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1. INTRODUCTION 

Complex metazoan organisms require an orchestration of developmental gene 

expression for embryogenesis, adult maturation, and reproduction. A plethora of cell types 

has to be generated from stem cells to enable physiologic conditions. Even though all 

cells possess the same genomic DNA content, gene expression can vary among different 

lineages. This process is poorly understood and a new research field beyond genetics is 

emerging. 

Epigenetics, the study of how modified histone ends and methylation of cytosine residues 

affect gene expression, is still in its infancy. While modifications found in gene promoters 

sometimes affect expression of this particular gene, the majority of marks are not 

understood. Cytosine methylation is associated with repression of expression, while loss 

of this methylation marks the reverse. This implies an important role in differential gene 

expression, and understanding this process will aid explaining how molecular networks in 

the nucleus can decide on cell fate. Adult stem cells switch from quiescence, cell cycle, 

or differentiation into more mature cell types. An astonishing 1012 blood cells are 

generated each day from hematopoietic stem cells [65], rendering hematopoiesis a strong 

model to study how developmental processes are regulated. 

This thesis investigates how an active process of removal of methyl group from cytosine 

residues or active demethylation impacts the normal development of hematopoietic stem 

and progenitor cells (HSPC). 

1.1 HEMATOPOIESIS 

In vertebrates, hematopoiesis occurs in successive waves during development. Broadly, 

it occurs in two phases: a transient embryonic (‘primitive’) phase of hematopoiesis and a 

subsequent definitive (‘adult’) phase. Primitive hematopoiesis occurs in the yolk sac of an 

embryo and later in the liver, spleen, thymus, and lymph nodes of a fetus. As the embryo 

develops, this primitive hematopoiesis is superseded by the definitive multilineage blood 

system [6]. The bone marrow (BM) then becomes the primary hematopoietic site and 

continues to be the main source of hematopoiesis after birth and throughout the lifetime 

of the organism [83]. 
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Traditionally hematopoietic cells are subdivided into two categories: the myeloid and 

lymphoid compartment. The myeloid system includes morphologic different cells including 

granulocytes, macrophages, erythrocytes, megakaryocytes and mast cells. The lymphoid 

compartment contains B-, T- and natural killer (NK-) cells [41]. Various studies have 

shown that all of these cells are derived from a stem cell - the hematopoietic stem cell 

(HSC) . 

The HSC, also referred to long-term HSC (LT-HSC) is an adult stem-cell which was shown 

to reside in the Lineage- Sca-1+ Ckit+ compartment in mouse BM. These cells have self-

renewal capacity and the ability to confer long-term engraftment on lethally irradiated 

mice. They further generate the short term repopulating HSCs (ST-HSCs) with limited 

self-renewal and increased proliferation. ST-HSCs can only transiently reconstitute the 

hematopoietic system. They subsequently give rise to multipotent progenitors (MPPs) 

which differ in their self-renewal capacity to ST-HSCs by their inability to reconstitute the 

hematopoietic system in any way [63, 64]. When differentiating into the MPP 

compartment, cells orient either into a lymphoid or a myeloid direction. For the 

differentiation into the lymphoid direction, there is only one pathway. It is mediated by 

direct differentiation into lymphoid-primed multipotential progenitors (LMPPs) [1] which 

contain granulocyte-monocyte-lymphoid progenitors (GMLPs) and earliest lymphocyte 

progenitors (ELPs) [4, 42, 67]. Both of these cell types can differentiate into common 

lymphoid progenitors (CLPs) which would limit the further differentiative capacity to the 

lymphoid direction resulting in T- , B-, and dendritic cells [54]. However, GMLPs and ELPs 

also have a small potential to differentiate into granulocyte-monocyte progenitors (GMP) 

belonging to the myeloid pathway [4, 42]. 

Most of the cells differentiating into the myeloid lineage are created from common myeloid 

progenitors (CMPs), which are a direct result from differentiation of ST-HSC to a MPP-

state [2]. CMPs, LMPPs, GMLPs, and ELPs are all together considered as MPPs. CMPs 

can either differentiate into megakaryocyte-erythroid progenitors (MEPs) which are limited 

to the formation of erythrocytes and megakaryocytes, or into GMPs which are able to give 

rise to neutrophils, monocytes, eosinophils, basophils, mast cells, and dendritic cells [2]. 

Figure (Fig.) 1 summarizes all steps of hematopoiesis in the murine system. 
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Figure 1. Hematopoietic stem and progenitor hierarchy in the murine system. 

Illustration of all hematopoietic differentiative steps starting from long-term hematopoietic 

stem cell (LT-HSC) and ending in terminally differentiated blood cells. ST-HSC, short-term 

HSC; MPP, multi-potent progenitor; LMPP, lymphoid-primed multi-potent progenitor; CLP, 

common lymphoid progenitor; CMP, common myeloid progenitor; MEP, megakaryocyte-

erythroid progenitor; GMP, granulo-monocyte progenitor. Information derived from [1, 2, 

4, 42, 54, 63, 64, 67]. 
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The development of distinct lineages like monocytes/macrophages, granulocytes, 

megakaryocytes, and lymphocytes from hematopoietic precursor cells is controlled by a 

myriad of transcription factors which regulate the expression of essential genes, including 

those encoding growth factors, enzymes, adhesion molecules, or transcription factors 

themselves [87]. The various transcription factors which have been implicated in 

myelopoiesis are PU.1, C/EBP members (α, β, γ, δ, and ε), CBF, c-Myb, Ets, HOX, MZF-

1, AML1/CBFβ, AP-1 members etc. Various growth factors are responsible for 

myelopoiesis, the most important ones are granulocyte-colony stimulating factor (G-CSF), 

macrophage-colony stimulating factor (M-CSF) and granulocytemacrophage-colony 

stimulating factor (GM-CSF). A key regulatory component for the specification of the T 

and B cell lineages is the Lef/Tcf-dependent Wnt/β-Catenin pathway. Mice deficient for 

Tcf1 and Lef-1 show a severe defect of the early thymocyte compartment with a reduced 

T cell count [84]. Notch1 receptor signaling hereby is critical for initiation of T cell 

development by upregulating the transcription of Tcf1 or Gata3 [19]. Also central to B-

lymphopoiesis are Ebf1 and its target Pax5 and Flt3: Whereas early B-lymphopoiesis 

requires Flt3, with a knockout leading to severe reduction in the number of B cell 

progenitors, Flt3 has to be repressed by Pax5 to allow a further differentiation [19, 34, 58]. 

It is of note that the development of functional mature blood cells requires a plethora of 

differentially regulated genes. The underlying processes however are not fully understood 

so far. 

After birth, the number of HSCs in the BM is maintained in steady state and the HSCs 

mainly remain quiescent. The cellular signals regulating self-renewal and quiescence are 

only incompletely defined, however several candidate factors have been reported (cf. 

table 1). Essential for maintaining the adult HSC pool for example is the Ets-related 

transcription factor Tel1/Etv6 as inactivation of this gene in the hematopoietic 

compartment leads to loss of HSCs [32]. Hoxb4 in contrast is a positive regulator of self-

renewal and its overexpression in BM leads to an expansion of HSCs in vitro and in vivo 

[77]. However, knockout of Hoxb4 leads only to a small impact on proliferation of HSCs 

[8], suggesting a compensatory mechanism by other members of the Hox family. Bmi-1 

also regulates self-renewal and deficiency causes cell cycle arrest, apoptosis, and 

differentiation [69].  
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Beside these factors self-renewal depends on extrinsic regulators secreted by the 

microenvironment, the so-called ‘stem cell niche’. Notch signalling is highly active in HSCs 

and downregulated during advancing differentiation. Inhibition of this pathway leads to 

enhanced differentiation and depletion of the HSC pool in vivo [20]. The Lef/Tcf-

dependent Wnt/β-Catenin pathway is required for HSC function as well [73, 88]: mice 

lacking β-Catenin do not show an altered number of HSCs, however β-Catenin 

overexpression accumulates HSCs by blocking further differentiation [14, 49, 78]. 

Table 1. Intrinsic and extrinsic factors involved in HSC self-renewal 

Intrinsic factors Extrinsic factors 

Bmi1 p18 Notch 
Gfi-1 MCL-1 Wnt 
PTEN Mel-18 Shh 
STAT5 Rae28 Tie2/Ang-1 

Tel/Etv6 HoxB4  
p21   

 

1.2 EPIGENETIC REGULATION BY DNA-METHYLATION 

Epigenetic features are not only part of the inheritance pattern in humans and all other 

mammals, moreover they are important for the regulation of genes - leading to silencing 

or activation of processes involved in normal physiology. Chromatin consists of DNA, 

which is organized in a layered system. The top layer is characterized by the presence of 

heterochromatin and euchromatin [92]. Heterochromatin is tightly packed, and thus 

inaccessible for transcription factors and RNA polymerase II. However, euchromatin is in 

a loosely packed state rendering it accessible for transcription. Important for chromatin 

density is the modification state of different types of histones, which package DNA into 

nucleosomes [80]. These histones can be modified in several ways, the most prominent 

are acetylation and methylation, which directly affects the chromatin to open or close. 

Inside the nucleosomal DNA layer in euchromatin, another layer of epigenetic regulation 

can be found. This part is characterized by methylation and demethylation of the 5’-site of 

cytosine [55]. 
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Methylation of the 5’ position of cytosine (5mC) in CpG islands is the most common 

enzymatic DNA modification in all superkingdoms of life. In mammalian cells, enzymatic 

modifications within CpG islands are reversible. These modifications can be inherited and 

are required to maintain the genomic integrity of cellular DNA, gene regulation, cellular 

differentiation, genomic imprinting and suppression of transposable elements [33, 66, 72, 

74]. In the majority of cases methylated CpG islands are a repressive mark for 

downstream gene expression [44]. 

 

Methylation of CpG is laid down by DNMT (DNA-methyl-transferase). Methylation patterns 

are maintained by DNMT1 which preferentially binds to hemi-methylated DNA in regions 

undergoing replication to place a methyl-mark on the newly formed daughter strand [70]. 

In contrast, DNMT3A and 3B have a preference for unmethylated CpG dinucleotides and 

are therefore also called de novo methyltransferases. DNMT3L serves as an assistant 

protein for binding s-adenosyl-L-methionine (SAM), which is required as a methyl donor 

for the DNMTs [47]. Even though these clear cut roles in de novo and maintenance 

methylation were discovered, recent evidence points towards de novo methylation roles 

for DNMT1, and maintenance methylation roles for DNMT3A/B vice versa [22, 75]. How 

this process in turn is reversed, i.e. how transcription of repressed genes which showed 

cytosine methylation is reactivated, was not known for a very long time. Two ways of 

demethylation very hypothesized, (1) a passive demethylation occurs by lack of DNMT1 

during replication, (2) an active demethylation is catalyzed by an unknown demethylase 

[12]. To that time, data pointed towards an active demethylation, since it was known that 

in mammals the paternal genome was rapidly demethylated after fertilization of the oocyte 

[60, 68]. 

1.3 ACTIVE DEMETHYLATION IS INITIATED BY TET DIOXYGENASES 

The TET family of dioxygenases consists of three family members (TET1-3) which in 

humans are located on chromosome 10, 4 and 2 respectively [61]. The coding sequence 

of TET1 is 6.4 kilobases resulting in a protein with 2136 aminoacids. The coding sequence 

of TET2 is 6.0 kilobases and a translation produces a protein with 2002 aminoacids. TET3 

has a coding sequence of 4.9 kilobases and a protein size of 1660 amino acids. 

Functionally, they are all able to hydroxylate 5mC to 5hmC using Fe(II) and α-
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ketoglutarate as substrates. This reaction is catalyzed by a cysteine-rich domain (CD) 

connected to a double-stranded β helix (DSBH) domain, which is binding to 5mC and is 

able to bind the aforementioned co-factors. The CD and DSBH are brought together with 

a zinc finger and form the core catalytic region. In addition to the enzymatic domain, each 

TET member either has or interacts with a unique CXXC domain which is suggested to 

be involved in specific genomic targeting (Fig. 2) [37, 50]. 

 

TET dioxygenases keep CpG islands in a hypomethylated state through active 

demethylation. This process involves several proteins including activation-induced 

cytidine deaminase (AID), thymine-DNA-glycosylase (TDG), and also TET dioxygenases. 

Firstly, 5mC can directly get deaminated by AID which forms thymine [93]. This thymine 

can be targeted by TDG [16], which leads to the removal of the nucleoside, and 

subsequent base excision repair (BER). When 5mC is hydroxylated by a TET 

dioxygenase to 5hmC, the very same process can happen because AID 

 

 

 

Figure 2. Schematic overview of TET dioxygenase protein domains. All TET 

dioxgenases have a catalytic domain consisting of a cys-rich domain (CD) and a double-

stranded β helix (DSBH) domain wich alone is able to hydroxylate 5-methylcytosine to 5-

hydroxymethylcytosine. Tet1 has a CXXC6 domain and Tet3 has a CXXC10 domain. Tet2 

does not have a CXXC domain most likely due to an genomic inversion and separation of 

Tet2, however it interacts with its close genomic neighbor IDAX (CXXC4) which is the 

inversed part of ancient Tet2. 

CXXC10 CD DSBH

CD DSBH

CD DSBHCXXC6

IDAX

Tet1

Tet2

Tet3
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can target both, 5mC and 5hmC. Yet, this process is more complex, as TET dioxygenases 

are not only able to oxidize 5mC to 5hmC, they can even further oxidize 5hmC to 5-

formylcytosine (5fC), and 5fC to 5-carboxycytosine (5caC) [40]. The latter, 5caC, can 

directly bet targeted by TDG, followed by BER (Fig. 3). These processes have been 

studied in depth in murine embryonic stem cells, in which Tet1 plays a role in maintaining 

pluripotency and differentiation capacity. 

 

 

Figure 3. Complete demethylation pathway via TET, AID/APOBEC, and TDG. Normal 

cytosine can be methylated by DNMTs, leading to formation of 5mC. 5mC can be directly 

converted to thymine by AID/APOBEC, or be converted to 5hmC by TETs. In case of 

thymine, DNA glycosylation activity is directly mediated by TDG. In case of 5-hmC either 

a conversion to 5hmU by AID/APOBEC happens, or 5hmC is further oxidized to 5fC 

followed by an oxidation to 5caC. In the end both pathways lead to the excision of the 

nucleotide by TDG initiated base excision repair. Abbreviations: DNA-methyl-transferase 

(DNMT), Ten-eleven-translocation (TET), Activation induced cytidine deaminase (AID), 

Thymine DNA glycosylase (TDG), cytosine (C), thymine (T), 5-methylcytosine (5mC), 5-

hydroxymethyl-cytosine (5hmC), 5-hydroxyuracil (5hmU), 5-formylcytosine (5fC), 5-

carboxylcytosine (5caC). Pathway derived from [16, 27, 28, 30, 40].  
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1.4 IMPORTANCE OF TET1 IN PLURIPOTENT STEM CELLS 

As mentioned earlier, DNA methylation is important for inheritance, and gene regulation, 

which is especially important in embryonic stem cells (ESC) as they resemble the cellular 

origin of the majority of complex organisms. This becomes apparent by a complete 

knockout of Dnmt1 in murine ESC, which leads to blocked differentiation, apoptosis and 

severe hypomethylation [56]. Tet1 is highly expressed in murine ESC, and to understand 

its relevance for stem cell maintenance several groups studied the effect of shRNA 

mediated knockdown of Tet1 [25, 39, 53]. Depletion of Tet1 leads to a decreased self-

renewal capacity of ESCs, as these cells have reduced colony forming capacity [39, 53]. 

This is mainly related to a reduction in Nanog expression, a key player in maintaining 

pluripotency. Upon depletion of Tet1, the promoter of Nanog is methylated rendering 

transcriptional repression. This leads to an increased expression of throphectodermal and 

primitive endodermal markers, which in turn leads to a skewed differentiation towards the 

trophectodermal layer [25, 39, 53]. In a teratoma assay, the gold standard to test 

pluripotency in vivo, Tet1 depleted murine ESC form large proliferative hemorrhagic 

tumors beyond what normal murine ESC are capable of [25]. This is caused by interfering 

with the Stat3 and MAPK/ERK pathway, blocking of MAPK rescued the Tet1 knockdown 

phenotype [25]. Tet1 does not only activate gene expression, as implicated by cytosine 

demethylation, it also represses target genes in close association with Sin3a [89], Ezh2, 

and histone deacetylases which are found in the polycomb repressor complex 2 (PRC2) 

[9]. In addition, methyl-CpG-binding domain protein 3 (Mbd3) is associated with Tet1 and 

5hmC binding on DNA. Corroborating the interaction of Tet1 with repressors, a general 

5hmC positivity does not correlate with transcriptional activity, as the majority of 5hmC 

located in intragenic regions correlate with expression, while 5hmC in CpG promoters 

relates to repression [90, 91]. 

Interestingly, overexpression of Tet1 in somatic cells can replace Oct4 in the induction of 

pluripotent stem cells, as it can directly bind to Nanog establishing directed methylation 

patterns [17, 26]. 
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1.5 MOUSE MODELS OF DNA METHYLATION IN HSCS 

DNA methylation and demethylation is indeed important in hematopoiesis, as expression 

of transcription factors has been shown to be the determinant of cell fate decision and 

regulation of HSCs [76]. This has been studied in detail in a Dnmt1 knockdown mouse 

model, where DNA methylation changes by depletion of Dnmt1 in HSCs could affect the 

expression of 1168 genes. Interestingly, genes important for normal HSC function were 

down-regulated, while genes involved in myelo-erythroid development which indeed are 

methylated in HSCs were up-regulated [7]. Functionally, this leads to a severe reduction 

of HSCs and progenitors. Lineage commitment towards myeloid differentiation is not 

affected by loss of Dnmt1. The in vitro induction of differentiation towards the B-cell 

lineage is however strongly impaired. 

In a knockout model of Dnmt3a, the reciprocal phenotype was observed. Depletion of 

Dnmt3a leads to impaired differentiation of HSCs. This is caused by an upregulation of 

multipotency genes and a downregulation of differentiation factors most likely due to an 

incomplete repression of HSC genes. This strongly interferes with lymphopoiesis by 

favoring the growth of B-cells over the generation of T-cells. In addition to impaired 

differentiation, the HSC compartment undergoes rapid cycling leading to an increase in 

LT-HSCs, MEPs and CMPs [10].  

Knockout of Dnmt3b does not lead to gross alterations in hematopoiesis. An increase in 

B-cells can only be observed upon retransplantation of BM cells. Most likely, Dnmt3a is 

able to compensate almost completely for the loss of Dnmt3b. A combined knockout of 

Dnmt3a and 3b exacerbates the increase of HSCs observed in Dnmt3 knockout, while 

differentiaton after retransplantation is completely lost [11]. It can be concluded that de 

novo methylation by Dnmt3a and 3b or the maintenance of existing methyl-marks by 

Dnmt1 is required for the normal development of HSCs. 

Conversely, DNA demethylation should be of importance for the normal development of 

HSCs. TET2 is frequently mutated in myelodysplastic syndrome and acute myeloid 

leukemia [61], knockout studies have been performed by several groups [52, 57, 62, 71]. 

In all studies an increase of the LSK compartment, increased serial replating in vitro and 

increased repopulation in vivo was observed. Over a course of time these mice developed 

splenomegaly, leukocytosis, anemia, and thrombocytopenia followed by a chronic 
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myelomonocytic leukemia-like disease [52, 57, 62]. In part also a reduction of 

lymphopoiesis could be observed, and pinpointed to differentiation resistant cells [52]. 

Recently, data from a Tet3 knockout mouse has been published. Unlike the Tet2 knockout 

model, Tet3 knockout animals do not show gross aberrations in hematopoiesis. A 

reduction of LT-HSCs was observed while, in contrast, the repopulation capacity of Tet3 

knockout BM cells was increased [51]. These published findings are summarized in table 

2. 

 

The formation of cytosine methylation, its maintenance and its removal are prominent 

features of all mammalian cell types. This has been studied in detail just recently, by a 

genome-wide mapping of 5mC in murine HSCs [43]. In this study, regions with low 

methylation and transcription factor binding, so called methylation "Canyons", were 

discovered. These regions are distinct from classical CpG islands; half of the regions are 

marked with histones configured for repression (Histone 3 Lysine 27 tri-methylation, 

bound by polycomb repressor complexes), while the other half, which is highly expressed 

in HSCs, is covered in histones with activating marks (Histone 3 Lysine 4 tri-methylation, 

associated with the trithorax-group of DNA binding proteins). Most interestingly, the 

authors also analysed the distribution of 5hmC, which could be found at the border of 

"Canyons" reflecting specific TET activity in these regions. 

Even though DNA methylation associated genes were investigated by knockout models, 

little is known about Tet1 in hematopoiesis. Recently, a knockout of Tet1 was established 

which showed an early reduction in neutrophil granulocytes from peripheral blood [18]. 

However, the hematopoietic system was not thoroughly investigated. 
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Table 2. Hematopoietic features of methylation involved gene knockouts. 

Knockout Effect Reference 

Dnmt1 ablation of HSCs and progenitors [7] 

 decreased engraftment  

 in vitro lineage potential not dramatically changed  

   

Dnmt3a expansion of LT-HSC, MEP, CMP [10] 

 increase B cells  

 block of differentiation in serial transplantation  

   

Dnmt3b slight increase in B cells in third round of serial 
transplantation 

[11] 

   

Dnmt3a+ 
Dnmt3b 

dramatic expansion of LT-HSC through β-catenin 
signaling, differentiation block 

[11] 

   

Tet2 increase of LSK compartment [52, 57, 62, 71] 

 increased serial replating in vitro  

 increased repopulation in vivo  

 CMML like phenotype  

   

Tet3 decrease in HSCs [51] 

 increase in repopulation capacity in vivo  
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1.6 AIM OF THIS STUDY 

Hematopoietic stem cells have the ability to self-renew and differentiate into all functional 

mature blood cells. This accurately balanced process is maintained by a coordinated 

expression of transcription factors. DNA methylation regulates this process through 

DNMTs, but also as recently discovered by TET dioxygenases, thereby controlling lineage 

specific differentiation and proliferation. Tet1 plays a distinct role in embryonic stem cells 

for self-renewal and differentiation, however little is known about the role of Tet1 in 

hematopoietic stem cells. Genes involved in pluripotency are often involved in adult stem 

cells. As Tet2, and Tet3 are involved in hematopoiesis, it is strictly necessary to investigate 

the potential functional role of Tet1 for self-renewal and differentiation of HSCs. For this 

we used a Tet1 knockout model, and genetic modified murine bone marrow cells using 

lentiviral transduction methodology. We further investigated a potential TET1 

dysregulation in samples from patients suffering from acute myeloid leukemia (AML), as 

emerging evidence points to dysruption of methylation patterns as a hallmark of cancer. 
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2. MATERIALS AND METHODS 

2.1 MATERIALS 

Mouse strains 

Strain Description Origin 

C57Bl/6xC3H/HeJ Bl6 mice crossed to 

C3H/HeJ, expressing Ly5.2 

Jackson Laboratories, Bar 

Harbor, ME, USA 

B6.SJL-

PtprcaPecb/BoyJxC3H/He

J 

Bl6/Pep mice crossed to 

C3H/HeJ, expressing Ly5.1 

and Ly5.2 

Jackson Laboratories, Bar 

Harbor, ME, USA 

129S4-Tet1<tm1.1Jae>/J Tet1 knockout mice by 

deletion of exon 4 

Jackson Laboratories, Bar 

Harbor, ME, USA 

Eukaryotic and prokaryotic cells 

Name Medium Condition Distributor 

Mouse BM cells DMEM + 15% FBS +0.1% 

Enrofloxacin (v/v), + 10 ng/ml IL-3 

+10 IL-6 ng/ml +100 ng/ml SCF 

NA 

DH5α competent bacteria  LB Medium + selection antibiotic Life Technologies 

Plasmids 

pGreenPuro System Biosciences, Mountain View, CA, USA 

pCDH-MSCV-EF1-GFP-

T2A-PURO 

 

System Biosciences, Mountain View, CA, USA 

SFLV custom cloned pGIPZ vector, as a gift from Dr. Lenhard 

Rudolph 

pMD2.G Addgene, Cambridge, MA, USA 

psPAX2 Addgene, Cambridge, MA, USA 
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Molecular Biology 

ddH2O Ulm University, Ulm, Germany 

DEPC-treated Water Life Technologies, Carlsbad, CA, 
USA 

Ethanol (99.5% purity)  Sigma-Aldrich, Taufkirchen, 
Germany 

Isopropanol (99.5% purity) Sigma-Aldrich, Taufkirchen, 
Germany 

Formaldehyde (37.5%) Sigma-Aldrich, Taufkirchen, 
Germany 

Chloroform Sigma-Aldrich, Taufkirchen, 
Germany 

DMSO  Sigma-Aldrich, Taufkirchen, 
Germany 

Glacial acetic acid Sigma-Aldrich, Taufkirchen, 
Germany 

TRIzol® Reagent Life Technologies, Carlsbad, CA, 
USA 

DNeasy Blood and Tissue kit Quiagen, Hilden, Germany 

Butylated hydroxytoluene  Sigma-Aldrich, Taufkirchen, 
Germany 

Deferoxamine Sigma-Aldrich, Taufkirchen, 
Germany 

Paraformaldehyde Sigma-Aldrich, Taufkirchen, 
Germany 

Triton-X Sigma-Aldrich, Taufkirchen, 
Germany 

BSA Sigma-Aldrich, Taufkirchen, 
Germany 

Platinum® Taq DNA Polymerase Kit Life Technologies, Carlsbad, CA, 
USA 

TaqMan® Universal PCR Master Mix, No 
AmpErase®  

Life Technologies, Carlsbad, CA, 
USA 

Giemsa solution Merck KGaA, Darmstadt, Germany 

May-Grünwald solution  Merck KGaA, Darmstadt, Germany 

LB Media Powder Sigma-Aldrich, Taufkirchen, 
Germany 

Agarose Sigma-Aldrich, Taufkirchen, 
Germany 

Gel Loading Dye, Blue (6x) New England BioLabs, Ipswich, MA, 
USA 

Gel Red (10,000 x) Biotium, Hayward, CA, USA 

EcoRI, XbaI, BamHI restriction enzymes New England BioLabs, Ipswich, MA, 
USA 
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illustra GFX PCR DNA and Gel Band 
Purification Kit 

GE Healthcare, Little Chalfont, U K  

Ampicillin sodium salt Sigma-Aldrich, Taufkirchen, 
Germany 

DAPI Sigma-Aldrich, Taufkirchen, 
Germany 

Antibody diluents Dako, Hamburg, Germany 

Fluorescence mounting medium Dako, Hamburg, Germany 

Oligonucleotides 

Name Sequence 

Tet1 shRNA A18 TGCTGTTGACAGTGAGCGCGCAGATGGCCGTGACACAA

ATTAGTGAAGCCACAGATGTAATTTGTGTCACGGCCATC

TGCTTGCCTACTGCCTCGGA 

Tet1 shRNA 34 TGCTGTTGACAGTGAGCGCTGTAGACCATCACTGTTCGA

CTAGTGAAGCCACAGATGTAGTCGAACAGTGATGGTCTA

CATTGCCTACTGCCTCGGA 

shScr GATCCCTAAGGTTAAGTCGCCCTCGCTCTAGCGAGGGC

GACTTAACCTTAGTTTTTG (Systems Biosciences) 

MSCV FW Primer TCCCTGAGCTCAATAAAAG 

EF1 REV Primer CTAGGCACCCGTTCAATTG 

SFFV FW Primer GCTTCCCGAGCTCTATAAAAGAG 

H1 FW Primer TCGCTATGTGTTCTGGGAAA 

  

murine Tet1 TaqMan  Mm01169084_m1 (Life Technologies, Carlsbad, CA, USA) 

murine Tet2 TaqMan Mm01320357_m1 (Life Technologies, Carlsbad, CA, USA) 

murine Tet3 TaqMan Mm00805756_m1 (Life Technologies, Carlsbad, CA, USA) 

human TBP  4333769F (Life Technologies, Carlsbad, CA, USA) 

murine Hprt  Mm01545399_m1 (Life Technologies, Carlsbad, CA, USA) 

Murine Gapdh 4352932E (Life Technologies, Carlsbad, CA, USA) 

  

 

Cell Culture 

Dulbecco’s PBS Life Technologies, Carlsbad, CA, USA 

DMEM Life Technologies, Carlsbad, CA, USA 

RPMI 1640 Life Technologies, Carlsbad, CA, USA 

Opti-MEM Life Technologies, Carlsbad, CA, USA 

Foetal bovine serum (FBS) PAN Biotech, Aidenbach, Germany 

Penicillin/Streptomycin Life Technologies, Carlsbad, CA, USA 
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Puromycin dihydrochloride Sigma-Aldrich, Taufkirchen, Germany 

Baytril, Enrofloxacin 2,5% Bayer Healthcare, Leverkusen, Germany 

Methocult M3234 STEMCELL Technologies SARL, Köln, Germany 

Methocult M3434 STEMCELL Technologies SARL, Köln, Germany 

Methocult H4330 STEMCELL Technologies SARL, Köln, Germany 

TransIT  Transfection 
Reagent 

Mirus Bio LLC, Madison, USA 

RetroNectin Takara/Clontech Inc., Saint Germain en Laye, France 

rmIL-3 ImmunoTools, Friesoythe, Germany 

rmIL-6 ImmunoTools, Friesoythe, Germany 

rmSCF ImmunoTools, Friesoythe, Germany 

rhGM-CSF ImmunoTools, Friesoythe, Germany 

Red blood cell lysis buffer  10X Stock, 83.4 g NH4Cl, 10 g NaHCO3, 2 mL EDTA 
(0.5M), add H2O to 1 Liter, adjust pH to 7.3. 

Telly's solution 160 mL formaldehyde (37.5%), 80 mL glacial acetic 
acid, 1600 mL 70% EtOH 

Giemsas Azur-Eosin-
Methylenblaulösung  

Merck KGaA 

May-Grünwald Eosin-
Methylenblaulösung 
modifiziert 

Merck KGaA 

 

Antibodies and FACS related material 

Propidium Iodide >94% HPLC purity Sigma-Aldrich, Taufkirchen, Germany 

Sytox Blue Life Technologies, Carlsbad, CA, USA 

Anti-Mouse CD16/CD32 eFluor 450 ebioscience, Hatfield, United Kingdom 

Anti-Mouse CD135(Flt3) PE ebioscience, Hatfield, United Kingdom 

Anti-Mouse CD127 APC-eF 780 ebioscience, Hatfield, United Kingdom 

Anti-Mouse CD117(ckit) AF700 ebioscience, Hatfield, United Kingdom 

Anti-Mouse Ly-6A/E (Sca-1) PE-Cy7 ebioscience, Hatfield, United Kingdom 

Anti-Mouse CD34 eFluor660 ebioscience, Hatfield, United Kingdom 

Biotin anti-mouse Lineage Panel BioLegend, San Diego, USA 

Brilliant Violet 605 Streptavidin BioLegend, San Diego, USA 

APC Rat Anti-Mouse CD19 BD Biosciences, Heidelberg, Germany 

PE Rat Anti-Mouse TER-119 BD Biosciences, Heidelberg, Germany 

PE Rat Anti-Mouse CD45R/B220 BD Biosciences, Heidelberg, Germany 

APC Rat Anti-Mouse Gr-1 BD Biosciences, Heidelberg, Germany 

Brilliant Violet 605 Mac-1 BioLegend, San Diego, USA 

PECy7 anti-mouse CD4 BioLegend, San Diego, USA 

AF700 anti-mouse CD8 BioLegend, San Diego, USA 

Anti-Human CD34 PECy5 BD Biosciences, Heidelberg, Germany 

Anti-Human CD38-PE ebioscience, Hatfield, United Kingdom 
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Anti-Human CD33 PE ebioscience, Hatfield, United Kingdom 

Anti-Human CD14 APC ebioscience, Hatfield, United Kingdom 

Anti-Human CD15 PE BD Biosciences, Heidelberg, Germany 

Anti-Human CD3 PE-Cy7 ebioscience, Hatfield, United Kingdom 

Anti-Human CD19 APC ebioscience, Hatfield, United Kingdom 

BD Pharmingen™ - APC BrdU Flow Kit BD Biosciences, Heidelberg, Germany 

Technical Equipment 

7900HT Fast real-time PCR System Life Technologies, Carlsbad, CA, USA 

BD FACSAria™ III BD Biosciences, Heidelberg, Germany 

BD LSRFortessa™ BD Biosciences, Heidelberg, Germany 

Cytospin* 4 Cytocentrifuge Thermo Fisher Scientific, Waltham, WA, 

USA 

Eppendorff 5415R Eppendorff, Hamburg, Germany 

Eppendorff 5810R Eppendorff, Hamburg, Germany 

Galaxy 170S Incubator New Brunswick Scientific, Edison, NJ, USA 

Innova 44 Incubator Shaker New Brunswick Scientific, Edison, NJ, USA 

NanoDrop® ND-1000 

Spectrophotometer 

Thermo Fisher Scientific, Waltham, WA, 

USA 

peqSTAR 96 Universal Gradient 

Thermocycler 

PEQLAB Biotechnology GmbH, Erlangen, 

Germany 

Vortex-Genie 2 Scientific Industries, Bohemia, NY, USA 

Software 

Microsoft Office Microsoft, Redmond, WA, USA 

Graphpad Prism Graphpad Software, La Jolla, CA, USA 

FACS Diva BD Biosciences, Heidelberg, Germany 

Flowjo FLOWJO LLC, Ashland, OR, USA 

R The R Foundation for Statistical Computing, 

Vienna, Austria 
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2.2 METHODS 

Bacterial transformation and isolation of plasmid DNA 

MAX Efficiency DH5α competent bacteria cells (Invitrogen) were thawed and incubated 

with 40 ng of plasmid for 30 minutes on ice. Then they were shocked at 42 °C in a water 

bath, and kept on ice for 2 minutes. Further, they were incubated with 250µL SOC-medium 

and grown at 37 °C with 300 rpm shaking for 1.5 hours. Finally, they were inoculated on 

an agarose covered dish containing a selection antibiotic. After colony formation, bacteria 

were picked, and inoculated in 5mL LB medium and grown over night. The LB bacteria 

mixture was then used for plasmid isolation using GeneElute HP Plasmid Miniprep Kit 

(Sigma), a part of the medium was frozen down by adding 30% glycerol and flash freezing 

it in liquid nitrogen. After isolation plasmids were checked for correct digestion pattern, 

and were further sequenced. When the identity of the plasmid was confirmed, a pre-

culture of the particular plasmid was generated by inoculating a scratch of the glycerol 

stock in 5 mL LB medium with corresponding selection antibiotic for 5 hours and 

subsequently increasing the LB medium and antibiotic content to 200 mL. After bacterial 

growth, cells were centrifuged down and subsequently used for plasmid isolation using 

PureYield Plasmid MaxiPrep (Promega). 

Cloning of constructs for lentivirus particle production 

For knockdown of murine Tet1, published shRNAs [39, 91] were cloned into the SFLV 

vector system. ShRNA shA18 targets Tet1 in exon 11, while sh34 targets Tet1 in exon 6. 

In short, oligonucleotides containing the miR30 loop structure and the siRNA parts of a 

shRNA were amplified using miR30 Forward and Reverse primer. The amplified product 

was run on an agarose gel and was extracted using illustra GFX PCR DNA and Gel Band 

Purification Kit to subsequently digest the product with XhoI and EcoRI and ligation into 

the XhoI and EcoRI site of the SFLV vector. After transformation, positive clones were 

sequenced from U6 promoter in front of the miR30 sites. 

For overexpression of murine Tet1, the CDS of Tet1 including a C-terminal MYC-DDK tag 

was bought from Origene (MR227558) and was then sub cloned into the XbaI site of 

pCDH1-MSCV-MCS-EF1-GFP by Origene. 
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RNA Isolation 

Desired cells were pelleted at 350 g for 10 minutes, and resuspended in 1 mL Trizol and 

frozen at -80 °C. Then, cells were thawed on ice and RNA was extracted according to the 

standard protocol. In short, a 5 minute incubation at room temperature was followed by 

extraction with 0.2 mL chloroform per 1 mL Trizol used. Tubes were vortexed and 

incubated for 2-3 minutes at room temperature. After 15 minutes centrifugation at 4 °C at 

12,000 g the upper aqueous phase was removed and RNA was precipitated with 0.5 mL 

of 100% isopropanol at room temperature for 10 minutes. Samples were centrifuged at 

12,000 g for 10 minutes at 4 °C. Further the pelleted RNA was washed two times in 500 

µL of 75% ethanol followed by centrifugation at 12,000 g for 5 minutes. The so-formed 

RNA pellet was then air dried to remove excess ethanol and then resuspended in RNAse-

free water. Concentration of RNA was measured using a Nanodrop 1000 device. 

DNA Isolation 

Desired cells were pelleted and resuspended in 200µL PBS. For the isolation of DNA, the 

DNeasy Blood and Tissue kit from Quiagen was used. In short, 20 µL Proteinase K, 1 µL 

RNAse If, 200 µL Buffer AL were added to the sample. After 10 minutes of incubation at 

56 °C, 200 µL 96-100% Ethanol were added, and the sample was run through a Quiaquick 

column at 8000 g for 30 seconds. Sequential washes with buffer AW1 and buffer AW2 

were conducted. As last step the DNA was retained from the filter in the spin column by 

incubation with buffer AE and a one minute incubation, which was followed by 

centrifugation at 8,000 g. Extracted DNA was quantified with a Nanodrop 1000 device and 

stored at 4 °C. 

For the analysis of 5mC and 5hmC by LC-MS/MS, the antioxidants butylated 

hydroxytoluene and deferoxamine were added to PBS, Buffer AL, Buffer AW1, and Buffer 

AW2 at a 200 µM concentration. Extracted DNA was quantified with a Nanodrop 1000 

device and frozen at -20 °C to prevent further oxidation. 

For genotyping of Tet1 knockout mice, tail tips of 3 week old mice were taken with a 

scissor and subsequently boiled with 350 µL 50 mM NaOH for 30 minutes to 1 hour in a 

microcentrifugation tube. Tubes were centrifuged at 1,000 g for 15 minutes at 4°C. The 

supernatant which contained the isolated DNA was removed and then neutralized by the 
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addition of 50 µL Tris-EDTA (pH 7.0). Isolated DNA was quantified using a Nanodrop 1000 

device, and were subsequently directly used for PCR or stored at 4 °C. 

Reverse Transcription 

Complementary DNA (cDNA) was synthesized using SuperScript® First-Strand Synthesis 

System for RT-PCR (Invitrogen). The synthesis was done according to the standard 

protocol. In short, 1 µg of RNA was incubated at 65 °C for 5 minutes with 1 wµL 10 mM 

dNTP mix, 1 µL oligo(dT) (0.5 µg) or 1 µL random hexamers (50 ng), and DEPC-treated 

water to a total amount of 10 µL. After the incubation, 2 µL 10X RT Buffer, 4 µL 25 mM 

MgCl2, 2 µL 0.1 M DTT and 1 µL RNaseOUT (40 U/µL) were added. Oligo(dT) primed 

samples were incubated at 42 °C for 2 minutes, while random hexamer primed samples 

were incubated at room temperature (~25 °C) for 2 minutes. In both cases 1 µL 

SuperScript II RT was added to the tube and incubated at room temperature for 10 

minutes. Then the samples were incubated at 42 °C for 50 minutes in a thermal cycler 

and the reaction was finally terminated at 70 °C for 15 minutes. Afterwards samples were 

chilled on ice and then stored at -20 °C or used for PCR directly. 

TaqMan qRT-PCR 

Master mixes were prepared for genes of interest and housekeeping gene, by pipetting 

10 µL TaqMan® Universal PCR Master Mix, 8 µL ddH2O and 1 µL primer per well of a 

96-well-plate. The equivalent of 50 ng RNA (1 µL cDNA) was added to the well, samples 

were run in triplicates and were later on averaged by the software. Because of less 

material patient sample were run only once. All PCR reactions were run with the standard 

protocol for 45 cycles and ∆CT values were derived by subtraction of housekeeping CT 

values from gene of interest CT values. ΔCT values are inversely correlated to expression, 

with a low ∆CT indicating a high expression. The standard protocols included proper 

cycling by initial incubation at 95 °C for 10 minutes, and then 45 cycles of 95 °C for 15 

seconds and 60 °C for 60 seconds. Data was collected at the beginning and end of each 

cycle in real time. 

For the calculation of fold expression (compared to for example wildtype or empty vector 

control), the ∆∆CT method was applied, in which fold expression is calculated by 2-∆∆CT. 
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For the interpretation of gene expression by showing it as % of housekeeping, the 

calculation was as followed: 2-(CT Gene of Interest - CT Houskeeping). 

 

Cell Culture 

Cell lines were thawed from liquid nitrogen stocks in a 37 °C water bath, and cells were 

washed in PBS to remove remnants of freezing medium prior culturing. Adherent cells 

were cultured to 80% confluence, until they were split by trypsin mediated detachment. 

Cells were frozen down in FBS containing 10% DMSO. 

Isolation of murine hematopoietic cells 

Mice were housed in sterile IVC cages at the local Tierforschungszentrum at the University 

of Ulm. Donor mice were euthanized with CO2 and then disinfected with 70% ethanol. 

Peripheral blood was extracted by aspiration from heart. To prevent clotting, 20 µL 

Heparin were added to the aspirate. To isolate mononuclear cells, peripheral blood was 

pelleted by centrifugation at 350 g for 10 minutes. Cells were incubated with RBC lysis 

buffer for 10 minutes at room temperature. Then they were washed with PBS containing 

3% FBS. Splenocytes were extracted by excising of the spleen and subsequent grinding 

through a 40 µm filter unit. The filter unit was washed with PBS containing 3% FBS and 

cells were pelleted by centrifugation at 350 g for 10 minutes. Naturally there are less RBCs 

in splenocyte extractions therefore lysis time was reduced to two minutes. For bone 

marrow extraction femurs and hips were removed and cleaned from attached connective 

tissue and muscle cells using scissors and tissue paper. Subsequently, the cells were 

extracted by grinding with a mortar and pestle in PBS containing 3% FBS. Isolated cells 

were filtered through 40 µm filter units and pelleted by centrifugation at 350 g for 10 

minutes. For ex vivo culture, remaining RBCs were lysed for 2 minutes on ice with RBC 

lysis buffer. Cells were washed with PBS containing 3% FBS and were then used for 

culture in bone marrow medium. For progenitor or stem cell enrichment by sorting, cells 

were directed to Ficoll separation instead of RBC lysis. 2 mL of room temperature 

Histopaque 1083 were pipetted into FACS tubes, and bone marrow cells in 1 mL PBS 

were carefully added on top of the Histopaque layer. Phases were separated by 

centrifugation at 630g with very low acceleration and no active breaking. The white bone 



  
Materials and Methods 

23 

marrow cell layer was aspirated and washed with PBS with 3% FBS. The so-isolated cells 

had reduced amounts of red blood cells and granulocytes and were directly used for 

antibody staining and subsequent FACS sorting. 

Enrichment of bone marrow stem and progenitor cells by 5-fluorouracil (5FU) 

injection 

Mice were injected intravenously (i.v.) with 5-FU at a dose of 150 mg/kg. 5-FU kills fast 

dividing cells in the body of the mouse leading to the enrichment of stem and progenitor 

cells in the bone marrow. The loss of proliferative hematopoietic cells induces cytokine 

secretion which stimulate quiescent stem cells to proliferate and differentiate into 

progenitor cells [5]. The peak of enrichment is at roughly 80 hours post injection, therefore 

mice were sacrificed at this particular time point and cells were isolated as mentioned 

above.  

Knockout mouse genotyping 

The Tet1 knockout mouse has been generated in Jaenisch's laboratory, by removing exon 

4 from the Tet1 locus. The PCR to genotype the mice contains primers which amplify the 

region including the exon. This normally would only lead to a shorter or a longer fragment 

from in case of a knockout or wildtype situation. The Jackson Laboratories however 

recommend using a different PCR approach with a knockout specific primer in the junction 

of exon 3 and 5 which allows for the specific detection of deletion of exon 4. PCR was 

performed from tail tip isolated DNA using TaqPolymerase (Invitrogen). In detail, a master 

mix containing 19.25 µL H2O, 2.5 µL 10x Buffer, 0.75 µL MgCl2 (50 mM), 0.5 µL dNTP’s 

(10 mM), 0.25 µL forward primer, 0.25 µL reverse primer, 0.25 µL exon 4 specific primer, 

and 0.25 µL Taq polymerase (5 U/µL). 24 µL of this master mix were added to 1 µL of 

digested tail tip DNA. PCR was performed with initial 95 °C denaturing for 5’, followed by 

35 cycles of 95 °C for 1’, 59 °C for 45’’, 72 °C for 1’30’’. This was followed by a final 

elongation at 72 °C for 10’ and subsequent storing at 4 °C. Afterwards, the PCR product 

was frozen down or directly mixed with GelRed (1:10000) and then ran on a 2% agarose 

(w/v) in TAE buffer at 100V until separate bands were analyzed using a UV illuminator 

machine. 

Antibody staining for FACS analysis 
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Before antibody staining human cells were blocked for 20 minutes in human serum diluted 

1:10 in PBS at 4°C. Then cells were stained for 20 minutes with CD34-PE-Cy5 (1:5), 

CD38-PE (1:20), GlyA-PE (1:11), CD14-APC (1:20), CD15-PE (1:5), CD33-PE (1:20), 

CD19-APC (1:20) or CD3-PE-Cy7 (1:20) diluted in PBS as indicated in brackets.  

Murine cells were blocked for 20 minutes with CD16/CD32 (Fc) diluted 1:100 in PBS at 

4°C. Then cells were stained for 20 minutes with CD34-EF660 (1:100), Ckit-AF700 

(1:800), Sca-1-PE-Cy7 (1:1600), Gr-1-APC (1:1000), Mac-1-BV605 (1:400), CD4-PE-Cy7 

(1:1000), CD8-AF700 (1:400), B220-PE (1:1600), CD19-APC (1:200), 

FcγRII/III(CD16/CD32)-eFluor450 (1:200), Flt3-PE (1:100), IL7-Rα-APC-eF780 (1:200), 

lineage cocktail (2 µL of each antibody) and Streptavidin-BV605 (1:400) diluted in PBS as 

indicated in brackets. 

Cells were analyzed on a BD Fortessa LSR II machine. Cells have been gated according 

to FSC-A and SSC-A morphology. Further single cells as gated per FSC-A and FSC-H 

were selected and gated for PI negative viable cells. This was the starting point for gating 

antibody stained or selection marker positive cells. 

FACS analysis of murine hematopoietic stem, progenitor, and mature cells 

Cells were gated according to Lineage-Streptavidin-BV605 negative population (bottom 

10%). From here cells were selected for myeloid progenitors (MP) according to Ckit+ and 

Sca-1- population and Lineage- Sca-1+ Ckit+ (LSK) according to Ckit+ and Sca-1+ 

population. MP cells were further differentiated into common myeloid progenitor (CMP), 

granulocyte-macrophage progenitor (GMP), and megakaryocyte-erythroid progenitor 

(MEP) by gating for FcγR-eFluor450 and CD34-EF660. GMP cells are separated by 

FcγRII/III+ and CD34high, while CMP cells are FcγRII/III+ and CD34low. MEP cells are 

FcγRII/III- and CD34-. Hematopoietic stem cells (HSC) are gated from the LSK population 

and can be separated by CD34 and Flt3 expression. HSCs are CD34- and Flt3-, while 

short-term HSCs are Flt3- and CD34+. Lymphoid-primed multipotential progenitors 

(LMPP) are Flt3+ and CD34+. 

More mature myeloid cells were analyzed for the expression of Gr-1, Mac-1, and double 

positive Gr-1 and Mac-1 cells. Lymphoid cells were separated into B-cells expressing 

CD19 and B220, while T cells were analyzed by expression of CD4 (T-helper cells) and 

CD8 (cytotoxic T-cells). Erythroid cells were analyzed by Ter119 expression. In addition, 
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stem cell markers Ckit and Sca-1 were also analyzed. This was in particular important for 

in vitro experiments to investigate whether cultures contain mast-cells (Ckit+/Sca-1+). 

Production of lentivirus particles for stable transduction 

293T LentiX (Clontech) cells were seeded into 10 cm adherent plate tissue culture dishes 

and grown to 70-80% confluence. Cells were transfected with 3 µg of pSPAX2, pMD2.G, 

and vector of interest using TransIT LT-1 transfection reagent (Mirus). In short, 300 µL of 

Opti-MEM medium (Life Technologies) were mixed with desired amount of plasmids and 

27 µL LT-1 transfection reagent were added. Medium was flicked to mix the content and 

was incubated for 30 minutes at room temperature. Successful liposome formation could 

be observed by an increase in white turbidity of the medium. The medium was 

subsequently evenly distributed onto the cells in the dish. After 12 hours, medium was 

changed with DMEM + 30% FBS. Virus particle containing supernatants could be 

harvested 2 times every 24 hours starting from this time point. 

Stable transduction of primary bone marrow cells 

Firstly, the wells of a 6 well dish was covered with retronectin (Takara) overnight, at the 

next morning the retronectin solution was removed and the well was blocked for 30 

minutes in sterile filtered PBS containing 2% bovine serum albumin (BSA). After a wash 

with normal PBS, 2 mL VCM were loaded onto the plate and viral particles from VCM were 

attached to the retronectin by centrifugation at 1200 g at 4 °C for 45 minutes. 

Simultaneously the primary cells were transduced with VCM in a FACS tube like 

mentioned above. After the centrifugation, the VCM from the wells was removed and 

primary cells were resuspended in 3 mL medium and seeded into a 6 well containing 

attached virus particles. After 48 hours transduced cells were sorted on a FACS Aria III 

for a fluorescence marker, as mentioned above. 

 

Sorting of transduced cells 

Cells were pelleted at 300g for 10 minutes and resuspended in an appropriate volume of 

PBS + 3% FBS and viability dye (Propidium Iodide 1:10000). Cells were filtered through 
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a FACS tube filter lid and were then further sorted on a FACS Aria II for either antibody 

stained surface markers or transgene selection markers (GFP, BFP). 

 

Liquid culture expansion assays using transduced or sorted primary cells or cell 

lines 

3 x 104 murine transduced and sorted cells were seeded into a well of a 6 well dish. Cells 

were counted weekly after 7 days. Importantly, cells were also used for cytospin at each 

time point of counting to investigate how cellular differentiation is affected. 

Investigation of clonogenicity using Colony-Forming-Capacity (CFC) 

methylcellulose assay 

For the analysis of murine primary cells, initial 500 cells were seeded into 1.1 mL of M3434 

methylcellulose (Stem Cell Technologies), colonies were counted after 7-10 days, and 

according to morphology, FACS analysis, and previous experimental experience 10,000 

– 15,000 cells were replated in 1.1 mL M3434 methylcellulose and cultured for further 7-

10 days. After each step of culturing cytospins were performed and cell surface markers 

were analyzed by FACS flowcytometry. 

Colony-forming-Units Spleen (CFU-S) 

For identification of cycling clonogenic multi potent progenitors [15], 5FU enriched BM 

cells were transduced with virus particles. After sorting, 10,000 cells were injected via the 

tail vein into 1200 cGy irradiated mice. After 12 days the mice were sacrificed and spleens 

were removed from the animals. After fixation with Telly’s Solution, the colonies on the 

spleen were counted, and spleens were weighed. To investigate whether modulation of 

gene expression by transduction increases maintenance of the earlier mentioned cell 

types, the 10,000 sorted cells were kept in culture for 7 days, and were then injected into 

1200 cGy irradiated mice. 

Long-term Transplantation 

To study long-term effects of altered gene expression, 5FU enriched BM cells were 

transduced with virus particles. After sorting, 5 x 105 were injected via the tail vein into 

mice irradiated at 1200 cGy. Transplanted mice were monitored for signs of disease, and 



  
Materials and Methods 

27 

were bled every 4 weeks by puncture of the Vena fascialis and subsequently peripheral 

blood engraftment and differentiation of transplanted cells were analyzed by FACS 

flowcytometry. 

Cell cycle assay 

A fixed number of sorted primary bone marrow cells were seeded into 12-well dishes. 

After 4 days BrdU was pulsed into the medium at a concentration of 10 µM per mL for 30 

minutes and cells were subsequently harvested and fixed using the protocol from BD 

Pharmingen™ BrdU-APC flow kit. Fixed cells were subsequently analyzed with FACS, 

BrdU- and 7-ADDlow cells indicate cells in G0/G1, BrdU+ and 7-AAD+ cells indicate cells in 

S-phase, and BrdU- and 7-ADDhigh cells indicate cells in G2/M phase. 

Cytospin and blood smears 

For cytospin, cells were washed in PBS and subsequently pipetted into a microscope slide 

holder system allowing a liquid containing 80,000 cells to get centrifuged on top of a 

microscope slide. Centrifugation was performed at 450 g for 10 minutes. Subsequently 

the holder system was disassembled and slides were dried. 

After drying of slides, the cells were stained for differential blood cell counting using a 

Giemsa-May-Grünwald staining. In short, object slides were incubated for 3 minutes in 

May-Grünwald solution (Merck KGaA), followed by a 5 minute wash in water. Then cells 

were incubated in 1:50 diluted Giemsa solution (Merck KGaA) for 1 hour. Object slides 

were washed two times in water for 5 minutes and then analyzed using a microscope. 

Analysis of Differential Gene Expression using Microarray, and matching of 5hmC 

and Tet1 binding to obtained gene signature 

Microarray was performed in the Microarray Core Facility, University of Ulm. Dr. Karl-

Heinz Holzmann performed the analysis by RMA normalizing the data and investigating 

for differentially expressed genes. 

5hmC and Tet1 binding peaks were downloaded from published datasets [43, 89] and 

pre-annotated peaks were investigated for matching genes. 

Statistical Analysis of AML Dataset and Verhaak and Haferlach Microarray Dataset 
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Datasets have been downloaded from the leukemia gene atlas [31]. Values for individual 

de novo AML patients were retrieved using the software R, and figures have been 

generated in Graphpad Prism. 

For the analysis of survival, data from the Verhaak dataset was used. Patients have been 

subdivided into 70-100% and 0-69% by ranking TET1 expression. Further, Graphpad 

Prism was used to plot Kaplan-Meyer-Curves for overall and disease free survival. To test 

whether the finding is of significant relevance the log rank test was used. 

To identify differentially expressed genes between TET1 high and TET1 low patients, 

patients were ranked into quartiles and lowest and highest quartile patients were 

compared against each other with a linear model. Findings were adjusted to p-values and 

FDR. Genes obtained were distinguished into pathways using the KEGG2 Pathway Finder 

[45, 46]. 

Statistical analysis of experimental data 

Each experiment was repeated 3-4 times with biological replicates. Analysis of statistical 

significance was performed using the student’s T-test. Individual p-values are either 

indicated in the figure, or mentioned in the text. 
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3. RESULTS 

3.1 TET1 IS DIFFERENTIALLY EXPRESSED IN MURINE HEMATOPOIESIS AND HIGHEST EXPRESSED 

IN LT-HSCS 

To understand if Tet1 plays a role in self-renewal and differentiation of HSC, we firstly 

wanted to understand if Tet1 is differentially expressed between hematopoietic stem, 

progenitor and functional mature cells. Therefore we isolated LT-HSC, ST-HSC, LMPP, 

CLP, CMP, GMP and MEP cells from mouse bone marrow (BM) and performed qRT-PCR 

for Tet1 (in collaboration with Prof. Akashi, Kyushu University, Japan). Data was 

normalized to LT-HSC as described in method section.  

The highest expression of Tet1 was detectable in LT-HSCs (Fig. 4 A), and its expression 

in ST-HSCs and LMPPs was significantly decreased to 0.56 and 0.66 fold expression of 

LT-HSCs respectively (n=3, p=0.004 and p=0.008). LMPPs and CLPs expressed Tet1 at 

similar levels compared to ST-HSCs, however expression in CMPs, GMPs and MEPs 

decreased further significantly (n=3, to 0.25 fold, <0.1 fold and 0.18 fold of LT-HSCs, 

p=0.005, p=0.00001, p=0.0001 respectively), while Tet1 expression is higher in CLPs as 

compared to myeloid progenitors (n=3, up to 5.5 fold, p=0.00003). 

Further we analyzed expression of Tet1 in comitted myeloid and lymphoid populations 

from BM and spleen. Myeloid cells were sorted from BM using the surface markers Gr-1, 

and Mac-1. Lymphoid subpopulations were sorted mainly from spleen, using B220 and 

CD19 surface markers for B cells, and CD3 for T-cells. Data was normalized to 

housekeeping as described in the method section (Fig. 4 B). In BM, Gr-1+/Mac-1- cells 

showed a 5.62-fold increase in expression of Tet1 compared to their Gr-1+/Mac-1+ 

progenitor (n=3. p=0.021). Similarly, Mac-1+/Gr-1- showed a 17.8-fold higher expression 

of Tet1 (n=3, p=0.183). In addition, immature Gr-1+/Mac-1+ progenitor cells showed a 

8.98-fold recuded expression compared to immature B220+ B cell progenitors (n=3, 

p=0.019). In contrast, lymphoid B220+/CD19- and B220+/CD19+ progenitor cells in spleen 

both show a higher expression compared to CD19+/B220- mature B cells (n=3, p=0.017 

and 0.023 respectively). 
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Figure 4. Expression of Tet1 in murine hematopoietic subpopulations. Expression of 

Tet1 in sorted stem cell and progenitor subtypes (HSPC) long-term hematopoietic stem 

cells (LT-HSC), short-term HSC (ST-HSC), lymphoid primed multipotent progenitor 

(LMPP), common lymphoid progenitor (CLP), common myeloid progenitor (CMP), 

granulocyte-macrophage progenitor (GMP), megakaryocyte erytorhoid progenitor (MEP) 

(A). Expression of Tet1 in myeloid, B, and T cell subtypes in bone marrow and spleen (B). 

Error bars indicate standard error of the mean from three biological replicates. Asterisks 

indicate p-values: * < 0.05, ** <0.01, *** <0.001.  

 

3.2 HEMATOPOIETIC STEM CELLS ARE REDUCED IN A TET1 KNOCKOUT MODEL 

To understand if the significant high expression of Tet1 in HSCs contributes to the self-

renewal and differentiation properties of LT-HSCs we obtained the 129S4-Tet1tm1.1Jae/J 

knockout mouse strain which has been generated at Rudolf Jaenisch’s laboratory as 

explained in the method section [18]. To confirm knockout of Tet1 we PCR genotyped 

DNA from tail tips. Wildtype alleles produce bands of size 350 and 900 base pairs (bp), 

while a knockout allele is of 600 bp size. In Fig.5 A, mice wildtype (wt) for Tet1 (bands 350 

and 900 bp), heterozygous (het) for Tet1 (bands 350, 600 and 900 bp) and homozygous 

(hom) for Tet1 (band only at 600 bp) are shown. The genomic knockout was further 

confirmed on mRNA level by qRT-PCR, values were normalized to wt BM. As expected, 

het BM showed a 50% reduction in Tet1 expression, while expression of Tet1 could not 

be detected in hom BM (Fig. 5 B, n=3). 
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Figure 5. Genotyping of Tet1 knockout mouse and confirmation of knockout by 

qRT-PCR from bone marrow samples. Mouse tails from Tet1 knockout mice were taken 

and DNA was isolated as mentioned in methods section. Wildtype and knockout alleles 

were amplified using PCR. Bands of size 350 and 900 basepair indicate wildtype alleles, 

while bands of size 350 basepair indicate knockout alleles (A). Knockout of Tet1 was 

confirmed on mRNA by qRT-PCR from bone marrow samples. Tet1 expression was 

normalized to wildtype animals. Error bars indicate standard error of the mean from three 

biological replicates. wt: wildtype, ko: knockout. 

 

3.2.1 Depletion of Tet1 leads to a reduction of LT- and ST-HSCs while MEP cells are 

increased 

To understand if depletion of Tet1 alters the stem and progenitor hierarchy in 

hematopoiesis, we analyzed BM cells for specific surface marker expression using flow 

cytometry as written in the method section. We gated for lineage negative (Lin-) (CD3, 

B220, Gr1, Mac1, Ter119) Ckit+/Sca-1- myeloid progenitors (MP) and Ckit+/Sca-1+ (LSK). 

Here, we could observe a trend of an increase in MP cells in het and hom BM compared 

to wt BM (het: 1.77-fold, n=3, p=0.24. hom: 2.45-fold, n=3, p=0.13). In contrast, LSKs of 

het and hom mice were reduced (het: 2.4-fold, n=3, p=0.011, hom: 3.72-fold, n=3, p=0.14) 

(Fig. 6 A). Therefore we analyzed these two compartments in detail and gated LT-HSC 

(LSK Flt3- CD34-), ST-HSC (LSK Flt3- CD34+), and LMPP (LSK Flt3+ CD34+). We 

observed a reduction of LT-HSC (het: 1.9-fold, n=3, p=0.04, hom: 3.8-fold, n=3, p=0.003) 

and ST-HSC (het: 2.0-fold, n=4, p=0.015, hom: 3.1-fold, n=4, p=0.006) (Fig. 6 B). We 

further gated the MP compartment for GMP (Fcγ-Rhigh CD34+), CMP (Fcγ-Rmiddle CD34+) 

and MEP (Fcγ-R- CD34-). Here we could observe a significant increase in MEP cells (het: 
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1.5-fold, n=3, p=0.04, hom: 1.7-fold, n=3, p=0.012), while CMP and GMP cells seemed 

unaffected (Fig. 6 C) 

 

 

Figure 6. Flow cytometry analysis of hematopoietic stem and progenitor cells in 

Tet1 deficient mice. Bone marrow cells were stained for Lineage-, Ckit, Sca (A), for 

CD34, Flt3 (B) and Fcγ-R (C). Values at gates represent percent of parent population, in 

graphs values represent total percent in bone marrow unless differently indicated. 

Diamonds indicate individual age matched mice. Significant differences indicated with * 

p≤0.05, ** p≤0.01. Lin: Lineage, LSK: Lineage Sca Ckit, MP: myeloid progenitors, LT-

HSC: long-term hematopoietic stem cell, ST-HSC: short-term HSC, LMPP: lymphoid-

primed multipotent progenitor, MEP: megakaryocyte-erythroid progenitor, GMP: 

granulocyte-macrophage progenitor, CMP: common myeloid progenitor. 
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3.2.2 Depletion of Tet1 leads to an increase in B220+/CD19+ B cells in bone marrow and 

spleen, while myeloid and B cells are reduced in peripheral blood 

To understand how the reduction in HSCs affects down-stream differentiation, we further 

analyzed BM, spleen and peripheral blood cells for the surface marker expression of Gr-

1, Mac-1, CD19, B220, CD4 and CD8. In BM, we could not observe a difference in Gr-

1+/Mac-1- granulocytes, Mac-1+/Gr-1- macrophages and their Gr-1+/Mac-1+ progenitor 

cells (Fig. 7 A). In BM lymphoid compartment , we could not observe a difference in B220+ 

expressing B-cell progenitors (Fig. 7 B). In addition, we could not observe a difference in 

cells expressing either CD4 or CD8 (Fig. 7 C). In the spleen compartment, we could again 

observe a strong trend of a decrease of Gr-1/Mac-1 double positive cells (het: 5.4-fold 

reduced, n=5, p=0.067, hom: 3.07-fold reduced, n=4, p=0.17) (Fig. 8 A). Further, we could 

observe a slight increase in B220 B-cells (het: 1.31-fold, n=5, p=0.092, hom: 1.59-fold, 

n=3, p=0.016) (Fig. 8 B). Neither CD4+ or CD8+ T-cells showed a difference between wt, 

het, and hom mice (Fig. 8 C). When we analyzed peripheral blood samples we could not 

differences in the myeloid compartment (Fig. 9 A). However, we observed an increase in 

B220+ cells (het: 1.96-fold, n=5, p=0.066, hom: 2.15 -fold, n=3, p=0.039) (Fig. 9 B). We 

further observed no difference in CD4+ and CD8+ T-cells (Fig. 9 C). 
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Figure 7. Flow cytometry analysis of bone marrow cells of Tet1 deficient mice for 

myeloid and lymphoid surface markers. Bone marrow cells were stained for indicated 

surface markers and then analyzed by flow cytometry. Values represent percentage of 

parent population. Error bars indicate standard error of the mean, asterisks indicate 

p≤0.05. 
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Figure 8. Flow cytometry analysis of spleen cells of Tet1 deficient mice for myeloid 

and lymphoid surface markers. Spleen cells were stained for indicated surface markers 

and then analyzed using flow cytometry. Values represent percentage of parent 

population. Error bars indicate standard error of the mean, Significant differences are 

indicated * p≤0.05, ** p≤0.01. 
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Figure 9. Flow cytometry analysis of peripheral blood cells of Tet1 deficient mice 

for myeloid and lymphoid surface markers. Peripheral blood cells were lysed for the 

removal of red blood cells and then stained for indicated surface markers followed by 

analysis using flow cytometry. Values represent percentage of parent population. Error 

bars indicate standard error of the mean, significant differences are indicated * p≤0.05, ** 

p≤0.01. 
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3.4 KNOCKOUT OF TET1 IN HSCS LEADS TO INCREASED CLONOGENIC POTENTIAL AND A TREND 

TOWARDS INCREASED PROLIFERATION EX VIVO 

3.4.1 Heterozygous depletion of Tet1 increases cell proliferation of HSCs in vitro 

As we noticed a decrease in LT- and ST-HSCs in Tet1 knockout BM we sorted total HSCs 

(LT- and ST-HSCs) and assayed 200 cells for liquid culture expansion in BM medium to 

identify whether reduction of Tet1 alters the proliferative capacity of HSCs in vitro. We 

counted cells after 7 days and 14 days of liquid culture. In the first week, we could observe 

an increase in cell number when Tet1 was depleted (het: 2.01-fold, p=0.11, n=3, hom: 

2.21-fold, p=0.32, n=3, Fig. 10 A). At 14 days we however could only observe an increase 

in cell number in het BM, while hom BM cells verged closer to wt BM (het: 2.41-fold, 

p=0.115, n=3, hom: 1.13-fold, p=0.83, n=3, Fig.10 A). 

3.4.2 Depletion of Tet1 increases the colony forming capacity of HSCs in vitro 

We further placed 150 HSCs into M3434 methylcellulose for the analysis of clonogenic 

potential. After 7 days of incubation, we could observe an increase in the total amount of 

colonies of Tet1 depleted cells (het: 1.39 fold, n=3, p=0.07, hom: 1.45-fold, n=3, p=0.05, 

Fig. 10 B). We further replated 15,000 cells, and incubated these for 7 days. Similar like 

in second week of liquid culture expansion we could again observe an increase in colony 

forming capacity in het cells (1.47 fold, p=0.09, n=3, Fig. 10 B) while hom cells came close 

to wt cells (0.98 fold, p=0.87, n=3, Fig. 10 B). Even though we observed the increase in 

colony forming capacity in het cells, we did not observe an increase in total number of 

cells derived from CFC in both primary and secondary CFCs (Fig. 10 C). 
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Figure 10. Ex vivo analysis of proliferative and clonogenic capacity of HSCs from 

Tet1 deficient bone marrow. Total HSCs (LT- and ST-HSC) were sorted from Tet1 

wildtype and knockout animals. 200 cells were seeded for liquid culture expansion, and 

were counted after 7 and 14 days (A). Cells were further assayed for colony forming 

capacity by seeding 150 cells into methylcellulose. Colonies were scored after 7 days, 

and 15.000 cells were replated for secondary CFCs (B). Total number of cells derived 

from CFC (C). Error bars indicate standard error of the mean. Asterisks indicate p≤0.05. 

Number of biological replicates indicated in n. 
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3.4.3 Depletion of Tet1 does not affect the differentiation of HSCs in vitro 

As M3434 also contains G-CSF, M-CSF, EPO and SCF it can be used as a surrogate 

assay for in vivo myeloid differentiation of HSCs. Therefore we also documented to 

morphology of HSC derived colonies In primary CFCs, we could observe granulocyte (G), 

granulocyte-macrophage (GM) and blast-forming units erythroid (BFU-E) colonies in all 

wt, het, and hom cells. We observed a trend of an increase in GM colonies upon Tet1 

depletion (het: 1.33-fold, n=3, hom: 1.55-fold, n=3) however it was not statistically 

significant. The increase in GM colonies was to the expense of BFU-E colonies (Fig. 11. 

A). In secondary CFCs, we barely could find BFU-E type colonies, here the majority of 

colonies where GM. Interestingly, we could observe a 16.8-fold reduction in the amount 

of macrophage colonies (M) in het cells as compared to wt cells (n=3, p=0.030). In 

contrast, we observed a 1.64-fold increase in G colonies in hom cells compared to wt cells 

(n=3, p=0.008) (Fig. 11 B). To confirm these differences, we stained cells from CFC for 

Gr-1, Mac-1, Ckit and Sca-1 and analyzed their surface expression using flow cytometry. 

Interestingly, 95% of cells derived from primary CFCs expressed Ckit and Sca-1, while 

there the other stained surface markers were not expressed. Cells from secondary CFCs 

however expressed Gr-1, Mac-1, Ckit and Sca-1. Here, we observed that the majority of 

cells was Ckit+/Sca-1+, while the myeloid markers Gr-1 and Mac-1 were not highly 

expressed. Overall, there was no differential expression of surface markers observed (Fig. 

11 C). To identify minimal differences in maturation we performed Giemsa-Mayer-

Grünwald (Pappenheim) staining on cells derived from CFCs and analyzed their 

morphology using light microscopy. The majority of cells from primary CFCs were dark-

staining immature myeloid blasts, while cells from secondary CFCs showed typical 

morphology of macrophages and neutrophils. In comparison, cells from wt, het, or hom 

HSCs showed very similar morphology (Figure. 11 D). We also replated cells in liquid 

culture expansion for a third week, and also performed CFC replating for tertiary CFCs. 

However, cells derived in third week differentiated into the mast cell lineage, which was 

also confirmed by flow cytometry. Therefore assays beyond week two have been removed 

from the analysis. 
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Figure 11. Differentiation of Tet1 deficient HSCs in vitro. Morphological differences of 

colonies derived from HSCs from Tet1 deficient mice from primary CFC (A) and secondary 

CFC (B). Flow cytometry analysis for Gr-1, Mac-1, Ckit, Sca-1 in cells derived from 

secondary CFC (C). Cytospins from primary and secondary CFC (D). Error bars indicate 

standard error of the mean. Number of biological replicates indicated in n. 
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3.5 HETERZYGOUS DEPLETION OF TET1 IN PROGENITOR CELLS INDUCES COLONY FORMATION 

As we have investigated how depletion of Tet1 interferes with the ex vivo characteristics 

of self-renewing HSCs, we were much interested whether we could observe similar 

properties in progenitors which do not self-renew. Therefore we sorted myeloid 

progenitors (MP) together with LMPP cells and performed the same assays as in section 

3.4. 

 

3.5.1 Heterozygous knockout of Tet1 slightly impacts proliferation of progenitor cells in 

vitro 

We assayed 5000 progenitors for liquid culture expansion and counted cell numbers after 

7 and 14 days (Fig. 12 A). After 7 days, we could observe a trend of an increase in cell 

numbers of both het and hom progenitor cells (het: 2.0-fold, n=3, p=0.11, hom: 2.2-fold, 

n=3, p=0.32). This effect was maintained in case of het cells, however hom cells verged 

closer to wt cells (het: 2.4-fold increase, n=3, p=0.15, hom: 1.3-fold, p=0.49).  

 

 

3.5.2 Heterozygous knockout of Tet1 increases the clonogenic potential of progenitor cells 

in vitro 

We further placed 500 progenitors into M3434 methylcellulose for the analysis of 

clonogenic potential. After 7 days of incubation, we could observe an increase in the total 

amount of colonies of heterzygous Tet1 depleted cells but not for complete knockout cells 

(het: 1.98 fold, n=3, p=0.0.064, hom: 1.08-fold, n=3, p=0.68, Fig. 12 B). We further 

replated 15,000 cells, and incubated these for 7 days. Here both het and hom cells 

showed a trend of forming more colonies compared to wt cells (het: 2.92-fold, n=3, p=0.11, 

hom: 2.48-fold, n=3, p=0.14 Fig. 12 B). Contrary, the observed colony numbers did not 

correlate with the total amount of cells per dish, as we observed a trend of an increase in 

total cell number in both het and hom cells in primary CFC (het: 1.74-fold, n=3, p=0.34, 

hom: 2.24-fold, n=3, p=0.19). In secondary CFCs total cell numbers were closer to reflect 

colony numbers by an increase of cell number (het: 2.58-fold, n=3, p=0.38. hom: 2.1-fold, 

n=3, p=0.33) (Fig. 12 C). 
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Figure 12. Ex vivo analysis of proliferative and clonogenic capacity of progenitors 

from Tet1 deficient bone marrow. Non self-renewing myeloid progenitors have been 

sorted together with LMPP from Tet1 wildtype and knockout animals. Cells were seeded 

for liquid culture expansion, and were counted after 7 and 14 days (A). Cells were further 

assayed for colony forming capacity by seeding into methylcellulose. Colonies were 

scored after 7 days, and cells were replated for secondary CFCs (B). Total number of cells 

derived from CFC (C). Error bars indicate standard error of the mean. Asterisks indicate 

p≤0.05. Number of biological replicates indicated in n. 
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3.5.3 Depletion of Tet1 increases Gr-1+/Mac-1+ expression in CFC derived cells from 

progenitors in vitro 

To see whether knockout of Tet1 alters in vitro differentiation of progenitor cells in 

methylcellulose we analyzed the morphology of the obtained colonies. We could observe 

G, M, GM, and BFU-E colonies in all primary CFCs from wt, het, and hom progenitor cells, 

however the distribution was not altered in Tet1 depleted colonies. In secondary CFCs, 

we could detect G, M and GM colonies. Here, we could observe a trend of an increase in 

GM colonies in colonies derived from het cells compared to wt colonies (1.59-fold, n=3, 

p=0.19) (Fig. 13 A). We further examined the expression of the surface proteins Gr-1, 

Mac-1, Ckit and Sca-1 by flow cytometry. In primary CFCs we observed a significant 

increase in Gr-1+/Mac-1+ cells derived from colonies (het: 1.8-fold, n=3, p=0.001, hom: 

2.22-fold, n=3, p=0.019) (Fig. 13 B). This observation could be further corroborated in 

cytospins of cells derived from primary CFCs. Overall we could observe cells with darkly 

stained nuclei suggesting myeloid progenitors and cells with macrophage and immature 

granulocyte morphology. However, the amount of myeloid progenitors with dark nuclei 

was increased in het and hom cytospins. In cytospins from secondary CFCs we broadly 

could observe cells with mast cell morphology, as indicated by cells with several darkly 

stained granules (Fig.13 C). 
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Figure 13. Differentiation of Tet1 deficient progenitors in vitro. Morphological 

differences of colonies derived from progenitors from Tet1 deficient mice from primary 

CFC (A). Flow cytometry analysis for Gr-1, Mac-1, Ckit, Sca-1 in cells derived from primary 

CFC (B). Cytospins from primary and secondary CFC (C). Error bars indicate standard 

error of the mean. Number of biological replicates indicated in n. Significant differences 

are indicated * p≤0.05, ** p≤0.01. 
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3.6 KNOCKDOWN OF TET1 IN 5-FU ENRICHED BM PROGENITORS INDUCES PROLIFERATION AND 

INCREASES CLONOGENIC POTENTIAL IN VITRO 

As we could find evidence for an involvment of Tet1 in proliferation and clonogenic 

potential of bone marrow cells using a knockout mouse model, we decided to investigate 

how an acute depletion of Tet1 in 5-FU enriched HSPCs would affect cellular propterties. 

Therefore we generated lentiviral particles encoding small hairpin RNA (shRNA) to 

transduce bone marrow cells in vitro and sort them according to the GFP reporter gene 

using FACS (Fig. 14 A). Knockdown efficiency was tested using qRT-PCR of shTet1-A18 

and shTet1-34 compared against a non-targeting shRNA shScramble (shScr). The 

efficiency of mRNA depletion was 67% and 71% (n=3, p=0.0012 and p=0.0018 

respectively) (Fig.14 B).  

 

3.6.1 Depletion of Tet1 by shRNAs increases the proliferative capacity of 5-FU enriched 

progenitors in vitro 

For proliferation, 30.000 cells were seeded in a 6 well dish and have been counted after 

7 days. Depletion of Tet1 led to a significant increase in cell number after 7 days (shTet1-

A18: 3.51 fold, p=0.001, shTet1-34: 2.86 fold, p=0.005, n=3, Fig. 14 C), after splitting 1:10 

and reseeding for another week of proliferation the effect could be maintained and cell 

numbers increased even further (shTet1-A18: 5.68 fold, p=0.03, shTet1-34: 7.03, 

p=0.0006, n=3, Fig. 14 C). 

 

3.6.2 Depletion of Tet1 by shRNAs increases 5-FU enriched progenitor cells in S-phase 

in vitro 

To elucidate the nature of this difference, BrdU assay was performed by which the amount 

of cells in each cell cycle were determined. Depletion of Tet1 caused a decrease in G0/G1 

resting cells (65.0% ± 1.6 vs 50.4% ±7.5, p=0.03, Fig. 14 D) and an increase in cells in S-

phase (29.43% ± 1.37 vs 44% ± 8.2, p=0.04, Fig. 14 D). 
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Figure 14. Proliferation of 5-FU enriched bone marrow progenitor cells with shRNA 

mediated depletion of Tet1. A lentiviral expression system was used to overexpress two 

different shRNAs against Tet1 in 5-FU enriched bone marrow progenitor cells (A). 

Knockdown efficiency was tested in 5-FU enriched bone marrow progenitor cells using 

qRT-PCR (B). Cells were seeded for liquid culture expansion, and total cell number was 

counted after 7 and 14 days (C). Cell cycle assay was performed at day 4 of liquid culture 

expansion, in order to identify if distribution of cycling cells is altered (D). Error bars 

resemble standard deviation, biological replicates are indicated in n, significant 

differences are indicated * p≤0.05, ** p≤0.01. 

 

3.6.3 Depletion of Tet1 induces an increase of clonogenic potential in 5-FU enriched bone 

marrow progenitors 

To assess changes in clonogenic potential and differentiation capacity 500 cells were 

seeded into M3434 methylcellulose. Colonies were scored after 7-10 days. We observed 

that a depletion of Tet1 increased the colony forming capacity (shTet1-A18: 1.97 fold, n=3, 

p=0.05, shTet1-34: 1.98 fold, n=3, p=0.012, Fig. 15 A). This was accompanied with an 

increase in total cell number per CFC (shTet1-A18: 3.46 fold, n=3, p=0.004, shTet1-34: 

2.38 fold, n=3, p=0.015, Fig. 15 B). We further replated 10,000 cells into secondary CFCs, 
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however derived colonies showed morphology of mast cells, while expressing Ckit and 

Sca-1. 

 

 

Figure 15. Clonogenic potential and differentiation pattern of Tet1 depleted 5-FU 

enriched progenitor cells in vitro. 5-FU enriched bone marrow cells were stably 

transduced with two shRNAs against Tet1, and were seeded into semi-solid 

methylcellulose (m3434). Colonies were counted after 7-10 days (A) and total colony 

derived cell numbers were quantified (B). Error bars resemble standard deviation, 

biological replicates as indicated in n. Significant differences are indicated * p≤0.05, ** 

p≤0.01. 

 

3.6.4 Depletion of Tet1 induces the formation of immature myeloid cells expressing 

Gr-1+/Mac-1+ on the cell surface 

To understand whether depletion of Tet1 using shRNAs impacts the differentiative 

potential of 5-FU enriched progenitor cells, we analyzed colony morphology in shScr and 

shTet1-A18. We could observe a 1.52-fold increase in the formation of GM colonies in 

Tet1 depleted cells (n=3, p=0.009) (Fig. 16 A). FACS analysis for surface expression of 

Gr-1 and Mac-1 revealed a significant increase of Gr-1+/Mac-1+ cells by depletion of Tet1 

(shTet1-A18: 3.4 fold, n=3, p=0.03, shTet1-34: 4.06 fold, n=3, p=0.013, Fig. 16 B, C). This 

could further be corroborated by an analysis of cytospins from cells derived from CFC. 

Giemsa-Mayer-Grünwald staining revealed an enrichment of cells with darker staining of 

nuclei in Tet1 depleted cells suggesting  immature myeloid cells (Fig. 16 D). 
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Figure 16. Differentiation pattern of Tet1 depleted 5-FU enriched progenitor cells in 

vitro. 5-FU enriched bone marrow cells were stably transduced with two shRNAs against 

Tet1, and were seeded into semi-solid methylcellulose (m3434). Morphology of colonies 

was assessed by light microscopy (A) and flow cytometry (B, C). Cytospins of CFC derived 

cells were Giemsa-Mayer-Grünwald stained and reveal cellular morphology (D). Error 

bars resemble standard deviation, biological replicates as indicated in n. significant 

differences are indicated * p≤0.05. 
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3.6 KNOCKDOWN OF TET1 IN 5-FU BM INCREASES CLONOGENIC POTENTIAL, COMPETITIVE 

ENGRAFTMENT, AND AN INCREASE IN MYELOID CELLS IN FAVOR OF T-CELLS IN VIVO 

Since we observed an increase in clonogenesis in vitro we also wanted to understand 

whether this effect can be maintained in an in vivo situation. Therefore we performed CFU-

S assay, which can be used to indirectly quantify the amount of multi-potent progenitors 

in vivo. In short, transduced BM cells are injected in lethally irradiated mice. After 12 days 

mice are sacrificed and the spleen is isolated and fixed. As BM cells firstly migrate to the 

spleen after transplantation, one is able to count spleen colonies (Fig. 17 A). 

 

 

3.6.1 Depletion of Tet1 enriches multipotent progenitors in vivo and is able to maintain 

multipotent progenitors for 7 days in vitro 

We injected 5-FU enriched progenitor cells overexpressing either shScr or a shRNA 

against Tet1 into lethally irradiated mice, and counted colonies after 12 days. We 

observed an increase in spleen colonies upon Tet1 depletion (shTet1-A18: 2.74-fold, 

n=11, p=0.001, shTet1-34: 4.89-fold, n=7, p=0.0001) (Fig. 17 B). We further wanted to 

understand whether depletion of Tet1 can maintain multipotent progenitors in vitro. 

Therefore we performed ΔCFU-S, in which fixed numbers of cells are seeded for liquid 

culture expansion for 7 days, to subsequently get transplanted into lethally irradiated mice. 

Here, we could also observe an increase in spleen colonies in mice transplanted with Tet1 

depleted progenitors (11.3-fold, n=3, p=0.00002) (Fig. 17 D). Interestingly, the increase in 

colony number was also accompanied by an increase in spleen weight in both CFU-S 

(shTet1-A18: 2.2-fold, n=11, p=0.003, shTet1-34: 2.24-fold, n=6, p=0.0007) (Fig. 17 C) 

and ΔCFU-S (3.23-fold, n=3, p=0.0009) (Fig. 17 E). A representative CFU-S photograph 

of fixed spleens is illustrated (Fig. 17 F). 
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Figure 17. Expansion of multipotent progenitors upon depletion of Tet1 in 5-FU 

enriched progenitors in vivo. 5-FU enriched progenitor cells were transduced with 

shRNAs against Tet1 and 10.000 cells were injected into lethally irradiated mice. After 12 

days mice were sacrificed and spleens were isolated (A). Colonies from fixed spleens 

were counted (B). Spleen weight was measured (C). In addition, 10.000 transduced 5-FU 

enriched progenitors were expanded in liquid culture for 7 days, and were then injected 

into lethally irradiated mice and 12 days later spleen colonies were counted (D). In 

addition, also here total spleen weight was measured (E). Representative spleens from B 

(F). Diamonds indicate individual spleens, dashed lines indicate mean values. Statistical 

differences are indicated with ** p≤0.01, *** p≤0.001. 
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3.6.2 Depletion of Tet1 increases the repopulation capacity of 5-FU enriched progenitors 

in vivo 

As we observed an increase in multipotent progenitor cells upon Tet1 depletion, we were 

interested whether Tet1 depletion affects the long-term repopulation capacity of 5-FU 

enriched progenitors in direct competition with our shScr control. Therefore we 

transplanted 250.000 shScr transduced cells together with 250.000 shTet1-A18 

transduced cells into same lethally irradiated mice. We could distinguish these two cell 

populations using flow cytometry for BFP (shScr) and GFP (shTet1-A18) in peripheral 

blood (Fig. 18 A). To test the impact on the engraftment potential of these transduced cells 

mice were regularly bled after 4, 8, 12 and 16 weeks (Fig. 18 B). Indeed, we observed a 

significant increase in engrafted peripheral blood cells, which was increasing from week 

4 to week 16 (week 4: 2.8-fold, n=9, p<0.0001, week 8: 3.5 fold, n=9, p<0.0001, week 12: 

5.9 fold , n=4, p=0.0001, week 16: 3.3 fold, n=4, p=0.04). 

 

3.6.3 Depletion of Tet1 in long-term transplanted animals mildly impacts the amount of 

granulocytes, macrophages and CD8+ T cells 

We maintained transplanted animal for 1.5 years to analyze whether the depletion of Tet1 

could propagate a hematopoietic disease phenotype. During the course of this time, no 

mouse suffered or died from hematologic condition as assayed by cytospins and flow 

cytometry analysis. After 1.5 years we sacrificed transplanted mice and analyzed the 

distribution of peripheral blood and bone marrow cells. Our control shScr to that time did 

not show any engraftment anymore, therefore we compared the distribution of GFP+ cells 

from shTet1-A18 with GFP- recipient derived cells. We could observe a decrease in Gr-1+ 

granulocytes (0.42-fold, p=0.016) and an increase in Mac-1+ macrophages (1.8-fold, 

p=0.05) in the myeloid compartment of pheripheral blood, and also a decrease in lymphoid 

CD8+ cytotoxic T-cells (0.36-fold, p=0.048) (Fig. 18 C). In both peripheral blood and bone 

marrow, a trend towards an increase of double-positive Gr-1/Mac-1 cells could be 

observed (Fig. 18 C+D). 
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Figure 18. Competitive repopulation capacity of Tet1 depleted progenitor cells. 5-FU 

enriched progenitor cells were transduced for either shScr, or shTet1-A18, and a 1:1 

mixture of both cell types was transplanted into lethally irradiated mice (A). Peripheral 

blood was analyzed for engraftment of shScr cells (BFP+) and shTet1-A18 cells (GFP+) at 

week 4, 8, 12 and 16 after transplantation (B). Long-term engrafted mice were observed 

for 1.5 years, during that time no hematologic disease phenotype was observed. Mice 

were then sacrificed, and samples from peripheral blood were analyzed for the expression 

of Gr-1, Mac-1, CD4, CD8, B220 (C). Bone marrow cells were analyzed for the expression 

of Gr-1, Mac-1, Ckit, Sca, and B220 (D). Diamonds indicate individual matched mice (B) 

,error bars indicate standard error of the mean, biological replicates are indicated in n. 

Statistical differences are indicated with * p≤0.05, ** p≤0.01, *** p≤0.001. 
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3.7 OVEREXPRESSION OF TET1 IN 5-FU ENRICHED PROGENITOR CELLS DECREASES 

PROLIFERATION AND CLONOGENIC POTENTIAL IN VITRO 

As we observed that depletion of Tet1 in progenitor cells and Tet1 deficient HSCs and 

progenitors show an increase in proliferation and clonogenicity, and Tet1 depletion 

increases multipotent progenitors in vivo, we were interested whether a balanced 

expression of Tet1 is important to maintain normal proliferation and clonogenic potential 

in 5-FU enriched progenitor cells in vitro. Therefore we overexpressed full length Tet1 in 

5-FU enriched progenitor cells using lentiviral particles (Fig. 19 A). Overexpression was 

confirmed using qRT-PCR, Tet1 overexpressed progenitors showed a 8.9 fold 

overexpression compared to empty-vector control (n=3, p=0.00056, Fig. 19 B).  

 

 

Figure 19. Overexpression of Tet1 in 5-FU enriched bone marrow progenitor cells. 

Full-length Tet1 was overexpressed using a lenti-viral transduction system (A). 

Overexpression was confirmed by qRT-PCR (B). Error bars resemble standard deviation, 

biological replicates are indicated in n, significant differences are indicated   *** p≤0.001. 

 

3.7.1 Overexpression of Tet1 decreases total cell counts in liquid culture expansion in 

vitro 

We seeded 30,000 cells of both empty vector transduced and Tet1 transduced 5-FU 

enriched progenitor cells in BM medium. After 7 days we counted the total amount of cells. 

We observed a 2.47-fold reduction in cell numbers of Tet1 transduced progenitors 

compared to the empty vector control (n=3, p=0.0007) (Fig. 20 A). We tried to assess 
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proliferative capacity up to day 14, however cells morphologically became mast cells, and 

proliferation stagnated (data not shown). 

 

3.7.2 Overexpression of Tet1 adversely impacts clonogenic potential of 5-FU enriched 

progenitor cells and induces the generation of mast cells 

To understand how the decrease in proliferation affects the clonogenic potential, and 

differentiative capacity of 5-FU progenitors to differentiate in methylcellulose, we seed 500 

cells in M3434 methylcellulose and counted colonies on day 7. Overexpression of Tet1 

decreased total colony counts by 2.6-fold compared to empty vector control (n=3, 

p=0.027) (Fig. 20 B). This was accompanied by a 2.4-fold decrease in total number of 

colony derived cells (n=3, p=0.06) (Fig. 20 C). 

 

To understand whether overexpression of Tet1 suppresses myeloid progenitor growth by 

differentiation, we performed flow cytometry analysis of CFC derived cells for the 

expression of the surface markers Gr-1, Mac-1, Ckit and Sca-1. We could observe a 2.7-

fold reduction in Gr-1+/Mac-1+ in progenitors overexpressing Tet1 (n=3, p=0.30). In 

addition, there was a 2.54-fold increase in Ckit+/Sca-1+ in cells overexpressing Tet1 (n=3, 

p=0.0167) (Fig. 20 E). This finding was further corroborated by analyis of stained 

cytospins. Here, amongst normal looking macrophages and neutrophiles, we could 

observe an increase in cells with darkly stained granules suggesting the presence of mast 

cells (Fig. 20 E). 
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Figure 20. Impact of overexpression of Tet1 in 5-FU enriched bone marrow 

progenitor cells on proliferation, clonogenesis, and differentiation in vitro. Cells 

were seeded into BM medium for liquid culture expansion and total cell number was 

counted at day 7 (A). Cells were plated in semi-solid methylcellulose to assay clonogenic 

and differentiative capacity of transduced progenitors (B) and total derived cells from 

colonies were counted (C). Colony derived cells were analyzed for surface marker 

expression using flow cytometry (D, E) and by Giemsa-Mayer-Grünwald staining (F). Error 

bars resemble standard deviation, biological replicates are indicated in n, significant 

differences are indicated * p≤0.05, ** p≤0.01, *** p≤0.001. 
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3.8 DEPLETION OF TET1 INDUCES AN ERYTHROID GENE EXPRESSION SIGNATURE 

To identify the downstream targets of Tet1 in murine hematopoietic stem and progenitor 

cells which are contributing to the observed induction of proliferation and clonogenic 

potential, we isolated RNA 72 hours after sorting of 5-FU enriched progenitor cells 

transduced with shScr and shTet1-A18. Gene expression analysis of 3 biological 

replicates using microarray technology was performed in the microarray core facility of 

University of Ulm. Samples were RMA normalized and differential gene expression was 

determined using a linear model in R. However, only two of the biological replicates 

showed close clustering to each other, therefore one replicate was removed to compute 

differential gene expression. Normally, statistical evidence such as p-values and false 

discovery adjustments are undertaken, however this is only possible with 3 replicates. 

Nevertheless, we could identify 254 probes which were at least 2-fold differentially 

expressed between shScr and shTet1-shA18. These 254 probes map to 235 genes. The 

majority of probes were up-regulated upon Tet1 depletion (157/254, 61.8%, Fig. 21 A).  

Gene ontology pathway analysis was performed using the Kyoto Encyclopedia of Genes 

and Genomes (KEGG) Mapper. Pathways which scored more than 3 hits from annotated 

probes are highlighted in Fig. 21 B. In particular, the depletion of Tet1 leads to changes 

in metabolic pathways with 8 genes up-regulated and 9 genes down-regulated in this 

pathway. Three genes up-regulated were associated with carbon metabolism and 

nitrogen metabolism. In addition, 3 up-regulated genes were associated with pathways in 

cancer: the Rho guanine nucleotide exchange factor (GEF) Arhgef12, the matrix 

metallopeptidase 9 (MMP9) and Runx1t1, the fusion partner of AML1-ETO. In contrast, 

down-regulated genes were associated with cytokine-cytokine receptor interaction and 

hematopoietic cell lineage, in particular Gp9 which is expressed in platelets, Illr1 and Illr2 

– interleukin 1 receptor which is important for HSC and T-cell expansion. Further, we could 

observe a reduction of expressed Caspase12, which is important for apoptosis. 

Independently from pathway analysis, we could observe a broad up-regulation of genes 

involved in erythropoiesis: Rhag (8.5-fold), Tmem56 (7.97-fold), Gypa (6.46-fold), Emap 

(6.37-fold), Kel (5.44-fold), Klf1 (3.48-fold), Rhd (2.72-fold), Hbb-b1 (2.35-fold), Hbb-b2 
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(2.45-fold), Ank1 (2.38-fold), Tspan33 (2.23-fold), Hba-a1 (2.16-fold), Hba-a2 (2.21-fold), 

Tspan6 (2.14-fold), Hemgn (1.81-fold), Epor (1.69-fold) (Fig. 21 C). 

We further investigated whether the observed genes correlate with 5hmC and Tet1 

binding. Therefore we downloaded published datasets from Tet1 binding occupancy in 

embryonic stem cells [89], and 5hmC sequencing in hematopoietic stem cells [43]. First, 

we compared the number of genes associated with 5hmC and Tet1 binding. Since it is 

still of debate how 5hmC controls gene expression, as some publications hint to 

transcription start sites while other correlate 5hmC in introns to expression, we did not 

select 5hmC or Tet1 binding by specific region in the gene. We observed out of 9967 

genes with 5hmC in HSCs a total of 1112 genes fit the binding pattern of Tet1 from 

embryonic stem cells. When we considered our 235 gene signature from microarray, we 

could observe that a total of 105 genes showed 5hmC in HSCs, while 24 genes were 

bound by Tet1 in embryonic stem cells. In addition, 15 genes showed both 5hmC and 

Tet1 occupancy (Fig. 22.) 

 



 
Results 

58 

 

Figure 21. Microarray gene expression analysis of Tet1 depleted HSPC cells 72h in 

vitro. A total of 254 probes coding for 235 genes have been differentially expressed (A), 

KEGG-pathway analysis (B), genes specific for erythroid development (C). Heatmap 

colors were scaled according to the range of gene expression between the samples. 
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Figure 22. Overlap of 5hmC from HSCs with Tet1 binding from embryonic stem cells 

compared to the 235 genes differentially expressed in 5-FU enriched progenitor 

cells upon Tet1 depletion. Datasets were downloaded as mentioned in the text, and 

overlapping targets were computed using the statistical software R (A). Differentially 

expressed genes matching both 5hmC and Tet1 occupancy are depicted (B). 
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3.9 EXPRESSION OF TET1 IS DECREASED IN PATIENT SAMPLES FROM ACUTE MYELOID LEUKEMIA 

WITH INV(16) AND SUBSETS OF PML-RARA AND CN-AML PATIENTS 

Our quantitative expression analysis and functional assays showed that Tet1 is 

differentially expressed in hematopoiesis and highest expressed in LT-HSCs. Loss of Tet1 

induced cell growth, clonogenicity and in vivo competetive repopulation advantage, while 

its loss compromised HSC numbers. Several gene expression studies have shown that a 

gene which is playing a role in normal hematopoietic stem cell development are highly 

deregulated in acute myeloid leukemia (AML). Therefore we analyzed TET1 expression 

using qRT-PCR in patient samples obtained from the German-Austrian AML Study Group 

(AMLSG) and in CD34+ bone marrow samples from healthy patients (Lonza). TET1 

expression was normalized to CD34+ BM cells, and then Log2 transformed. On average, 

patients with normal karyotype (CN-AML) did not show a significant different expression 

of TET1 compared to CD34+ BM (Fig. 23 A). However, the expression was broadly 

distributed with 67% of patients showing lower expression than CD34+ BM. Amongst 

patients with abnormal karyotype, patients with PML-RARα translocation showed a similar 

expression of TET1 compared to CD34+ BM and CN-AML. Here, we could also observe 

58% of patients expressing TET1 lower than CD34+ BM. This effect was even more 

dramatic in patients with CBF leukemia inv(16)/t(16;16). Here TET1 expression was 

significantly decreased compared to CD34+ BM (22.04-fold, p=0.0067), only one patient 

showed expression similar to CD34+ BM. In contrast, patients with CBF leukemia with 

AML1-ETO/t(8;21) showed a significant higher expression than CD34+ BM (23.86-fold, 

p=0.0372). Overall, we could observe lower expression of TET1 in 49.4% of all analyzed 

AML patients compared to CD34+ BM (Fig. 23 B). 

To confirm our results, we further reanalyzed publicly available microarray gene 

expression datasets containing AML patient samples. We downloaded the Haferlach et 

al., 2010 and the Verhaak et al., 2009 datasets from the Leukemia Gene Atlas (LGA) [31] 

platform and extracted the expression for the 228906_at probe specific for TET1 (Fig. 23 

C, D). In the Verhaak dataset we could observe again a broad expression range of TET1. 

The majority of patients with CN-AML, PML-RARα and inv(16)/t(16;16) showed a low 

expression of TET1, while expression was increased in AML1-ETO/t(8;21) patients (Fig. 
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23 C). These findings were further corroborated in the Haferlach dataset (Fig. 23 D) and 

by mRNA-seq data from the AML dataset of The Cancer Genome Consortium (TCGA) 

(data not shown). 

 

Figure 23. Expression of TET1 in patient samples from acute myeloid leukemia. 

Quantitative PCR for TET1 in CD34+ BM cells, AML1-ETO, INV(16), PML-RARα, and CN-

AML samples (A). Statistical overview of patients over- or under-expressing TET1. 

Explorative analysis of TET1 expression in published microarray datasets of Verhaak et 

al., Haematologica, 2009 [85] (C) and Haferlach et al., Journal of Clinical Oncology, 2010 

[29] (D). 
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3.9.1 Expression of TET1 correlates with survival rates, differential gene expression 

between TET1 high and TET1 low patients indicates pathways involved in cancer 

Since we observed several results in our murine model system regarding an increased 

proliferation and clonogenic potential of Tet1 depleted BM cells we were interested 

whether expression of TET1 could have any prognostic value regarding overall survival 

or disease free survival of AML patients. Assuming that patients with expression in the 

upper range (i.e. 70-100%) would have enough TET1 protein to excert its function, we 

analyzed survival and disease free survival data from the Verhaak dataset. We separated 

the patients according to TET1 70-100% expressers and 0-69% expressers. Indeed, 

patients with high expression of TET1 had a better chance for survival with only 26 of 78 

(33%) patients dying (i.e. median survival could not be reached), while patients with 

lower/low expression of TET1 showed inferior survival rate with a median latency of 13.01 

months and 57 out of 100 (57%) patients dying (log-rank test, p=0.078, Fig. 24 A). A 

similar pattern could be observed in disease free survival, here 20 out of 48 patients with 

high TET1 had a relapse (41.6%), while in patients with low TET1 76 out of 127 (59.8%) 

had a relapse with a median time of 12.16 months (long-rank test, p=0.0587, Fig. 24 B). 

 

Figure 24. Explorative data analysis of expression of TET1 and associated survival 

rate in AML patients. Overall survival of AML patients with high TET1 (top 30%) 

compared to patients with lower/low TET1 (bottom 0-69%) from published Verhaak et al. 

2009 dataset (A). Disease free survival from the same patient dataset (B). Patient samples 

are plotted in a Kaplan-Meier survival curve according to incidence of death (A) or 

incidence of relapse (B) compared to time after diagnosis. Significant differences were 

calculated using the log-rank test. 
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Next, we performed analysis regarding differential gene expression of AML patients with 

high TET1 and low TET1. Therefore we removed AML1-ETO patients which show a very 

high expression of TET1 from the dataset in order to remove an AML1-ETO specific gene 

signature from our analysis. We divided the remaining samples into quartiles (i.e. 0 – 25 

– 50 – 75 – 100%) and performed a linear regression model with the lowest and the 

highest quantile using the package limma in the statistical software R. Cutoff for the 

identified probes was p < 0.05 (adjusted with the Benjamini & Hochberg equation, FDR) 

and a fold-change of ± Log2 0.58 representing a 50% increase or decrease in expression 

of a given probe.  A total of 1413 probes out of which 714 probes were upregulated and 

699 were down-regulated upon comparison of high TET1 with low TET1 (Fig. 25 A). 

KEGG pathway analysis revealed a strong correlation with genes linked to metabolic 

pathways, lysosome, transcriptional misregulation in cancer, osteoclast differentiation, 

pathways in cancer and microRNAs in cancer (Fig. 25 B). Interestingly, both 

transcriptional misregulation and pathways in cancer showed up with very similar gene 

signatures (Fig. 25 C/D) which are mainly important for differentiation block in AML. The 

well-known transcription factors PU.1, C/EBPα are mainly involved in this in addition with 

known oncogenes such as c-myc, AML1, and RARα. In addition to the block of 

differentiation, the Wnt pathway which is a commonly known pathway in a plethora of 

cancer subtypes is also affected with several members of the frizzled family being 

dysregulated, in addition to members of the RhoGEF family. 
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Figure 25. Dysregulation of genes associated with high/low expression of TET1 in 

AML patients. Patients were dissected into top 25% and bottom 25% of TET1 expression, 

and differential gene expression analysis was performed with a linear model. A total of 

1413 differentially expressed probes could be detected (A). KEGG pathway analysis was 

performed (B). Genes correlated with transcriptional misregulation in cancer (C) and 

pathways in cancer (D) are illustrated. 
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4. DISCUSSION 

TET dioxygenases have been discovered in 2009 as the enzymes initiating DNA 

demethylation, which have been sought-after for a long time. Since then, many studies 

were performed linking Tet1 with self-renewal and differentiation in ESC. It was to be 

elucidated whether Tet1 is important for developmental processes from embryogenesis 

up to normal post-natal development. In hematopoiesis, so far only Tet2 and Tet3 have 

been investigated. TET2 is highly mutated in AML and MDS, and knockout mice show a 

CMML-like disease phenotype, while knockouts of Tet3 showed a decrease in HSCs, 

however an increased repopulation capacity. A knockout mouse of Tet1 was generated, 

which, however, did not show gross aberrations at young age. This thesis demonstrates 

a function of Tet1 as a potential tumor suppressor which is highly expressed in LT-HSCs, 

while its depletion induces clonogenic potential and proliferation. 

We could identify a broad difference in expression levels of Tet1, highest expression could 

be detected in LT-HSCs, while expression was decreasing at ST-HSCs, multipotent 

progenitors and lymphoid progenitor stage. Further, expression was dramatically 

decreased in myeloid progenitors, suggesting a function of Tet1 in the hierarchical higher 

stem and progenitor compartments and in lymphopoiesis. Interestingly, we further 

analyzed myeloid populations from BM and lymphoid populations from spleen. Immature 

Gr-1/Mac-1 expressing myeloid cells from BM showed lowest expression of Tet1, while 

committed granulocytes and macrophages re-expressed Tet1. In contrast, CD3+ T-cells 

and B220+ B-cell progenitors from spleen showed a high expression of Tet1, while 

differentiated CD19+/B220- B-cells showed reduced Tet1 expression. Our expression data 

shows a clearcut difference in Tet1 expression levels: myeloid precursor cells show lower 

expression and expression increased in terminal differentiation. In contrast, lymphoid B 

precursor cells show a higher expression of Tet1 during their development and a 

downregulation in terminally differentiated cells. 

To investigate whether Tet1 is important for the self-renewal capacity and differentiation 

of HSCs, we analyzed in detail the hematopoiesis in young Tet1 heterozygous and 

homozygous knockout mice. In this model, both het and hom knockout of Tet1 showed a 

significant decrease in number of both LT- and ST-HSCs, and an increase in MEP cells. 
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Further, we could observe an increase in B220+ B-cells in spleen and peripheral blood in 

young het and hom knockout mice. Mature myeloid cells however seemed to be broadly 

unaffected, showing that indeed Tet1 is lowly expressed in myelopoiesis, and loss of Tet1 

still allows proper myeloid differentiation. In contrast, low/absent expression of Tet1 hints 

to an alteration in lymphopoiesis. Other studies from Dnmt3a and 3b knockout mice also 

have shown an increase in B220+ cells, which indicates that DNA methylation is important 

in lymphopoiesis [10, 11]. Further, it was speculated from many groups that V(D)J 

recombination of the B- and T-cell receptor involves a control mechanism for the 

accessibility of chromatin, which DNA methylation could serve as [13, 35, 38]. Indeed, AID 

is involved in this process by DNA deamination. Since AID is also able to deaminate 

5hmC, it could be possible that TET1 is involved in tagging specific regions for AID 

targeting. In contrast to the Tet2 knockout mouse [52, 57, 62, 71], which generates a 

surplus of HSCs which is followed up by myeloid malignancy, we observed a reduction of 

LT- and ST-HSCs upon Tet1 knockout. This resembles quite strongly the observed 

phenotype from the Tet3 knockout mouse model [51], indicating that the role of Tet1 in 

hematopoiesis is much closer to Tet3 than to Tet2. 

We were interested whether the decrease of LT- and ST-HSCs upon Tet1 depletion also 

interferes with their functionality to generate different types of myeloid colonies and 

proliferate in vitro. Sorted HSCs from Tet1 knockout, especially from Tet1 het mice, 

showed a trend towards increased clonogenic and proliferative potential ex vivo 

suggesting that the normal function of HSCs to produce colonies and undergo cell division 

in vitro is not impaired, yet it is even enhanced. We expanded this study also on progenitor 

cells, where we similarly could observe a trend towards increased clonogenic capacity 

and proliferative advantage of Tet1 depleted cells compared to wildtype cells. As we were 

aware that loss of Tet1 in the knockout background was established in sort of a chronic 

way, since it was depleted already from embryogenesis, we were wondering how an acute 

depletion of Tet1 would affect the clonogenic and proliferative potential of BM progenitor 

cells. Therefore we depleted Tet1 mRNA in murine HSPCs using lentiviral particles 

encoding for shRNAs against Tet1. Here, we could further corroborate this data by in vitro 

CFC and liquid culture expansion of Tet1 depleted cells showing a dramatic increase in 

both clonogenic potential and proliferation. When we transplanted these cells into lethally 
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irradiated mice and performed CFU-S assay, we could observe an increase in MPP cells 

in vivo shown by increased CFU-S activity, while Tet1-depleted MPP cells could be 

maintained for one week in vitro as shown by ΔCFU-S assay. In contrast, when we over-

expressed Tet1 in murine HSPCs, we observed a reduction in proliferation and a decrease 

in colony forming capacity. 

All this data suggested that Tet1 may act as a tumor suppressor in BM cells, and there 

was only one way to find out if this is functionally relevant. We transplanted Tet1 depleted 

HSPCs into lethally irradiated recipient mice and studied their competitive repopulation 

capacity and long-term engraftment. Tet1 depletion induced a strong increase in 

engraftment potential, which we could observe already after week 4 of transplantation. 

This was maintained up to long-term engraftment. Even though the gold standard for 

showing differences in HSC self-renewal is the transplantation of HSCs, our observation 

from transplanted HSPCs indirectly suggests an increase in self-renewal. However, it is 

recommended to perform serial dilution experiments (CRU) to determine the functional 

frequency of HSCs. Over the course of 1.5 years, none of the transplanted mice 

succumbed to hematologic disease, suggesting loss of expression of Tet1 does not itself 

cause disease. More likely it may provide a basis for DNA damage, as continuous 

proliferation is discussed to increase the chance of acquiring mutations [3, 21, 23, 24, 48, 

59, 81]. This could make cells more susceptible for transformation, or even drive disease 

progression in a DNA damage repair jeopardized cancer cell. 

We further assessed whether depletion of Tet1 interferes with differentiation in vitro. CFC 

can be used here as a surrogate assay for in vivo myeloid differentiation as it contains G-

CSF, GM-CSF, M-CSF, IL-3, IL-6, SCF, TPO and EPO. In CFCs from Tet1 depleted 

HSCs, we could observe all colony types found in CFCs from wt HSCs, however the 

distribution was changed in primary CFCs, towards a trend of an increase in immature 

GM colonies. However, this was not maintained in secondary CFCs. Immunophenotyping 

did not reveal a difference in surface marker expression. Similarly, we could also observe 

all colony types in progenitor CFC in wt, het, and hom cells. Strikingly, we could observe 

an increase in Gr-1/Mac-1 double positive cells in both samples with het and hom 

depletion of Tet1. This was further corroborated by cells derived from CFCs with shRNA 
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mediated depletion of Tet1. In contrast, overexpression of Tet1 reduced the double 

positive surface marker expression in cells derived from CFCs. This data further 

underlines the clonogenic effect of Tet1 depletion with an immunological observation that 

indeed clonogenic cells show a more immature phenotype. Yet, when we tried to replate 

so derived cells in vitro cell proliferation and clonogenic potential stopped after secondary 

CFCs and cells differentiated into the mast cell lineage. Known oncogenes, such as 

HoxA9 or Meis1 however immortalize transduced BM cells, and are indeed replatable up 

to 5 times [79, 86]. These properties could not be observed, yet indicating again that loss 

of Tet1 expression is not causing disease itself. 

To understand what genes are playing a role in the observed phenotype, we performed 

microarray analysis for gene expression of shRNA mediated Tet1 depleted HSPCs. We 

could identify 235 genes getting up- or downregulated. Pathway analysis revealed 

functional correlation of genes up-regulated especially in metabolic pathways, while down-

regulated genes correlated with hematopoietic cell lineage and the PI3K-Akt signaling 

pathway. Interestingly, 16 genes which play a role in erythropoiesis were strongly up-

regulated upon Tet1 depletion. This correlates strongly with our observation of increased 

MEP cells in Tet1 knockout mice. In addition, a down-regulation of immune-related lectin-

like receptor 1 and 2 has been observed, which are documented to be involved in the 

expansion of mouse HSCs. This could explain the observed decrease of HSCs in Tet1 

knockout mice. 

We further investigated patients with AML regarding TET1 expression. We observed a 

broad range of expression, while patients with inv(16)/t(16;16) showed very low 

expression of TET1 compared to CD34+ BM. In addition, the majority of PML-RARα and 

CN-AML patients showed a lower expression of TET1 as compared to CD34+ BM. Given 

the results we found in our mouse study, we speculated that TET1 is a tumor suppressor, 

and we dissected AML patients by high and low TET1 expression assuming that patients 

with high expression will benefit from the tumor suppressor function of TET1. Indeed, 

when we compared high vs low TET1 patients, we could observe a significant difference 

in overall survival and disease free survival. Expression of TET1 also has prognostic value 

for survival in breast cancer and prostate cancer, with low expression of TET1 leading to 
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inferior patient outcome [36, 82]. When we performed an analysis for differential gene 

expression between AML patients with low and high expression of TET1, we could identify 

the Wnt pathway and genes commonly known to be involved in block of differentiation in 

AML being affected by loss of TET1. This provides a rational for the inferior performance 

in overall and disease-free survival. 

As none of our shRNA transplanted mice developed hematologic disease, future work 

combining depletion of Tet1 with the overexpression of weak oncogenes known not to be 

able to cause AML alone, such as PML-RARα or Inv(16)/t(16;16)/CBFβ-MYH11, will 

enable us to further understand the potential tumor suppressor function of TET1. 

Genes involved in leukemogenesis are often found to be mutated in actual disease. 

However, mutations of TET1 are rarely occurring in AML. Down-regulation of TET1 could 

serve here to disrupt the tumor suppressor function, as we have observed in the majority 

of patients. How expression of TET1 is regulated under normal conditions and in leukemia 

will proof useful to identify targets to circumvent or reestablish the loss of TET1 tumor 

suppressor activity. 
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5. CONCLUSION 

In this thesis we could show that depletion of Tet1 decreases the hematopoietic stem cell 

pool using a knockout model. In contrast, cells with Tet1 depletion derived from the 

knockout mouse or induced by shRNAs showed an increase in clonogenic potential and 

proliferation in vitro. Depletion of Tet1 could further propagate clonogenic multipotent 

progenitor cells in vivo and could outcompete control cells in the murine bone marrow 

transplantation model up to long-term engraftment. Future work regarding the synergy of 

weak oncogenes such as PML-RARα or Inv(16)/t(16;16)/CBFβ-MYH11, with depletion of 

Tet1 will enable us to further understand the potential tumor suppressor function observed 

in this thesis. Further this thesis provides evidence that genes involved in leukemogenesis 

do not necessarily have to be mutated in order to disrupt their function. Down-regulation 

of TET1 could be observed in the majority of analyzed AML patients, which correlated 

with inferior prognostic value regarding disease-free and overall survival. How expression 

of TET1 is regulated under normal conditions and in leukemia will proof useful to identify 

targets to circumvent or reestablish the loss of TET1 tumor suppressor activity. 
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