lysis was performed for
30 min at 4 °C. After incubation, the cells were washed twice by adding PBS/EDTA and
centrifuging at 400x g for 7 min. Cells were quantified by trypan blue exclusion between the

two washing steps.

3.2.1.4  Culture of Human Primary CD34" Cells from Umbilical Cord Blood
Primary mononuclear cells from umbilical cord blood were enriched by magnetic separation
using MACS (magnetic cell separation) CD34 MicroBead Kit UltraPure. Up to 108 cells were
resuspended in 300 pl PBS supplemented with 0.5% BSA and 2 mM EDTA (MACS buffer).
Afterwards 100 pl FcR Blocking Reagent and 100 ul CD34 MicroBeads UltraPure were added
to the cell suspension. After 30 min incubation at 4 °C, the cells were washed by adding 5 ml

MACS buffer and centrifuged at 300x g for 10 min. The supernatant was removed and up to
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108 cells were resuspended in 500 pl MACS buffer. Before applying the cell suspension, the
separation column was placed onto a magnetic stand and rinsed with 500 pl MACS buffer. The
cell suspension was then transferred onto the separation column and the flow-through
containing unlabeled cells was collected. The column was washed three times with 500 pl of
buffer. To elute the enriched cell population, the column was removed from the magnetic stand
and flushed with 1 ml buffer. Purified cells were immediately quantified by trypan blue
exclusion. Isolated CD34" cells were resuspended in StemSpan SFEM |1 medium supplemented
with 100 ng/ml human SCF, 100 ng/ml human FLT3-L (FMS-like tyrosine kinase 3 ligand),
and 100 ng/ml human thrombopoietin (TPO), at a concentration of approximately 2.5x10°
cells/ml at 37 °C, 5% CO, for 24 to 48 h.

3.2.1.5  Electroporation of K-562 Cell Line and Primary CD34" Cells

Amaxa Nucleofection

K-562 cells were seeded at 2x10° cells/ml 2 days before electroporation. Before electroporation
12-well plates were filled with 1.5 ml culture medium per well and pre-incubated at 37 °C in
the incubator. Per reaction 1x10° cells were centrifuged at 200x g for 10 min. The supplement
was added to the Cell Line Nucleofector® solution V according to the manufacturer’s
instructions. Per reaction 100 pl of Nucleofector® solution was pre-mixed with 2-5 pg plasmid
DNA. After centrifugation, the supernatant was removed, the cell pellet resuspended in 100 pl
pre-mixed Nucleofector® solution and directly transferred into the electroporation cuvette.
K-562 cells were electroporated with the program T-016. After electroporation 500 pl of pre-
warmed culture medium was added to the cuvette and the cell suspension transferred to the pre-
warmed 12-well plates.

For transfection of primary cells from cord blood, either frozen mononuclear cells were thawed,
cultured for up to 7 days, and then subjected to electroporation, or enriched CD34" cells were
expanded for 2 days prior to electroporation. For nucleofection of primary cells approximately
5x10° cells were used per condition and treated as described above. The cells were resuspended
in Human CD34" Cell Nucleofector® Solution and electroporated with program U-008. After
electroporation 500 pl of pre-warmed culture medium was added to the cuvette and the cell

suspension transferred to the pre-warmed 12-well plates.
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Neon transfection

Before electroporation, a 24-well plate was filled with 500 pl antibiotic free culture medium
per well and placed at 37 °C. Cells were counted by trypan blue exclusion. For each
electroporation reaction 1x10° viable cells were collected. Electroporation was always
performed in duplicates for each target. Cells were washed twice with PBS, centrifuging at
400x g for 5min and removing the supernatant. The cells were resuspended in 10 pl
electroporation buffer per reaction. For K-562 electroporation buffer R was used, for primary
cells electroporation buffer T. For each electroporation reaction either 1 pg of plasmid DNA or
up to 1 pl of Cas9-sgRNA ribonucleoprotein (RNP) was transferred into a reaction tube. To
each tube 10 pl of cell suspension was added and mixed. After setting up the NEON device
according to the manufacturer’s instructions, cells were electroporated using 10 pul NEON tips
with the established electroporation conditions listed in Table 3.10. After the electric pulse,

cells were directly pipetted into the pre-warmed culture plate.

Table 3.10 NEON electroporation conditions for different cells. CB: cord blood

K-562 CB CD34" cells
Voltage [V] 1450 1600
Pulse duration [ms] 10 10
No. of pulses 3 3

The target cells were electroporated with Cas9-sgRNA-ribonuleoprotein. For generating
knockouts via non-homologous end joining (NHEJ), 3 pmol recombinant Cas9 nuclease (0.5
pg) were mixed with 30 pmol guide RNA (molar ratio 1:10) per replicate and incubated for 30
min at room temperature. For homology directed repair (HDR)-mediated specific modification,
Cas9 and sgRNA were mixed in a molar ratio of 1:5 (3 pmol Cas9 and 15 pmol sgRNA) and
incubated for 30 min at room temperature. Directly before electroporation 12.5 pmol of the
HDR-template was added to the reaction. Cells were electroporated as described above and
cultured in the respective culture medium without antibiotics before setting up down-stream

experiments.

3.2.1.6  Colony Forming Assay
Colony Forming assays were carried out in Methylcellulose based medium supplemented with
cytokines (MethoCult® H4434 classic or MethoCult® H4435 enriched). Transfected cells were
resuspended in IMDM supplemented with 2% FBS at a final concentration of 1x10* cells/ml.
For duplicate assays 250 ul of the cell suspension was added to 2.5 ml MethoCult® medium

and mixed thoroughly. Two 35 mm cell culture dishes were placed into a 100 mm petri dish
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and 1 ml cell suspension was dispensed into each 35 mm cell culture dish. To assure optimal
humidity, a third 35 mm culture dish was placed into the 100 mm petri dish and filled with
2.5 ml sterile H20. The cultures were incubated at 37 °C in a cell culture incubator for 10-14 d.
Colonies were enumerated based on their morphology and categorized into burst-forming unit
erythroid (BFU-E), colony-forming unit erythroid (CFU-E), colony-forming unit granulocyte,
macrophage (CFU-GM), and colony-forming unit granulocyte, erythrocyte, macrophage,
megakaryocyte (CFU-GEMM).

To assess serial replating capacity, quantified cultures were resuspended in IMDM/2%FBS,
washed two times, and cells were quantified by trypan blue exclusion. Depending on the cell
concentration and viability, 1,000-2,500 cells were again plated in MethoCult®, as described
above. The process was repeated up to 4 times, or until no colonies were detected.

3.2.1.7  Long-term Culture-Initiating Cell Assay
For long-term culture-initiating cell (LTC-IC) assays test cells were seeded on irradiated feeder
cells (see 3.2.1.2). LTC-IC assay was carried out in 24-well format with approximately 2.5x10*
M2-10B4:SI/SI feeder cells seeded for irradiation. Medium was removed from the wells and
250-1,000 test cells were seeded in 500 pl MyeloCult™ H5100 supplemented with 1 pM
hydrocortisone (human long-term culture medium, HLTM). The cells were cultured for up to 9
weeks at 37 °C in a humidified incubator. Cultures were maintained by gently rotating the plate,
removing half of the medium, and replacing it with freshly prepared HLTM once a week.
After up to 9 weeks of culture the number of colony-forming cells was enumerated via colony
forming assay. All adherent and non-adherent cells were harvested from the well and washed
twice with IMDM/2%FBS. Cells were counted by trypan blue exclusion and approximately
2x10* cells were seeded into MethoCult H4435 as described above.

3.2.1.8  Live Cell Proliferation Assay
To determine cell proliferation, 4x10° transfected cells were seeded in 96-well flat-bottom
plates in 200 pl Stem Cell liquid medium (n=4 per transfection replicate). Cells were cultured
and monitored in the IncuCyte Live-Cell Analysis Systems (Sartorius) for 7 to 14 days. Cell
density was measured every 2 hours using HD phase imaging. The first picture was taken
30 min after the cells were put inside the IncuCyte to allow them to settle on the bottom of the
well. To reduce evaporation, border wells were filled with 200 pl PBS. Confluence data were

analyzed using the IncuCyte software and normalized to correct for seeding densities.



Material and Methods 37

3.2.1.9  Flow Cytometry Analysis of Cell Cycle
For flow cytometry analysis of the cell cycle, cells were harvested in 1.5-ml micro centrifuge
tubes and washed once with cold PBS. After centrifugation at 400x g for 5 min, the supernatant
was removed carefully, and the pellet was resuspended in 300 pl cold PBS. While mixing
gently, 700 pl ice-cold ethanol (100%) was added dropwise to the cell suspension. After fixing
for 30 min at 4 °C, cells were either subjected to staining or stored for up to 8 weeks at -20 °C.
To visualize mitotic cells, an antibody against phosphorylated histone H3 was used. Cells were
centrifuged at 1,000x g for 3 min and the supernatant was removed. After washing the cells
once with PBS containing 0.5% Triton-X-100 and 1% BSA, 50 pl of the same solution
containing primary antibody targeting phosphorylated histone H3 (1:1600, from goat) was
added. The suspension was incubated at room temperature for 1 h in the dark. After incubation,
the cells were washed once with PBS/Triton-X-100/BSA, resuspended in 50 pl secondary
antibody solution (Alexa-Fluor 488 conjugated anti-goat antibody, 1:500), and incubated for
1 h at room temperature in the dark. The cells were washed once and resuspended in PBS
containing propidium iodide (PI) and RNase A. After incubating for 30 min, cells were acquired
on a BD FACS Canto Il flow cytometer. Analysis and gating of cell populations was performed

in FlowJo v10.

3.2.1.10 Flow Cytometry Analysis of Cell Surface Markers
To determine expression of cell surface markers via flow cytometry, cells were harvested in
1.5-ml microcentrifuge tubes and washed twice with PBS containing 0.5% BSA. While
centrifuging at 400x g for 5 min, antibody staining solution was prepared. The fluorescence
conjugated antibodies were diluted in PBS/0.5% BSA as indicated in Table 3.5. To avoid
unspecific binding of antibodies, FCR blocking reagent was added to the antibody mix. After
centrifugation, the supernatant was removed as completely as possible without disturbing the
cell pellet, and the cells were resuspended in 10 pl antibody solution. Depending on the timing
of the experiment, the cells were incubated for 15 min at room temperature or 1 h at 4 °C. After
incubation, the cell suspension was centrifuged, the supernatant removed, and the cells washed
once in PBS/0.5% BSA. For analysis, the cells were resuspended in at least 200 pl PBS/0.5%
BSA and transferred into 5 ml round bottom test tubes. Cells were acquired on a BD FACS
Canto Il flow cytometer. Analysis and gating of cell populations was performed in FlowJo v10.
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3.2.2 Microbiological Methods

3.2.2.1  Reconstitution of Plasmid Stocks from Supplier
Plasmids were obtained from Addgene as stab cultures. With the help of a pipette tip, bacteria
were streaked onto a Luria Broth (LB) agar plate containing ampicillin to obtain single colonies.
After incubation overnight at 37 °C, single colonies were picked and transferred into LB
medium containing ampicillin for overnight culture. To check the sequence of the plasmid,
isolated colonies were cultured in 2 ml LB medium overnight. For generating plasmid stocks,

100-200 ml of LB medium with ampicillin were inoculated with isolated colonies.

3.2.2.2 Isolation of Plasmid DNA from E. coli

To obtain plasmid DNA for Sanger sequencing, alkaline lysis with SDS (sodium dodecyl
sulfate) was performed (Minipreps). After overnight incubation, 1.5 ml of the 2 ml culture was
poured into a 1.5 ml microcentrifuge tube and centrifuged at maximum speed for 1 min. The
remaining 500 ul of the culture were stored at 4 °C. After centrifugation, the medium was
aspirated, and the pellet resuspended in 100 ul of ice-cold alkaline lysis solution I. Alkaline
lysis solution 11 (200 ul) was added to the suspension and mixed by inverting the tube at least
5 times before storing the tube on ice. Before incubating the solution for 5 min on ice, 200 pl
of alkaline lysis solution Il was added and the contents mixed by inverting the tube. After
incubation, the lysate was centrifuged for 5 min at maximum speed and the supernatant
transferred into a fresh microcentrifuge tube. Plasmid DNA was recovered by adding 1 volume
of isopropanol. The properly mixed solution was incubated at room temperature for 2 min
before centrifugation at maximum speed for 5 min. After removing the supernatant, the pellet
was washed in 500 pl 70% ethanol, centrifuged, and dried by standing the tube in an inverted
position on a paper towel. The nucleic acids were dissolved in 50 pl TE buffer (10 mM Tris,
1 mM EDTA, pH 7.6).

After confirming the plasmids had the correct sequences, the rest of the bacterial suspension
was cultured in 100 ml LB medium with ampicillin for Midiprep. Isolation of plasmid DNA
was performed after incubation overnight at 37 °C with the NucleoBond Xtra Midi Plus Kit
from Macherey Nagel according to the manufacturer’s instruction. Before DNA isolation,
500 pl of the bacteria suspension was mixed with glycerol in a cryopreservation tube and stored
at -80 °C. The isolated plasmid DNA was stored at -20 °C.

3.2.2.3  Transformation of E. coli with Plasmid DNA
To amplify plasmid DNA, chemically competent E. coli DH5alpha or TOP10 were transformed

with plasmid DNA. The bacteria were thawed on ice and carefully flicked to mix the contents
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of the tube. Up to 1 ng of plasmid DNA or 10 pl ligation reaction were added to the bacteria
suspension and the contents of the tube were mixed by flicking the tube gently. The suspension
was incubated on ice for 30 min. Subsequently, a heat-shock was performed by incubating the
bacteria suspension for 90 s in a water bath at 42 °C. After cooling the suspension down on ice
for 3 min, 200 ul of LB medium was added and the reaction tubes placed in a shaker at 37 °C
for 1 h. Finally, 200 pl of the bacteria suspension was plated onto LB agar plates containing
ampicillin and incubated overnight at 37 °C. Single colonies were isolated the following day.
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3.2.3 Molecular Biological Methods

3.23.1 Isolation of Genomic DNA and RNA from Cultured Cells
After the appropriate culture time, cells were harvested, washed once with PBS and pelleted at
400x g for 5 min. The pellets were either stored at -20 °C until further use or directly subjected
to DNA or RNA isolation. DNA isolation was carried out using different methods, depending
on the downstream application and the number of cells that were collected as detailed below.
DNA isolation of samples containing between 1x10° and 5x10° cells was carried out using
Qiagen DNA Mini Kit. The cell pellet was resuspended in 200 pl PBS and 20 pl proteinase K
were added to the suspension. Cells were then lysed and DNA extracted according to the
manufacturer’s instructions. For samples containing less than 1x10° cells, NucleoSpin Tissue
XS Kit from Macherey Nagel was used according to the manufacturer’s instructions.
For DNA extraction by isopropanol precipitation, the cell pellet was resuspended in 200 pl
10 mM Tris-HCI containing 400 pg/ml proteinase K. The samples were mixed thoroughly and
incubated at 56 °C for at least 30 min. After incubation, the samples were spun down and one
volume isopropanol was added to the cell lysate. The samples were mixed thoroughly and
centrifuged for 5 min at maximum speed (17,000x g) in a tabletop centrifuge. The supernatant
was removed and the pellet was washed with 70% ethanol. After centrifuging again for 5 min
at maximum speed, the supernatant was discarded and the pellets were dried at room
temperature. The dried DNA pellet was dissolved in 50-100 pl TE buffer. For genotyping
experiments, a fast extraction protocol was used. Cells were transferred in 96-well PCR reaction
wells and centrifuged at 2,500xg for 15 min to remove the supernatant. The cells were washed
once in 10 mM Tris-HCI (pH 8.0)/proteinase K and afterwards resuspended in the same buffer.
Cells were lysed at 56 °C for 15 min, and proteinase K was deactivated by heating the reaction
to 95 °C for 15 min. The cells were centrifuged again and the supernatant was used for PCR
and genotyping experiments.
RNA isolation was performed using the RNeasy RNA isolation kit from Qiagen or Qiagen
AllPrep DNA/RNA Kit according to the manufacturer’s instructions.
DNA and RNA were quantified using a NanoDrop 1000 spectrophotometer or Quantus™
Fluorometer with the respective QuantiFluor® dsDNA or QuantiFluor® RNA System.
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3.2.3.2  PCR Amplification of Genomic DNA
Amplification of DNA regions by polymerase chain reaction (PCR) was generally performed
using HotStarTag DNA Polymerase.

Table 3.11 HotStar Tag DNA Polymerase reaction set-up for 25 ul reaction.

Component Volume
HotStar Tag polymerase 0.125 pl
10x PCR buffer 2.5 ul
dNTP mix (25 mM each) 0.2 ul
Forward primer (10 uM) 1pl
Reverse primer (10 uM) 1l
Genomic DNA 2-100 ng
H20 Ad 25 pl

Table 3.12 HotStar Tag DNA Polymerase PCR program.

Step Temperature Time Cycles
Initial denaturation 95°C 15 min

Denaturation 94 °C 20s

Annealing 50-65 °C 20s 30x
Extension 72 °C 1 min/kb

Final extension 72°C 7 min

Hold 15°C o0

Amplified PCR products were separated on 1-2% agarose gels in TAE buffer for 30-60 min at
115 V. Prior to loading the agarose gel, PCR products were mixed with 6x loading dye and 10x
GelRed. The agarose gels were imaged with UV light on an Alphalmager transilluminator.
After confirming the correct amplicon size on the agarose gel, PCR products were purified
using AMPure Beads XP or Qiagen PCR purification kit according to the manufacturer’s

instructions.

3.2.3.3  Digital Droplet PCR
Digital droplet polymerase chain reaction (ddPCR) was performed to detect and validate
specific gene mutations. For ddPCR, droplets are formed in a water-oil emulsion that separates
the DNA molecules. In each individual droplet a TagMan probe-based PCR amplification is
carried out. Two different fluorophores are used for mutant and wild type probes. By reading
the fluorescence in both channels of each droplet individually, the amount of target DNA
molecules can then be calculated. The final DNA input for ddPCR was generally 10-20 ng in
order to achieve a sensitivity of up to 0.5% variant allele frequency. The reaction was set up

according to the manufacturer’s instructions for each assay.
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Table 3.13 ddPCR reaction set-up for DNMT3A R882C and KRAS G12/G13 mutation screening.

Component Volume/amount
2x ddPCR Supermix for Probes (no dUTP) 10 i

20x multiplex primers/probes (FAM + HEX) 1 ul

Genomic DNA 10-20 ng

H.0 ad 20 pl

Table 3.14 ddPCR reaction set-up for DNMT3A R882H and JAK2 V617F mutation screening.

Component Volume/amount
2x ddPCR Supermix for Probes (no dUTP) 10 ul

20x target primer/probe (FAM) 1l

20x reference primer/probe (HEX) 1l

Genomic DNA 10-20 ng

H.O ad 20 pl

Digital droplet PCR experiments were always carried out with one positive control (mutated
DNA) and one negative control (wild type DNA) for each target. The reaction set-up was
prepared in PCR strips and mixed thoroughly. Subsequently, 20 pl of the reaction mix was
loaded into a DG8™ Cartridge followed by 70 pl droplet generation oil. Droplets were
generated in a QX200 droplet generator according to the manufacturer’s instructions. The
droplets were transferred into a clean 96-well plate and the plate was sealed. Following cycling
conditions were used to amplify the genomic DNA:

Table 3.15 Cycling conditions for ddPCR assays.

Step Temperature Time Ramp rate Cycles
Enzyme activation 95°C 10 min
Denaturation 94 °C 30s

. . . 2°Cls 40x
Annealing/extension 55°C 1 min
Enzyme deactivation 98 °C 10 min
Hold 4°C 0 1°Cls

After thermal cycling, the plate was placed in a QX200 Droplet reader for droplet
quantification. Data acquisition and analysis was performed using QuantaSoft™ analysis
software. The software calculates the DNA concentration in copies per pl. Variant allele
frequency can be calculated by dividing the droplet concentrations of target (FAM channel) and
reference (HEX channel).
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3.2.3.4  Reverse Transcription of mMRNA to cDNA
Synthesis of cDNA (complementary DNA) was performed prior to quantitative real-time
polymerase chain reaction (QRT-PCR) by reverse transcription of RNA using M-MLV reverse
transcriptase. The reaction was set up according to the manufacturer’s instructions with a
minimum of 10 ng RNA. RNA input was equalized for all samples in one experimental set-up
and brought to 10 pl with RNase free water. To each reaction 200 ng random primer and 10 mM
dNTP mix was added and incubated at 65 °C for 5 min. After chilling the samples on ice, 4 pl
5x first stand buffer and 0.1 M dithiothreitol (DTT) was added to each reaction and incubated
at 37 °C for 2 min. 1 pl of M-MLV was added to each reaction and the PCR strip was placed

in a thermal cycler for cDNA synthesis.

Table 3.16 Thermal cycler program for cDNA synthesis.

Temperature Time

25°C 10 min
37°C 50 min
70 °C 15 min

3.2.3.5  Quantitative Real Time PCR
The previously generated cDNA samples were used for gRT-PCR. Per reaction 5-25 ng cDNA

were used.

Table 3.17 Luna Universal reaction set-up for grRT-PCR.

Component Volume/amount
Luna Universal gPCR Master Mix 10 pl

Forward primer (10 uM) 0.5 ul

Reverse primer (10 uM) 0.5 pl

cDNA 5-25ng

H.0 ad 20 pl

Quantitative real time PCR was carried out in an Applied Biosystems StepOnePlus® machine

with “fast” ramp setting. For each experiment a melt curve analysis was performed.

Table 3.18 Cycling conditions for qRT-PCR.

Step Temperature Time Cycles
Initial Denaturation 95 °C 60 s
Denaturation 95 °C 15s

. 40x
Extension 60 °C 30s
Hold 4°C 00

Data acquisition and analysis was performed via StepOne Software. Relative target expression

was calculated via the AACt-method.
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3.2.3.6  CRISPR Vector Cloning

To introduce knockouts or precise genetic modifications in the target genes, the Clustered
Regularly Interspaced Short Palindromic Repeat (CRISPR) method was used. Two components
are necessary to perform genetic modification: a single guide RNA (sgRNA) and a CRISPR-
associated (Cas) nuclease. Guide RNAs were designed using the algorithm of the online
platforms CCTop [142], CRISPRscan [143], and Benchling. SQRNA target sequences were
purchased as single stranded DNA-oligonucleotides from Eurofins Genomics with overhangs
complementary to BsmBI cut sites in the pLKO5-vector backbone. Forward and reverse strand
of each guide RNA were hybridized by incubating at 95 °C for 15 min and cooling down to
room temperature. The DNA fragments were ligated into the pLKO5.sgRNA.EFS.tRFP vector
(Addgene no. 57823, [139]). The correct insertion of the sgRNA was verified by Sanger
sequencing with a U6 sequencing primer (Table 3.1).

For DNMT3A and ASXL1 point mutations should be introduced. This was achieved by
designing templates for homology directed repair. At the beginning of CRISPR-system
establishment, a 200 bp, single-stranded oligonucleotide was used, carrying the desired point
mutation in the middle. With refinement of the CRISPR-strategy, | modified the design of the
HDR templates to optimize the HDR frequency in the cells.

3.2.3.7 In vitro Transcription of guide RNA for Ribonucleoprotein
For modifying primary cells from umbilical cord blood, recombinant Cas9 nuclease was
complexed with in vitro transcribed or synthetic guide RNA, generating Cas9-sgRNA
ribonucleoprotein (RNPs). Synthetic guide RNAs were ordered from Synthego and diluted to a
concentration of 30 pmol/ul.
For in vitro transcription (IVT) oligonucleotides were designed containing a T7 promotor
sequence, the actual target sequence, and an overlap sequence for the scaffold primer (Figure

3.1).

sgRNA Forward primer

T7 promoter protospacer Scaffold overlap

ATCTTTATCGTTCAATTTTATTCCGATCAGGCAATAGTTGAACTTTTTCACCGTG!

Universal Scaffold Reverse primer

lPCR

INN GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCT
PRt e e e e e e et et r e et e e e ettt e e e et e e e e e e e e e
[ \ I\ CAAAATC! “AATTTTATTCCGATCAGGCAATAGTTGAACTTTTTCACCGTGGCTCAGCCACGA

ATCTCGATCTTTATCGTTCAAT Al TTTTCA S TGGCT

sgRNA in vitro transcription template

Figure 3.1 Schema of sgRNA oligonucleotide. A PCR is performed using the sgRNA oligonucleotide and a
universal scaffold primer to obtain the template for in vitro transcription of the sgRNA. The figure was modified
from [144].
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To obtain the sgRNA DNA template for IVT, an overlapping PCR was performed as described
by Brunetti et al. [144].

Table 3.19 Overlapping PCR reaction mix for syRNA DNA template synthesis.

Component Volume
2x KAPA HiFi HotStart ReadyMix 10 ul
SgRNA oligonucleotide (10 uM) 2ul
Universal reverse scaffold primer (10 uM) 2 pl
Nuclease-free H,O ad 20 pl

Table 3.20 sgRNA DNA template synthesis cycling conditions.

Step Temperature Time Cycles
Initial denaturation 95°C 3 min

Denaturation 98 °C 5s

Annealing 60 °C 5s 6x
Extension 72 °C 10s

Final extension 72 °C 1 min

Hold 4°C o0

The PCR products were purified using Zymo Research DNA Clean & Concentrator-5 kit
according to the manufacturer’s instructions and eluted with 11.5 pl elution buffer. DNA
concentration was determined using a NanoDrop1000 spectrophotometer. The purified PCR
products were used as templates for IVT with the HiScribe™ T7 High Yield RNA Synthesis
Kit. The components of the kit were mixed as described in Table 3.21 and the reaction was
incubated at 37 °C for 16 h.

Table 3.21 In vitro transcription reaction mix.

Component Volume
10x reaction buffer 1yl
ATP (100 mM) 1pl
CTP (100 mM) 1l
GTP (100 mMm) 1l
TTP (100 mM) 1l
purified PCR product 4 ul

T7 RNA polymerase enzyme mix 1l

After incubation, each RNA sample was brought up to a total volume of 50 ul and purified
using the Zymo Research RNA Clean & Concentrator-5 kit following the manufacturer’s
instructions. The RNA was eluted in 35 pl of nuclease free water and quantified using a
NanoDrop1000 spectrophotometer.
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3.2.3.8  CRISPR/Cas9 Indel Detection via T7 Endonuclease | Digestion
For CRISPR-indel detection, genomic DNA was extracted (3.2.3.1) earliest 24 h after
electroporation. The expected target sites were amplified by PCR (3.2.3.2) resulting in DNA
fragments of 400-700 bp. PCR products were purified and eluted in 15 pl nuclease-free water.
For each PCR product a 20 pl reaction was prepared as shown in Table 3.22 and hybridized in
a PCR cycler (Table 3.23).

Table 3.22 Reaction set-up for T7 endonuclease | hybridization.

Component Volume
purified PCR product 5ul
NEB buffer 2 2
Nuclease-free water 13 ul

Table 3.23 Hybridization conditions for T7 endonuclease | assay.

Step Temperature Time Ramp rate

Initial denaturation 95°C 10 min

Annealing 85 °C 20s -2 °C/s
25°C 20s -0.1°Cls

Hold 4°C 0

After hybridization, 10 pl of the reaction was transferred into a fresh reaction tube and mixed
with 2 U T7 endonuclease | (T7EL). The reaction was incubated at 37 °C for 15 min, stopped
by adding 1 ul 0.25 M EDTA, and loaded on a 1.5% agarose gel. T7 endonuclease | cuts
mismatched heteroduplex DNA that results from hybridization of wild type and mutated
strands. In samples with CRISPR-induced mutations more than one band should be visible in

the agarose gel.

3.2.3.9  Detection of 5-Hydroxymethylcytosine and 5-Methylcytosine by Dot
Blot

DNA was extracted as described in 3.2.3.1. The concentration was adjusted for all samples,
DNA denatured at 99 °C for 5 min, and spotted on a positively charged nylon membrane. All
samples were spotted on two separate membranes in at least 3 different concentrations (2-fold
dilutions). The membrane was air-dried for 30 min, UV-cross-linked for 3 minutes on a trans-
illuminator (350 nm) and blocked overnight at 4 °C in 5% milk powder in tris-buffered saline
with 0.5% Tween-20 (TBS-T). After washing the membrane 3 times for 5 min in TBS-T,
primary antibody against 5-hydroxymethylcytosine (active motif, 39770, 1:10,000 in 5% BSA
in TBS-T) or 5-methylcyotsine (cell signaling technologies, 28692, 1:500 in 5% BSA in TBS-
T) was added over night at 4 °C. The blots were washed three times for 5 min in TBS-T and
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incubated with the secondary horseradish peroxidase (HRP)-conjugated antibody for 90 min at
room temperature. After three final wash steps with TBS-T and incubating the membrane with
ECL prime western blotting detection reagent, the chemiluminescence signal was detected
using the ImageQuant LAS 4000 system. To stain total DNA that was spotted on the membrane,
it was incubated in 0.2% methylene blue in 0.3% sodium acetate for 15 min and rinsed with A.
dest. to remove the background signal. Intensities of all signals were determined using ImageJ
1.48v. The dot blot signal was normalized to the methylene blue loading control and calculated
as quotient of control and test sample. Specificity of the antibodies was tested using the
methylated DNA Standard Kit (active motif, 55008, Supplement: Figure 8.1).
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3.2.4 Protein Biochemistry

3.24.1 Isolation of Whole Cell Protein
Cells were harvested from culture vessels and centrifuged at 400x g for 5 min at 4 °C and
washed once with cold PBS. The supernatant was carefully removed and the cell pellet was
resuspended in protein lysis buffer containing protease and phosphatase inhibitors. After
incubating on ice, the cells were disrupted by sonification in a Bioruptor (15 cycles, 30 son/30 s
off). To remove cell debris, the samples were centrifuged at maximum speed for 15 minat 4 °C.

The supernatant was transferred into a new reaction tube and stored at -20 °C.

3.24.2  Pierce BCA Assay to Determine Protein Concentrations

Protein concentrations were determined using the Pierce™ BCA (bicinchoninic assay) Protein
Assay Kit (Thermo Fischer) according to the manufacturer’s instructions. The assay was carried
out in duplicates in microwell plates by mixing 150 pul working solution (reagent A : reagent B,
50:1) with either 10 pl BSA standard, 1 pl of unknown sample diluted in 9 pl lysis buffer, or
10 ul lysis buffer as blank. BSA solutions with concentrations ranging from 125 pg/ul to
2,000 pg/ul were used for creating a standard curve. The reaction was incubated for 30 min at
37 °C and absorbance measured at 562 nm in Tecan infinite plate reader.

3.24.3  SDS Polyacrylamide Gel Electrophoresis

To separate proteins by molecular weight, sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed. Polyacrylamide gels were prepared in a Mini-
PROTEAN® Tetra Cell Casting Module (Bio-Rad) using glass plates with 1 mm spacer.
Separation gels were prepared as described in Table 3.24, poured between the glass plates and
covered with 70% ethanol to ensure a smooth interface between the gels. After polymerization
of the separation gel, a stacking gel was prepared, laid over the separation gel, and a comb
inserted between the glass plates. After complete polymerization, the polyacrylamide gels were
stored in wet tissues at 4 °C for up to one week.

Cell lysates were thawed on ice, homogenized thoroughly, and 40 pg of each sample were
mixed with 4x laemmli buffer containing 10% [-mercaptoethanol. All samples were denatured
for 5 min at 95 °C before loading on the SDS polyacrylamide gel together with a protein
standard. Gels were run in the Mini-PROTEAN® Tetra Cell system from Bio-Rad at initially
80 V, increasing the voltage up to 140 V, for 1.5-2 h.
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Table 3.24 Gel components for SDS-PAGE.

separation gel stacking gel

Components 8% 10% 12%  16%

water 33ml 28ml 22ml 1.1ml 2.0ml
Tris-HCI 1.5 M, pH 8.8 2.0ml

Tris-HCI 1 M pH 6.8 1.3ml
Acrylamide (40%) 22ml 27ml 33ml 4.4ml 700 pl
Glycerin (40%) 4.0 ml 1.0ml
SDS (20%) 50 ul 25 ul
Ammonium persulfate (APS, 10%) 50 ul 40 pl
N,N,N’,N’-tetramethylenediamine (TEMED) 10 ul 10 pul

3.2.4.4  Western Blot and Immunodetection of Proteins

Proteins were transferred from the polyacrylamide gels onto 0.2 um nitrocellulose membranes
by western blotting. Nitrocellulose membranes were activated in distilled water for 5 min and
equilibrated in transfer buffer for 10 min. The gels were removed from the electrophoresis
chamber and equilibrated in transfer buffer for 15 min to remove remaining SDS. The transfer
was carried out with a Mini-PROTEAN® Tetra Cell wet blotting system (Bio-Rad) at 340 mA
for 80 min or at 150 mA overnight in a cold room. The protein transfer was checked by staining
the membranes for 15 min in Ponceau S. The stain was removed by rinsing the membrane with
distilled water. Membranes were then blocked in 5 % BSA in TBS-T for at least 1 h to prevent
non-specific antibody binding.

Before immunodetection of proteins, the membrane was washed for 5 min in TBS-T. The
primary antibodies were diluted in 5% BSA in TBS-T and added to the membrane. After
incubating the primary antibody overnight at 4 °C, the membrane was washed three times for
10 min in TBS-T. The HRP-conjugated secondary antibody was also diluted in 5% BSA in
TBS-T, added to the membrane, and incubated for 90 min at room temperature. After washing
the membrane again for three times with TBS-T, it was incubated with ECL western blot
detection reagent and chemiluminescence detected with an ImageQuant LAS 4000 system.
Western Blot band intensities were quantified via ImageJ 1.48v. All bands were normalized to
the loading control (housekeeper) and a relative intensity was calculated as quotient of control

sample and test sample.
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3.2.5 Sequencing Methods

3.2.5.1 Sanger Sequencing

Sanger sequencing was performed by GATC services of Eurofins Genomics GmbH. Purified
PCR products, as described in section 3.2.3.2, were quantified and brought to a concentration
between 2 and 10 ng/pl. Depending on the available barcode and the number of samples, 5 pl
PCR product were mixed with 5 pl sequencing primer (5 uM) in 1.5 ml reaction tubes or 96-
well PCR-plates, and directly sent for sequencing. The obtained sequences were either checked
manually for mutations in Benchling [140] or Mutation Surveyor v5.0.0.

Raw ab1 files were used to check for introduced CRISPR insertions and deletions via sequence
decomposition algorithms with the online tools TIDE (tracking of indels by decomposition,
[147]) or ICE (inference of CRISPR edits, [148]).

3.25.2  Targeted Panel Sequencing
AML t(8;21) patients were screened using a TruSight Myeloid Custom Sequencing panel (66
genes recurrently mutated in AML, Supplement: Table 8.1) according to the manufacturer’s
instructions. Paired-end sequencing of the libraries was performed on a MiSeq sequencer using
the MiSeq reagent Kit v2 (300 cycles; n=42) or on a NextSeq Sequencer (n=289) using the
NextSeq 500/550 Mid Output v2 kit (300 cycles, all from lllumina). Samples were excluded if

the coverage was below 300x on MiSeq and 500x on NextSeq.

3.25.3  Amplicon-Based Deep Sequencing
For amplicon-based deep sequencing, PCR products of approx. 100-200 bp length, covering
the area of the expected variant, were generated from genomic DNA. Amplicons were
subsequently pooled for library preparation and indexed using the NEBNext Ultra DNA Library
Prep Kit (New England Biolabs) according to the manufacturer’s instructions. The libraries
were single-end sequenced (300 cycles) for validation of CRISPR indels and paired-end
sequenced for mutation validation (2x 150 cycles) on an Illumina MiSeq sequencer using the

MiSeq Reagent Kit v2 (300 cycles, lllumina).
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3.2.6 Data Processing and Statistical Analyses

3.2.6.1  Bioinformatics Processing of Sequencing Data

Targeted Panel Sequencing

FastQ generation was performed by the MiSeq/NextSeq sequencer automatically. The
BaseSpace™ App TruSeq Amplicon version 2.0.0 was used to align the amplicon reads of the
sequencing panel to the human genome hg19 and generate variant call files. Only reads aligning
to regions covered by the targeted sequencing panel were used. Variant annotation was
performed using Illumina Variant Studio 3.0 (BaseSpace™ Annotation Engine version
1.4.2.60). The detected variants were filtered using R version 3.4.3. Filtering criteria were i) a
minimum VAF of 5%, ii) a minimum reading depth of 50/200, and iii) a minimum of 20/50
variant supporting reads (for sequencing on MiSeq/NextSeq, respectively). Single nucleotide
polymorphisms (SNPs) were excluded when reported in dbSNP and EXAC databases with a
population frequency >1% and have not been reported in COSMIC as hematopoietic or somatic
mutation. | excluded intronic and synonymous variants, as well as variants >5 bases from the
exonic regions. Ten healthy subjects were sequenced and variant calling performed as described
above, to detect recurrent sequencing artefacts. Variants called in >60% of all samples and
detected in healthy subjects were manually checked in Integrative Genome Viewer (IGV; Broad
Institute, version 2.4) for repetitive sequences or strand bias and excluded if necessary. A
proportion of the obtained variants (281/729, 39%) was validated by targeted re-sequencing
(n=245), ddPCR (n=27), or Sanger sequencing (n=9) to estimate the stringency of the filter

criteria and exclude false-positive variants.

Amplicon-Based Deep Sequencing

FastQ generation was performed by the MiSeq sequencer automatically. Reads were aligned to
human genome hg19 [149] using BWA-MEM [150]. The reads were checked manually for the
presence of mutations at the positions previously identified through targeted panel sequencing.

Longer insertions and deletions were checked virtually in IGV.

CRISPRseq Analysis

Reads were aligned with BWA-MEM [150] to hg19 and used as input for the “unknown indel
analysis”-pipeline of CRISPRseq as described by Tothova et al. [151]. Aligned reads were
filtered for those mapping to the target amplicons of ASXL1, DNMT3A, and TET2. The tool
iterates through the reads and labels each read that spans the target region with wild type or

mutant, depending on whether an insertion or deletion was detected within 25 bp from the
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expected CRISPR/Cas9 cut site. A second iteration step for reads that did not span the amplicon
was conducted to check if those reads have an insertion or deletion larger than 25 bp. The size
of the indel is estimated by the width of the gap in the read for insertions and of the reference
for deletions. A Fisher’s exact test was performed to estimate, whether an indel was to be
expected at that position. P-values were corrected for multiple testing using Benjamini-
Hochberg [152]. Total indel fraction for each sample was calculated based on reads defined as
mutated and the total number of reads. Single nucleotide variants introduced via HDR were
called with DeepVariant [153] (version 0.9.0) in WGS mode limited to the gene of interest
(DNMT3A). Mutated reads were barcoded based on whether an insertion or deletion was found,

the size of the indel, and the start position. The barcode uniquely identifies each indel.

3.2.6.2  Shannon Entropy Analysis
To determine the diversity of the mutational spectrum of a sample, Shannon entropy analysis
was performed. Entropy in information theory is a measure for the level of information in a
variable [154]. If the entropy is high, a sample contains a high variety of detected insertions in
the analyzed sequencing reads. Conversely, if the entropy is low, the same insertions or
deletions are found in a high number of reads, hinting to low diversity. Analysis of entropy was
performed using the R package “entropy” [155]. Counts for each indel per sample and target
obtained by deep sequencing were used as input for the entropy calculation. All indels that were

found more than 10 times were included in the analysis.

3.2.6.3  Bradley Terry Model
Data of 208 patients were used to estimate temporal order of mutations with the help of Bradley-
Terry model. Bradley-Terry model is a probability model used for predicting outcomes of
pairwise comparisons. It estimates the probability whether the assumption individual A is
ranked higher than individual B is true [156]. In the case of the analysis performed here, it
estimates the probability that the comparison mutation A has a higher variant allele frequency
than mutation B, and did therefore occur earlier, is true. The data used here included all patients
with at least 2 mutations in different genes and all genes that were mutated in at least 4 patients.
Confidence intervals (Cl, 95%) were calculated for all variants taking the total depth into
account and correcting for the copy number state. Based on these confidence intervals,
mutations were compared in a pairwise fashion, assigning the mutation with the higher VAF as

winner. The modeling was performed using the R package “BradleyTerry2” [157].
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3.2.6.4  Statistical Analysis of in vitro Data
Data obtained from in vitro culture experiments were tested for statistical significance using
Wilcoxon rank-sum test (also referred to as Mann-Whitney-test) [158]. Test groups were either
compared to the wild type group or against each other. This test was used since the data are not
normally distributed or the sample size was too small to test for normal distribution (Shapiro
wilk test [159]). If multiple groups were compared within one analysis, the resulting p-values
were corrected for multiple testing using Benjamini-Hochberg method [152] or Holm’s method
[160]. Growth curve analysis was performed using the ‘compareGrowthCurves’ function of the

R package “statmod” [161, 162].
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4 Results

4.1  Mutations in Epigenetic Regulators in AML

4.1.1 Mutation Spectrum in AML t(8;21)
This first part of the thesis revolves around AML patients harboring the cytogenetic abnormality
t(8;21). The described results are part of an article published in the journal Blood in 2019 [163],
the respective paper is attached to this thesis. First, we unraveled the mutation spectrum of 331
patients by targeted panel sequencing. Second, we investigated the clonal composition at the
time point of diagnosis and after induction chemotherapy. Our goal was to dissect the role of
DTA mutations in this particular AML subtype as well as identifying mutations that are critical
for disease progression. By investigating coding regions and hotspots of 66 genes recurrently
mutated in AML, we found 729 mutations in 216 patients with a mean of 2.2 mutations per
patient (maximum: 11 mutations, supplemental spreadsheet file). Mutations were detected in
49 genes, of which 42 were recurrently mutated. The majority of the patients harbored
mutations in Ras/receptor tyrosine kinase (RTK) signaling genes (63.4%, Figure 4.1), for
example in KIT (113 mutations in 89 patients), FLT3 (61 mutations in 54 patients), and NRAS
(14.8% of patients). Mutations in epigenetic regulators of transcription were found in 45% of

the patients, predominantly in ASXL2 (15.7%), but also ASXL1 (12.4%), and TET2 (7.9%).
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Figure 4.1 Mutation spectrum in AML t(8;21). A total of 331 patients with AML t(8;21) were sequenced with
a targeted sequencing panel. All 49 mutated genes are shown. The bars indicate the percentage of patients with at
least one mutation in the respective gene. The color indicates the functional category of the gene.

Hotspot mutations were especially found in KIT, where the majority of the mutations (86/113)
are located in exon 17, mainly at codons D816 and N822. In exon 8 mainly in-frame indels at

position 416 and 419 were identified (n=17). KIT showed the highest double mutation rate with
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21 out of 89 patients harboring at least two mutations in the same gene. At least two mutations

in Ras/RTK signaling genes were found in 34% of the patients.

4.1.2 DTA Mutations as Early Events in AML t(8;21)
By comparing variant allele frequencies, we wanted to estimate the sequential order of mutation
acquisition. For this analysis, we selected all genes that were mutated in at least four patients.
In the complete cohort we observed a median variant allele frequency of 0.28. The highest
median VAF had mutations in regulators of DNA methylation, like DNMT3A (0.43), TET2
(0.4), and IDH2 (0.39, Figure 4.2). Mutations that are found with a high mutation burden in the
blood or bone marrow are thought to be present in the majority of the cells, indicating that these
mutations occur in stem and/or progenitors that generate clonal mature cell populations.
Mutations in tyrosine kinase signaling genes like KIT (0.21), NRAS (0.16), and FLT3 (0.11), as
well as transcriptional regulators (e.g., RUNX1, GATA2, ETV6) had lower VAFs, indicating
that these mutations might be acquired later. It has to be noted that internal tandem duplications
in FLT3 (FLT3-ITD) were not included in this analysis, since these mutations cannot be reliably

identified by next generation sequencing, but were identified via GeneScan analysis.
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Figure 4.2 Variant allele frequencies for all mutations per gene. Variant allele frequencies are plotted for all
gene mutations found in at least 4 patients. The dashed line indicates a variant allele frequency of 0.5. Box plots
are color coded according to the functional group. FLT3 does not include internal tandem duplications (FLT3-
ITD).

To confirm this observation, | modeled the relative timing of mutation acquisition by pairwise
mutation comparison. | used the same cohort as for the VAF analysis, but due to analysis
restrictions, excluded patients with less than two mutations. For all mutations 95% confidence
intervals (CI) were calculated and the gene with the higher VAF based on the 95% CI assigned
as winner and rewarded with one point. This was performed for all pairwise associated genes.
The resulting list was used as input for Bradley Terry analysis to model temporal order of

mutation acquisition. MGA was used as a reference point in this analysis (Figure 4.3). This
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model confirmed that mutations in DNA methylation regulators are acquired early (e.g., TET2,
KMT2A, DNMT3A) as well as mutations in CCND2, DHX15, and ZBTB7A. The latest events
and therefore possible drivers of malignancies are mutations in JAK2, FLT3, NRAS, and KIT.

Interestingly, mutations in chromatin remodelers are also acquired later in comparison to other

events.
TET2 n=26
CCND2 n=16
DHX15 n=17
NOTCH1 n=5
GIGYF2 n=6
CBL n=15
ZBTB7A n=37
KMT2A n=4
DNMT3A n=2
RAD21 n=15
SMC1A n=12
IDH2 n=6
BRCC3 n=6
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Figure 4.3 Bradley Terry Model of relative timing of mutation acquisition. Relative timing of mutations was
modeled by pairwise comparisons. The estimates are calculated in relation MGA as the reference point, and
standard errors are shown as horizontal bars. Genes are colored by their biological function. The analysis was
performed in 208 patients. FLT3 does not include internal tandem duplications (FLT3-ITD). N = number of
mutations in the respective gene that were included in the analysis.

Since especially mutations in DNA methylation regulators can be found as early events with a
high variant allele frequency in patient samples at diagnosis, they are very likely to represent
disease-initiating events. Preleukemic mutations have been implicated in clonal expansion at
remission, due to their ability to survive induction chemotherapy, and serve as potential risk
factor for relapse. We analyzed data from complete remission samples of 56 patients to
determine which clones might be able to survive induction chemotherapy. Simultaneously, we
obtained data about the RUNX1-RUNX1T1 fusion mRNA. The fusion mRNA was found in 26
patients in complete remission and a mutation was found in 12 cases. In 7 patients the fusion
MRNA as well as a low level mutation was detected, whereas in 25 patients neither was present
in the complete remission samples (Table 4.1). In the remission samples, RUNX1 and DNMT3A
variants were found in two patients (out of 8 and 4 patients in the diagnostic cohort,
respectively) and variants in ASXL2, CCND1, GATA2, NOTCH1, and NRAS were each found
in one patient. The genes that were frequently mutated in the diagnosis cohort ZBTB7A and KIT

were found in remission samples of 3 and 4 patients, respectively.
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Table 4.1 Analysis of 56 complete remission samples. Data for the presence of the fusion mMRNA was provided
by the respective center. All samples were analyzed by targeted re-sequencing for the presence of the mutations
found in the diagnostic sample of the respective patient. Fusion; RUNX1-RUNX1T1 mRNA.

Mutation no mutation

fusion 7 19 26
no fusion 5 25 30
12 44 56

Relapse data was available in 51 out of the 56 cases and a relapse was diagnosed in 9 of these
cases. In five patients with a relapse neither a panel mutation nor the RUNX1-RUNX1T1 fusion
MRNA was detected in complete remission. Three patients had the fusion in the remission
sample, and in one patient we found a DNMT3A mutation in the remission sample (VAF: 5%).
Because of only few patients remaining in this analysis, a further conclusion cannot be drawn.
Interestingly, | found in 2 out of 4 patients harboring a DNMT3A mutation at diagnosis, the
same mutation at remission. In addition, the patient with the more prominent clone developed
a relapse. Although more investigations would be needed, this is in line with the previously
reported fact that DNMT3A mutations persist in remission and might prone the cells to acquire
more mutations. Taken together, the results from investigating 331 patients with AML 1(8;21),
indicate that mutations in DNMT3A as well as TET2 are acquired early, drive expansion of a
clone and potentially play a role in initiation of the disease. ASXL1 mutations are acquired later
and might cooperate with other events in disease progression. To dissect the functional role of

these gene mutations, | established an in vitro model system in human HSPCs.
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4.2 Cord Blood Cells as Model System

4.2.1 Cell Culture Feasibility

After identifying main mutations in CHIP being present in early HSCs [54], and identifying
mutations in epigenetic regulators as early events in AML, | investigated the functional impact
of these gene mutations on hematopoietic stem and progenitor cells.

As a first step in creating a fitting model system, | investigated different sources for the presence
of CD34" HSPCs. As depicted in Figure 4.4, mononuclear cells (MNCs) extracted from
peripheral blood (PB), bone marrow (BM), and cord blood (CB) were inspected for their
cellular composition as indicated by the presence of distinct cell surface markers. Frequencies
of all quantified populations were normalized to 100%, correcting for cell populations that were
present in the sample, but not analyzed (i.e., erythrocytes and platelets from incomplete density
centrifugation). As expected, | was able to find more than 1% of CD34" cells among MNCs
from bone marrow and almost 1% of CD34" cells in cord blood MNCs, whereas | detected less
than 0.1% CD34" cells in the peripheral blood. BM and CB MNCs for this analysis were frozen
previously and thawed 4 to 20 h before cytometry, whereas the peripheral blood was freshly

drawn.

[ G

BM
CB

Figure 4.4 Flow cytometry of mononuclear cells from different sources. Freshly isolated or thawed cell
populations from peripheral blood (PB), bone marrow (BM), or cord blood (CB) were analyzed for cell surface
markers expressed on the main blood cell populations: CD19 B cells, CD34 progenitor cells, CD66b granulocytes,
FceRlIa mast cells and basophiles, CD41 megakaryocytes, CD14 monocytes, CD56 natural killer (NK) cells, CD3
T cells. Frequencies were normalized to 100% for all depicted cell populations. The numbers above the bars
indicate the frequency of the respective population in %.

These results indicate that cord blood or bone marrow can function as sources for CD34" cells
for our purpose. Among other deciding factors, cord blood can be collected less invasive and
often leads to a higher cell output, therefore | selected cord blood cells as model system. The

main reason for using umbilical cord blood as cell source was the young biological age and
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therefore low mutation burden of the cells, facilitating unperturbed investigation of introduced

mutations in the cells.

Next, | addressed the question of the appropriate culture system for CD34" cells. Since the aim
of the project was to investigate the functionality of stem and progenitor cells, | needed a culture
system in which the cells retain their stem cell potential as long as possible. | tested four
different culture conditions for partially enriched CD34" cells (35% CD34" cells, Figure 4.5 A)
from frozen CB MNCs. The cells were cultured for 8 days: i) on M2-10B4 feeder cells in
MyeloCult expansion medium, ii) on a 1:1 mix of both feeder cell lines in MyeloCult expansion
medium, iii) on SI/SI feeder cells in MyeloCult expansion medium, or iv) in StemSpan SFEM

Il expansion medium.
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Figure 4.5 Flow cytometry of surface markers CD45 and CD34.A) Flow cytometry of CD34-enriched cells
after magnetic separation (MACS). 35% of all cells express CD34 and a low level of CD45. B) Flow cytometry
of cells cultured for 8 days in different conditions. Percentages indicate cells that express CD34 and CDA45.
Different culture conditions are indicated above the plots. M2-10B4: co-culture on M2-10B4 feeder cells in
MyeloCult expansion medium, M2-10B4:SI/Sl: co-culture on a 1:1 mix of M2-10B4 and SI/SI feeder cells in
MyeloCult expansion medium, SI/SI: co-culture on SI/SI feeder cells in MyeloCult expansion medium, StemSpan:

culture in StemSpan SFEM 11 expansion medium.l observed an enhanced total cell expansion when
cultivating the cells on feeder layers (126-fold and 109-fold expansion in total cell number),
whereas the total cell number only increased 4.7-fold without feeder layer (Table 4.2). Focusing
on CD34" cells, the expansion on feeder layers was 8- to 9-fold, so other cell populations
expanded more preferentially in these conditions. In StemSpan expansion medium, CD34" cells
expanded 4.5-fold, indicating steady expansion of all cell types. Consistently, the frequency of
CD34-expressing cells remained higher in StemSpan expansion medium, whereas in the feeder
cell cultures, the level of CD34 expression was decreased (Figure 4.5 B). Therefore, | chose to
culture the CD34-enriched cells without feeder cells to retain a high level of CD34-expressing

progenitor cells in the first week of culture.
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Table 4.2 Cell count after 8-day expansion of CD34-enriched cells. Partially CD34-enriched cells were cultured
on various feeder layers (M2-10B2 cells, SI/SI cells, or al:1 mix of both cell lines), or in StemSpan expansion
medium for 8 days. Total cell counts were determined via trypan blue exclusion. CD34* cell frequencies were
determined via flow cytometry. Fold expansion was calculated by dividing the total cell count after 8 days by the
cell number at seeding (10,000).

Total cells CD34* cells
count* fold expansion count* fold expansion
M2-10B4 1.5x106 126 3.6x10* 8.5
M2-10B4:Sl/SI 1.3x10° 109.4 3.9x10* 9.3
SI/sl 7.5x10° 62.5 3.3x10* 7.7
StemSpan 4.7x10* 3.9 1.9x10* 4.5

*cell counts were rounded to increase readability of the table. Fold increase was calculated with not rounded numbers.

To finalize the culture system establishment, | tested various cytokine cocktails as medium
supplement for CD34-enriched hematopoietic cells. The purpose of this experiment was to
determine which cytokine cocktail supports i) maintenance of stem cell phenotype and ii)
differentiation without generating a differentiation bias. All media were prepared with
StemSpan SFEM Il containing 2 mM L-Glut and 100 U/ml P/S. The different cytokine

combinations are listed in Table 4.3.

Table 4.3 Cytokine cocktails for CD34" cell culture. SCF: stem cell factor, FLT3-L: FMS-like tyrosine kinase
3 ligand, TPO: thrombopoietin, I1L-3: interleukin 3, IL-6: interleukin 6, G-CSF: granulocyte-colony stimulating
factor, GM-CSF: granulocyte macrophage-colony stimulating factor, EPO: erythropoietin.

Medium  Medium Medium Medium Medium  Medium

A B C D E F
SCF [ng/ml] . 100 100 50 100 25
FLT3-L [ng/ml] . 100 100 50 100 10
TPO [ng/ml] . 100 . 20 100 10
IL-3 [ng/ml] . . 20 10 100 10
IL-6 [ng/ml] . . 20 20 100 10
G-CSF [ng/ml] . . . : 100 20
GM-CSF [ng/ml] . . . : 100 5
EPO [ng/ml] . . . . . 10

CD34* cells (>90% enriched, Supplement; Figure 8.2, CB002) were seeded in 6 different media
at a density of 3x10° cells/ml and 1 volume of medium was added every 3 to 4 days. |
investigated cell viability and cell growth over a period of 3 weeks. Every 7 days cells were
checked for surface marker expression via flow cytometry. In the medium without cytokines
(medium A) the cell viability was very low and no cell growth was observed, indicating that
the presence of cytokines is essential for primary CD34" cells. In all other conditions the cells
had a high viability (>60% viable cells) and expanded at similar rates (Figure 4.6 A and B).
Differences in cell growth were mainly observed after day 18 when the cells reached the limits

of the culture vessels and might have used up all available culture supplements. After 7 days of
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culture, the cells lost CD34 and started expressing CD66b (granulocyte marker) and CD14
(monocytes and macrophages), especially when G-CSF and GM-CSF were supplemented
(medium E and medium F, Figure 4.6 C). In medium B (SCF, FLT3-L, and TPO), the cells
retained the highest CD34 expression level, with a detectable proportion of cells retaining an
immature CD34"CD38" phenotype after 3 weeks of culture. In medium C and medium D, the
cells began to highly express CD66b and CD14 after day 7 and gradually lost CD34 expression.
In medium D, the frequency of CD34-expressing cells remained higher at day 14 and day 21
compared to medium C, but not as high as in medium B. For stem cell expansion before
transfection, cytokine cocktail B was selected since | observed the highest retention of CD34
marker expression. For short-term culture experiments, with the purpose of differentiation to
various lineages, | used cytokine cocktail D.
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Figure 4.6 CD34" cell culture with different cytokine cocktails. A) Viability of the cells in media with different
cytokine cocktails (see Table 4.3) as estimated by trypan blue exclusion at three different time points after seeding
(24 h, 7 days, and 18 days). For medium A, 7-day data could not be collected. The bars show mean and standard
deviation of two replicates. B) Total cell count in media with different cytokines was obtained by trypan blue
exclusion. For medium A, only two time points were counted (24 h and 18 days). For all other time points, cells
were counted 24 h, 7, 18, and 22 days after seeding. C) Flow cytometry analysis of cell surface markers for major
blood cell populations after 7, 14, and 21 days in culture: CD19* B cells, CD34* and CD34*CD38" progenitor cells,
CD66b* granulocytes, CD41* megakaryocytes, and CD14* monocytes. The bars show mean and standard
deviation of duplicates.
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4.2.2 Target Gene Expression

In order to characterize the chosen model system, | determined the abundance of target gene
expression in CD34-enriched cells via quantitative real-time PCR (qQRT-PCR). The amount of
ASXL1, DNMT3A, and TET2 mRNA in CD34-enriched cells was compared with the cell line
K-562. All targets were at least 2-fold enriched in CD34" cells from cord blood after positive
selection by magnetic separation and 2-day expansion in expansion medium (Figure 4.7 A,
day 0, purity: see Supplement Figure 8.2). After three days in liquid culture the expression of
DNMT3A mRNA was reduced compared to day 0, whereas the difference for the other targets
was less pronounced (Figure 4.7 B).
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Figure 4.7 Relative expression of ASXL1, DNMT3A, and TET2 mRNA in cord blood CD34" cells. A)
Expression of all three targets in CD34" cells of specimen CB004 at day 0 was compared to the test cell line K-
562. B) Relative expression of all three targets at day 3 of liquid culture. Relative expression was calculated with
the AACt-method. The bars show 2624¢D (mean+SD) of three technical replicates, to set the reference sample to
a value of 1. GAPDH was used as endogenous control.
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4.3  Modeling Preleukemic Mutations by Genetic Modification

4.3.1 Vector-based Delivery of CRISPR/Cas9

Multiple studies investigated functional knockouts and overexpression models of DNMT3A [97,
99, 164-167], TET2 [116-118, 168-170], and ASXL1 [123-125, 171], with a preference for
murine models. To investigate the functional impact of these mutations in human hematopoietic
stem and progenitor cells, | decided to model previously identified mutations in human HSPCs
in vitro. We were interested in modeling site- and domain-specific mutations, representing the
most frequently found mutations in humans, instead of functional knockouts of the target genes.
We established a CRISPR-based genetic modification approach that was first tested in the cell
line K-562. In the next chapters the process of establishing the optimal delivery and
modification approach will be described.

First, site-specific mutations were introduced in the cell line K-562 by delivering a plasmid
expressing Cas9-nuclease and green fluorescent protein (GFP) under control of a CMV
promotor (pCas9_GFP, Figure 4.8 A) together with a plasmid expressing a single guide RNA
and red fluorescent protein (RFP) (pLKO5.sgRNA.EFS.tRFP, Figure 4.8 B) via Amaxa
Nucleofection®. The purpose of this experiment was to test the efficiency of the designed guide
RNA:s.
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Figure 4.8 Vector maps of pCas9_GFP and pLKO5.sgRNA.EFS.tRFP. A) The vector pCas9_GFP expression
vector was used to transiently express Cas9 nuclease together with green fluorescent protein (GFP) in the target
cells. B) A single guide RNA target sequence was cloned into the pLKO5.sgRNA.EFS.tRFP expression vector,
which already has a gRNA scaffold. This vector expresses red fluorescent protein (tRFP), to trace the vector
expression in the target cell. The vector maps were created using SnapGene software (from Insightful Science;
available at snapgene.com).

Two different sgRNAs targeting DNMT3A exon 23 (T1 and T3) and one sgRNA targeting TET2
exon 6 were tested. After confirming delivery efficiency (GFP/RFP-positive cells), | extracted
DNA at various time points after transfection to investigate knockout efficiency. The cells

showed decreased viability in the first three days post transfection (Figure 4.9 A).
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Electroporation of the plasmids seemed to interfere with the viability of the cells. Between 3
and 6 days after transfection, the cells regained their capacity and were proliferating again. One
day post transfection, 50% to 70% of the cells were GFP/RFP-positive (Figure 4.9 B). |
enriched the positive fraction by fluorescence activated cell sorting and tracked the GFP/RFP
expression for 9 more days. After 6 days the GFP/RFP-positive cell fraction decreased notably,
especially for the enriched cells. After 10 days, less than 2% of the bulk cells showed plasmid
expression. The GFP/RFP-positive cell fraction decreased faster after the cell viability
increased. K-562 have a relatively short doubling time of around 24 h [172] and loose
ectopically expressed plasmids fast. Next, DNA was extracted to investigate whether our
CRISPR-knockout strategy with ectopically expressed plasmid was successful for this cell line.
First, Cas9 nuclease activity in the target region was investigated via T7 endonuclease | assay
(T7ED).
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Figure 4.9 CRISPR-mediated knockout in the cell line K-562.A) Viability of K-562 cells after transfection with
the vectors pCas9_GFP and pLKO5.sgRNA.EFS.tRFP carrying the sgRNAs targeting DNMT3A (DNMT3A T1
and DNMT3A T3) or TET2 (TET2 sgRNA). Viability was determined via flow cytometry. B) Flow cytometry
analysis of GFP and RFP after transfection. The analysis was carried out in unsorted cells and cells that were sorted
2 days after transfection. The analysis was carried out once. C + D) T7 endonuclease | assay to determine CRISPR
cutting for DNMT3A and TET2 sgRNAs, respectively. The arrows on the right side indicate smaller cleavage
bands. E) Indel fraction for each sgRNA as determined by TIDE analysis. The analysis was performed once per
target.
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In the DNMT3A-targeted samples only weak cleavage bands were visible 3 days after
transfection, increasing slightly after 6 days (Figure 4.9 C), indicating a small fraction of cells
carrying insertions or deletions (indels). The result from the T7E1 indicates that DNMT3A T1
targeted the mutation site more efficiently. With TET2 sgRNA on the other hand, a higher
proportion of cells seemed to have acquired indels (Figure 4.9 D). The observations from the
T7E1 were confirmed by Sanger sequencing and tracking of indels by decomposition (TIDE
[147]). In detail, the calculated indel fraction for cells targeted with DNMT3A T1 was 12.6%
after 10 d, whereas the indel fraction for cells targeted with DNMT3A T3 was 3.9%. The indel
fraction in TET2-targeted cells was 22% (Figure 4.9 E). All in all, the general targeted knockout
strategy produced indels in the cells with different efficiency, depending mainly on the guide
RNA.

In the next step, introduction of point mutations with this CRISPR-strategy was tested in the
cell line K-562. For this approach, | introduced a 200 bp single stranded homology directed
repair-template together with the CRISPR-vector system targeting DNMT3A exon 23 via
electroporation. One day after transfection the majority of the cells expressed GFP and RFP,
confirming a successful delivery of the plasmid. At the same time GFP/RFP-positive single
cells were sorted into 96-well plates to investigate the frequency of cells carrying the desired
point mutation. Of 48 sorted single cell clones, mutations were confirmed in 9 clones. The
mutation frequency in the single cell clones was higher than the bulk data indicated. For the
same experiment, | was not able to confirm indels via sequence decomposition after 5 to 9 days
of bulk cultures (Supplement: Figure 8.3). This observation might indicate that the wild type
cells in the bulk culture outcompeted the mutated cells faster than expected and indels were not
detectable in the bulk after 5 days of culture, although a toxic effect of the mutations is a more
likely explanation for the observed effect. By sorting single cells 24 h after transfection,
mutated cells were captured. One clone carried the desired point mutation in exon 23 (amino
acid change: R882H) in one allele (Figure 4.10 A). The VAF was determined via digital droplet
PCR (ddPCR) in three replicates and was 0.33+0.02 (Figure 4.10 B). The cell line K-562 has
been karyotyped extensively in several studies [173, 174] and has more than two alleles for
most chromosomes. In our case the cell line carries three copies of chromosome 2, explaining
a mutation burden of 33%. Nevertheless, | was able to introduce the desired point mutation with

this genetic modification strategy.
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Figure 4.10 CRISPR-mediated point mutation in K-562.A) Sanger sequencing track of the single cell clone
carrying the desired point mutation G to A, which translates to the mutation R882H in DNMT3A. B) Validation of
the mutation via digital droplet PCR. The variant allele frequency (VAF) was 0.33, which results from the
karyotype of the cell line K-562. Digital droplet PCR was performed with three replicates.

Next, | investigated whether this approach was applicable to the target cell system. Since
primary cells are not easily transfected, | tested various delivery and enrichment strategies.
First, the idea was to transfect mononuclear cells with the expression vectors and sort GFP/RFP-
positive CD34" cells from the bulk. For this test, | used frozen cord blood mononuclear cells
and although | depleted the sample for lineage positive cells before sorting, CD34" cell fraction
was very low (Supplement: Figure 8.4). To improve this outcome, the cells were first enriched
for CD34 by magnetic cells sorting (MACS), expanded for up to one week, and electroporated
with the vector constructs. The Amaxa Nucleofector system does not allow modification of the
electroporation parameters, therefore the cells were electroporated with the same condition,
established for CD34" cells (U-008), but with varying cell numbers and concentrations to test
if downscaling was possible (Supplement: Table 8.2). Different electroporation parameters
were tested for Neon transfection system. GFP-expressing cells and viability were tracked after
transfection with pCas9_GFP. Every condition was only tested once, due to a limited number
of cells available for this experiment. One day after electroporation the maximum viability was
around 20% for both Amaxa and Neon transfection systems, decreasing further after 48 h
(Figure 4.11 A). GFP expression was higher after transfection with the Amaxa system, using
optimized transfection conditions (condition 1), but was below 15% 48 h after transfection
(Figure 4.11 B). Since only 10% of the cells survive the transfection procedure, very few cells
were left in total.
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Figure 4.11 Transfection optimization for CD34" cells.A) Viability of transfected cells 24 h and 48 h after
transfection with the vector pCas_GFP using either Amaxa nucleofection or Neon transfection system. Viability
was determined by flow cytometry. B) Frequency of GFP-positive cells after transfection with the vector
pCas9_GFP using either Amaxa nucleofection or Neon transfection system. GFP-positive cells were determined
as a fraction of viable cells by flow cytometry. Every condition was tested once.

Taken together, neither electroporation system is optimal for delivering the CRISPR-vector
system into primary CD34-enriched cells. The vector system is inefficient for primary cells,
leaving very little cell material for downstream experiments. Since working with single cell
clones in primary cells is not feasible, | had to find a method to improve viability of the cells
after transfection and increase the CRISPR-efficiency so that it would be possible to work in a
cell bulk. These preliminary experiments, helped to understand the CRISPR strategy and served

as a baseline for improving the experimental set-up.
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4.3.2 Modeling Clonal Hematopoiesis by RNP transfection

A second CRISPR-delivery system without expression vectors was tested after determining that
using a vector-based system is highly inefficient in primary hematopoietic cells. This system is
based on the formation of a Cas9-sgRNA RNP. Commercially available Cas9-nuclease is
complexed with an in vitro-transcribed or synthetic guide RNA. The RNP-based approach has
the advantage, that the protein-RNA complex is already in its final form and can target the
DNA. A disadvantage of this system is, that it is not possible to select the positively transfected
cells, therefore the editing efficiency has to be very high.

The already established guide RNAs targeting DNMT3A and TET2 (see chapter 4.3.1) and
SgRNAs targeting ASXL1 were in vitro-transcribed, as described in the methods section, or
ordered as synthetic guide RNAs from Synthego (indicated by *, Figure 4.12), and tested in the
cell line K-562. Electroporation was carried out with the Neon transfection system, which has

more flexibility and needs less cells for one transfection reaction.
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Figure 4.12 CRISPR-editing in K-562 using Cas9-riboneucleoprotein. A) Indel frequency as determined via
ICE sequence decomposition for 10 different sgRNAs targeting the three genes ASXL1, DNMT3A, and TET2.
Inframe indels are all indels that have a multiple of 3 bp deletion or insertion. B-D) T7 endonuclease | assay of K-
562 cells transfected with B) ASXL1 exon 13 RNP, C) DNMT3A exon 23 T1 RNP and D) TET2 exon 6 RNP or
Cas9 protein without sgRNA 5 days after transfection. The arrowheads show cleavage bands. Cas9 ctrl: Cells
transfected with Cas9 without guide RNA. T7E1: T7 endoculease |. * = synthetic guide RNA.

After 48 hand 7 days, indel frequency was calculated via Sanger trace sequence decomposition,
using an improved online tool (ICE) that is less dependent on the quality of the Sanger sequence
[148]. The TIDE algorithm tends to overestimate the indel fraction in low quality Sanger

sequencing files. Except for TET2, more than one guide RNA was tested, to select the ones with
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highest knockout efficiency. As depicted in Figure 4.12 A, two guide RNAs led to high
proportions of predicted inframe deletions and were not followed up further (ASXL1 exon 7 and
DNMT3A exon 14). The highest predicted frameshift indel frequencies were achieved using
ASXL1 exon 8 sgRNA, DNMT3A exon 4 sgRNA, and TET2 exon 6* sgRNA. Generally, the
editing efficiency in the test cell line was higher using the RNP approach than with the vector
approach, especially 5 days after transfection. Despite showing not optimal editing outcomes,
ASXL1 exon 13* guide RNA and DNMT3A exon 23 T1* guide RNA were used for establishing
experiments, since these guides were needed for introducing point mutations. In the above-
described experiment, a molar ratio of 1:5 (Cas9:sgRNA) was used for IVT guides and a molar
ratio of 1:3 was used for synthetic guides. T7E1 assay confirmed that the three selected SgRNAs
were able to introduce mutations in the target genes 5 days after transfection (Figure 4.12 B, C,
and D for the three synthetic guide RNAS). The cleavage band in the ASXL1 targeted sample is
relatively pronounced, indicating that the decomposition algorithm might have underestimated

the editing efficiency.

In the next experiment, molar ratios from 1:2 to 1:10 of Cas9-protein and DNMT3A exon 23
T1* were tested in K-562 to improve the editing efficiency. Editing efficiencies were modeled
with sequence decomposition after 48 h and 7 days. Increasing the amount of guide RNA with
constant amount of Cas9 protein greatly improved editing in the cell bulk (Figure 4.13).
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Figure 4.13 Optimization of RNP-mediated CRISPR editing in K-562. CRISPR efficiency in K-562
transfected with DNMT3A exon 23 T1* RNPs at different molar ratios of Cas9:sgRNA. ICE analysis was
performed 48 h and 7 d after transfection. The editing efficiency includes inframe and frameshift indels. The bars
show mean+SD of the calculated CRISPR efficiency for duplicates.

In this setting an editing efficiency (frameshift and inframe indels) of around 80% could be
achieved with a 1:10 ratio 7 days after transfection. The estimated knockout score for this
condition was 37% (data not shown).
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Furthermore, the HDR-mediated editing efficiency was tested in combination with RNP
transfection. To this end, two different single-stranded DNA (ssDNA) HDR-templates were
tested in two different concentrations (10 pmol and 30 pmol). The templates were designed
with asymmetric homology arms, with a 35 bp homology arm 3’ of the estimated cut site and
65 bp homology arm 5’ of the estimated cut site. One template was designed homologous to
the strand on which the protospacer adjacent motif (PAM) was located (PAM strand) or

homologous to the complementary strand (non-PAM strand, Figure 4.14).

65bp Y 35bp
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Figure 4.14 Donor design for homology directed repair. Single stranded DNA donors for homology directed
repair, to introduce point mutations, were designed homologous to the PAM strand (PAM donor) or the non-PAM
strand (non-PAM donor). All templates have asymmetric homology arms (5’ of the estimated cut site 65 bp, 3° of
the estimated cut site 35 bp). The cut sites are indicated with red arrowheads. PAM: protospacer adjacent motif.

The desired point mutation in exon 23 of DNMT3A could be introduced with all donors (Figure
4.15). The lower concentration of each sSDNA donor was more effective in direct comparison.
Overall, the HDR template homologous to the PAM strand generated the highest proportion of
point mutations (25.5%7.8%).
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Figure 4.15 CRISPR point mutations via HDR in K-562. CRISPR efficiency in K-562 transfected with
DNMT3A exon 23 T1* RNPs and a single stranded homology directed repair template at different concentrations.
ICE analysis was performed 48 h and 7 d after transfection. The editing efficiency includes inframe and frameshift
indels (blue) and point mutations (single nucleotide variant, SNV). The bars show mean+SD of the calculated
CRISPR efficiency for duplicates. PAM: HDR template was designed homologous to the strand on which the
protospacer adjacent motif (PAM strand) is located. Non-PAM: HDR template is homologous to complementary
strand (non-PAM strand).
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Finally, to confirm that the RNP-based delivery method also worked for primary material,
mononuclear cells were isolated and expanded for 2 days. The cells were enriched for CD34
(Supplement: Figure 8.5) and expanded for four more days before transfection with RNPs and
the vector system both targeting TET2 exon 6. The viability of the cells was around 60% one
day after transfection for all conditions (Figure 4.16 A). After 48 h, the cells transfected with
vectors exhibited decreased viability, which was even more pronounced after 7 days of culture.
The cells transfected with RNPs exhibited a higher viability in general. By sequence
decomposition analysis, | was able to confirm a high proportion of indels in CD34" cells
targeted with TET2 ex6 RNPs (Figure 4.16 B). Ribonucleoprotein-based delivery of Cas9
nuclease and guide RNA was highly efficient as well as less cytotoxic than vector-based

delivery in primary CD34" cells and is therefore the optimal experimental set-up for my

purpose.
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Figure 4.16 Comparison of CRISPR editing with vectors and RNP in CD34* cells. Viability CD34* cells after
transfection with RNPs or the vector system (pCas9_GFP and pLKO5.sgRNA.EFS.tRFP:TET2ex6 sgRNA)
targeting exon 6 of TET2. Viability was determined via trypan blue exclusion (mean+SD). RNP ctrl: Cas9 protein
without sgRNA,; vector ctrl: pCas9_GFP. B) Indel distribution in CD34* cells targeted with TET2 exon 6 RNPs.
R? and p-value calculations are automatically performed by the TIDE algorithm, where R? is calculated to assess
the goodness of fit and the p-value is based on the estimated abundance of each indel [147].
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4.4 Functional Impact of Mutations in Epigenetic Regulators on HSPCs

4.4.1 Characterizing the Knockout

Parts of the following results are currently submitted to be published. The general experimental
procedure was performed as follows: MNC were isolated from freshly drawn umbilical cord
blood by Biocoll density centrifugation. Subsequently CD34" cells were collected by magnetic
separation and cultured for 2 days in StemSpan expansion medium. After expansion, the cells
were transfected with RNPs targeting ASXL1 exon 13, TET2 exon 6, and DNMT3A exon 23
plus the homology directed repair templates to introduce the mutation R882H in DNMT3A or
an 8 bp deletion in ASXL1 (Figure 4.17).
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Figure 4.17 Schema of general experimental procedure. CD34" cells were isolated from cord blood and
expanded for 2 days in StemSpan expansion medium. Surface marker expression was checked via flow cytometry
to assure CD34* cell enrichment before transfection. Directly after transfection, cells were seeded for short-term
culture in liquid medium, in methylcellulose for CFU assay and replating experiments, and on irradiated feeder
cells for long-term culture and long-term culture initiating cell assay (LTC-IC). P2 and p3 indicate the time points
of CFU counting and serial replating in methylcellulose.

Introduced mutations were checked via Sanger sequencing and sequence decomposition (ICE
analysis) at various time points as described above for all experiments. In Figure 4.18 an
overview over the predicted mutations per target are shown. For DNMT3A, the indel VAF
(knockout, KO) and the VAF of the introduced mutations (single nucleotide variant, SNV) are
shown separately. The mean indel frequency was around 40% for DNMT3A™", In a high
proportion of samples, SNVs could be introduced with an equally high VAF. For ASXL1™* all
mutations were summed up as total ‘KO’, since the introduced mutation is an 8 bp deletion, and
had a mean VAF of around 40%. The high variance in predicted mutations might result from
the quality of the Sanger sequencing and the size of the generated insertions and deletions.
Indels over 21 bp are less frequently detected by the decomposition algorithm, especially when
the signal has a high background noise. Samples targeted with TET2 sgRNA had the highest
indel proportion (mean=62.2%). | could detect mutations in all samples, except for one ASXL1

targeted sample with a predicted indel frequency of 1%.



Results

73

predicted mutation[%]

DNMT3A™'  AsxL1™ TET2™
804
o°
80+ ade’
.
[] o, .o ¢ 3
404 :- -
[ ] .. . . L]
a .
20 LT s .
e | ® .
0 T A - T
NSERES © ©

Figure 4.18 Overview of mutation efficiency in cord blood CD34* cells. CD34" enriched cells were transfected
with RNPs targeting DNMT3A exon 23, ASXL1 exon 13, and TET2 exon 6 to introduce indels (KO = knockout).
Point mutations (SNV) were introduced by addition of a single stranded DNA template carrying the mutation.
Mutation efficiencies were estimated via sequence decomposition of Sanger sequencing tracks of at least 5
biological replicates and 2 transfection replicates at various time points after transfection.

In Figure 4.19 examples of the predicted sequence contributions are shown for TET2, DNMT3A,

and ASXL1 targeted samples, respectively. The pictures were chosen randomly from all

analyzed samples and were trimmed to show only the most frequent indels. Especially ASXL1M"t

samples (Figure 4.19 A) have longer insertions and deletions that could possibly be missed in

bad quality Sanger sequencing tracks. Nevertheless, the sequence decomposition allowed to

estimate the frequency and the type of indels in the bulk sample.
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Figure 4.19 Indel contribution as estimated by ICE analysis. CD34* cells were transfected with RNPs targeting
A) DNMT3A exon 23, B) ASXL1 exon 13, and C) TET2 exon 6. Mutations introduced by homology directed repair
(HDR) are highlighted in orange. The wild type sequence is indicated by a ‘+’ on the left side. The size of each
indel (+ for insertion, - for deletion) and the contribution are also shown on the left side.
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In order to confirm the knockout of the target genes, mMRNA expression was quantified for two
independent biological samples. RNA was extracted 3, 7, or 14 days after transfection. Three
days after transfection only for TET2™" cells a decrease in target mMRNA expression was
detectable (Figure 4.20 A), indicating that the genetic knockout did not lead to an immediate
reduction of DNMT3A and ASXL1 mRNA expression. This observation could be confirmed in
a second biological sample, in which only the TET2 targeted sample exhibited reduced target
MRNA 7 days after transfection (Figure 4.20 B). Nevertheless, after 14 days a reduction in

MRNA of all targets was observed.
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Figure 4.20 Target knockout in CD34" cells. A + B) Quantitative real-time PCR analysis of ASXL1, DNMT3A,
and TET2 mRNA after CRISPR knockout of the respective targets. Relative expression was calculated via
the -AACt-method, with the sample transfected only with Cas9 protein as reference sample (relative expression =
0). GAPDH was used as endogenous control. A) CB004 3 days after transfection. B) CB006 7 and 14 days after
transfection. Bars and error bars show mean and SD of three technical replicates. C) Western Blot analysis of
sample CB004 6 days (TET2) and 24 days after transfection (ASXL1 and DNMT3A). B-Actin was used as loading
control. The normalization factor was calculated relative to the highest signal of B-Actin and used to normalize the
signal intensities. WT: Cells transfected with Cas9 protein.

After confirming that the genetic knockout led to a decrease in target mRNA, | was interested
in protein expression. Protein lysates were prepared 6 days (TET2™) and 4 weeks (DNMT3A™!
and ASXL1™Y after transfection. TET2 protein was strongly decreased in the mutated cells
(Figure 4.20 C, relative intensity vs. ctrl: 0.33). After normalization to the housekeeper B-actin,
a decrease in target protein could also be confirmed in ASXL1 and DNMT3A mutated cells
(relative intensity vs. ctrl: 0.28 and 0.66, respectively). Western Blots of the target proteins were

only performed once for one biological sample to confirm the observations on RNA level.
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Since DNMT3A and TET2 play a crucial role in methylation and hydroxymethylation of DNA,
a functional knockout might lead to an altered global methylation status of the DNA. The
amount of 5-hydroxymethycytosine (5hmC) and 5-methylcytosine (5mC) was quantified via
dot blot. Of three independent biological samples DNA was extracted at different time points
and spotted onto a nylon membrane. The signals were analyzed using ImageJ software and
normalized to the methylene blue loading control for each time point and DNA input. Relative
levels compared to the wild type sample for all quantified spots of three biological samples are
shown in Figure 4.21 A and B.
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Figure 4.21 Dot Blot analysis of 5-hydroxymethylcytosine and 5-methylcytosine levels. A) Relative 5hmC
levels of DNMT3A™! and TET2™ cells compared to wild type cells (Cas9 protein only). Signal intensities were
quantified via ImageJ, normalized to the methylene blue loading control, and calculated relative to the wild type
sample for each time point and input amount of three biological samples. ** p<0.01, one-sample Wilcoxon signed
rank exact test with p=1. B) Relative 5mC levels of DNMT3A™t and TET2™" cells compared to wild type cells
(Cas9 protein only). The bars show mean+SD of the relative signal intensity (3 biological samples with 3 or 4
technical replicates). C) One representative example of 5hmC and 5mC dot blot. Different time points are indicated
above the blot (d = days after transfection), and different input amounts are shown on the left.

As anticipated, | observed a decrease of 5-hmC levels in TET2-mutated cells compared to wild
type cells (p<0.01, one sample Wilcoxon signed rank exact test with pu=1, n=9). The
5-methylcytosine levels vary greatly between the different replicates of TET2-mutated cells and
did not follow a distinct pattern. DNMT3A mutations did not appear to have an effect on the
5mC or 5hmC levels in the cells. | observed that the global 5hmC levels decreased over time,

whereas the 5mC level was less effected by time (Figure 4.21 C and Supplement: Figure 8.6).
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4.4.2 Baseline Cell Characteristics
For all following experiments a total of 10 biological samples was collected (Supplement:
Figure 8.2) and the experimental procedures were carried out in the same manner (see Figure
4.17 in chapter 4.4.1), to avoid any confounding variables. To investigate whether the
introduction of mutations in the model system led to a functional difference in the cells, 1 first
targeted the cells with all three guide RNAs simultaneously (multi KO). In the second part, |
targeted each gene individually and compared the obtained results to the multi KO model to
investigate how the aberrations act individually on the cells. Not all experiments were carried
out in all biological samples and some data could not be analyzed due to culture contamination
issues. After transfection, viable cells were counted via trypan blue exclusion 3, 5, and 7 days
later to estimate the effect of the transfection and the introduction of CRISPR mutations on cell
viability. The viability of the cells was between 30% at day 3 and up to 80% at days 5 and 7
after transfection and differed depending on the target (Figure 4.22). Especially in the multi KO
samples the viability was reduced in the first days after transfection. One week after transfection

the cells regenerated and showed a similar high viability of around 70% for all conditions.
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Figure 4.22 Viability of transfected cord blood CD34" cells. A) Viability of the cells was determined via trypan
blue exclusion 3, 5, and 7 days after transfection with RNPs for three biological and two transfection replicates.
The bars show mean+SD. Ctrl: cells transfected with Cas9 protein, multi KO: cells transfected with a mix of all
three guide RNAs+Cas9 protein. * p<0.05 Wilcoxon rank-sum test compared to control group, corrected for
multiple testing.

To assess whether the mutations have an impact on the baseline cycling and proliferative
capacities of the cells, they were subjected to cell cycle analysis 5 days after transfection. For
the bulk cells targeted with all three guide RNAs, | observed a different distribution of cells in
the cell cycle phases in a preliminary experiment, with cells accumulating in G2 and S phase
rather than G1 phase (Figure 4.23 A). In the cells targeted with the guide RNAs individually,
no difference to the control group (WT) could be observed. This might be an effect of increased

stress and DNA damage due to the cutting of Cas9 nuclease in multiple genes, leading to an
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arrest in G2 phase. It has to be noted that cell cycle analysis of the multi KO cells was only

performed with one biological replicate, therefore statistical testing was omitted.
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Figure 4.23 Cell cycle and proliferation analysis of transfected cord blood CD34* cells. A) Cell cycle analysis
was carried out in three biological and two technical replicates 5 days after transfection. The proportion of G1-,
G2-, and S-phase was determined by flow cytometry of propidium iodide treated cells. Cells in mitosis were
determined via the flow cytometry analysis of phosphorylated histone H3. Bars show mean and standard deviation.
The wild type group is highlighted in orange (WT = transfection with Cas9 protein). No significant differences
were detected using Wilcoxon rank-sum test and correcting for multiple testing. B+C) Cell proliferation analysis
via cell confluence measurement in the IncuCyte live cell imaging system of two biological replicates. Each
experiment was carried out with 4 technical replicates per condition. The points and error bars show mean+SD.
*p<0.05, **<0.01 statistical testing was performed using the R package “statmod”.

| did not observe any change in mitotic cells, indicating that the mutations did not affect the
proliferative capacities of the cell bulk. I could confirm this observation by growth curve
estimation via IncuCyte. Two to four days after transfection the cells were seeded in 96-well
plates and the confluence was monitored via IncuCyte Live Cell Imaging System (Figure
4.23 B, C). This assay is strongly dependent on the seeding density of the cells and is not
optimal when all conditions have to be seeded individually. Wild type cells grew fastest in both
proliferation experiments, hinting to a toxic effect of the transfection procedure in the first days

of culture.
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4.4.3 Differentiation and Phenotypic Changes
To assess whether the introduced mutations have an influence on the differentiation of the cells,
expression of differentiation specific cell surface markers was monitored via flow cytometry.
Marker expression of all samples was checked before transfection (day 0, Supplement: Figure
8.2) and again every 7 days for three weeks. In general, and as expected, very few to no cells
expressing lymphocytic markers could be found in the liquid culture (CD3 or CD19). The
frequency of CD34" cells remained high after 7 days of liquid culture but was gradually lost
over time (Figure 4.24). CD66b expression (neutrophil granulocytes) was very low in the
beginning of the differentiation experiment but increased after 14 days. CD14 (monocytes and
macrophages) expression increased mainly between 14 and 21 days of the experiment, but
remained relatively low, compared to CD66b. These general patterns could be observed for all
biological samples, whereas the expression of other markers varied more between the different

donors (i.e., erythroid marker CD235a).
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Figure 4.24 Cell surface marker analysis of multi KO CD34" cells. Transfected CD34" cells were analyzed for
cell surface marker expression via flow cytometry 7, 14, and 21 days after transfection: CD19 B cells, CD235a
erythroid cells, CD34 progenitor cells, CD66b granulocytes, FceRla mast cells and basophiles, CD41
megakaryocytes, CD14 monocytes, CD3 T cells. Frequencies were normalized to 100% for all depicted cell
populations. Two biological samples are shown. Bars and error bars show mean and standard deviation of two
transfection replicates. No statistical testing was performed for the individual biological samples with two technical
replicates.

After 21 days, the frequency of CD66b expressing multi KO cells reached a level similar to WT
cells, indicating that the expression of this neutrophil granulocyte marker is delayed in multi

KO cells. A similar pattern was observed for CD14, with fewer multi KO cells expressing CD14
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after 14 days as compared to WT cells. A trend that was consistent even after 21 days in liquid
culture. Introducing knockouts in bulk cells enriched for hematopoietic progenitors seemed to
affect differentiation marker expression in vitro. To dissect which mutation led to the observed

patterns, | investigated the targets individually.

For DNMT3A™and AXSL1™ 4 biological samples were analyzed. | did not observe a different
marker expression pattern than in the WT group (Figure 4.25 A, two examples). Although the
actual percentage of CD34-expressing cells did not differ between WT and mutated cells for
several biological samples, the CD34 marker expression decreased slower in DNMT3A™ than
in the wild type cells (Figure 4.25 A, CB009). Fold change calculations of CD34 marker
expression from day 7 to day 14 revealed that DNMT3A™ cells retained more of their CD34
expression over this time period (Figure 4.25 B, Wilcoxon rank-sum test p<0.05), but this effect

was lost after 21 days.
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Figure 4.25 Cell surface marker analysis of ASXL1Mt and DNMT3A™t CD34* cells. A) Transfected CD34*
cells were analyzed for cell surface marker expression via flow cytometry 7, 14, and 21 days after transfection:
CD19 B cells, CD235a erythroid cells, CD34 progenitor cells, CD66b granulocytes, FceRlo mast cells and
basophiles, CD41 megakaryocytes, CD14 monocytes, CD3 T cells. Frequencies were normalized to 100% for all
depicted cell populations. Two biological samples are shown. Bars and error bars show mean+SD of two
transfection replicates. No statistical testing was performed for the individual biological samples with two technical
replicates. B) Loss of CD34 marker expression was calculated as fold change between day 7 and day 14. The bars
show mean-SD. * p<0.05, Wilcoxon rank-sum test.
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Investigating TET2™" cells, | detected a similar pattern as for the multi KO cells. First, 7 days
after transfection very few cells expressed CD66b (Figure 4.26, left panels). Second, after 14
days in liquid culture, the proportion of CD66b expressing cells was higher in the wild type
group than in TET2™ cells (Figure 4.26, middle panels), an effect that was lost after 21 days
in liquid culture (Figure 4.26, right panels). CD14 expression seemed to differ already after 7
days and remained this way even after 21 days of culture. For the two examples shown in Figure
4.26, no individual statistical testing was performed, so only trends were reported.
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Figure 4.26 Cell surface marker analysis via flow cytometry of TET2™!t CD34" cells. TET2™! CD34" cells
were analyzed for cell surface marker expression via flow cytometry 7, 14, and 21 days after transfection: CD19
B cells, CD235a erythroid cells, CD34 progenitor cells, CD66b granulocytes, FceRIla mast cells and basophiles,
CD41 megakaryocytes, CD14 monocytes, CD3 T cells. Frequencies were normalized to 100% for all depicted cell
populations. Two biological samples are shown. Bars and error bars show mean+SD of two transfection replicates.
No statistical testing was performed for the individual biological samples with two technical replicates.

In total 7 biological replicates were measured for TET2™! to confirm this observation. For all
replicates CD14 expression was decreased in TET2™! cells compared to the WT (Figure 4.27 A,
Wilcoxon rank-sum test p<0.05 for all time points), with the highest discrepancy at day 14,
indicating that CD14 might be expressed delayed and the cells might reach the same level as
the control group at a certain time. As described before, CD66b marker expression was
generally very low after 7 days in liquid culture and remained lower in TET2™" cells at 14 days
(Figure 4.27 B). TET2™ cells increased CD66b marker expression after 14 days and reached
the same level as the control group after 3 weeks of culture. Comparing these results with the
multi KO cells, a similar pattern as described for only TET2™! cells can be observed (Figure
4.27 A and B). Since no distinct patterns were found in the DNMT3A™! or ASXL1™" cells, it

seemed that the effects observed in the multi KO resulted from the aberrations in TET2. CD34
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marker expression was retained longer in multi KO cells as determined by fold change
calculation (Figure 4.27 C), as observed for the DNMT3A™! cells. This means the effects of

TET2 mutations as well DNMT3A mutations could be observed in the multi KO sample.
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Figure 4.27 CD14 and CD66b analysis via flow cytometry of TET2™' and multi KO CD34" cells. A) CD14*
cell fraction in TET2™ multi KO, and wild type cells 7, 14, and 21 days after transfection for all analyzed
biological and technical replicates (n=14 for TET2™" and WT, n=4 for multi KO). * p<0.05, **p<0.01, Wilcoxon
rank-sum test corrected for multiple testing. B) CD66b* cell fraction in TET2™*, multi KO, and wild type cells 7,
14, and 21 days after transfection for all analyzed biological and technical replicates (n=14 for TET2™" and WT,
n=4 for multi KO). *p<0.05, **p<0.01, Wilcoxon rank-sum test corrected for multiple testing. C) Loss of CD34
marker expression was calculated as fold change between day 7 and day 14. ** p<0.01, Wilcoxon rank-sum test.

Altogether a delayed differentiation marker expression could be observed in TET2™! cells as
well as an increased retention of the primitive marker CD34 in DNMT3A™ cells, indicating
that a disruption in these genes might lead to impaired differentiation and therefore altering the

balance of the tightly regulated hematopoietic system.
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4.4.4 Self-renewal and Long-term Culture Initiating Potential
To get more details about the differentiation potential of the mutated cells, colony forming
assays were performed. Colony forming assays are used to identify committed progenitors
(colony forming cells, CFC) in a cell sample by stimulating them to develop and produce mature
colonies. It is possible to detect progenitors with multi-lineage differentiation potential or more
committed mature progenitors, but not primitive progenitors or HSCs. Colonies that arise from
different progenitors can be characterized based on morphology (Figure 4.28). Every quantified
colony therefore stands for a distinct progenitor present in the sample [175, 176]. CFU assays
were carried out for at least three biological samples per transfection set-up. Per condition,
1,000 cells were seeded in duplicates in methylcellulose-based medium. Colonies were
quantified after 10 to 14 days of culture, and classified as colony forming unit granulocyte,
macrophage (CFU-GM), colony forming unit granulocyte, erythrocyte, macrophage,
megakaryocyte (CFU-GEMM), colony forming unit erythroid (CFU-E), or burst forming unit
erythroid (BFU-E). CFU-E and BFU-E both identify erythroid progenitors, with the difference
that BFU-E are more immature and produce more cells per cluster. CFU-GM produce
granulocytes, macrophages, or both. A sub-classification can be performed (CFU-G and CFU-

M) [175], but was not done for all samples and the CFUs are therefore summed up as CFU-GM

in the experiments performed here.

Figure 4.28 Examples of colony forming unit types. CFU-GM: colony forming unit granulocyte, macrophage,
CFU-M: colony forming unit macrophage, CFU-G: colony forming unit granulocyte, CFU-E colony forming unit
erythroid, BFU-E: burst forming unit erythroid.
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After the first CFU quantification, the cells were harvested, washed, and resuspended to obtain
a single cell suspension. After determination of viable cell count, cells were seeded a second
time in methylcellulose and cultured for 10 to 14 days. This procedure was repeated until no
CFUs were detected. In the first passage mainly CFU-GM were quantified, but also BFU-E,
and in lower numbers CFU-E and CFU-GEMM. Since the overall number of colonies varied
widely between the biological replicates (range: 3620 to 194483 colonies, meantstandard
deviation), I compared the relative distribution of the different progenitors present in the
samples (Table 4.4). For all samples, the majority of CFU counted were granulocyte and
macrophage committed, with the multi target knockout having the highest proportion of CFU-
GM and the wild type cells having the lowest. Simultaneously, in the control group the highest
proportion of BFU-E, CFU-E, and multi lineage progenitors could be seen. Nevertheless, the
standard deviation was very high for all targets, so no further conclusions can be drawn (no

significant differences using Wilcoxon rank-sum test and multiple testing correction).

Table 4.4 Relative frequency of different CFU. Percentage of each CFU type calculated for duplicates of at least
three biological samples. All values are mean * standard deviation. No significant differences were found using
Wilcoxon rank-sum test and multiple testing correction.

CFU-GM BFU-E CFU-E CFU-GEMM
DNMT3A™! 73.8+12% 18.9+8.4% 0.5+1.6% 6.8+8.6%
ASXL1™! 69.3+20.6% 24.7+18.4% 1.3+4.0% 4.7+5.2%
TET2m 73.6+14.8% 19.2+8.9% 3.8+£5.6% 3.4+4.0%
multi KO 78.4+13.8% 12.9+11.5% 1.8+2.9% 6.7+3.0%

WT 60.3+12.8% 25.9+11.1% 5.4%+6.7% 8.4+7.6%
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With regard to overall colony numbers per 1,000 seeded cells, CFU count was higher in the
WT compared to multi KO in two out of three biological replicates in the first passage (Figure
4.29, CB010 and CBO011). For all biological samples, more CFUs were counted after the first

replating, for CB009 it was even possible to detect CFUs after another round of replating.
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Figure 4.29 Colony forming unit and serial replating assays of multi KO CD34" cells. Transfected cells were
directly seeded in methylcellulose (MethoCult H4435) and cultured for 10 to 14 days. After determining colony
forming units with distinct phenotypes, cells were harvested and replated in methylcellulose. Colonies were
determined as BFU-E: burst forming unit erythroid, CFU-E: colony forming unit erythroid, CFU-GM: colony
forming unit granulocyte, macrophage, CFU-GEMM: colony forming unit granulocyte, erythrocyte, macrophage,
megakaryocyte per 1,000 plated cells. Biological replicates are indicated above the bars. The number of the passage
is shown on the right (p1: first seeding, p2: second seeding, p3: third seeding). All bars show mean and standard
deviation of two technical replicates.

Similar to the multi KO cells, no difference between AXSL1™, DNMT3A™!, and the WT group
was observed in the first passage, except for one sample in which more colonies were counted
in the wild type sample (Figure 4.30, CB009). In one biological replicate, | was able to find
colonies in the third passage for the ASXL1 and DNMT3A mutants (sample CB005), but not in
the wild type sample. Since the colony forming ability was highly variable between donors,
three biological replicates are not enough to find patterns in the behavior of the cells.

Unfortunately, several replicates were lost due to contamination issues.
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Figure 4.30 Colony forming unit and serial replating assays of ASXL1™t and DNMT3AM™t CD34* cells.
Transfected cells were directly seeded in methylcellulose (MethoCult H4435) and cultured for 10 to 14 days. After
determining colony forming units with distinct phenotypes, cells were harvested and replated in methylcellulose.
Colonies were determined as BFU-E: burst forming unit erythroid, CFU-E: colony forming unit erythroid, CFU-
GM: colony forming unit granulocyte, macrophage, CFU-GEMM: colony forming unit granulocyte, erythroid,
macrophage, megakaryocyte per 1,000 plated cells. Biological replicates are indicated above the bars. The number
of the passage is shown on the right (p1: first seeding, p2: second seeding, p3: third seeding). All bars show mean
and standard deviation of two technical replicates.

TET2™ cells were examined in 7 biological replicates (Figure 4.31 A). In the first passage there
was no significant difference in CFU numbers between TET2™! and WT samples (Figure
4.31 B). In the second passage, significantly more CFU were forund in the TET2™! cell bulk
than in the WT cells (adjusted p=0.001, Wilcoxon rank-sum test). For some samples colonies
emerged in the third passage, indicating that even after replating, progenitors were present in

the sample leading to the formation of mature cell colonies.
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Figure 4.31 Colony forming unit and serial replating assays of TET2™t CD34* cells Transfected cells were
directly seeded in methylcellulose (MethoCult H4435) and cultured for 10 to 14 days. After determining colony
forming units with distinct phenotypes, cells were harvested and replated in methylcellulose. A) Bar plots showing
the different biological samples. Colonies were determined as BFU-E: burst forming unit erythroid, CFU-E: colony
forming unit erythroid, CFU-GM: colony forming unit granulocyte, macrophage, CFU-GEMM: colony forming
unit granulocyte, erythroid, macrophage, megakaryocyte per 1,000 plated cells. Biological replicates are indicated
above the bars. The number of the passage is shown on the right (p1: first seeding, p2: second seeding, p3: third
seeding). All bars show mean and standard deviation of two technical replicates. B) Boxplot showing the total
CFU count of all analyzed replicates for TET2™ vs. WT cells for statistical analysis. The passage is indicated
above the plot. ** p<0.01, Wilcoxon rank-sum test.

To investigate if primitive progenitors were retained in the samples, long-term culture-initiating
cell (LTC-IC) assays were performed. Cells were cultured on a feeder layer that supports
attachment of more primitive progenitor cells which in turn generate committed progenitors
and sustain myelopoiesis [146]. Transfected cells were plated on irradiated feeder cells
producing human cytokines G-CSF, SCF, and IL-3 (M2-10B4 and SI/SI mix) at a concentration
of 500 to 1,000 cells per 500 pl HLTM. After 4 to 9 weeks the cells were harvested and viable
cells were counted via trypan blue exclusion. The total number of viable cells was normalized
to the number of plated cells per experiment. Viable cell numbers in DNMT3A™ " and ASXL1™"
samples differed strongly between donors, nevertheless | observed an increase in cell numbers
compared to the WT sample. In TET2™! and multi KO samples the variability was less strong
and therefore showed a strong increase in cell numbers compared to the wild type samples
(Figure 4.32). This first observation indicated that a number of primitive progenitors and/or
committed progenitors supporting continuous production of mature myeloid cells was present

in the samples.
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Figure 4.32 Viable cells after long-term culture. Transfected cells were seeded onto irradiated feeder cells and
cultured for up to 9 weeks. Viable cells were determined via trypan blue exclusion after harvesting the complete
well. The number of viable cells determined was divided by the number of cells plated. The experiment was
performed in triplicates of at least two biological samples per condition. Statistical testing was performed using
Wilcoxon rank-sum test of each group vs. control group (WT = wild type). P-values were adjusted for multiple
testing. *p<0.05, **p<0.01, ***p<0.001

To assess the phenotype of the detected cells after long-term culture, cell surface marker
analysis via flow cytometry was performed. Mainly CD14 (monocyte and macrophage) and
CD66b (neutrophil granulocyte) marker expressing cells were detected after long-term culture
(Figure 4.33 A, B, C, representative examples from two biological samples). In some samples
the proportion of basophiles and mast cells (FceRIa expression) was equally high (data not
shown), but very few CD41 (megakaryocyte) positive cells were detected. This observation
confirmed that myelopoiesis was maintained over 9 weeks of long-term culture. Interestingly,
the frequency of CD34 expressing cells was higher in the mutants than in the wild type sample
in the biological replicate depicted in Figure 4.33 A (DNMT3A™": 1.31+0.4%, ASXL1™®
2.71+1.77%, TET2™": 0.52+0.38%, WT: 0.10+0.12%). Only for this biological sample (with 3
technical replicates) the cytometry data had a sufficiently high quality to quantify CD34

expressing cells, so statistical testing was omitted for this analysis.
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Figure 4.33 Exemplary flow cytometry analysis of surface marker expression after long-term culture. A)
Flow cytometry analysis of CD34 and CD14 marker expression in cells from CB007 after long-term culture. B)
Flow cytometry analysis of CD41 and CD66b in cells from CB007 after long-term culture. C) Flow cytometry
analysis of CD66b and CD14 in cells from CB010 after long-term culture. CD14: monocyte/macrophage, CD34:
progenitor cells, CD41: megakaryocytes, CD66b: granulocytes. One representative sample is shown for each
condition.

Next, | performed a CFU assay after long-term culture to determine if colony forming cells
were still present in the culture. Colony forming cells represent committed progenitors. Of the
harvested cells, 20,000 were seeded in methylcellulose. For all mutated conditions LTC-IC
derived CFU were found, whereas only in few of the WT samples colonies were detected (each
condition vs WT p<0.05, Wilcoxon rank-sum test). The standard deviation for CFUs
determined was high because of the variance between the biological samples. For visualization,
the y-axis was square root transformed (Figure 4.34). In DNMT3A™ a high number of LTC-
IC derived CFU per 20,000 test cells were found (8.8+£10.4), but only in half of the replicates
colonies were detected (56%, n=9). TET2™ cells did not produce as many colonies per seeded
replicate (5.9£12.7), but a higher proportion of replicates were able to generate colonies (71%,

n=17). In ASXL1M" Jess LTC-IC derived CFU were detected per replicate (2.7+3.6) and in 56%
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(n=9) of the seeded samples CFU were found. In the multiple target knockout samples, colonies

were detected in 71% of the replicates (n=7), with a mean CFU number of 19.
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Figure 4.34 Long-term culture-initiating cell derived colony forming units. After long-term culture all cells
were harvested, viable cells were determined via trypan blue exclusion, and 20,000 viable cells were seeded. For
each condition duplicates of at least two biological replicates were seeded in methylcellulose and colony forming
units (CFU) were quantified. The y-axis was square root transformed to make the data points more visible.
Statistical testing was performed using Wilcoxon rank-sum test of each group vs. control group (WT = wild type).
P-values were corrected for multiple testing. * p<0.05, ** p<0.01
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4.5 Mutational Analysis and Clonal Expansion

4.5.1 Indel Detection via CRISPRseq
To determine the indel composition of the mutated cells, deep sequencing of an amplicon
spanning the mutation target site was performed in single mutated bulk cells from various time
points. The different culture condition support different cell output, therefore all samples from
each condition were analyzed separately to determine differences in indel composition.
CRISPRseq mutational analysis was performed, as described by Tothova et al. [151] with minor
modifications in the library preparation and bioinformatics pipeline. This analysis allows the
detection of large indels that are missed by sequence decomposition algorithms of Sanger
sequencing files. The sequencing was performed in two sequencing runs with 140 and 221
individual amplicons for the three target regions. A mean sequencing depth of approx. 18,000
and 30,000 reads was achieved for run 1 and run 2, respectively. Since the sequencing depth
was high, all insertions and deletions that were found less than 10 times were omitted from
further analysis (list of all detected mutations: supplemental spreadsheet file). Indel sizes ranged
from 1 to 86 bp (Figure 4.35 A), with more deletions than insertions (73% deletions). The
majority of the deletions were smaller than 10 bp (71% of all deletions) and the most frequently

observed insertion was 1 bp (84 % of all insertions).

Generally, more indels were detected per sample via CRISPRseq than with Sanger sequencing
and sequence decomposition (Figure 4.35 B). The indel frequency ranged from 21% to 89% for
the ASXL1 exon 13 sgRNA, which was a much higher variation than for the DNMT3A or TET2
targets (47-67% and 75-99%, respectively).
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Figure 4.35 Indel prediction via CRISPRseq. A) Density distribution of insertion and deletion size in base pairs
(bp) found with the CRISPRseq algorithm in deep sequencing reads of amplicons spanning the targeting region of
each sgRNA. B) Predicted indel frequency for all samples from short-term culture experiments analyzed via
CRISPRseq or Sanger sequence decomposition. Samples from different biological samples and time points are
grouped together based on the target gene.
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Between the different time points of short-term culture, | did not observe a difference in
predicted indel frequency for all targets, indicating that the wild type cells were not
overgrowing the mutant in short-term culture (Figure 4.36 A). Methylcellulose and long-term
culture are selective culture conditions, supporting the expansion of distinct cell types and are
carried out over longer times. Similar to short-term culture experiments, the indel frequencies
remained constant for the majority of the samples over longer culture periods (Figure
4.36 B, Wilcoxon rank-sum test, adjusted for multiple testing). The point mutation in DNMT3A

was found with a mean VAF of 32.7+11.2% and did not vary between the time points.
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Figure 4.36 Predicted indel frequency for different time points and culture conditions. Indel frequencies were
predicted via CRISPRseq. A) Samples from short-term culture experiments were compared: the different time
points are shown on the x-axis. B) Indel frequencies were compared between different culture methods. Samples
from different biological samples were grouped together based on the target gene and the time point at which the
sample was taken. The colors of the box plots highlight the different time points. Statistical testing was performed
using Wilcoxon rank-sum test. No significant differences were detected after correction for multiple testing.
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4.5.2 Mutational Composition of CRISPR-targeted HSPCs
In the next step, | analyzed the indel distribution of samples targeted with one sgRNA from the
various culture conditions. As described before, no difference in indel frequency was observed
between the different time points of short-term culture experiments, which was also true for
samples from methylcellulose and long-term cultures. The number of indels detected per
sample did not differ between time points of the different culture conditions (Figure 4.37 A, B,
C). Indel numbers per sample were significantly different between culture conditions and
therefore time of overall culture (Figure 4.37 D). Numbers of indels decreased significantly
from short-term culture experiments to methylcellulose cultures and was lowest in samples

from long-term cultures.
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Figure 4.37 Number of indels per sample as determined via CRISPRseq. A) Samples were collected at three
different time points of short-term culture: 7, 14, and 21 days after transfection. B) Samples were collected every
10-14 days when the cells were passaged. C) Long-term cultures were seeded in individual wells for every time
point and replicate. The different time points are therefore independent. D) Samples are grouped based on culture
condition, independent of biological replicate and time of sample collection. Statistical analysis was performed
using Wilcoxon rank-sum test. The p-values were adjusted for multiple testing. *p<0.05, **p<0.01, ***p<0.001

The overall indel frequency did not change over time while the number of distinct indels
decreased, leading to the hypothesis that a selection and/or expansion of distinct indels, and

therefore distinct cell clones, took place over longer culture periods.
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To test this hypothesis, Shannon entropy analysis was performed based on the insertions and
deletions found in each sample after deep sequencing and CRISPRseq analysis. Entropy is a
measure of diversity of a sample. All determined indels were assigned a unique code (e.g.,
D4:31022439 for a 4 bp deletion at chromosome position 31022439). Shannon entropy was
calculated based on the read counts for each insertion or deletion. If in one sample a high
number of sequencing reads with the same indel is detected the entropy is low. Conversely, the
entropy is high when a high number of different indels is detected. Shannon entropy analysis
confirmed what | estimated by investigating the number of indels. In samples from short-term
cultures the entropy was highest, decreasing in methylcellulose cultures, and was lowest in
samples from long-term cultures (Figure 4.38). These results strongly suggest that an expansion
of distinct indels took place during long-term culture. To dissect this in more detail, | analyzed

the spectrum of indels that were identified in the samples.
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Figure 4.38 Shannon entropy analysis of indel composition. Shannon entropy analysis was performed on the
indel count data for each sample. Samples were grouped based on their culture condition, independent of sampling
time and biological sample. Median, 25% and 75% quantile, and 95% confidence intervals of the entropy values
are indicated by the boxplot within the violin plot. The violin plot shows the density distribution of the values.
Statistical analysis was performed using Wilcoxon rank-sum test. The p-values were adjusted for multiple testing.
*p<0.05, **p<0.01, ***p<0.001
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4.5.3 Preleukemic Mutations Lead to Clonal Expansion of HSPCs

To compare the indel spectrum between different samples and time points, the 15 insertions
and deletions (and point mutation for DNMT3A) with the highest frequency were investigated
in detail. The most frequent indel in the ASXL1™ cells from short-term culture was the 8 bp
deletion that was introduced via HDR (Figure 4.39, D:8 (31022442)). In both examples, the
frequency of this deletion increased in the first 14 days of culture but was outgrown by other
cell clones at later time points. The indel composition was the same after culture in
methylcellulose, since the cells were seeded from the same transfected original sample. The
overall frequency was slightly reduced, indicating that more wild type clones were present in
this sample. In contrast, after 6 weeks of long-term culture especially two deletions have
expanded in CB006 (4 bp and 8 bp, Figure 4.39 A), whereas a different 8 bp deletion was
predominately found after 9 weeks of long-term culture in CBO009. In contrast, in an
independent sample after 4 weeks of culture, the overall indel frequency was greatly reduced
(Figure 4.39 B).
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Figure 4.39 Clonal composition of ASXL1™ cells. Bulk cells from different culture conditions and time points
were analyzed via CRISPRseq. A) One transfection replicate from CB006 and B) one transfection replicate from
CBO009. The 15 most frequent insertions and deletions are depicted in the stacked bar graph. In the legend only the
most prominent indels are depicted (A: VAF>1.2%, B: VAF>3%). The labels above the bars indicate the overall
indel frequency in the sample. The indel codes are unique for each indel by integrating information about the type
of indel (D/1), the size of the indel, and the start site of the mutation.
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| investigated different time points after long-term culture. It has to be noted that the time points
are independent of each other, since per sample and time point a complete well has to be
analyzed. An expansion of one or two distinct indel types was observed in multiple ASXL1™"
samples, indicating that cell clones carrying these specific deletions might have a growth
advantage in this culture condition. However, only in two samples the overall VAF after long-
term culture was higher than in the liquid culture. In 5 out of 14 samples, the overall VAF did
not change after long-term culture, whereas in 50% of the ASXL1™ samples examined (7 out
of 14) wild type cells overgrew the mutant cells (example: Figure 4.39 B, 4 weeks). This is
consistent with the observation that the ASXL1™ bulk did not generate more viable cells after

long-term culture than the wild type group (chapter 4.4.4, Figure 4.32).

Looking at DNMT3A™! cells, | could see that approximtely 50-60% of the bulk cells in the
liquid culture system carried indels and approximately 40-50% have the introduced point
mutation (M: R882H, Figure 4.40). The frequency of the mutations changed only little over the
period of 21 days in the liquid culture system. Interestingly, a second major mutation was
observed, which is a 1 bp insertion at the CRISPR cut site (I:1 (25457243)). In methylcellulose
culture, the point mutation decreased with passaging in both examples shown here, whereas the
overall mutation frequency did not change. In CB008, an increase in the 1 bp insertion was
observed at the cost of other indels, whereas the mutation frequency was comparable to that of
short-term culture samples (Figure 4.40 A). Also, in CB009 an expansion of the 1 bp insertion
was observed with an accompanying decrease of the point mutation (Figure 4.40 B). In contrast
to the ASXL1™! cells, in only one DNMT3A™! replicate the overall mutation frequency
decreased over the long-term culture period (from 97% to 77%), whereas all other replicates
retained a high overall mutation burden (>80%). Opposing dynamics could be observed in the
majority of the samples with either the point mutation expanding and indel frequency
decreasing (3 out of 13) or the other way round (7 out of 13). In three samples the composition
was stable. Moreover, in 11 of the 14 long-term culture samples the same 1 bp insertion was
found to contribute majorly to the mutation burden. This observation indicates that a clonal
selection took place in long-term culture and that clones carrying these specific mutations had

an advantage over wild type and possibly other mutated cells.
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Figure 4.40 Clonal composition of DNMT3A™ ! cells. Bulk cells from different culture conditions and time
points were analyzed via CRISPRseq. A) One transfection replicate from CB008 and B) one transfection replicate
from CB009. The 15 most frequent insertions and deletions are depicted in the stacked bar graph. In the legend
only the most prominent indels are depicted (A: VAF>2.4%, B: VAF>10%). The labels above the bars indicate
the overall indel frequency in the sample. The labels at the blue portion of the graph show the frequency of the
point mutation R882H. The indel codes are unique for each indel by integrating information about the type of indel
(D), the size of the indel, and the start site of the mutation. M:R882H indicates the point mutation.

In TET2™! samples a high number of different insertions and deletions was introduced,
therefore the 15 insertions and deletions with the highest frequency made up only
approximately 60% of all indels detected in the short-term culture samples (Figure 4.41). The
most frequent indels were 1 bp insertions and deletions around the expected Cas9 cut-site (D/I:1
(106164912) or D/I:1 (106164913)), but there was no obvious selection for this type of indel.
In long-term culture samples, a decrease in number of indels was observed with an
accompanying increase in the specific indel frequency. No selection for a distinct indel type
was observed after long-term culture. Nevertheless, clones with mutations predominately
produced myeloid cells in the long-term culture, indicating a general fitness advantage of

TET2™ cells over wild type cells.
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Figure 4.41 Clonal composition of TET2™ cells. Bulk cells from different culture conditions and time points
were analyzed via CRISPRseq. A) One transfection replicate from CB006 and B) one transfection replicate from
CB009. The 15 most frequent insertions and deletions are depicted in the stacked bar graph. In the legend only the
most prominent indels are depicted (A: VAF>7%, B: VAF>11%). The labels above the bars indicate the overall
indel frequency of the sample. The indel codes are unique for each indel by integrating information about the type
of indel (D/1), the size of the indel, and the start site of the mutation.
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5 Discussion

Leukemia and especially AML is a disease of hematopoietic stem and progenitor cells,
characterized by impaired hematopoiesis [66]. Fine-tuned regulation of hematopoietic stem and
progenitor cell fate is a key component of hematopoiesis and mature blood cell production.
AML is a condition often associated with increased age. Mutations found in AML have also
been identified in elderly individuals without a known hematologic condition in the bone
marrow or blood [51, 52] or in various cells of the stem cell compartment, including HSCs [54].
Similar mutations have been identified in non-leukemic cells of AML patients, leading to the
assumption that these aberrations define a preleukemic state, leading to increased self-renewal
of HSCs and a competitive proliferation advantage. Understanding the molecular processes

leading to enhanced fitness of a cell clone is crucial to dissect leukemia onset.

In this thesis, mutations implicated in the preleukemic process were analyzed in detail. The first
part of the thesis revolved around patients with AML t(8;21), an established and well defined
AML subentitiy, and how different mutations interplay to affect disease pathogenesis and
patient outcome. Sequencing of a large patient cohort with a targeted next generation
sequencing approach was the method of choice to investigate the mutational landscape and the
clonal dynamics of this disease. Mutations in the genes DNMT3A, TET2, and ASXL1 have been
termed preleukemic mutations in AML and are thought to be disease-initiating events. The main
question addressed in this thesis was how mutations identified in elderly individuals with CHIP
and in non-leukemic cell populations functionally effect the stem cell compartment. With this
thesis, | contributed to the strongly forming base of knowledge about preleukemic mutations,
by investigating their functional impact on healthy human stem and progenitor cells. So far, the
investigations were limited to mouse models and based their observations on complete or
conditional knockouts. Here, | established a model that makes it possible to study direct
mutational effects independent of confounding factors like age or environmental stress in
young, healthy cells from umbilical cord blood. In the last 5 to 10 years, genome editing
techniques have been improved continuously, making it possible to target genomic hotspots.
Simultaneously, continuous improvement of next-generation sequencing techniques and

bioinformatics pipelines made it possible to overcome some limitations of in vitro models.
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5.1 Cord Blood Cells as in vitro Model System

In this project, | focused on the three most frequently mutated genes in patients with clonal
hematopoiesis of indeterminate potential (DNMT3A, TET2, ASXL1) [51, 52], which have also
been reported as preleukemic events in AML [49, 61].

To introduce site-specific mutations, | chose to work with fresh cord blood cells as a model
system. | had to consider the collection process and the ethics involved in using primary
material. In both cases, cord blood has an advantage over whole blood or bone marrow as cell
source since it can be collected non-invasive after birth. Bone marrow has a high cell density,
together with a relatively high frequency of CD34" progenitor cells (~1.4%, reported 1-3%
[177]). In whole blood of healthy individuals, the CD34* frequency is rather low (~0.1%).
Although the frequency of CD34" cells in cord blood is lower than in the bone marrow (~1%,
reported 1% [177]), several advantages can be found. CB cells are younger, have undergone
less replications in their lifetime, and are therefore less likely to have acquired somatic
mutations. It has been demonstrated that CB cells have a lower mutation burden than blood
cells from healthy adults and that the number of mutations found in HSPCs increases as a
function of age. The researchers estimated that 0.13 + 0.02 somatic mutations are acquired per
year [48]. Due to the young age, CB cells have not been exposed to external stress factors,
making it possible to investigate the effect of the mutations themselves. CB cells have a higher
proportion of primitive HSPCs (cell surface markers CD34*CD38") [178]. Compared to BM
cells, they have a higher expansion as well as proliferation potential [179, 180]. In line with
this, a higher replating potential of CB cells was reported [181]. These features make progenitor
cells from umbilical cord blood more applicable in in vitro culture systems and downstream

assays.

Hematopoietic stem and progenitor cell culture is not a new concept and many researchers have
focused on improving HSC in vitro culture (reviewed: [182]). | focused on finding an
appropriate culture system for HSPC expansion and downstream experimental testing. The
expansion medium contained the cytokines SCF, TPO, and FLT3-L, which are early acting
factors and support the expansion of progenitors [183]. The feeder cells used here are
engineered to produce G-CSF, SCF, and IL-3, supporting production of mature cells [184],
which in turn outgrew the progenitor population. HSPC expansion and culture was better
supported without feeder cells. | then examined different cytokine combinations, analogous to
Choi et al. [185], to find the optimal culture condition for HSPC expansion and differentiation.
Culture with SCF, FLT3-L, and TPO led to the longest retention of CD34 marker expression

and consequently the highest proportion of progenitor cells. This medium composition was



100 Discussion

suited for HSPC expansion. By adding IL-3 and IL-6 to the culture, more cells expressed
myeloid differentiation markers, making it possible to study differences in primitive as well as
mature differentiation marker expression over the course of three weeks. G-CSF and GM-CSF
stimulated granulocyte and monocyte marker expression early in the culture (like what was
observed in the feeder cell culture) making it difficult to study effects of introduced mutations
in the progenitor cell compartment. | therefore used a culture medium without G-CSF and GM-
CSF. Similar in vitro culture protocols have been published in recent years [151, 186, 187],
confirming my decision for liquid culture with supplemented cytokines. It should be kept in
mind that the in vitro culture system forces HSCs to proliferate and generate progeny due to the
lack of niche cell interaction and proper nutrient and oxygen concentrations. The cells
potentially behave differently in physiological conditions. Nevertheless, these differences
might help understand how genetically altered HSPCs can cope with changing environments in

terms of enhanced fitness.

5.2 Modeling Preleukemic Mutations in Cord Blood HSPCs

Investigating functional gene disruption in a model system has vastly contributed to the
understanding of cancer development. For many years, researchers relied on knockout or
overexpression models to investigate gene functions. Around the start of this project, site-
specific gene editing was mainly achieved by using Zinc-finger nucleases (ZFN) [188],
transcription-activator like effector nucleases (TALENS) [189], or CRISPR-associated (Cas) 9
nucleases [190]. Disadvantages of the first two systems are complicated design strategies and a
need to synthesize new proteins for each target since these techniques rely on protein-DNA
interaction. Cas9 nucleases are guided by simple base pairing of single guide RNAs to the DNA
target sequence, making the system more flexible. One delivery system for CRISPR/Cas9 is
based on the electroporation of Cas9-expression plasmids together with sgRNA-expression
plasmids into the target cells. | adapted protocols published before [151, 191], using a plasmid
expressing Cas9 together with GFP as a reporter. Mandal et al. introduced mutations in B2M
and CCR5 in HEK293T and K-562 cell lines, respectively. They achieved target editing in 20-
48% of cells, depending on the sgRNA. In CD34" cells the mutation frequencies were similar
to those in K-562 [191]. Tothova et al. reported a mutation efficiency of up to 53% when
targeting STAG2 in CD34" cells [151]. Testing the system in K-562, | achieved an editing
efficiency of up to 22% for the most efficient target. For DNMT3A, | was limited in the location
of the target site since | wanted to introduce a point mutation at the defined position. | could
therefore not test many different sgRNAs and select the most efficient one. The 22% indel

frequency for TET2 sgRNA are in the range of the efficiencies reported by Mandal et al. by
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targeting K-562. Using the same approach in CD34" cells isolated from frozen CB MNC, | was
not able to achieve genetic modification. The viability of the cells was very low after
electroporation. Tothova et al. used freshly isolated CD34" from umbilical cord blood or adult
peripheral blood [151]. Mandal et al. used commercially available isolated CD34" cells, but
from G-CSF mobilized peripheral blood [191]. Both groups were able to successfully introduce
mutations in the CD34" cells, meaning that the use of freshly isolated primary material or
already isolated commercially available CD34" was essential.

With editing efficiencies around or below 20%, | would not be able to work in the cell bulk but
had to enrich the cells after transfection. A second delivery system was established recently for
primary hematopoietic cells, like CD4" T cells [192] or CD34" HSPCs [186], around the start
time of this project. This system used recombinant Cas9-protein precomplexed with in vitro
transcribed sgRNA forming a ribonucleoprotein (RNP). RNPs can be electroporated into the
target cells with or without a single stranded DNA donor for homology directed repair. A
disadvantage of this system is that positive selection is not possible, because only RNPs
consisting of Cas9 and the sgRNA are delivered into the cell. The problem of selecting
transfected cells was the main reason | tested the vector-based strategy first. Since this delivery
method was inefficient, | adopted the RNP approach. Other groups reported very high editing
efficiencies in primary cells, making the need for enrichment obsolete (over 60% in HSPCs
[186, 193]). With electroporation of Cas9-sgRNA RNPs, | was able to achieve editing
efficiencies ranging from 20% to over 80% in the cell bulk, depending on the target gene and
sgRNA. By modifying the molar ratio of Cas9 protein and sgRNA, | was able to enhance the
mutation frequency to around 80% for DNMT3A exon23 T1 sgRNA. With use of the HDR
donor, | was also able to overcome the problem of a high proportion of in frame deletions of
codon R882 with DNMT3A exon23 T1 sgRNA. The efficiency of HDR could be improved
greatly by modifying the location and the length of the single stranded DNA template
(achieving 25% SNV in K-562 and up to 50% in primary HSPCs). | chose to use asymmetric
single stranded DNA donors with 65 bp distal and 35 bp proximal of the expected cut site. |
also found that a donor complementary to the PAM strand is most efficient in introducing
SNVs, whereas a non-PAM donor was less efficient overall but inhibited indel generation at
the target site. Schumann and colleagues reported the use of symmetric single stranded DNA
as donors for HDR in primary human T cells with an efficiency of 25% [192] and Gundry et al.
reported HDR-mediated gene editing in primary human CD34" cells with a mean of 22%. They
achieved the highest editing efficiency (27%) by using 30 pmol of an asymmetric sSSDNA donor
[186]. My donor choice was based on the results reported by Richardson et al. [194] and Liang
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et al. [195]. Richardson et al. reported that the highest efficiency was achieved by using an
asymmetric donor complementary to the non-target strand (PAM strand by my definition) with
36 bp overlap 3’ and 91 bp overlap 5’ of the expected cut site. They have shown that by varying
donor design, the improvement of the editing efficiency is greater than by chemical intervention
[194]. Liang et al. reported that the location of the sgRNA in relation to the desired mutation
site is important and might influence the outcome of the editing [195]. The results from my
establishing experiments are in line with the reported protocols. After thorough evaluation,
delivering Cas9-nuclease and sgRNAs as RNPs was the most efficient method for my
experiments. This method was superior to vector-based delivery regarding cell viability as well

as editing efficiency.

| confirmed the expression of DNMT3A, ASXL1, and TET2 mRNA in the selected cell model
early after transfection, marking the starting point of the experiments. The confirmation of
MRNA expression of the target genes was performed for one biological sample with three
technical replicates. | had to limit these preliminary experiments due to very little starting
material at day 0. After isolation, | started the expansion culture with 1-1.5x10° cells. I could
confirm that gene editing of the three target genes led to a downregulation of mMRNA after a
certain time (DNMT3A™ ! and ASXL1™ at 14 days, TET2™" after 3 days). The target sites of
the gRT-PCR primers are located upstream of the mutation site, therefore | did not expect to
see a decrease in MRNA expression of the targets. The high number of indels and the resulting
frameshift mutations might lead to degradation of MRNA because of stop-loss or acquisition of
premature stop codons [196]. Simultaneously, the turnover rate of TET2 might be higher,
leading to an early loss of mMRNA due to degradation processes. Additionally, DNMT3A and
ASXL1 mRNAs, in which the mutations are located in the last exons, might escape nonsense-
mediated decay, resulting in higher mRNA and protein levels compared to TET2. | confirmed
the downregulation of all proteins by western blot. Here, | observed that the downregulation of
TET2 was more pronounced than of the other targets. It has to be noted that the samples were
taken at different time points and the material was sparse, so western blots could not be

repeated.

For TET2™, | was able to confirm the technical knockout on a functional level by showing that
the overall level of 5-hydroxymethylcytosine (5hmC) was reduced compared to the wild type
cells. Although | observed less 5hmC levels in TET2™ compared to wild type samples, which
is in line with a functional decline of TET2 on protein level [88], I did not find a change in 5mC
levels. Other researchers have found similar results [117, 197]. The overall level of 5mC is
much higher throughout the genome than 5hmC [87] and little changes might not be detected
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with the methods described here. | detected highly variable 5mC levels in the TET2™! bulk
analyzed from different samples. This might also be due to a saturation of the antibodies with
very high levels being underestimated. | did not observe a change in 5mC levels in DNMT3A™!
cells. This does not necessarily mean, that | did not generate a functional knockout. First,
DNMT3A is mainly involved in de novo methylation and not in maintenance of the methylation
level and therefore the impact of DNMT3A disruption on the global methylation level might
not be detectable. Second, DNMT3B might cope for the loss of DNMT3A and maintain
methylation levels. My observation is in line with previously reported results [97]. For
AXSL1M the possibilities of confirming a functional knockout are rather slim. The functions
of ASXL1 are diverse as interaction partner of PRC and an ASXL1 knockout/mutation might
have a variety of immediate effects. As for DNMT3A™!, | had to rely on the genetic,
transcriptional, and translational observations. Overall, the results show that introducing

knockouts is feasible in primary CB CD34" cells by genetic modification using CRISPR/Cas9.

5.3 Mutations in TET2 and DNMT3A Have Diverse Effects on

Differentiation and Self-renewal of HSPCs

Introduction of DTA mutations did not have a negative influence on general proliferation or
cycling behavior of investigated cells. | observed a shift in cell cycle phases in the multi KO
sample. I cannot rule out that the cells targeted with three sgRNAs simultaneously exhibited
increased stress due to induction of DNA damage, indicated by the low viability in these
samples. Accumulation of DNA damage leads to G2-arrest of cells to initiate DNA repair
mechanisms and avoid replication of damaged DNA [198]. These general observations
regarding cell proliferation might mean that the introduced preleukemic mutations have a more

subtle effect on HSPC differentiation and self-renewal.

| got a first hint that introduction of DTA mutations led to impaired differentiation of HSPCs
by investigating the surface marker expression over the course of three weeks. The frequency
of granulocyte and monocyte/macrophage marker expressing cells was lower in multi KO than
in wild type cells, meaning that myeloid differentiation marker expression was delayed in
mutated cells. Conversely, the cells retained expression of the progenitor cell marker longer
than wild type cells. DNMT3A™ cells exhibited a retention of CD34 marker expression over a
longer time than wild type cells. In contrast, TET2™! cells had similar delayed myeloid marker
expression as observed in multi KO cells, which was consistent for all biological samples. This
means a combination of both effects is achieved in multi KO cells, with TET2™! leading to a

delayed expression of differentiation markers and DNMT3A™ leading to a longer retention of
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primitive surface marker expression. It would be interesting to follow up further and investigate
whether the presence of mutations in all three genes enhances the observed effects. At the first
glance, the effects seemed to be stronger, but to draw a conclusion in this direction more
biological samples would be needed. The introduced mutations in ASXL1 did not have a short-
term effect on the cells in in vitro culture. It is possible that the introduced mutations in the bulk
are not prominent enough and a selection of mutated cell clones would be needed. Another
possible explanation is that the effects of ASXL1 aberrations are not observed immediately since

the function of ASXL1 is more diverse in its interaction with PRC1/2.

A second observation that pointed in the direction of DTA mutations altering the differentiation
and self-renewal properties of HSPCs was the increased serial replating potential of TET2m"
cells. I observed increased CFU numbers after replating in the preliminary tests with multi KO
cells and later in the TET2™ samples in all replicates. An enhanced replating capacity for Tet2
knockout models has been described in mice [116, 118, 168]. My results differed in the numbers
of passages that could be performed with the mutated cells. All the mentioned studies used
either conditional or complete knockout models resulting in a complete loss of Tet2, which have
a more severe effect on stem cell function. The increased serial replating capacity is
hypothesized to reflect increased self-renewal potential of the progenitor cells investigated in
CFU assays. For Dnmt3a knockout models similar observations have been reported [165]. |
could not confirm an increased serial replating potential of DNMT3A™ cells in the in vitro
setting, indicating that mutations in TET2 and DNMT3A have a more diverse functional impact.
Self-renewal potential is determined in vivo by the capacity of cells to serially transplant from
one mouse into another. Recently it has been demonstrated that Dnmt3a KO HSCs can be serial
transplanted indefinately in mice. The cells loose their differentiation capacity and cannot
reconstitute blood cell lineages [99]. Dnmt3a KO therefore has a severe impact on
hematopoiesis in mice. DNMT3A mutations in myeloid conditions are often heterozygous point
mutations in specific hotspots (e.g., Arg882), leading to a dominant-negative inhibition of wild
type DNMT3A [104]. The mutations found in patients and introduced in the cells here are
therefore functionally different from a complete knockout. This might be one explanation for
the results observed here and described in the literature. Another reason might be that the cells
profiting from DNMT3A mutations cannot be detected in a CFU assay, mainly supporting
outgrowth of committed progenitors. In long-term culture initiating cell (LTC-1C) assays more
primitve cells can be detected. In wild type samples, | found very few viable cells and in only
one replicate CFC were detected after long-term culture. The seeding concentration was too

low to support colony formation in wild type cells. Therefore it is even more remarkable that |
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detected a high number of viable cells in the mutants. ASXL1™! supported myeloid cell
production only in one biological sample, indicating that the introduced mutation in this gene
is not enough to confer a proliferative advantage to the cells in this setting. I did nevertheless
detect CFUs after long-term culture of ASXL1M“ cells. The cells seem to have acquired a fitness
advantage over wild type cells, but are not able to regenerate the culture. It might be that the

fitness advantage is more of an enduring kind than of actual self-renwal or proliferation.

DNMT3A™ and TET2™" in contrast led to a strong increase in cell numbers after long-term
culture compared to wild type cells. It is possible that these muations confer a proliferative
advantage to the mutated cell clone. Even after 4-9 weeks of culture a higher proportion of
progenitor cells was present in the mutated samples, indicated by the increased frequency of
CD34" cells. This means that a number of primitive progenitors present in the sample supports
continuous production of mature cells. This observation is supported by the detection of CFUs
for all mutant conditions after long-term culture. Interestingly, the highest number of colonies
was derived in DNMT3A™! samples, whereas in TET2™" samples, more replicates were able to
generate colonies. This observation supports the hypothesis that mutations in these genes have
a different impact on the stem and progenitor cell compartment. In DNMT3A™ samples, the
benefitting cell clones might be more primitive and therefore lead to generation of a high
number of colonies. These cells seemed to be rarer and were not captured in all replicates due
to low cell numbers when seeding. Supporting this hypothesis is the result that I did not find
differences in the expression of mature cell markers but rather of the stem and progenitor cell
marker. Neither did I observe an advantage of DNMT3A™! cells in the CFU assay, supporting
the hypothesis further. In TET2™! conditions in contrast, it might be that more committed
progenitors have acquired a self-renewal advantage and are continuously generating mature
myeloid cells. An increased serial replating capacity in CFU assays also points to an increased
self-renewal potential of TET2™! progenitors. This observation matches the results discussed
in the beginning of this chapter (retention of CD34 marker in DNMT3A™! and delayed myeloid
marker expression in TET2™Y), Studies performed by our group and others are in line with the
described distinct effects of DNMT3A and TET2 mutations on the hematopoietic stem and
progenitor cell compartment. Arends et al. reported that DNMT3A mutations could be detected
in T cells (with higher VAFs than other mutations), indicating that primitive HSCs or multi-
potent progenitors expanded preferentially in these individuals. TET2 mutations in contrast led
to a stronger myeloid commitment and were found with a high allelic burden in mature myeloid
cells but also myeloid committed progenitors [54]. Buscarlet and colleagues reported similar

results with the hypothesis that DNMT3A mutations occur in more primitive HSCs and TET2
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mutations occur in committed HSPCs [199]. Other than the retrospective studies on sorted cell
populations carrying mutations, | transfected a heterogeneous pool of CD34" HSPCs
simultaneously. My reported results strongly suggest that distinct mutations led to a fitness
advantage of either primitive HSCs carrying DNMT3A mutations or more committed
progenitors with TET2 alterations. Single cell analysis of a multi KO sample would elucidate

this hypothesis further by connecting the gene expression signature and the mutation status.

5.4 DNMT3A™!and TET2™! Promote Clonal Expansion of HSPC

In the last part of this thesis, | investigated whether distinct clones expanded after long-term
culture, clarifying if some mutations led to the preferential expansion of a clone even in in vitro
settings. The number of different indels found in cells from short- and long-term cultures
differed significantly while the overall indel frequency was stable, indicating that an expansion
of distinct indels and therefore distinct cell clones took place. Shannon entropy analysis
confirmed this observation by demonstrating that long-term culture samples are less diverse
than early samples. Deep sequencing of the target region made it possible for me to trace
individual insertions and deletions. Given that one cell clone carries distinct mutations in the
target region, | could identify expanding clones in the bulk sample. Bulk analysis serves as an
internal competition assay, where | can identify the clones with growth advantage, if there are
any. ASXL1™! samples were the only ones in which I observed the wild type overgrowing
mutated clones in almost half of the samples. Although | noted the preferential expansion of
distinct indels in some samples, the total indel frequency increased in only two samples. As
hypothesized before, the introduced ASXL1 mutations do not confer an advantage to a distinct
cell clone in the conditions analyzed here. In line with the hypothesis is that only few samples
supported mature cell production. ASXL1 is often mutated in individuals with CHIP as well as
older AML patients [200]. There might be other factors that are needed for ASXL1 mutations to
lead to preferential expansion. Age might be an influencing variable, since the mutation is more
often found in older people. Interestingly, it was recently demonstrated that an aging
microenvironment influences clonal selection and expansion of HSCs transplanted from young
donor mice [201]. Although the researchers only investigated Dnmt3a®¢78" mutations (the
murine homologue to R882H mutations), this might also be true for other clonal hematopoiesis-
associated mutations. | investigated healthy, young cells, in which ASXL1 alterations might
function as passenger mutations. Exposing the cells to external stress factors (for example
irradiation or UV light) might be a way to trigger the expansion of ASXL1™! clones. It has
recently been reported that mutations in ASXL1 are strongly associated with current and past

smoking [202], supporting the hypothesis that external factors are needed to trigger clonal
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expansion of ASXL1™" cells. Furthermore, ASXL1 mutations might cooperate with disruptions
of PRC1/2 members (e.g., EZH2), promoting transformation, as hypothesized by Abdel-Wahab
and colleagues [124].

In my in vitro experimental approach, | found that mutations in TET2 and DNMT3A led to a
preferential expansion of distinct cell clones in long-term cultures. The observation that in
DNMT3A™ samples one or two mutations contributed to the majority of the observed
mutations supports the hypothesis that primitive cells are preferentially expanding in these
samples. Primitive mutated LTC-IC clones generate committed progenitors and later mature
cells that all carry the same mutation. In 4 of the 14 investigated replicates, the predominantly
expanding mutation was the introduced point mutation R882H. In these cells, DNA methylation
at distinct promotors is disrupted by inhibition of tetramer formation, leading to enhanced self-
renewal capacities of HSCs [104, 203]. In the majority of the investigated samples, a 1 bp
insertion was found as the dominant clone. The resulting frameshift leads to severe changes in
the amino acid composition of the N-terminal methyltransferase domain, possibly interfering
with the function of DNMT3A to form tetramers, as well as DNA interaction, and enzymatic
activity. In TET2™ samples, the mutation composition of long-term culture samples appeared
to be more diverse. In this case, different mutated committed progenitors with enhanced self-
renewal potential might contribute to the mature cell population. This analysis confirms that
DNMT3A™ as well as TET2™ clones gain a fitness advantage over wild type clones and in
turn expand and contribute to the majority of blood cell production. Although I could not
confirm a proliferative advantage of ASXL1™" clones, the cells nevertheless have acquired
endurance to generate mature colonies in CFU assays. This is in line with CHIP clones
preferentially expanding in elderly individuals as well as the emergence of clones carrying
similar mutations in patients in complete remission. Acquisition of DTA mutations might
therefore potentially pose a risk for further mutation acquisition in an expanding cell clone,

promoting leukemogenesis.
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5.5 DTA Mutations in Early Leukemogenesis

Loss of DNMT3A, TET2, and ASXL1 has severe effects in mouse models. For example, a
complete knockout of Dnmt3a in mice led to accumulation of HSCs [97], expansion of myeloid
cells, impaired erythroid maturation [165], and malignant transformation [167]. Similar effects
have been described for Tet2 knockout mice accompanied by premature myeloid development
[116, 118, 170, 204]. Asxl1 knockout led to severe conditions in mice including myelodysplasia
[123, 205]. Investigations of truncated AsxI1 revealed milder effects [135, 136], but cooperating
mutations, for example in Runxl, induced malignant transformation [125]. A repopulation
advantage of DNMT3A™and TET2™" has been demonstrated in various xenograft models. It
has been established that a knockout of either gene can have severe consequences in mice. A
double-knockout showed even more severe features with bone marrow failure and infiltration
of non-hematopoietic organs [206]. The group discovered that altered gene expression of
double KO mice was similar to Tet2 KO with the addition of a few differentially expressed
genes. Inwild type HSPCs, Tet2 represses specific differentiation associated genes (for example
Ikfz1 for lymphoid development or Epor for erythroid differentiation), meaning that Tet2 loss
might lead to enhanced formation of progenitors. Dnmt3a loss leads to de-repression of the
stem cell program [97]. The impact of introduced mutations here on the stem and progenitor
cell compartment in humans and therefore the development of hematologic malignancies is
more subtle. | was able to confirm that human HSPCs carrying these mutations show similar
features in in vitro models and that the mutations led to clonal expansion of HSPCs.

As discussed before, mutations in epigenetic regulators have been identified as preleukemic
events. This means that the mutations themselves do not drive leukemic transformation of a cell
clone. In patients with AML t(8;21), we identified mutations in epigenetic regulators as second
most common mutations (45% of patients with at least one mutation in one of the genes). The
most common mutations were found in members of Ras/RTK signaling pathways (more than
60% of the patients). It is highly likely that mutations in effectors of DNA methylation
(including DNMT3A and TET2) are early events, as identified by comparing variant allele
frequencies, as well as pairwise mutation precedence. Chromatin remodelers (i.e., ASXL1) are
in the context of AML t(8;21) acquired later. Mutations in Ras/RTK effectors are rather late
events. These observations seem in line with mutations in DNMT3A and TET2 being acquired
even before the onset of the disease. It has to be noted that compared to other AML entities
DNMT3A mutations are less frequent in AML with t(8;21) (4 out of 331 investigated patients).
A similar observation has been made by other researchers [100]. The RUNX1-RUNX1T1
fusion protein interacts with de novo DNA methyltransferase DNMT1 and HDACL to silence
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promotors of RUNX1 target genes [207] and aberrantly represses differentiation of myeloid
progenitors [208]. Another group reported that RUNX1-RUNX1T1 promotes transcription of
DNMT3A and global hypermethylation of promotors [209]. It is possible that hypermethylation
is achieved by enhanced transcriptional activation of DNMT3A as well as direct interaction with
DNMT1 by RUNX1-RUNXI1T1. Although DNMT3A mutations have been reported to lead to
global hypomethylation of DNA, promoters of distinct genomic regions were found to be
hypermethylated [97, 101]. Therefore, the effects of DNMT3A mutations and the RUNX1-
RUNXZ1T1 might be similar and the events therefore redundant.

It has been demonstrated that mutations in epigenetic regulators persist in remission [210]. In
the patient cohort, | found in 12 out of 56 patients persisting mutations in complete remission,
including two patients with DNMT3A variants. Clones carrying mutations in epigenetic
regulators survive induction chemotherapy [61]. It has been proposed that mutations in
DNMT3A might be responsible for treatment resistance in the relapse. It has also been reported
that the variant allele frequency of DNMT3A mutations at relapse is at least as high as in the
remission or higher [49]. Unfortunately, | did not have samples from the relapse of these
patients to investigate this further. A feature of preleukemic cells is that they are able to generate
all hematopoietic lineages [49]. The mutations investigated here do not disrupt hematopoiesis
but rather alter distinct types of stem or progenitor cells to preferentially expand by limiting
differentiation and conferring enhanced self-renewal. In the investigated patients, mutations in
epigenetic regulators did not have an impact on the patients’ survival or disease outcome. \We
rather found that aberrations in Ras/RTK signaling genes like KIT and FLT3, especially when
the mutation burden is high, have a negative impact on survival [163]. It is therefore likely that
these mutations are the drivers of full-blown leukemia when acquired in a preleukemic clone.
A similar observations was made in mouse models with a Dnmt3a-null phenotype, in which c-
Kit is the driver of malignant transformation [211]. In 2018 a group investigated residual
mutations after induction chemotherapy in AML patients and detected especially DTA
mutations with high variant allele frequencies present in the remission samples. They did not
report an elevated relapse risk for patients with residual DTA mutations, but rather with
mutations other than those. Those findings indicate that DTA mutations do not drive
leukemogenesis but are able to survive induction chemotherapy (in contrast to mutations in
other genes) and are, probably due to enhanced clonal expansion, repopulating the bone marrow
after therapy. The researchers did not follow-up further whether therapy resistance is observed
in relapse clones with DT A mutations. They stated themselves that they did not follow up longer
than 40 months and longer follow up times might lead to different results [210]. Although
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remission rates are high, enhanced treatment resistance is one major problem in relapsing AML
patients. Therefore, researchers have proposed that identifying and targeting preleukemic
clones might reduce relapse rates. Effects of TET2 disruption for example can be corrected by
high-dose vitamin C in the mouse model [157]. Hypomethylating agents like 5-azacytidine or
decitabine are used for treatment of MDS and were evaluated for the use in AML patients in
combination the Bcl-2 inhibitor venetoclax [212]. Using low-dose hypomethylating agents in
patients with persisting preleukemic mutations might decrease relapse rates. Similarly, have
different inhibitors of RUNX1-RUNXI1T1 been evaluated and are promising in preclinical
settings [213, 214]. Overall, monitoring and targeting preleukemic mutations might be a
solution to prevent the onset of hematologic malignancies, reduce relapse rates, and improve

the long-term outcome.
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6 Summary and Conclusion

Introducing specific genetic modifications in cord blood HPSCs is an adaptable and very
efficient method to investigate functional consequences of gene mutations in the stem cell
compartment. | was able to establish a model that allowed testing of clonal hematopoiesis-
associated mutations without confounding factors, like the aging microenvironment or a
complex mutational landscape. The model can be adapted and used for studying other
mutational events, complex mutational compositions, mimicking different stages of myeloid
malignancies. Integration of external stress factors or pharmacological intervention can broaden

the spectrum of in vitro approaches.

The goal of the thesis was to demonstrate the influence of DTA mutations on the hematopoietic
stem and progenitor cell compartment. Here, | found that mutations in DNMT3A, TET2, and
ASXL1 influence stem and progenitor cell behavior differently. Although mutations in ASXL1
seem to have a minor impact on cell fitness, | could not confirm enhanced clonal expansion in
the in vitro setting. It might be possible that co-factors such as increased age and exposure to
external stress factors, but also other aberrations are cooperating with ASXL1 to disrupt stem
cell functions. DNMT3A and TET2 on the other hand had detectable effects on stem and
progenitor cell behavior. Both single mutants showed enhanced long-term culture initiating
potential, indicating that the cells acquire self-renewal properties to sustain cell production in
long-term culture. I observed clonal expansion of mutant clones in the long-term culture and a
competitive advantage over the wild type. DNMT3A™and TET2™ seem to influence different
cell types preferentially. In TET2™ cells, | detected an enhanced serial replating capacity,
which I could not confirm in the other mutants, indicating that especially committed progenitors
profit from these mutations. The clonal composition of TET2™ cell bulks was much more
diverse than of DNMT3A™" cell bulks. It seems therefore that DNMT3A mutations affect more
primitive cells. Together, these findings support the hypothesis that DNMT3A and TET2
mutations confer a fitness advantage to hematopoietic stem and progenitor cell clones driving
clonal expansion. | did not observe any severe changes in the proliferative capacity or the
phenotype of the mutated cells, indicating that DTA mutations are not drivers of leukemia but

might prime the cell clone for mutation acquisition.

By investigating AML patients with AML t(8;21), | could dissect temporal mutation
acquisition, with mutations in DNMT3A and TET2 appearing early, maybe even in non-
leukemic cells. Events that are potentially acquired later influence disease outcome and are

therefore more likely leukemic drivers. ASXL1 mutations seem to play a different role in this
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AML entity. Although DTA mutations are not drivers of leukemic transformation, their impact
on human stem and progenitor cell function poses a risk factor for subsequent mutation
acquisition. Additional investigations in respect to resistance to external stress factors or

chemotherapy would contribute to risk assessment of individuals with DTA aberrations.
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Figure 8.1 Specificity test for 5hmC and 5mC antibodies. PCR products containing 5-hydroxymethylated
(5hmC), 5-methylated, and unmethylated cytosine (Methylated DNA Standard Kit, Active Motif) were spotted on
two nylon membranes. The upper panels show the chemiluminescence signal of the HRP-conjugated antibodies.
The lower panels show the white light exposure with the position marks on the membrane.
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Table 8.1 List of genes and target regions included in the customized version of the TruSightMyeloid panel.

Gene Target region (exon) Gene Target region (exon)
ABL1 4-6 KDM6A Full

ASXL1 12 KIT 2,8-10, 13, 17
ASXL2 12, 13 (exon 13 CDS only) KLHDCB8A Full

BCOR Full KMT2A 1,3,5-8, 27
BCORL1 Full KRAS 2,3

BRAF 15 MGA 3-8

BRCC3 Full MPL 4,10, 12
CALR 9 MYB Full

CBL 8 MYC 1-3

CBLB 9,10 MYD88 35

CBLC 9,10 NOTCH1 26-28, 34
CCND1 4,5 NPM1 11

CCND2 4,5 NRAS 2,3

CDKN2A Full PDGFRA 12,14, 18
CSF3R 16, 17 PHF6 Full

CUX1 Full PPM1D 5, 6 (exon 6 CDS only)
DHX15 3,4,5 PTEN 57

DNMT3A Full PTPN11 3,13
ETV6/TEL  Full RAD21 Full

EZH2 Full RUNX1 Full

FBXW7 9,10, 11 SETBP1 4 (partial)
FLT3 14,15, 20 SF3B1 14-16

GATAL 2 SMC1A 2,11, 16,17
GATA2 2-6 SMC3 10, 13, 19, 23, 25, 28
GIGYF2 22 SRSF2 1

GNAS 8 STAG?2 full

GNB1 2,3,4,5 STAT3 20,21

HRAS 2,3 TET2 3-11

IDH1 4 TP53 2-11

IDH2 4 U2AF1 2,6

IKZF1 Full WT1 7,9

JAK2 12,13, 14 ZRSR2 Full

JAK3 13 ZBTB7A Full
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Figure 8.2 Flow cytometry analysis of CD34" enriched cells. Mononuclear cells were isolated from freshly
collected umbilical cord blood samples and further enriched for CD34* cells by magnetic separation (MACS).
After 2 days of culture in expansion medium, the cells were analyzed via flow cytometry before transfection. CD14
monocytes, CD19 B cells, CD235a erythrocytes, CD3 T cells, CD34 progenitor cells, CD41 megakaryocytes,
CD56 NK cells, CD66b granulocytes. The numbers above the bars indicate the frequency of the respective

population in %.
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B
Bulk knockout sample Bulk sample + HDR  R882H single cell clone

GAGCCGEGCTTEGEGEC GAGCCGCTTGEGCS GAECCEETTE

D Number of clones Efficiency
sequenced 48
Carrying mutations 9 18.75%
R882 deletion 3 6.25%
R882H SNV 1 2%

Figure 8.3 Sanger sequencing of sorted K-562 single cell clones. A — C) Sanger sequencing tracks of bulk
sorted samples and single cell clone. D) Statistics of mutations found via Sanger sequencing of single cell clones.
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Figure 8.4 Flow cytometry analysis of transfected cord blood mononuclear cells. Based on forward and

sideward scatter, living cells were selected. Of those single cells were gated. A) The cells were stained with CD34
and an antibody cocktail against lineage markers. B) Of the Lin"CD34" fraction the GFP*RFP* cells were gated.
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Table 8.2 Electroporation conditions tested with Amaxa Nucleofector™ and NEON® transfection system.

Amaxa Nucleofector Neon
Sample cells/ul buffer program | voltage [V] duration [ms] pulses
volume[pl]
1 1x10* 100 U-008 1700 20 1
2 5x10° 100 U-008 1400 30 1
3 2.5x10° 100 U-008 1200 40 1
4 5x10° 50 U-008 1200 20 2
5 2x10° 50 U-008 1400 20 2
6 1x10° 50 U-008 1150 30 2
7 1400 10 3
8 1500 10 3
9 1600 10 3

CD45

CD34

Figure 8.5 Flow cytometry analysis of expanded CD34" cells after MACS enrichment. Antibodies against the
cell surface protein CD45 (nuclear cells) and CD34 (progenitor cells) were used.
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Figure 8.6 Dot Blot analysis of 5-hydroxymethylcytosine and 5-methylcytosine levels. A) DNA from sample
CBO004 was spotted after 19 days of culture. Left panels: chemiluminescence analysis after incubation with 5hmC
and 5mC antibodies respectively. Right panels: Methylene blue staining of the membranes after
chemiluminescence detection. B) DNA from CB0O05 was used (two different time points). C) DNA from CB007
was used (two different time points)
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