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1 Introduction
1.1

Hematopoiesis

Hematopoiesis is a vital developmental process by which blood cells are formed in the
embryo and the adult human body. In adults, approximately one trillion (1x10 12) cells are
formed every day, replenishing the blood system (Doulatov et al., 2012). The cells are
formed by the proliferation and differentiation of hematopoietic stem cells (HSCs) that also
can replenish themselves by self-renewal. The HSC regulation and blood formation are
tightly regulated to provide a robust and incorrupt supply of blood cells. Different growth
factors stimulate the primitive HSC to give rise to immature lineage-committed progenitors
that can undergo further differentiation to form mature cells erythrocytes and leukocytes
(Seita and Weissman, 2010). The erythrocytes or red blood cells (RBCs) carry out the
function of transporting the molecules to a different site in the body. The leukocytes can be
categorized into myelocytes and lymphocytes based on their origin and function.
Myelocytes perform various functions including the process of blood clotting and the
development of innate immunity. Whereas, lymphocytes the B cells and T cells are majorly
responsible for adaptive immunity (Janeway, 2001; Warrington et al., 2011). The complex
process of the hematopoiesis is a well-studied dissecting the individual and synchronized
functioning of different hematopoietic cells types.

1.2

The hematopoietic hierarchy

HSCs lie at the apex of the hematopoietic hierarchy. They possess the ability of both selfrenewal and multipotency. Self-renewal capacity is a dynamic property by which the HSCs
replenish themselves and maintain a steady pool of stem cell. Whereas, the multi-potency
is the ability to differentiate into progenitor cells and further into functionally mature cells.
Differentiated cells, progenitors and mature cells possess no self-renewal capacity. The
properties of self-renewal and multipotent differentiation allow HSCs to perpetuate
hematopoiesis for the lifetime of an organism.
Based on the self-renewal ability, HSCs are subdivided into two types- long-term (LT)-HSCs
and short-term (ST)-HSCs. In syngeneic mouse experiments, cells enabling the
engraftment and repopulation of a host hematopoietic system are traditionally defined as
LT-HSCs. Whereas, the ST-HSC have limited self-renewal potential and are capable of
repopulating the hematopoietic system with all lineages, but for a shorter period (Reya et
al., 2001). HSC further gives rise to multi-potent progenitors (MPP) that can differentiate to
form lineage-restricted progenitors. The lineage-restricted progenitors advance to form
1

terminally differentiated blood cell populations (Christensen and Weissman, 2001; Morrison
and Weissman, 1994). Lineage-committed common myeloid progenitor (CMP) differentiate
into granulocyte/macrophage progenitors (GMPs) and the megakaryocyte/ erythroid
progenitors (MEPs), that can differentiate to form megakaryocytes/platelets, granulocytes,
monocytes, macrophages, platelets, and erythrocytes (Akashi et al., 2000). Whereas, the
multi lymphoid progenitor (MLP) or common lymphoid progenitor (CPL; in mouse)
differentiate into early thymic progenitors (ETPs) which later give rise mature T cells in the
thymus (Kondo et al., 1997; Serwold et al., 2009). MLPs are also able to generate other
lymphoid cells B and NK cells but also possess the limited potential to form myeloid cells
(Doulatov et al., 2010).
The development of flow cytometry along with the discovery of cell-surface markers as well
as the clonal analysis using transplantation assays in conditional mice helped to isolate and
characterize HSCs and other hematopoietic cells. Cell-surface marker CD34 (cluster of
differentiation), the first marker found to enrich the human HSCs and progenitor cells is
detected only on 1-3% of low-density bone marrow mononuclear cells (BM-MNCs) and
about 0.1% of normal peripheral blood mononuclear cells of total cells blood cells (Holyoake
and Alcorn, 1994). In combination with other markers, studies confirm the presence of HSCs
in the Lin-CD34+CD38-CD90+CD45RA- population of bone marrow (BM) (Baum et al., 1992;
Bhatia et al., 1997). In addition to well-characterized CD34+CD38- HSCs and HSPCs, a
recent study has discovered the existence of quiescent human HSCs in CD34-CD38-CD93hi
expressing cells (Anjos-Afonso et al., 2013). Hematopoietic progenitors also express
unique surface markers that make them distinguishable from other cell types (Doulatov et
al., 2012).
Thus, a multi-tiered scheme of hematopoiesis is comprised of tightly regulated stem cell
pool and regularly replenished terminally differentiated cells (Figure 1). Recent studies try
to understand the hematopoiesis at single-cell resolution. Challenging the classical model
of hematopoiesis, some studies demonstrate that the lineage fate could be determined
already at the level of the HSC and MPP (Olsson et al., 2016; Paul et al., 2015).
Understanding the transcriptome of the hematopoietic cells also lead to a better
understanding of the regulation of their key characteristics such as self-renewal and
differentiation.

2

Figure 1. Model of lineage determination in the human adult hematopoietic hierarchy. The
hematopoietic cells were classified into major classes according to the cell surface phenotypes,
which are listed on the left side in grey bars. HSC: Hematopoietic Stem Cells, MPP: Multi-potential
Progenitor, CMP: Common Myeloid Progenitor; MLP: Multi Lymphoid Progenitors (Immature
lymphoid progenitors), MEP: Megakaryocyte Erythroid Progenitor, GMP: Granulocyte Monocyte
Progenitor, ETP: Earliest Thymic Progenitors. Distinctive markers are mentioned next to
respective cell types. Information taken from (Doulatov et al., 2012).

1.3

Malignant hematopoiesis

In the malignant hematopoiesis, the well-orchestrated balance between self-renewal,
differentiation, and proliferation of hematopoietic cells is perturbed. This results in
uncontrolled growth of hematopoietic cells sustain tumor growth at the expense of normal
cell development. The hematological malignancies include three major groups: lymphoma,
myeloma, and leukemia. Lymphoma affects the lymphatic system caused by the abnormal
growth of lymphocytes that results in lymphoma cells. These dysfunctional cells multiply
and collect in the lymph nodes and other tissues that impair immunity. Myeloma is a disorder
3

that mainly affects the plasma cells which can produce antibodies to fight against infection.
Leukemia originates in a cell in the bone marrow. The cells undergo leukemic changes that
result in the progressive increase in the production of leukemic cells that survive better than
normal cells (Zhang and Rowley, 2013). Leukemia is classified into four major groups based
on the pace of disease progression and evaluation of leukemic cells defining them to be
either myeloid or lymphoid origin (Estcourt and Bain, 2013). They are 1) acute myeloid
leukemia (AML), 2) chronic myeloid leukemia (CML), 3) acute lymphoid leukemia (ALL) and
4) chronic lymphoid leukemia (CLL) (Estcourt and Bain, 2013).

1.4

Acute myeloid leukemia

AML is a heterogeneous clonal disorder characterized by highly proliferative immature
myeloid cell proliferation and BM failure. It has an incidence rate of nearly 3.7 per 100,000
people per year and a median age of 67 years at diagnosis (Almeida and Ramos, 2016;
Deschler and Lübbert, 2006). AML is regarded as a disease of the elderly although it could
affect the young and infants. The disease remains to be dismal with a poor survival rate of
5 to 15% of patients who are older than 60 years of age, as compared to 35 to 40% in
younger group (60 years of age and below). The general therapeutic strategy has remained
unchanged for the last three decades. Apart from the standard intensive induction
chemotherapy and allogeneic stem cell transplantation, new treatment strategies are yet to
be translated into clinical routine. The newly proposed therapies include immunotherapies
(e.g., checkpoint inhibitors) and therapies that target a variety of cellular processes such as
overexpressed or aberrantly regulated signaling pathways, epigenetic regulation of DNA
and chromatin, nuclear export of proteins and antigens on leukemic stem cells by antibodybased therapy.

1.5

Classification of acute myeloid leukemia

Varied genetic abnormalities found in AML makes the disease heterogeneous regarding
patient survival and clinical management. Classification of AML was first carried out by
French American British (FAB) leukemia experts in 1970s based on maturation of leukemic
cells under microscope and later in 2001 by World Health Organization (WHO) based upon
a combination of morphology, immunophenotype, genetics, and clinical features. Today
AML is classified according to the ‘World Health Organization (WHO) Classification of
Tumors of Hematopoietic and Lymphoid Tissues’ with a revised version published in 2016
(Table 1) (Arber et al., 2016; Döhner et al., 2017; Vardiman et al., 2009).
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Table 1. WHO classification of acute myeloid leukemia and related
neoplasms
Acute myeloid leukemia with recurrent genetic abnormalities
AML with t(8;21)(q22;q22); RUNX1-RUNX1T1
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11
APL with t(15;17)(q22;q12); PML-RARA
AML with t(9;11)(p22;q23); MLLT3-MLL
AML with t(6;9)(p23;q34); DEK-NUP214
AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1
AML (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1
Provisional entity: AML with BCR-ABL1
AML with mutated NPM1
AML with biallelic mutations of CEBPA
Provisional entity: AML with mutated RUNX1
AML with myelodysplasia-related changes
Therapy-related myeloid neoplasms
AML, not otherwise specified
AML with minimal differentiation
AML without maturation
AML with maturation
Acute myelomonocytic leukemia
Acute monoblastic/monocytic leukemia
Pure erythroid leukemia
Acute megakaryoblastic leukemia
Acute basophilic leukemia
Acute panmyelosis with myelofibrosis

1.6

Genetics of acute myeloid leukemia

Advanced research on the molecular pathogenesis of AML with cytogenetic analysis and
new genomic techniques have provided unprecedented knowledge on chromosomal
aberration, frequently occurring mutations, clonal nature and epigenetic landscape of the
disease. These studies estimate that cytogenetic abnormalities can be found in
approximately 50% of de novo AML (also called as abnormal karyotype), while nearly 50%
of AML patients cytogenetically normal (CN-AML).
5

The chromosomal abnormalities lead to the generation of fusion proteins, which could play
a causative role in the development of AML. For example, transcription factors and tyrosine
kinases are the frequent targets for AML associated gene rearrangements. Chromosomal
translocation t(8;21) in core binding factor (CBF) AML or t(15;17) in acute promyelocytic
leukemia (APL) result in the formation of oncogenic fusion proteins (AML1-ETO and PMLRAR respectively), which adversely affects the differentiation of myeloid cells.
Approximately 7% of AML patients harbor AML1-ETO translocation, while 13% of them are
PML-RAR positive (Figure 2). Mixed lineage leukemia (MLL) gene rearrangements have
been described in AML. The overall incidence is rather low (around 3%) when of total AML
cases are considered (Figure 2) (Papaemmanuil et al., 2016; Schoch et al., 2003). The
most common partner gene in AML is ALL1-fused gene from chromosome 9 (AF9), AF10
and AF6.
In cytogenetically normal AML, various genetic mutations are implicated in the development
of AML. The most frequently mutated genes in AML include NPM1, FLT3, DNMT3A, IDH2,
IDH1, TET2, RUNX1, TP53, CEBPA, WT1, NRAS, and KRAS (Cancer Genome Atlas
Research Network et al., 2013; Papaemmanuil et al., 2016). Class I mutations, such as
FLT3- internal tandem duplications (ITD) and tyrosine kinase domain mutations (TKD),
mutations on NRAS, KRAS, and c-KIT confer a proliferation advantage, evasion of
apoptosis or dysregulation of downstream signaling pathways which supports cell growth.
Class II mutations include mutations on RUNX1, CEBPA, MLL that affect the myeloid
transcription and impair differentiation. Genetic and cytogenetic aberrations are not mutually
exclusive and they often co-occur (Figure 2).
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Figure 2: Molecular classes of AML and concurrent gene mutations. Class definition of AMLs
is based on the study by Papaemmanuil et al. For each AML class depicted in the chart, frequent
co-occurring mutations are shown in the respective boxes. AML: Acute Myeloid Leukemia.
Information taken from (Döhner et al., 2017; Papaemmanuil et al., 2016).

The newly found mutations in genes that encompasses histone changes (EZH2 and ASXL1) and DNA methylation (DNMT3A, IDH1, IDH2 and TET2) revealed that the AML is directly
linked with epigenetics. Interestingly, the epigenetic modifiers are often mutated in
preleukemic clones in the early critical events of leukemogenesis (Krönke et al., 2013;
Rothenberg-Thurley et al., 2018; Shlush et al., 2014). Such preleukemic clones are capable
of multilineage differentiation, can be treatment resistant and can expand during remission
that leads to relapse. Somatic mutations on genes coding for epigenetic factors (DNMT3A,
TET2, and ASXL1) can also be detected in elderly clonal hematopoiesis not developed in
to fully blown leukemia (Busque et al., 2012; Jaiswal et al., 2014). This indicates that these
mutations do predispose in the process of development of the disease, increasing the risk
for AML. A comprehensive genomic study of 200 de novo AML samples revealed that the
genes found altered can be categorized into nine functionally relevant classes (Cancer
Genome Atlas Research Network et al., 2013). The functional categories include chromatin
modification, DNA methylation, cell proliferation, myeloid transcription, cohesion complex,
RNA splicing, tumor suppression, and apoptosis (Figure 3). The majority of AML patients
(about 75%) harbor mutation on genes epigenetic modifying genes substantiating the
important role of epigenetic modifiers in AML (Cancer Genome Atlas Research Network et
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al., 2013; Chen et al., 2013b) (Figure 3). The occurring gene mutations suggest the cross
talk between different gene pathways in the pathogenesis of AML.

Figure 3. Nine functional categories of genes that are significantly mutated gene in AML.
Each category is depicted with distinct color. The ribbons connecting the different categories of
gene aberrations depict the association between mutations in different pathways. Information was
taken from (Cancer Genome Atlas Research Network et al., 2013; Chen et al., 2013b). The circos
plot was generated by circos online tableviewer (Krzywinski et al., 2009).

Specific genetic mutations and chromosomal aberrations identified have considerable
prognostic significance for patients with AML and clinical management (Table 1). Patients
with favorable treatment outcome include inv(16) (CBFB/MYH11), t(15:17) or PMLRAR and t(8:21) or AML1-ETO having 5-year of overall survival rate. The unfavorable risk
group includes a number of cytogenetic abnormalities such as inv(3) or (q21q26.2), MLL
rearranged-5, -7 (monosomy 5 and monosomy 7) as well as complex karyotype. Only 11%
of the patients belonging to this group have 5-year overall survival. Intermediate risk group
includes patients with normal karyotype genetic mutations. This group has 5-year overall
survival of ranging 24-40% (Riva et al., 2012).
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1.7

Aberrant gene expression in AML

Apart from the chromosomal translocations and genetic mutations, aberrant gene
expression is also found to be a key feature of AML. The genes essential for embryonic
development are also found significant in maintaining normal hematopoiesis. Such
developmental genes are often reported to be aberrantly expressed in AMLs (Alharbi et al.,
2013; Cancer Genome Atlas Research Network et al., 2013; Tyner et al., 2018). For
example, expression of homeobox genes (e.g., HoxA7, HoxA9, HoxB4) and para Hox
genes Cdx2 (Caudal Type Homeobox 2) are found dysregulated in AML (Rawat et al., 2008)
and could control the AML pathogenicity in specific AML subtypes (Alharbi et al., 2013).
Previously, our group had studied the functional role of Cdx2 and human Vent-like
homeobox gene VENTX in acute leukemia (Gentner et al., 2016; Rawat et al., 2004, 2008).
Several studies report that specific genetic alterations correspond with specific gene
expression patterns and vice versa (Alcalay et al., 2005; Theilgaard-Mönch et al., 2011).
Studying the gene expression profiles and its correlation with genetic aberration contribute
to the molecular level classification of AML. Recently, there had been several studies
focused on understanding the transcriptome and methylation profiles in AML (Cancer
Genome Atlas Research Network et al., 2013; Eppert et al., 2011a; Gentles et al., 2010a;
Jung et al., 2015; Ng et al., 2016). These studies show the association of the gene
expression profiles and the clinical outcomes in AML. For example, A transcriptome profile
shared by HSC and LSC can be considered as determinants of ‘stemness’ and the
expression profile could even be used to predict the survival of AML patients (Eppert et al.,
2011a; Ng et al., 2016). However, the reason for aberrant gene expression in AML is poorly
known. As epigenetic modifications can exert a genome-wide impact to regulate the
transcriptome profile, dissecting the role of epigenetic modifications in hematopoiesis is
relevant in understanding the complex regulation of hematopoiesis.

1.8

DNA methylation in normal and malignant hematopoiesis

1.8.1 DNA methylation and DNA methyltransferases
Epigenetic information is maintained by specific epigenetic marks on DNA or chromatin that
can inherit through cell division. These marks serve as interaction sites for different proteins
which include epigenetic modifiers, transcriptional repressors, and the transcription
machinery. DNA methylation is one of the well-known epigenetic modification. DNA
methylation involves the reversible addition of methyl group (CH3) from S-adenosyl-1methionine to the carbon 5 position of cytosine base, giving rise to 5-methylcytosine (5mC).
In mammalian cells, DNA methylation typically occurs at CG dinucleotides (CpG). The
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majority of all CpGs (60-80%) in the genome are found methylated. About 70% of the
promoter loci are enriched for CpGs islands in mammals (Baubec and Schübeler, 2014;
Smith and Meissner, 2013).
The process of DNA methylation is carried out by a family of DNA methyltransferase
enzymes (DNMTs) namely, DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L (Figure
4), (Aapola et al., 2000; Soll and Pugh, 1971) . DNMT1 is traditionally known to methylate
daughter DNA strands during the DNA replication. Whereas, DNMT3A and DNMT3B
promote genome wide de novo methylation setting up the cytosine methylation profile
during developmental process (Okano et al., 1999). DNMT2 and DNMT3L are considered
as non-canonical enzymes (Aapola et al., 2000; Okano et al., 1998) as they do not carry
out the methylation of genomic DNA.

Figure 4. Schematic representation of DNA methylation by DNA methyltransferases.
DNMTs transfer methyl group onto the C5 position of the cytosine to form 5-methylcytosine (5mC).
S-adenosyl methionine (SAM) acts as methyl group donor and is converted to S-Adenosyl
homocysteine (SAH).
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1.8.2 DNA methylation in normal hematopoiesis
DNA methylation plays a crucial role in determining the cellular identity during the process
of hematopoiesis (Álvarez-Errico et al., 2015; Trowbridge et al., 2009). Dynamic DNA
methylation changes are observed when HSC undergo differentiation into progenitors
(Farlik et al., 2016; Madzo et al., 2014). The modulation of DNA methylation is known to be
directly correlated with the expression of lineage-specific genes during the process of
hematopoietic differentiation (Attema et al., 2007; Ji et al., 2010; Kallin et al., 2012; Madzo
et al., 2014; Ronnerblad et al., 2014). Lymphoid lineage specification depends heavily on
the acquisition of DNA methylation marks, while myeloid lineage commitment depends on
their loss (Ji et al., 2010). Though myeloid cells possess a state of hypomethylation in
general, their differentiation is accompanied by the regulation of DNA methylation (ÁlvarezErrico et al., 2015). The functional relevance of DNA methylation marks 5mC was studied
using gene knockout in mice, and the studies demonstrate that Dnmt1 and Dnmt3s are
indispensable for normal hematopoiesis. Dnmt1 is crucial for HSC self-renewal, niche
retention, and lineage commitment (Bröske et al., 2009; Trowbridge et al., 2009). Depletion
of Dnmt1 in mice HSC leads to reduced repopulation capacity of HSC and reduced
formation of lymphoid progenitor with no apparent effect in the myeloid and erythroid
lineage. These cells also displayed an aberrant methylation pattern resulting in drastic
changes in gene expression. Whereas, Dnmt3a/3b depletion affected the HSC
differentiation in adult mice (Challen et al., 2012, 2014).

1.8.3 DNA methylation in malignant hematopoiesis
Malignant cells exhibit substantial changes in DNA methylation pattern when compared to
the normal cells (Baylin and Herman, 2000; Ehrlich, 2002). Until recently, it appeared that
cancer-associated methylation changes were hypomethylation on satellite regions in DNA
(e.g., long interspersed nuclear elements and Alu-type repetitive regions) and
hypermethylation unique regions in the genome (Sandoval and Esteller, 2012) (Figure 5).
The repetitive elements comprise a vast majority of the human genome (Ehrlich, 2002;
Rodriguez et al., 2008). The role of hypomethylation of the repetitive sequences in cancer
is less known, although it has been hypothesized to facilitate the genomic instability (Timp
and Feinberg, 2013). CpG-island-specific DNA hypermethylation (gain of 5mC) at gene
promoters causes transcriptional inactivation including that of tumor suppressor genes
(Aggerholm et al., 2006; Jiang et al., 2009; Sandoval and Esteller, 2012).
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The recent studies with genome-wide methylation profiling reveal that cancer-linked
hypomethylation can occur at not only at repetitive elements in DNA but also at unique sites
in and around the genes including gene enhancers, progenitors as well as gene body.
Moreover, the hypomethylation interplay with hypermethylation in a coordinated manner in
the cancer progression (Figueroa et al., 2010; Kushwaha et al., 2016; Qu et al., 2017).
Hematopoietic malignancies MDS and AML show unique patterns of aberrant DNA
methylation (Aggerholm et al., 2006; Figueroa et al., 2009; Jiang et al., 2009). According to
Figueroa et al., AMLs can be segregated into 16 unique subgroups correlating well with
known cytogenetically defined leukemias based on the unique methylation profiles
exhibited. These subgroups includes t(15;17), inv(16), t(8;21), or t(11q23) (Figueroa et al.,
2010). When the site-specific methylation patterns are under consideration, most of the
AML subgroups showed strong global hypermethylation in the gene promoter compared to
the normal counterpart. But few AML subgroups displayed hypomethylation of patterns sites
including gene promoters. Therefore, the most common leukemia-associated abnormality
in gene promoter DNA methylation abundance is not always hypermethylation but can also
be hypomethylation (Figueroa et al., 2010). Moreover, the active DNA demethylation could
partially contribute to the leukemia-related hypomethylation observed in the AML (Jeschke
et al., 2016).

Figure 5. Most commonly observed DNA methylation patterns in human cancer. These events
include CpG- island-specific DNA hypermethylation occurring on specific sites such gene promoters
and genome-wide hypomethylation that is often observed at repetitive regions of the genome. The
site-specific hypermethylation can result in the silencing of tumor suppressor genes and the
hypomethylation at repeated sequences can lead to genomic instability.
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1.9

Active DNA demethylation

Dynamic changes in the methylome is shaped by the process of DNA methylation as well
as demethylation. The DNA demethylation can be either passive or active process. The
methylation machinery re-establishes the methylation marks on DNA following the
replication. A deficiency in maintenance of methylation leads to replication-dependent
dilution of 5mC, known as passive demethylation. Whereas, an active DNA demethylation
process is carried out by DNA demethylase enzymes via direct removal of a methyl group
independently of DNA replication. In the active demethylation, the first step is carried out by
Ten eleven translocase (TET) proteins mediating the hydroxylation of 5-methylcytosine
(5mC) to form 5-hydroxylmethylcytosine (5hmC) and further oxidation to form 5formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Ito et al., 2011; Tahiliani et al., 2009a).
The second step is the deamination of 5mC or 5hmC to form 5-methyluracil or 5hydroxymethyluracil (5hmU) by activation-induced cytidine deaminase (AID) enzyme
(Bhutani et al., 2011). The final step is the replacement of 5-methyluracil, 5hydroxymethyluracil, or 5-carboxylcytosine to cytosine by the Thymine DNA glycosylase
(TDG) (Figure 6) (Cortellino et al., 2011; Guo et al., 2011; He et al., 2011; Ito et al., 2011).
The biological relevance of oxidized methyl groups are still poorly understood. It has been
observed that 5hmC is enriched in the body of the active genes and at the TSSs of
transcriptionally inactive genes (Song et al., 2011; Wu et al., 2011). Therefore, TET genes
are traditionally considered as a transcriptional activator. Role of DNA demethylation and
TET proteins in hematopoiesis is described in the following section.
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Figure 6. Control of DNA methylation–demethylation dynamics by TET proteins. DNMTs are
responsible for DNA methylation. Active DNA demethylation consists of three steps (1) TET
proteins successively oxidize 5-methylcytosine to form 5-hydroxymethylcytosine (5hmC), 5formylcytosine (5fC) and 5-carboxylcytosine (5caC) in DNA. (2) 5hmC (or 5mC) can be
deaminated by the AID to 5-hydroxymethyluracil (5hmU) (or 5mU, not depicted in the figure). (3)
5mU, 5hmU, and 5caC are recognized and removed by thymine-DNA glycosylase (TDG), and the
created abasic site is repaired by the base excision repair (BER) pathway, generating an
unmodified cytosine.

1.10 Role of 5hmC in normal and malignant hematopoiesis
Emerging evidence suggest that the 5hmC is not just an intermediate stage in the process
of active DNA demethylation, but a stable epigenetic mark that carries out different
biological functions (Ficz et al., 2011; Hackett et al., 2013; Lu et al., 2015). TET proteins are
the only 5hmC regulators found so far. The gene knockout studies indicate that the
importance of 5hmC regulation to maintain normal hematopoiesis (addressed in detail in
the section 1.9.5). Precise mapping of individual cytosine derivatives at single-base
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resolution suggests the link with genome-wide loss of 5hmC and tumorigenicity (Chen et
al., 2016). About 8-20% of AML cases are reported with TET2 mutation and they are
associated with a profound reduction in the global 5hmC level (Cimmino et al., 2011a; Ko
et al., 2010; Konstandin et al., 2011; Pronier et al., 2011). Isocitrate dehydrogenases (IDH1
and IDH2), metabolic enzymes in the Krebs cycle, catalyze the oxidative decarboxylation
of isocitrate to produce -ketoglutarate (-KG) while reducing NADP+ to NADPH. Recurrent
mutations on IDH (R132 in IDH1 and R140 and R172 in IDH2) is reported in up to 6–16%
for IDH1 and 8–19% of AML cases (Figueroa et al., 2010c). The mutations confer a
neomorphic ability to reduce -KG to a possible oncometabolite 2-hydroxyglutarate (2-HG)
that inhibit the function of enzymes including TET2. This leads to the impairment of
hematopoietic differentiation. The mutated cells display a DNA hypermethylation signature,
that is associated with decreased 5hmC (Figueroa et al., 2010c; Kroeze et al., 2014a). IDH
and TET2 could have overlapping functions and the mutations on the encoding genes occur
mutually exclusive manner in patients (Figueroa et al., 2010c). Wilms tumor 1 (WT1), a
transcription factor, is found overexpressed in the majority of AML (Rampal and Figueroa,
2016). Mutation in WT1 is also reported in 6–15% of de novo AML and the patients have
reduced 5hmC levels. In WT1 overexpression increases global levels of 5hmC, and WT1
deletion reduced 5hmC levels in vitro (Rampal et al., 2014). The changes occur
predominantly at enhancers and distal regulatory elements similar to TET2 and IDH
mutations. Moreover, WT1 has been demonstrated to interact with TET2 and TET3 in acute
myeloid leukemias (Rampal et al., 2014; Wang et al., 2015). Collectively, a subset of AML
cases can be characterized by dysregulated DNA hydroxymethylation. 5mC, 5hmC and
other oxidative derivatives of methylated cytosine (5fC and 5caC) can presumably carry out
vital role in malignant hematopoiesis. Therefore, understanding the enzymatic regulation of
DNA methylation remains an exciting area of leukemia research.

1.10.1 Ten Eleven Translocation genes
Ten eleven translocation genes are evolutionarily conserved family of genes encoding DNA
demethylase enzymes. The family consists of three members TET1, TET2 and TET3, that
are located on chromosomes 10q21, 4q24 and 2p13 respectively on the human genome
(Mohr et al., 2011). TET1 has a coding sequence of 6.4 kb translation produces a protein
of 2136 amino acids. TET2 coding sequence is 6.0 kb resulting a protein with 2002 amino
acids. TET3 has a coding sequence of 11.5 kb and the resulting protein consists of 1795
amino acids. The human TET proteins also exist as several other isoforms.
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1.10.2 Structure of TET proteins
TET proteins are 2-oxoglutarate and Fe(II)-dependent dioxygenases enzymes that oxidize
5mC into 5hmC using α-ketoglutarate as a cosubstrate (Ito et al., 2011; Tahiliani et al.,
2009b). TET proteins typically possess a catalytic domain consisting of cysteine-rich and
double-stranded β-helix (DSBH) regions at the carboxyl-terminal region. The proteins have
or able to interact with unique CXXC domain (Iyer et al., 2009, 2011; Tahiliani et al., 2009b).
Structural studies showed that the Cys-rich domains and DSBH are connected by two zinc
fingers to constitute the catalytic core. The catalytic function requires Fe 2+ as an
indispensable cofactor and -ketoglutarate (2OG) as a co-substrate which interact with
highly conserved His-Xaa-Asp-(Xaa)n-His motif (Xaa- any amino acid) and conserved Arg
residues respectively within DSBH domain. Once Fe 2+ and 2OG are incorporated to their
binding motifs, dioxygen (O2) binds to Fe2+ and oxidizes it to ferrous oxide (Fe 3+), inducing
the oxidative decarboxylation of 2OG and substrate oxidation. At amino-terminal region,
TET1 and TET3 have DNA-binding CXXC domain whereas a chromosomal inversion during
vertebrate evolution resulted in a separated CXXC domain of TET2 gene encoded by a
distinct gene IDAX (also known as CXXC4) (Iyer et al., 2009; Long et al., 2013; Tahiliani et
al., 2009b) (Figure 7).

Figure 7. Structure of Ten-Eleven Translocation (TET) proteins. Structure of individual human
TET proteins indicating domains and size. TET proteins contain DNA-binding CXXC domain
towards the amino terminus and a carboxy-terminal catalytic core region that includes a Cystine
rich (Cys rich) domain and Double Stranded Beta Helix (DSBH) domain with key catalytic motifs
interacting with Fe2+ and 2-oxoglutarate (2-OG). Amino acid (aa) corresponds to the reference
sequence of each protein (TET1: NP_085128.2, TET2: NM_001127208.3, TET3:
NM_001287491.2.) obtained from NCBI nucleotide database (NCBI, 2020).
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1.10.3 The biological function of TET proteins
As mentioned previously, TET proteins mediate the process of active DNA demethylation
that starts with the oxidation of 5mC to form 5hmC which can be further oxidized to produce
5fC and 5caC. The resulting oxymethyl groups are then subsequently diluted to regenerate
unmethylated cytosines in a replication-dependent manner. Even though TET enzymes
possess common enzymatic activity, the genetic studies strongly suggest that enzymes are
functionally non-redundant presumably due to varying expression levels in specific cell
types (Ito et al., 2010; Koh et al., 2011). The involvement of TET genes in different
developmental stages are investigated by using genetic knockout mouse models.

1.10.4 Role of TET enzymes in embryonic development
Tet3 is the only TET protein expressed in the oocyte and early embryonic cells and shown
to affect the dynamics of 5hmC formation, whereas Tet1 and Tet2 are not expressed. At
this developmental stage, Tet3 mediates the mass cytosine oxidation of male pronucleus
leading to the global erasure of 5mC (Gu et al., 2011; Iqbal et al., 2011). Once the cells
progress to inner cell mass (ICM), Tet3 expression randomly declines and Tet1 and Tet2
expression increases in ICM and embryonic stem cells (ESCs).
Homozygous depletion of TET3 leads to neonatal lethality in mice (Gu et al., 2011; Kang et
al., 2015), whereas mice mutant for either Tet1 or Tet2 are viable or show only neuronal
deficiencies (Dawlaty et al., 2011; Li et al., 2011). However, double knockout mice lacking
Tet1 and Tet2 show abnormal growth and development (Dawlaty et al., 2011). This resulted
in a complete depletion of global 5hmC levels while the cells remained pluripotent (Dawlaty
et al., 2013). Similarly, ES cells deficient of all three TET proteins (Tet1/2/3 triple knockout)
maintain normal morphology and express pluripotency markers. However their
differentiation potential is perturbed. Moreover, the triple knockout mice show severe
embryonic developmental failure, probably due to the hypermethylation of promoter regions
of several developmental genes (Dawlaty et al., 2014). Collectively, these data demonstrate
that there is only a partial redundancy between TET proteins in development and
differentiation. Furthermore, the overall expression of Tet genes gets reduced during
differentiation but retained their expression in various somatic cells. Later in the
development, Tet2 and Tet3 are known to be highly expressed in a wide range of adult
tissues, including hematopoietic and neuronal cells.

1.10.5 Roles of TET enzymes in normal hematopoiesis
Deletion of any of the Tet genes in adult hematopoietic tissues leads to increased HSC
function as measured in competitive repopulation assays (Cimmino et al., 2011b; Ko et al.,
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2011; Moran-Crusio et al., 2011). In contrast to TET1, TET2 and TET3 are higher expressed
in hematopoietic cells. Tet2 knockout in mice results in an expansion of LSK cells (Lin - cKit+ Sca+) that is enriched in HSCs (Ko et al., 2011; Kunimoto et al., 2012; Moran-Crusio et
al., 2011; Quivoron et al., 2011). Moreover, the LSK cells showed augmented repopulation
capacity as shown in serial transplantation and expansion of monocytes and granulocytes
in the spleen (Ko et al., 2011; Moran-Crusio et al., 2011). Tet2 ablation also enhances the
serial replating capacity of HSPCs in colony formation assays in vitro (Kunimoto et al.,
2012). In human, shRNA mediated TET2 knockdown in cord blood-derived HSPCs skews
progenitor differentiation toward the granulomonocytic lineage at the expense of lymphoid
and erythroid lineages (Pronier et al., 2011). The knockdown also leads to the global 5hmC
reduction (Pronier et al., 2011).
There are only few studies published on the role of TET3 in normal hematopoiesis.
Hematopoietic specific Tet3 knockout mice exhibit a decrease in the number of HSC and
an increased repopulation capacity of HSPCs (Ko et al., 2015). A myeloid skewing
phenotype was observed in hematopoietic specific Tet3 knockout mice in the latest study
published (Lio et al., 2016). Tet3 deficiency led to an increase of LSK cells and a decrease
in the frequency and number of HSCs (Ko M et al., 2015). Human CD34 + cord blood cells
lacking TET3 shows impaired erythroid differentiation (Yan et al., 2017). The results
collectively indicate the significance of a balanced expression of Tet genes in normal
hematopoiesis.

1.10.6 Role of TET enzymes in malignant hematopoiesis
TET1 and malignant hematopoiesis
The function of TET1 in oncogenesis was first suggested in early studies in which the gene
was originally identified as a fusion partner of mixed mixed-lineage leukemia gene (MLL) in
AML and other myeloid malignancies, carrying a rare chromosomal translocation
(t(10;11)(q22;q23)) (Lorsbach et al., 2003; Ono et al., 2002). TET1 and TET3 are rarely
found mutated in hematological malignancies, unlike frequently found TET2 mutations
(Abdel-Wahab et al., 2009; Delhommeau et al., 2009). Interestingly, TET1 carry out
distinctive roles in myeloid and lymphoid transformation. In MLL-rearranged leukemia, TET1
act as an oncogene facilitating leukemogenesis by being up-regulated by MLL fusion
proteins (Huang et al., 2013). In contrast, another study with germline deletion of Tet1
shows that Tet1 can act as a tumor suppressor in B cell lymphoma in mice (Cimmino et al.,
2015). The Tet1 deficiency conferred the augmented HSC function with a bias towards B
cell lineage. The mice exhibited a reduced frequency of long term HSCs (LT-HSCs) and
dysregulated B cell lineage differentiation accompanied by an expansion of lymphoid18

primed multipotent progenitors (LMPPs) (Cimmino et al., 2015). Tet1-deficient pro B cells
show enhanced serial replating capacity and accumulation of DNA damage, potentially due
to the down regulation of DNA damage repair genes (Cimmino et al., 2015).

Role of TET2 in hematopoietic malignancies
TET2 somatic mutations have been reported in various hematological malignancies
including 20% of myelodysplastic syndrome (MDS), 20% of myeloproliferative neoplasms
(MPN), 50% of chronic myelomonocytic leukemia (CMML), and 20% of AML cases (AbdelWahab et al., 2009; Delhommeau et al., 2009; Ko et al., 2010; Langemeijer et al., 2009).
Most of the TET2 mutations found in patient samples correlate with profound reduction of
5hmC (Ko et al., 2010; Pronier et al., 2011). In AML patients, the TET2 mutations are
seemed to be an earlier event that results in the onset of hematological malignancies due
to following findings. 1) TET2 mutations are found in premalignant HSCs in MDS and AML
patients along with other oncogenic mutations (Chan and Majeti, 2013; Itzykson et al.,
2013). 2) The mutations are frequently reported in healthy aged individuals with clonal
hematopoiesis, having an increased risk of developing hematopoietic malignancies (Jaiswal
et al., 2014; Xie et al., 2014). 3) Tet2 knockout mice exhibit an increase in HSC activity they
rarely develop hematopoietic malignancy, suggesting that other oncogenic events are
necessary to the development of the disease. In AML patients TET2 mutations are
associated with STAG2, DNAH9, and serine–threonine kinase mutations in AML patients
(Cancer Genome Atlas Research Network et al., 2013). However, the functional relevance
of numerous co-occurring mutations as well as genetic alterations in patients is still needed
to be discovered.
Role of TET3 in malignant hematopoiesis
As human TET3 is not frequently found mutated or being translocated in hematopoietic
malignancies, there has been relatively a smaller number of studies conducted dissecting
the role of TET3 compared to TET1 and TET2 in malignant hematopoiesis. According to a
recent study combined loss of Tet2 and Tet3 in mice leads to aggressive myeloid cancer in
mice (An et al., 2015). The deletion of Tet2 and Tet3 impairs global 5hmC levels in
hematopoietic cells, indicates that they are the major dioxygenase in the hematopoietic cell
type. In Tet2/3 DKO HSPCs, the stem cell-related genes and myeloid lineage genes are
up-regulated, whereas erythroid and lymphoid lineage genes are down-regulated. This
gene expression pattern suggests the myeloid skewing phenotype in the mice. Strikingly,
there is lack of relation between transcription and DNA methylation change observed. In
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addition, Tet2/3 DKO hematopoietic cells show an accumulation of DNA damage shown by
γH2AX staining. This suggests the role of Tet proteins in maintaining genomic integrity (An
et al., 2015).

1.11 TET3 and its role in gene regulation and cell fate
Number of studies demonstrate the gene regulation of TET3 via active DNA demethylation
in different cell types including the zygote, hematopoietic, neuronal and retinoic cells (Gu et
al., 2011; Li et al., 2015; Shen et al., 2014; Xu et al., 2012; Zhang et al., 2016). The
mechanistic and functional information on TET3 protein remains limited. Apart from DNA
demethylation activity, the TET3 enzyme also regulates the gene expression via histone
modifications in collaboration with its partners. For example, TET3 and TET2 are able to
interact with the O-GlcNAc transferase (OGT) (Deplus et al., 2013; Zhang et al., 2014). The
protein complex localizes at the active promoters enriched for H3K4me3 marks. Knockdown
of TET3 leads to a direct reduction of H3K4me3 marks and concomitant gene expression
(Figure 8). Beyond the direct modulation, TET2 and TET3 can regulate the gene expression
in association with OGT by promoting glcNacylation of HCF1- a key component of H3K4
methyltransferase SET1/COMPASS complex. TET3 can also promote the recruitment of
H3K4 methyltransferase, SETD1A, to chromatin and thereby regulate the gene expression
(Figure 8) (Deplus et al., 2013). Moreover, TET3 is also known to interact with other postSET domain containing proteins such as histone-lysine N-methyltransferases NSD3, NSD2,
and SETD2 (Perera et al., 2015). They are involved in the methylation at histone H3 at
lysine 36 (H3K36), which is commonly associated with transcription of active chromatin
(Figure 8) (Perera et al., 2015). Apart from the transcriptional activation, TET3 also functions
as gene repressor. According to a recent study, TET3 negatively regulate interferon-β (IFNβ) independent of DNA demethylation. The catalytic domain of TET3 is critical to carry out
the repressing function, while the DNA binding CXXC domain is found dispensable. TET3
is able to interact with the proteins SIN3A or HDAC1 to regulate IFN-β transcription (Xue et
al., 2016). The studies collectively demonstrate that TET3 regulates the transcription in a
multifaceted manner.
Knockdown of TET3 in human CD34 + cord blood cells leads to a decrease in the reduced
erythroid cell growth accompanied by increased apoptosis of late-stage erythroblasts. The
knockdown also affects gene expression of late-stage erythroblasts (Yan et al., 2017). TET2
and TET3 together control the expression of genes encoding key transcription factors that
shape the fate of the hematopoietic cells in which they are expressed. For example, T-bet
and ThPOK in T cells and IRF4/8 in B cells (Lio et al., 2016; Tsagaratou et al., 2017). Tet2
and Tet3 knockout in hematopoietic cells leave the T and B cells in an immature state
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characterized by the aberrant expression of genes that control proliferation and defective
maturation. Increased proliferation of immature cells eventually leads to the malignant
transformation (Tsagaratou et al., 2017). Collectively, these studies suggest the importance
of balanced TET3 expression in hematopoiesis and other developmental processes.

Figure 8. TET3 regulate gene expression modulating histone modification. (A) TET2 and
TET3 regulate GlcNAcylation and H3K4 methylation through OGT and SET1/COMPASS.
Information taken from (Deplus et al., 2013). (B) Transcriptional activation in neurons that involves
REST-guided targeting of TET3 to the DNA for directed 5hmC generation and NSD3-mediated
H3K36 trimethylation. Information taken from (Perera et al., 2015).
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1.12 Aim of this study
Acute myeloid leukemia (AML) is a stem cell disease characterized by genetic aberrations
and dysregulated expression of stem cell genes. AML is also characterized by dysregulated
epigenetic patterns which play a significant role in the disease. The epigenetic factor Tet3,
has been shown to be essential for normal murine hematopoietic development. (Ko et al.,
2015). Though recent studies emphasize the functional relevance of Tet3 in hematopoiesis
(Lio et al., 2016; Tsagaratou et al., 2017), the role of TET3 in human AML is not known so
far. In this study, we aimed to identify and characterize the so far unknown function of the
demethylating enzyme TET3 in human AML. Our first goal was to understand the
expression profile of TET3 in normal hematopoietic subpopulations and AML subtypes
using real time PCR and re-analysis of published datasets. We next aimed to analyze the
functional role of TET3 in human AML cell growth via lentiviral knockdown and
overexpression studies, followed by performing functional in vivo and in vitro assays using
a humanized mouse model, and clonogenic/liquid culture assays, respectively. We also
aimed at understanding the epigenetic role of TET3 in AML cells by analyzing the impact of
TET3 depletion on the global 5-hydroxymethylome via chromatin immunoprecipitation and
deep sequencing. To further understand the molecular ramifications of TET3 dependent
hydroxymethylome changes in AML cells, we sought to analyze the transcriptome of TET3
depleted AML cells and TET3 expression associated gene signature of AML patients. In
addition, we wanted to analyze whether aberrant over expression of TET3 in healthy human
stem progenitors deregulate the balanced gene expression and their hematopoietic activity.
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2 Materials and Methods
2.1

Materials

Cell culture media and supplements
Baytril, Enrofloxacin 2,5%

Bayer Healthcare, Leverkusen, Germany

BIT 9500

Stemcell Technologies, Vancouver, Canada

CD34 MicroBead Kit

Miltenyi Biotec, Bergisch Gladbach, Germany

DMEM

Life Technologies, Carlsbad, CA, USA

DMSO

Sigma-Aldrich, Taufkirchen, Germany

PBS

Life Technologies, Carlsbad, CA, USA

FBS

PAN Biotech, Aidenbach, Germany

GCSF

Immuno Tools, Friesoythe, Germany

GM-CSF

Immuno Tools, Friesoythe, Germany

Human FLT3-L

Immuno Tools, Friesoythe, Germany

Human IL-3

Immuno Tools, Friesoythe, Germany

Human IL-6

Immuno Tools, Friesoythe, Germany

Human SCF

Immuno Tools, Friesoythe, Germany

IMDM

Invitrogen, Carlsbad, CA, USA

Methocult H4330

Stemcell Technologies, Vancouver, Canada

Methocult H4430

Stemcell Technologies, Vancouver, Canada

Methocult M3234

Stemcell Technologies, Vancouver, Canada

Methocult M3434

Stemcell Technologies, Vancouver, Canada

Opti-MEM

Life Technologies, Carlsbad, CA, USA

Penicillin/Streptomycin

PAA Laboratories GmbH, Pasching, Austria

Puromycin dihydrochloride

Sigma-Aldrich, Taufkirchen, Germany

RetroNectin

Clontech Inc., Saint Germain en Laye, France

RPMI 1640

Life Technologies, Carlsbad, CA, USA

TransIT Transfection Reagent

Mirus Bio LLC, Madison, USA

Trypan blue

Invitrogen, Carlsbad, CA, USA

Trypsin/ EDTA

Invitrogen, Carlsbad, CA, USA

β- Mercaptoethanol

Sigma-Aldrich, Taufkirchen, Germany

Reagents
1 kb plus DNA ladder

New England BioLabs, Ipswich, MA, USA

100 bp DNA ladder

New England BioLabs, Ipswich, MA, USA
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Agar

Sigma-Aldrich, Taufkirchen, Germany

Agarose

Sigma-Aldrich, Taufkirchen, Germany

Amersham ECL kit

GE Health care, Illinois, Chicago, Illinois, USA

Antibody Diluent

Dako- Agilent Technologies, Santa Clara, CA, USA

BSA

Sigma-Aldrich, Taufkirchen, Germany

Butylated hydroxytoluene

Sigma-Aldrich, Taufkirchen, Germany

Chloroform

Sigma-Aldrich, Taufkirchen, Germany

ddH2O

Ulm University, Ulm, Germany

DEPC-treated water

Water Life Technologies, Carlsbad, CA, USA

Ethidium bromide

Sigma-Aldrich, Taufkirchen, Germany

Ethanol (99.5% purity)

Sigma-Aldrich, Taufkirchen, Germany

Formaldehyde (37.5%)

Sigma-Aldrich, Taufkirchen, Germany

Gel Loading Dye, Blue (6x)

New England BioLabs, Ipswich, MA, USA

GelRed™ (10000x)

VWR, Darmstadt, Germany

Giemsa solution

Merck KGaA, Darmstadt, Germany

Sytox Blue

Invitrogen, Carlsbad, CA, USA

Glacial acetic acid

Sigma-Aldrich, Taufkirchen, Germany

Isopropanol (99.5% purity)

Sigma-Aldrich, Taufkirchen, Germany

Luria agar

Sigma-Aldrich, Taufkirchen, Germany

Luria broth base

Sigma-Aldrich, Taufkirchen, Germany

May-Gruenwald solution

Merck KGaA, Darmstadt, Germany

Methanol

Sigma-Aldrich, Taufkirchen, Germany

Methylene blue

Sigma-Aldrich, Taufkirchen, Germany

Paraformaldehyde

Sigma-Aldrich, Taufkirchen, Germany

Propidium iodide

Sigma-Aldrich, Taufkirchen, Germany

Protease inhibitor cocktail I & II

Sigma-Aldrich, Taufkirchen, Germany

SDS

Sigma-Aldrich, Taufkirchen, Germany

Sodium chloride

Sigma-Aldrich, Taufkirchen, Germany

TaqMan Universal PCR Master
Mix, No AmpErase

Life Technologies, Carlsbad, CA, USA

Triton-X

Sigma-Aldrich, Taufkirchen, Germany

TRIzol Reagent

Life Technologies, Carlsbad, CA, USA

Buffers and stock solutions
FACS Buffer (1x)

PBS containing 3% FBS
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Cytokines cocktail for cord blood
cells

100 μg/ml rh Flt3 ligand
100 ng/ml rh SCF
20 ng/ml rh IL-3
20 ng/ml rh IL-6
20 ng/ml rh GCSF
dissolved in IMDM medium stored at -20°C

MACS buffer

PBS containing 3% FBS, 2mM EDTA sterile
filtered

Red blood cell lysis buffer (10X)

83.4 g NH4Cl, 10 g NaHCO3, 2 mL EDTA
(0.5M), add H2O to 1 Liter, adjust pH to 7.3

Cell lysate buffer

RIPA buffer (50 mM Tris-HCl at pH 7.4, 150 mM
NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA) + 1x
protease inhibitor and phosphatase inhibitor

Tris-HCl (1M)

Dissolve 121.14 g Tris in 800 ml dH2O. Adjust pH
to 8 with HCl. Make up to 1 l with dd H2O

TAE buffer (50X)

2 M Tris, 50 mM EDTA-Na2 x 2H2O
1 M Acetic Acid, pH adjusted to 8.5

SSC buffer

800ml d H2O,175.3g NaCl (3M), 88.2g Trisodium
citrate (NaCit; 300mM), pH to 7.0, adjust the
volume to 1L with d H2O.sterilized by autoclaving

Electrophoresis Buffer (10X)

30 g Tris Base (0.25 M) 144 g Glycine (1.92 M) 10
g SDS (0.1 %) Make up to 1 l with dd H2O

Transfer Buffer (10X)

30 g Tris Base (0.25 M) 144.1 g Glycine (1.92 M)
Make up to 1 l with dd H2O

Laemmli Buffer (6x)

5 ml Glycerol (50%), 1.2 g SDS (12%) 3.8 ml of 1
M Tris (0.38 M), pH to 6.8, 100 mg Bromophenol
Blue (1%) and 600 μl β-mercaptoethanol (6%)

Consumable supplies
0.45 µm filters

BD Biosciences, Heidelberg, Germany

1.5 and 2 mL Eppendorff tubes

Eppendorff, Hamburg, Germany

10 cm cell/tissue culture dish

Sarstedt, Nuembrecht, Germany

3 mL syringe

BD Biosciences, Heidelberg, Germany

5 mL Polystyrene round bottom
tube with cells trainer

BD Biosciences, Heidelberg, Germany

50 mL Polypropylene conical
tube

BD Biosciences, Heidelberg, Germany

Blunt end needles

Stem Cell Technologies, Vancouver, Canada
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Bacterial inoculation loop

Carl Roth GmbH, Karlsruhe, Germany

Cell culture dishes 100mm

Corning Incorporated, NY, USA

Costar stripette

Corning Incorporated, NY, USA

Hybond ECL nitrocellulose

GE Health care, Illinois, Chicago, Illinois, USA

illustra GFX PCR DNA and Gel
Band Purification Kit

GE Healthcare, Little Chalfont, UK

MicroAmp Fast optical 96-well
reaction plate

Applied Biosystems, Foster City, CA, USA

MicroAmp Optical Adhesive Film

Applied Biosystems, Foster City, CA,USA

Microlance 3 Needles

BD Biosciences, Heidelberg, Germany

®

Peha-soft nitrile gloves

Fino Hartmann, Heidenheim, Germany

Petri dish for bacterial cultures

Sarstedt, Nümbrecht, Germany

Restriction digestion enzymes

New England BioLabs, Ipswich, MA, USA

SafeSeal-Tips professional (10
µL, 20 µL, 200 µL, 1000 µL)

Biozym Scientific GmbH, Hessisch

Shandon (white) filter cards

Thermo Fisher Scientific, Waltham, WA, USA

Tissue culture suspension
culture plates

Greiner Bio-one GmbH, Frickenhausen, Germany

Oldendorf, Germany

Molecular biology
Apparatus
Wet electro-blotting system

Bio Rad, Hercules, CA, USA

Electrophoresis chambers

Bio Rad, Hercules, CA, USA

96-well Bio-Dot apparatus

Bio Rad, Hercules, CA, USA

Enzymes
DNA ligase T4

New England BioLabs, Ipswich, MA, USA

Restriction enzymes

New England BioLabs, Ipswich, MA, USA

Kits
DNeasy Blood and Tissue kit

Quiagen, Hilden, Germany

Direct-zol™ RNA MiniPrep kit

Zymo Research, CA, USA

PicoPure RNA Isolation Kit

Thermo Fisher scientific, Waltham, MA, USA

PrimeScript 1st strand cDNA
synthesis kit

Takara bio, Kusatsu, Japan

Platinum Taq DNA Polymerase

Life Technologies, Carlsbad, CA, USA

TruSeq RNA Sample Preparation
Kit, V2

Illumina, San Diego, USA
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Oligonucleotides
Sequencing primers

Sequence

MSCV forward primer

5’-GGGGTACAGTGCAGGGGAAAGAAT-3’

H1 promoter forward primer

5’-AATGTCTTTGGATTTGGGAATCTTAT-3’

shRNAs

Target sequence

shRNA TET3-A

5’-GGAGAAAGATGAAGGTCCA-3’
(Deplus R et al., 2013)

shRNA TET3-B

5’-GAAAGATGAAGGTCCATATTA-3’
Sigma Aldrich #TRCN0000246257

Plasmids
Human TET3-WT

Plasmid # 49446, Addgene, Ko et al., 2013

(FH-TET3-pEF)
Human TET3-CD

MGC cDNA clone # 4400878, Dharmacon

(pCMV-SPORT6 TET3)
Murine Tet3

A gift from Prof. Heinrich Leonhardt, LMU, Munich

(Tet3CXXCL)

(Liu N. et al., 2013)

pGreenPuro™ shRNA Cloning
and Expression Lentivector

System Biosciences, Mountain View, CA, USA

pCDH-MSCV-MCS-EF1α-GFP
Cloning and Expression
Lentivector

System Biosciences, Mountain View, CA, USA

pMD2.G helper plasmid

Addgene, Cambridge, MA, USA

psPAX2 helper plasmid

Addgene, Cambridge, MA, USA

pGreen Puro scrambled
(pGPscr)

Contains scrambled shRNA as negative control,
Addgene

pGreen Puro shTET3-A

shRNA against TET3-A in pGP vector

(#s SI505A-1)
(#CD71B-1)

(pGPshA)
pGreen Puro shTET3-B

shRNA against TET3-B in pGP vector

(pGPshB)
pCDH MSCV TET3-WT

hTET3-WT insert in pCDH Lentivector

pCDH-MSCV TET3-CD

hTET3-CD insert in pCDH Lentivector

pCDH-MSCV Tet3CXXCL

mTet3CXXCL insert in pCDH Lentivector

Prokaryotic cells
One Shot™ Stbl3™ competent
E. coli cells

Invitrogen, Carlsbad, CA, USA
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Max Efficiency DH5 alpha
competent cells

Invitrogen, Carlsbad, CA, USA

Eukaryotic cells
Primary cells
CD34+ cord blood cells

Lonza Cologne GmbH, Cologne, Germany

Whole cord blood

University hospital of Ulm, Ulm, Germany

AML patient BM cells

University hospital of Ulm, Ulm, Germany

AML cell lines
OCI-AML3

Established from the peripheral blood of a 57-yearold man with AML at diagnosis in 1987. NPM1
gene mutation (type A) and the DNMT3A R882C
mutation

Kasumi-1

Established from the peripheral blood of a 7-yearold Japanese boy with AML in 1989.
t(8;21)translocation leading to AML1-ETO fusion
gene and KIT mutation N822

NB-4

Established from the BM of a 23-year-old woman
with APL in second relapse in 1989. t(15;17) PMLRARA fusion gene

THP-1

Established from the peripheral blood of a 1-yearold boy with AML at relapse in 1978.
t(9;11)(p21;q23) leading to MLL-MLLT3 (MLL-AF9)
fusion gene

HL-60

Established from the peripheral blood of a 35-yearold woman with AML in 1976. Carry amplified MYC
gene

ALL cell line
Jurkat

Established from the peripheral blood of a 14-yearold boy with T-ALL at first relapse in 1976

Human packaging cell line
Lenti X™ 293T Cell Line

Clonetech, Mountain View, CA, USA

Murine cells
32D cells

Established from long-term BM cultures of
C3H/HeJ mice

Leukemic cells with Cdx2 ectopic
overexpression

Established from ex vivo cell culture of leukemic
cells from mice. (Rawat VP et al., 2004)

The AML cell lines and related information were obtained from DSMZ, Braunschweig,
Germany.
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Antibodies- flow cytometry
Biotin anti-mouse Lineage Panel

BioLegend, San Diego, USA

Brilliant Violet 605 Streptavidin

BioLegend, San Diego, USA

Percp eFluor 710 anti-mouse
CD117 (c-Kit)

eBioscience, Frankfurt, Germany

Anti-Mouse Ly-6A/E (Sca-1) PECy7

ebioscience, Hatfield, United Kingdom

Anti-Mouse CD135 (Flt3) PE

ebioscience, Hatfield, United Kingdom

Anti-Mouse CD16/CD32 eFluor
450

ebioscience, Hatfield, United Kingdom

Anti-Mouse CD127 APC-eF 780

ebioscience, Hatfield, United Kingdom

Anti-Mouse CD34 eFluor660

ebioscience, Hatfield, United Kingdom

Rat Anti-Mouse CD19 APC

BD Biosciences, Heidelberg, Germany

Rat Anti-Mouse Gr-1 APC

Biosciences, Heidelberg, Germany

Anti-mouse Mac-1 BV 605

BioLegend, San Diego, USA

Anti-mouse CD3e PE-Cy7

eBioscience, Frankfurt, Germany

Anti-mouse CD4 PECy7

BioLegend, San Diego, USA

Anti-Mouse CD45R/B220 APC

BD Biosciences, Heidelberg, Germany

Anti-mouse CD11b eFluor 450

eBioscience, Frankfurt, Germany

Mouse Anti-human CD3 APC

BD Biosciences, Heidelberg, Germany

Mouse Anti-human CD11b PE

BD Biosciences, Heidelberg, Germany

Anti-human CD14 APC

ebioscience, Hatfield, United Kingdom

Mouse Anti-human CD15 PECy7

BD Biosciences, Heidelberg, Germany

Mouse Anti-human CD19 FITC

BD Biosciences, Heidelberg, Germany

Mouse Anti-human CD33 FITC

BD Biosciences, Heidelberg, Germany

Anti-human CD34 PECy5

BD Biosciences, Heidelberg, Germany

Anti-human CD45 PE

BD Biosciences, Heidelberg, Germany

Anti-human CD235a (Glycophorin
A) APC

BD Biosciences, Heidelberg, Germany

Antibodies for dot blot, intracellular staining
and western blot
5-hmC polyclonal antibody

Cat no. 39769, Active Motif, Carlsbad, CA, USA

TET3 antibody- c term

Cat no. GTX121453, Genetex, Irvine, CA, USA

Goat anti-Rabbit IgG (H+L), Alexa
Fluor 647

Cat no. a27040, Life technologies, Carlsbad, CA,
USA
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Goat anti-Mouse IgG (H+L)
Superclonal™ Alexa Fluor 647

Cat no. a28181, Life technologies, Carlsbad, CA,
USA

Mouse β-Actin monoclonal
antibody

Cat no. sc-47778, Santa Cruz Biotechnology,
Dallas, Texas, USA

Goat anti-rabbit IgG-HRP

Cat no. sc-2004, Santa Cruz Biotechnology,
Dallas, Texas, USA

Goat anti- mouse IgG1- HRP

Cat no. sc-2060, Santa Cruz Biotechnology,
Dallas, Texas, USA

Quantitative real time assays
hTET3

Hs00379125_m1

hTBP

4333769F

mTet1

Mm01169084_m1

mTet2

Mm01320357_m1

mTet3

Mm00805756_m1

mHprt

4448489

mGapdh

4352932E

All TaqMan probe-based assays were purchased from Applied Biosystems, Foster City,
CA, USA.
Instruments
7900HT real-time PCR system

Applied Biosystems, Foster City, CA, USA

BD LSRFortessa™

BD Biosciences, Heidelberg, Germany

Bioanalyzer 2100

Agilent technologies, CA, USA

Centrifuges

Eppendorf/ Beckmancoulter

Cytospin 4 Cytocentrifuge

Thermo scientific, Waltham, WA, USA

FACS Aria III

Becton Dickinson biosciences, NJ, USA

FACS LSR Fortessa

Becton Dickinson biosciences, NJ, USA

Freezers (-20 °C and -80°C)

Thermo Scientific, Waltham, WA, USA

HiSeq 2000

Illumina, San Diego, USA

VWR Powersource 300V

VWR, Darmstadt, Germany

Incubators

New Brunswick Scientific, Edison, NJ, USA

Innova 44 Incubator Shaker

New Brunswick Scientific, Edison, NJ, USA

Inverted light microscope

Carl Zeiss, Oberkochen, Germany

Laminar Air Flow

Thermo Scientific, Waltham, WA, USA

Liquid nitrogen tank

Thermo Scientific, Waltham, WA, USA

NanoDrop ND-1000

Peqlab, Erlangen, Germany
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Nikon Eclipse Ti inverted
microscope

Nikon Corporation, Tokyo, Japan

Gradient Thermocycler

Peqlab Biotechnology,Erlangen, Germany

Pipettes

Eppendorf, Hamburg, Germany

Refrigerators (4°C)

Liebherr, Bulle, Switzerland

Spectrophotometer

Thermo Fisher Scientific, Waltham, WA, USA

Vortex-Genie 2

Scientific Industries, Bohemia, NY, USA

Zeiss LSM 710

Carl Zeiss GmbH, Göttingen, Germany

UV gel imaging system

UVP, Cambridge, UK

Softwares
Adobe Illustrator

Adobe

AxioVision software

Carl Zeiss Microimaging

FACSDiva

Beckton Dickson biosciences

FlowJo

Tree Star Inc.

GraphPad Prism

GraphPad Software

GSEA

Broad Institute

Microsoft Office Excel 2007

Microsoft

Plasmid editor (ApE) 2.0.45

M.Wayne Davis

Zen blue edition

Carl Zeiss Microimaging

Online digital platforms
Basepairtech

https://www.basepairtech.com/

Blood spot

http://servers.binf.ku.dk/bloodspot/

cBioPortal (TCGA data)

http://www.cbioportal.org/

Circos

http://mkweb.bcgsc.ca/tableviewer/

GenePattern

https://software.broadinstitute.org/cancer/software/
genepattern/

The human protein atlas

https://www.proteinatlas.org

NCBI nucleotide database

https://www.ncbi.nlm.nih.gov/nucleotide
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2.2

Methods

2.2.1 Bacterial techniques and applications
2.2.1.1 Bacterial transformation and culture
Competent E. coli bacterial cells (DH5α or Stbl3) were thawed on ice. 50 µl of bacteria
suspension were mixed with 1 ng- 10 ng of desired plasmid DNA (5 µl) followed by heat
shock procedure. Later, 250 µl of SOC-medium was added into the mixture and incubated
at 37°C with shaking (250 rpm) for 1h. The transformed bacteria were streaked on a
prewarmed LB agar plate containing 100 µg/ml ampicillin and incubated at 37°C overnight.
Single bacterial colonies were inoculated into fresh media to ensure a homogenous
population.

2.2.1.2 Plasmid DNA isolation
Based on the amount of plasmid DNA needed, bacteria were grown in of 5ml (miniprep) or
200ml (maxiprep) of LB media supplemented with 100 µg/ml ampicillin incubated at 37°C
with shaking (250 rpm) overnight. Plasmid DNA was isolated using GeneElute HP Plasmid
Miniprep Kit® or PureYield Plasmid MaxiPrep kit® according to manufacturer´s protocols. In
short, bacterial cells pellet was subjected to a modified alkaline-SDS lysis procedure
followed by adsorption of the DNA onto a silica membrane. The DNA was eluted in
nuclease-free water or in TE buffer. DNA concentration and purity was determined using a
Nano Drop 2000® spectrophotometer.

2.2.2 Eukaryotic cells
2.2.2.1 Isolation of CD34+ cord blood cells
Human CD34+ cord blood (CB) cells were isolated and sorted out from buffy coat obtained
from the CB collected at the university hospital of Ulm. Micro Bead Kit® was used to enrich
the CD34+ cells from the buffy coat cells using manufacturer’s instruction. This allowed the
positive cell enrichment by magnetic-labeled microbeads conjugated to monoclonal mouse
anti-human CD34 antibodies. The enriched CD34 + cells were later sorted (FACS) to get
highly purified CD34+ cells.

2.2.2.2 Freezing and thawing the cells
The cells (up to 1x107) were spun down and resuspended in 1ml of freezing medium. They
were mixed slowly and transferred into cryotubes in aliquots of 1ml. Cells were stored at 80°C for temporary and liquid nitrogen for long-term storage.
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Frozen cell lines were rapidly thawed at 37°C in a water bath. The cells were washed two
times with warm medium to remove DMSO and cultured. Patient samples and CD34 + CB
cells were thawed using the ‘procedure for thawing poietics™ cells’ recommended by
Lonza.

2.2.3 Cell culture
2.2.3.1 AML cell lines and adherent cells
NB-4 and Jurkat cell lines were cultured in RPMI 1640 medium with 10% FBS and 1%
Penicillin-streptomycin (P/S). Whereas OCI-AML3 and Kasumi-1 cells were cultured in the
RPMI medium supplemented with 20% FBS. For culturing the cells, suspension culture
flasks were used and the cells were sub-cultured at regular intervals. Adherent cells were
cultured in DMEM with 10% FBS and 1% P/S. Cells were cultured in the incubators with
37°C with 5% carbon dioxide (CO2) with > 80% relative humidity (RH). They were cultured
in polystyrene treated culture plates and passaged by trypsin-induced cell detachment as
they were approximately 80% confluence.

2.2.3.2 Cord blood cells
CD34+ CB cells were cultured in IMDM media containing 10% BIT 9500 (serum substitute),
10-5-M -mercaptoethanol and 1% Penicillin-Streptomycin (10,000 U/ml), supplemented
with 100x cytokines cocktail (with an end concentration in the culture- 100 ng/ml SCF, 100
ng/ml FLT-3 ligand, IL-3, IL-6 and TPO all 10 ng/ml). The cells were cultured at 37°C with
5% CO2 and 80% RH.

2.2.3.3 Patient samples
All the AML patient samples were obtained from University Hospital of Ulm. The diagnosis
of AML was performed according to the FAB classification (Bennett et al., 1976)and the
WHO classification (Arber et al.). Human studies abided by the tenets of the revised World
Medical Association Declaration of Helsinki. The thawed patient-derived peripheral blood
cells were maintained in IMDM media containing 10% BIT (Stem cell technologies), 10-5 M
β-mercaptoethanol and 1% P/S, supplemented with cytokines- SCF (50ng/ml), FLT-3, IL-3,
IL-6 and TPO (all 10ng/ml) (Bruserud et al., 2000).

2.2.4 Determination of cell number and viability
Standard trypan blue exclusion test was performed to assess the number and viability of
the cells. In this test, a cell suspension was mixed with Trypan blue dye and then visually
examined to determine whether cells had taken up or excluded dye. The dye penetrates the
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cell membrane of dead cells which appear blue whereas cells alive shine brightly when
examined under the light microscope. Using a Neubauer-counting chamber viable cell
number was determined.

2.2.5 RNA isolation
RNA isolation from high cell number (> 5x104) samples was performed using Direct-zol RNA
MiniPrep kit following the manufacturer’s protocol. In brief, the cell pellet was resuspended
in 1 ml of TRIzol and incubated for 5 min at RT. An equal volume of ethanol was added to
the 1 ml samples, mixed thoroughly. The sample was then transferred to silica-based matrix
columns provided and centrifuged at 10000-16000 g for 30 seconds. After discarding the
flow-through, the columns were washed with Direct-zol™ RNA PreWash and later with 700
µl of RNA wash buffer. The RNA was eluted by adding DNase/RNase-free water. RNA
extraction from the samples with low cell number (input less than 1x10 4 cells) was
performed using PicoPure RNA isolation kit™ following the manufacturer’s protocol.
Isolated RNA was stored at -80°C until use.

2.2.6 Genomic DNA isolation
A specific number of cells (2x106) were centrifuged down at 350g for 10 min. The cell pellet
was washed and with PBS and frozen down at -80°C. Genomic DNA was isolated by using
the DNeasy Blood and Tissue kit (Qiagen) according to the manufacturer's protocol. The
frozen cell pellet was thawed and digested with Proteinase K at 56°C for 10min. The
samples were added to silica-based columns. DNA was selectively bound to the DNeasy™
membrane and centrifugation processing removed contaminants. Later, the DNA was
eluted in ddH2O in the appropriate volume. The concentration and purity of DNA were
measured using a NanoDrop 1000 Spectrophotometer.
Genomic DNA was isolated in presence of antioxidants Butylhydroxytoluene (BHT) and
Deferoxamine mesylate when the it was used for DNA dot blot for 5hmC quantification. Both
BHT and deferoxamine mesylate (final concentration of 200µM) were added the buffers
used from the kit and followed the manufacturer's protocol (Qiagen). The DNA was eluted
into dd H2O and used for dot blot.

2.2.7 Polymerase Chain Reaction (PCR)
2.2.7.1 Reverse transcription PCR
Complementary DNA (cDNA) was synthesized using PrimeScript 1st strand cDNA synthesis
kit by following the manufacturer’s protocol. One sample reaction mix consisted of 2 μl 5x
RT buffer, 0.5 μl Primescript Enzyme, 0.5 μl Random hexamers primer, desired volume of
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RNA diluted in RNase free dH2O that makes the total volume of 10 μl. In general, 200 ng
or 1 µg of RNA was used as input concentration per 10 μl reaction. The samples were
incubated with RT-PCR program using a thermal cycler (15 min at 37°C, 5 sec at 85°C and
4°C). The cDNA samples were stored at -20°C or used directly for qRT-PCR.

2.2.7.2 Quantitative Real-Time PCR (qRT-PCR)
Expression was assayed by performing TaqMan primer probe-based Real-Time PCR.
Reaction mix was prepared with the following reagents: 1 µl TaqMan Gene Expression
Assay (20x), 10 µl Taqman Universal PCR Master Mix (2x) and 1-2 µl cDNA template (1050 ng) + H2O to brings the total volume of 20 µl per reaction. A standard PCR protocol was
run on 7900HT Applied Biosystem Real Time PCR machine. Gapdh, Hprt and TBP were
used as endogenous controls in this study. ∆CT values were derived by subtracting CT of
endogenous control from the CT value of gene of interest (∆CT= CT target- CT reference). The fold
change between a test sample (e.g., shRNA) and a calibrator sample (e.g., scrambled
control) was calculated by using the following formula: 2^-∆∆CT= 2^-(∆CT(test)∆CT(calibrator)). Gene expression represented in fold expression relative to the
endogenous control (Gapdh, Hprt or TBP) was calculated using the formula: 2^-ΔCT (Livak
and Schmittgen, 2001).

2.2.7.3 Standard PCR
Standard PCR was used to amplify a specific DNA region. Generally, Taq DNA polymerase
is used for the PCR. For amplification of longer transcripts, special high-fidelity polymerases
are used. The following reaction components were used: 2.5 μl of 10x buffer, 0.75 μl of
MgCl2 50 mM, 0.5 μl of dNTP mix 10 mM, 0.05 μl of forward and reverse primers, 0.05 μl
of Taq polymerase 5 U/μl, 1 μl of template DNA and PCR-H2O make up to 25 μl total
volume. The standard PCR consists an initial denaturation of double-stranded DNA 95°C
for 30s - 2 min followed by some cycles, each containing three steps: 1) Denaturation, the
sample is heated at 94°C for 30 s. 2) Annealing of primers, the sample is cooled down to
55-65°C (depending on the melting temperature of the primers in use) for 3 s. 3) Extension,
the new strand is synthesized at the temperature optimal for the polymerase 2-5 min (based
on the length of the PCR product).

2.2.8 Cloning TET3 shRNA and cDNA into lentiviral vectors
2.2.8.1 Cloning of shRNAs against TET3 in pGreenPuro vector
The two shRNAs against TET3 mRNA shRNA-A (Sigma Aldrich #TRCN0000246257) and
shRNA-B (Deplus R. et al., 2013) were cloned into pGreenPuro™ vector (Figure 9)
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according to the protocol by System Biosciences (Cat no. SI505A-1). The shRNA-A was
provided in pLKO.1, a lentiviral vector only with puromycin resistance marker, by the
supplier. The pGreen Puro vector consists of both puromycin resistance marker as well as
GFP the reason. The cloning procedure in short, both the top and the bottom
complementary strands of the shRNA were designed with overhangs for the enzymes
BamH1 and EcoR1 and ordered as oligos. The top and bottom strands were annealed at
95°C for 2 min with Tris-HCl (pH 8). Then the samples were allowed to cool down to RT for
2 h. The annealed double strand DNA fragments were used for cloning into pGreen Puro
vector.

Figure 9. The schematic diagram represents the site of pGreenPuro lentiviral shRNA vector
with an H1 promoter. Information derived from the product manual by System biosciences
(Biosciences).

2.2.9 Cloning of TET3 wild-type and catalytic domain containing cDNA into
pCDH vector
Plasmids with TET3 coding domains were purchased from addgene (TET3-WT: Plasmid
ID. 49446) or Dharmacon (TET3-CD: MGC clone ID. 4400878) and subcloned into pCDH
MSCV EF1 copGFP Puro T2A lentiviral vector. First, the TET3 coding regions were
amplified from the plasmids using Platinum™ Pfx DNA Polymerase, using primers with
BamHI restriction site at 5’ end and NotI restriction site at 3’end. The amplified fragments
were run on an agarose gel, excised, purified and digested with the aforementioned
restriction enzymes followed by re-purification. The DNA insert was then used to ligate with
pCDH MSCV EF1 copGFP Puro T2A vector (Figure 10) which was digested with BamHI
and NotI. Successfully cloned plasmids were confirmed by restriction digestion and Sanger
sequencing.
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Figure 10. The schematic diagram of pCDH lentiviral expression vector with an MSCV
promoter. Information derived from the product manual by System Biosciences (Biosciences,
2000).

2.2.10 Restriction digestion
To check the successful ligation of an insert into a plasmid, the plasmid was digested using
appropriate digestion enzymes and examined using agarose gel electrophoresis. Digestion
mix was prepared with 500 or 1000ng of plasmid DNA, 1 µl of restriction enzymes (20,000
U/ml), 2 µl of 10x buffer and nuclease-free water to bring the total volume to 20 µl and
incubated for 3 h at 37°C.

2.2.11 Lentivirus particle generation
Lenti-X 293T cells were seeded on 10cm adherent tissue culture plates (4.0x106 cells /10cm
dish) one day before the transfection and grown to get 70-80% confluence. TransIT®- LT1
transfection reagent was used to transfect helper plasmids- pSPAX2 and pMD2.G along
with either scrambled control (pGP scr), shRNA (pGPshTET3-A/B), empty vector (pCDH)
or overexpression (pCDH TET3-WT/CD) containing plasmids. In short, the plasmids were
pipetted into 1 ml of pre-warmed Opti-MEM™ medium (37°C) and mixed well. Afterwards,
Trans IT- LT1 reagent (3 µl of transfection reagent per 1µg of DNA) was added dropwise
into the DNA solution, mixed well and incubated for 25 min at RT. The transfection mix was
then added to cells drop by drop and spread well and the cells were further cultured
overnight. Culture media was replaced with 4ml of fresh DMEM media with 30% FBS and
1% P/S after 16 h. Virus-containing media (VCM) was collected after 48 h and 78 h after
the transfection. Finally, the VCM was made into aliquots and stored at -80°C or used
directly for transduction.
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2.2.12 Transduction of cells
2.2.12.1

Cell lines

Freshly thawed AML cell lines or murine cell lines (less than 3 weeks in culture) with optimal
cell viability were transduced with lentiviral particles using VCM by following standard
lentiviral spin infection method. The 1x10 6 cells and 1ml of VCM was centrifuged at 1000 g
for 60 min at 35°C. The total volume was transferred to suspension culture plates and
incubated at the standard culturing condition, supplemented with fresh culture medium and
polybrene (6 µg/ml final concentration in culture). Sorting for GFP + cells was performed 48
h after transduction.

2.2.12.2

CD34+ cord blood

CD34+ CB cells were transduced with lentiviral particles using VCM supplemented with
cytokines by following standard spin infection protocol. To achieve enhanced transduction
of CB cells, retronectin coated plates were prepared for infection. The suspension cell
culture plate 6-well wells were coated with retronectin (20 µg/ml in PBS) over night at 4°C.
On the day of transduction, the retronectin was removed and the wells were blocked with
2% sterile filtered BSA in PBS for 30 min and washed one time with PBS. VCM was loaded
onto the wells and centrifuged at 500 g for 45 min at 4 °C. After the virus-coating, the media
was removed from the wells. In parallel, 2x10 5 CB cells per well were used for spin
transduction in 2 ml volume of media (including VCM) supplemented with necessary
cytokines. The transduction was performed by centrifugation at 1000 g at 4°C for 45 min.
The cells were then transferred to the retronectin-virus coated wells. The whole procedure
was repeated after 24 hours for increased transduction efficiency. The GFP + cells were
FACS sorted 24 hours after the second transduction. The sorted cells were used for various
growth/differentiation assays.

2.2.12.3

Patient samples

AML patient-derived peripheral blood cells were thawed and kept in culture overnight.
Retronectin-virus coated suspension plates were prepared as previously mentioned
(section 4.8.2). Patient cells (1-1.25 x107 cells/ well) were added to the retronectin-virus
coated plates kept in a volume of 2ml (including virus medium in IMDM media and cytokines
cocktail) for the next 3 h before supplementing with additional 3ml of media with cytokines
cocktail. The cells were harvested after 48 h using cell dissociation buffer, washed and
sorted for GFP+ cells.
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2.2.13 Proliferation and colony forming cell assays
2.2.13.1

Cell lines

For a proliferation assay, a fixed number of sorted cells were taken from both control
(scrambled or empty vector) and experimental arm (knockdown or overexpression). The
cells were seeded into 6-well suspension plate using complete culture medium. Viable cells
were counted using trypan blue exclusion at 48 h intervals for 6 days. For colony forming
cell assay (CFC assay), GFP+ sorted cells were seeded into MethoCult® methylcellulose
medium (500 cells/ml) in duplicate. The resulting colonies were counted after 14 days.

2.2.13.2

Cord blood

Sorted CD34+ GFP+ cells were seeded into the complete culture medium with cytokines (12x104) and were counted after 7 days and 14 days. The cells were subcultured in
appropriate dilutions after first 7 days. The viable cells were counted using trypan blue
exclusion. For CFC assays, the sorted cells were seeded into MethoCult™ H4434
methylcellulose medium (500 cells/ml) in duplicate. The colonies were scored after 14 days
as erythroid (BFU-E, CFU-E), granulocyte/macrophage (CFU-GM, CFU-M, CFU-G) and
multi-potential

granulocyte-erythroid-macrophage-megakaryocyte

(CFU-GEMM)

progenitors by referring to the Stem cell ‘Atlas of Hematopoietic Colonies from Cord Blood'
(Cat. no. 29940).

2.2.13.3

Patient samples

From each control and experimental arm, GFP + sorted cells were seeded into MethoCult™
H4330 methylcellulose medium supplemented with 50ng/ml rhSCF, 10ng/ml FLT3 ligand,
10ng/ml IL-3, 10ng/ml IL-6 and 10ng/ml GCSF. The CFCs were performed in duplicates
with 30,000 cells/ml of medium. The colonies were counted after 14 days as blast colony,
blast cluster, CFU-GM, CFU-G/CFU-M, BFU-E or CFU-E.

2.2.14 In vivo xenograft study
2.2.14.1

Transplantation

Xenograft transplantation procedure was performed to study the engraftmet potential of
transduced AML cell lines. NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) with 8-12 weeks of
age were sub-lethally irradiated (325cGy) 24 h before the transplantation. FACS purified
transduced AML cells were injected (0.5 x10 6 or 1x106 cells/ mouse) intravenously.
Peripheral blood aspiration was performed after 4 weeks of transplantation and examined
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the presence of leukemic blasts in blood smears. The mice were sacrificed after 5-6 weeks
as they had early signs of disease.

2.2.14.2

Analysis of experimental mice

The diseased mice were sacrificed by CO 2 asphyxiation, isolated the total BM, splenic and
peripheral blood cells and checked the engraftment of AML cell lines. The cells collected
were resuspended in PBS and lysed RBCs using 1x RBC lysis buffer. The cells were fist
blocked using human serum. Later the cells were further stained using a human-specific
PE conjugated CD45 antibody and determined the percentage of CD45-GFP double
positive cells using flow cytometry. The body of these experimental animals was preserved
in 4% formalin solution for the histopathological analysis.

2.2.15 Histopathology analysis
Histopathology analysis was performed at the core facility for mouse pathology, University
Hospital of Tuebingen, Tuebingen, Germany, under the supervision of Prof. Leticia
Quintanilla-Martinez de Fend. Standard Haemotoxylin and Eosin (H&E) staining and
myeloperoxidase (MPO) staining were performed on the organ sections following the
standard protocols. Human CD45 antigen staining was performed in these mice to confirm
the presence of AML leukemic cells transplanted.

2.2.16 Cell cycle assay and Apoptosis assay
A fixed number of cells were serum-starved (0.1% FBS- Medium) for 16 h. After the serum
starvation, the cells were maintained in culture media (10% FBS) for 48 h before being
harvested for cell cycle assay. The assay was performed using BD Pharmingen™ BrdUAPC flow kit following the manufacturer's protocol. The cells were analyzed with flow
cytometry, BrdU/7-ADDlow cells indicated cells in G0/G1 phase, BrdU +-7AAD+ cells indicate
cells in S-phase and BrdU- and 7-ADD high cells indicate cells in G2/M phase. Apoptosis
assay was performed the using BD™APC Annexin-V kit according to the manufacturer's
protocol.

2.2.17 Cytospin cell morphology
A fixed number of cells (7x10 5) were washed with PBS and the re-suspended in 300 µl of
fresh PBS. The cytospin slides were made by arranging a slide holder, glass slide, filter
card and cytofunnel. The cells in PBS were spotted on the slide by centrifugation with 350
rpm for 5min. Air dried cytospin slides were later stained with May-Grunwald Giemsa
solution using standard protocol and observed using an inverted light microscope and
images were captured by the digital camera attached.
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2.2.18 Intracellular staining for measuring of global 5hmC
Analysis of global 5hmC in cell was performed by the intracellular staining. Cytospins were
made using the cells to be analyzed. The slides were then air dried, fixed using 4%
paraformaldehyde in PBS for 15 min and permeabilized with 0.2% Triton X-100 in PBS for
15 min at RT. Cells were then treated with 2N HCl for 15 min and subsequently neutralized
with 100 mM Tris-HCl (pH 8) for 10 min. The cytospins were washed with fresh PBS and
blocked the cells with 1% BSA in PBS for 1 h at RT. Later the cells were incubated with
primary antibody against 5hmC (1:500 dilution) for 2-3 h at RT. After washed away the
excess antibody, the secondary antibody was applied (mouse anti rabbit conjugated with
Alexa flour 647, 1:2000 dilution) on the cells and incubated for 45 min. After washing with
PBS, DAPI (250 ng/ml) was used to stain the nuclei and the mounted using fluorescence
mounting medium with glass coverslip. The cells were imaged using the software ZEN™
2009 with a confocal laser scanning microscope.

2.2.19 Immunostaining, Flow cytometry and cell sorting
In general, the cells need to be analyzed or sorted were first suspended in FACS buffer and
washed one time. Murine cells were suspended in FACS buffer and were blocked with Fc
block (CD16/CD32) for 20 min at 4°C.The cells were washed with FACS buffer and
suspended in FACS buffer containing desired antibodies with optimal dilutions for 20 min at
4°C in dark (antibodies used are listed in material section). For negative selection of lineage
committed cells, the cells were incubated with lineage specific biotinylated antibodies for 30
min at 4°C in dark after the initial blocking step. Afterwards, the cells were washed with
FACS buffer and further incubated with the Streptavidin-BV605 conjugated antibodies in
combination with required antibodies with optimal dilutions. The cells are washed two times
with FACS buffer to avoid the unbound antibodies. Afterwards, the cells were suspended in
FACS buffer with sytox blue (1:10000 dilution of 5 mM stock) or PI (5 μl of 10 μg/ml) to stain
for dead cells. The cells were analyzed or sorted using BD Fortessa LSR II and BD FACS
Aria III respectively. The data analysis was performed using either BD FACS Diva or FlowJo
softwares.
Flow cytometry analysis of cells of human origin were performed in similar manner. The
cells were blocked with human serum (1:10 dilution in FACS buffer) for 20 in at 4°C. Later
the cells were stained with desired antibodies with optimal concentrations as mentioned
above.
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2.2.19.1

Murine HSC and progenitor cells FACS

Murine HSCs and progenitors were FACS isolated according to the following the cell
surface staining scheme listed below (Figure 11). LT-HSCs: Lin- Sca1+ c-Kit+ CD34-, shortterm HSCs (Lin- Sca1+ c-Kit+ CD34+ Flt3- and hematopoietic progenitors MPP: Lin- Sca1+ cKit+ CD34+ Flt3low, LMPP: Lin- Sca1+ c-Kit+ CD34+ Flt3high, CLP: Lin- IL7Ra+ c-Kitlow Sca1low,
CMP: Lin- IL7Ra- Sca1- c-Kit+ FcgRlow CD34+, GMP: Lin- IL7Ra- Sca1- c-Kit+ FcgRhigh CD34+
and MEP: Lin- IL7Ra- Sca- c-Kit+ FcgRlow CD34-.
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Figure 11. Flow cytometry sorting scheme for murine hematopoietic stem/progenitor cells
isolation. FACS sorting profile of various hematopoietic stem and progenitor cell populations.
(Unpublished data, with the permission to use it for any publication formats, was provided by our
collaboration partner Prof. Akashi, Kyushu University, Japan).

2.2.20 Western blotting
2.2.20.1

Sample preparation

Cell lysates from AML cells were prepared using RIPA buffer supplemented with
phosphotase and protease inhibitors. The lysates were snap frozen using liquid nitrogen
and thawed on ice. Later the cell lysate was centrifuged with a speed of 1600 g for 20 min
at 4°C, the supernatant was transferred into a new tube and stored at -80°C until further
use.
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2.2.20.2

Protein quantification

BSA was used as a relative standard to plot a standard curve from the known
concentrations. BSA stock (100 µg/ml) was diluted to get final concentrations of 0, 1.2, 2.4,
4.8 and 9.6 µg/ml in an Eppendorf tube. Protein samples to be measured are thawed on ice
and 1µl was taken for the assay. All the samples including the standards were made up to
800 µl with water. 200 µl of Bradford reagent was then added to bring the volume to 1 ml.
The samples were incubated for 10 min at RT. The sample was transferred to a cuvette and
the absorbance was measured at 595 nm using a spectrophotometer. The protein
concentrations were calculated with the equation of the linear regression model.

2.2.20.3

SDS-PAGE, blotting, and detection

Protein extracts were mixed with Laemmli buffer and incubated at 95°C for 5 min. The
samples were resolved by SDS-PAGE in 8% acrylamide/bis-acrylamide gels. A standard
wet protein transfer method was followed to transfer the protein from the SDS gel onto
PVDF membrane. The immunoblot was blocked with 5% non-fat milk in TBS-T for 1 h with
shaking at RT followed by incubation with the primary antibody overnight with shaking at
4°C. The membrane was washed with TBS-T (3 times each wash for 10 min) and incubated
with HRP-conjugated secondary antibody for 45-60 min at RT. After washing with TBS-T
again, the antibody signals were detected using chemiluminescence using an ECL kit
following the manufacturer's protocol.

2.2.21 RNA sequencing
Total RNA was isolated from transduced NB-4 and CB cells, 7 days and 48 h post-sorting
respectively. The NB-4 cell was isolated using TrizolTM reagent and later was isolated by
PicoPure™ RNA-Isolation kit following the manufacture’s protocol. The RNA sample quality
was analyzed using the Bioanalyzer 2100™. The samples (RIN value more than 9.5) used
to prepare library using the TruSeq RNA Sample Preparation Kit version 2. Paired end RNA
sequencing was performed with all the samples using an Illumina HiSeq 2000 platform at
the genomics core facility of the University of Ulm. RNA-Seq data were analyzed using the
Basepair NGS online platform with a pipeline that included the following steps. 1)
Sequencing reads alignment to the human transcriptome derived from UCSC genome
assembly hg19 using STAR (Dobin et al., 2013). 2) Read counts for each transcript were
measured using feature counts (Liao, Smyth and Shi, 2014). 3) Differentially expressed
genes were determined using DESeq2 (Love et al., 2014) with cut off parameters of read
count > 10, p-value < 0.05 and p-adjusted < 0.05 (corrected for multiple hypotheses testing).
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2.2.22 Dot blot assay
Global 5hmC in genomic DNA from AML cells or CB cells was quantified using antibody
raised against 5hmC. Genomic DNA (1µg) was denatured in 0.4 M NaOH-10 mM EDTA
reagent for 10 min at 95°C and then neutralized by adding an equal volume of 4 M
ammonium acetate (pH 7.0). A serial dilution of the DNA (2-fold; 500 ng to 0 ng) were made.
The diluted samples of DNA (200 µl vol.) was spotted on Amersham Hybond-N+™
membrane assembled in a 96-well Bio-Dot® apparatus by applying vacuum. The membrane
was then washed with 2x SSC buffer and air-dried. The membrane was later blocked with
5% non-fat milk, incubated with anti-5hmC antibody and later with an HRP-conjugated
secondary antibody. The binding of the secondary antibody was visualized by
chemiluminescence using an ECL kit following the manufacturer’s protocol. To check the
equal loading of DNA (loading control), the blot membrane was stained with 0.02%
methylene blue in 0.3 M sodium acetate (pH 5.2). The image was taken using a digital
camera.

2.2.23 hMeDIP-seq-5 analysis
Genomic DNA from sorted NB-4 cells was isolated and used for hMeDIP-seq analysis. The
analysis was performed by Arraystar Inc. Maryland, USA. According to the protocol, the
DNA samples were fragmented to a size range of ~200 - 800bp with a Diagenode
Bioruptor®. About 1 μg of fragmented DNA was prepared for Illumina HiSeq 4000
sequencing as follows: 1) End repair of DNA samples; 2) A single ‘A’ base was added to
the 3' ends; 3) Ligation of Illumina's genomic adapters to DNA fragments; 4) hMeDIP to
enrich hydroxymethylated DNA by anti-5-hydroxymethylcytosine antibody; 5) PCR
amplification to enrich precipitated fragments; 6) Size selection of ~300 - 900bp DNA
fragments using AMPure XP beads. The completed libraries were quantified by Agilent
2100 Bioanalyzer. The libraries were denatured with 0.1 M NaOH to generate singlestranded DNA molecules, captured on Illumina flow cell, amplified in situ. The libraries were
then sequenced on the Illumina HiSeq 4000 following the HiSeq 3000/4000 SBS™ kit
protocol (300 cycles).
FASTQ files obtained were analyzed by loading to NGS analysis service provider
Basepairtech with the following steps. 1) Reads were aligned to the human transcriptome
derived from UCSC genome assembly hg19 using Bowtie 2 and a Chip seq quality control
(QC) in parallel. 2) Peak calling using MACS 2. The 5hmC enriched genomic loci were
identified considering the minimum of 10 tags, p-value of 1x10-3.
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2.2.24 Statistical analysis
Data were analyzed and plotted using GraphPad Prism 8 software. The results presented
in this study were obtained from independent biological experiments. The number of
animals and cells used in the experiment as well as the number of experiment replicates
are also indicated in the respective figure legends. Assumption of normality was tested by
the recommended statistical method D'Agostino and Pearson test. Based on whether the
data follow a normal distribution or not, we have performed either non-parametric or
parametric tests respectively. The statistical analysis used in this study were further
explained

by

the

following

examples.

When

the

dataset

was

not

normally

distributed/normality could not be proven, Kruskal-Wallis-Test followed by Dunn's multiple
comparison test was performed when there were more than 2 groups to be compared. If
there were only two groups to be compared Mann-Whitney U test was performed to
compare the experimental groups considering the dataset was not normally distributed. If
there were statistically significant changes between the experimental groups, they were
specifically indicated by mentioning the p-values in the figures otherwise not mentioned.
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3 Results
3.1

Tet3 is highest expressed in murine LT-HSCs and CLPs

To investigate the role of Tet3 in normal murine and human hematopoiesis, we first
quantified its expression in hematopoietic and non-hematopoietic murine organs by qRTPCR. Second, we quantified its expression in hematopoietic stem progenitors and lineage
positive subpopulations. For this, the HSCs subpopulations (LT-HSC and ST-HSC) and
progenitor subpopulations (LMPP, MPP, CLP, CMP, GMP and MEP) were isolated from
mouse BM (C57BL/6 mice, 8-12 weeks old) using surface markers described in method
section 2.2.19.1, (Analysis was performed by our collaboration partner Prof. Koichi Akashi’s
lab, Kyushu University, Japan). In our expression analysis, Tet3 was expressed higher in
murine BM and spleen compared to non-hematopoietic organs such as brain, kidney, liver,
testes, and heart (Figure 12A). In murine HSCs (in both LT-HSCs and ST-HSCs) and ckit+/Lin- stem progenitors (HSPCs) revealed that Tet3 was the highest expressed Tet gene
compared to other members (Tet1 and Tet2) in both the populations (Figure 12B and C).
Moreover, Tet3 was expressed higher in c-Kit+ Lin- HSPC subpopulation compared to c-KitLin+ mature subpopulation (Figure 12B). Among the hematopoietic stem and progenitor
subpopulations, LT-HSCs and lymphoid progenitor (CLP) showed highest expression of
Tet3, whereas in myeloid progenitors (CMP and GMP) and erythroid progenitors (MEP),
Tet3 expression was lower (Figure 12D; CMPs, GMPs, and MEPs exhibited 0.5-fold, 0.77fold and 0.5-fold lower expression respectively vs. LT-HSCs). Among the lineage positive
subpopulations, Tet3 expression is significantly higher in splenic B cells (B220+CD19+)
compared to BM derived myeloid cells (Gr1+Mac1+). There also was a trend towards higher
Tet3 expression in splenic CD19+ mature B cells and CD3+ T cells compared to myeloid
cells (Gr1+ Mac1+ cells) (Figure 12E). In general, Tet3 exhibited higher expression in LTHSCs and a lower expression levels in murine myeloid cells compared to lymphoid cells in
our analysis.
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Figure 12. Murine Tet3 is highest expressed Tet gene in HSC subpopulations. (A-E) TET3
mRNA expression was quantified by qRT-PCR and relative expression was determined by
calculating fold change (2^-ΔCT) to the housekeeping gene (Gapdh). (A) Tet3 mRNA levels in BM,
Spleen: n=5 and other non-hematopoietic organs: n=3. (B) Expression of Tet genes in c-Kit+ Lincells HSPCs vs c-Kit- Lin+ cells mature subpopulation, (n=3). (C) Tet3 mRNA expression in longterm (LT)- HSCs vs short-term (ST)- HSCs quantified by qRT-PCR, (n=3). (D) Expression of Tet3
in long-term (LT) and short-term (ST) HSCs and hematopoietic progenitors (MPP, LMPP, CLP,
CMP, GMP and MEP isolated from steady-state mouse BM (method section 2.2.19), (n=3) (E)
Tet3 expression in mature hematopoietic subpopulations of BM and spleen, B cell (B220+/CD19+
and CD19+) T-cell (CD3+), myeloid cells (Gr1+Mac1+). (A-E) Bar graph indicates mean ± SD except
for Fig. A where mean ± SEM is indicated. Kruskal-Wallis-Test followed by Dunn's multiple
comparison test was performed to assess if the differences between experimental groups were
statistically significant.

3.2

TET3 is highest expressed in human HSC compartment

To understand the role of TET3 in human hematopoiesis we quantified its expression in
human BM-derived hematopoietic subpopulations by qRT-PCR. For this, CD34+ HSPCs,
myeloid subpopulations (CD33+, CD14+ and CD15+), erythroid cells (GlyA+) and lymphoid
subpopulations (CD19+ B cells and CD4+ T cells) were isolated by FACS. TET3 was higher
expressed in human BM CD34+ HSPCs compared to BM mononuclear cells (MNCs) and
lineage positive cells similar to the observation in murine hematopoiesis (Figure 13A). In
contrast to murine hematopoiesis, there was a trend towards higher TET3 expression in
CD33+ myeloid cells compared to CD3+ T cells and CD19+ B cells (Figure 13A). A similar
pattern of TET3 expression was observed in PB derived myeloid (CD14+ and CD15+) and
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lymphoid (CD3+ and CD19+) cell populations. However, TET3 was lower expressed in PB
derived GlyA+ erythroid cells compared to the myeloid cells (Figure 13B). Publicly available
gene expression microarray on human hematopoietic subpopulations (www.bloodspot.eu,
Bagger et al., 2016) further confirmed that TET3 was significantly higher expressed in
CD14+ myeloid cells compared to CD19+ and CD3+ lymphoid cells (Figure 13C and D).

Figure 13. Expression of human TET3 is higher in HSPCs and myeloid cells. (A-B) TET3
Transcript level in BM derived CD4+ HSPC, BM mononuclear cells (MNC), primitive myeloid cells
(CD33+), erythroid cell (GlyA+), B cell (CD19+) and T cell (CD3+), subpopulations was determined
by qRT-PCR relative to endogenous control TBP. Bar graph indicates mean ± SD, n=3 except for
BM MNCs where n=5. (B) Expression in normal PB derived monocytes/macrophages (CD14+),
granulocytes (CD15+), T cells (CD3+), B cells (CD19+) and erythrocytes (GlyA+). Bar graph
indicates mean ± SD, n=3 except for CD19+ where n=2. (C and D) TET3 expression in CD14+,
CD19+ and CD4+ cells. The microarray data retrieved from BloodSpot database (Bagger et al.,
2016). CD14+ n=14, CD19+ n=5, CD4+ n=10. Two different TET3 probes were used in the analysis.
(C) Probe ID no. 214754 (D) Probe ID no. 235542. Bar graph indicates mean ± SD.
(A, C and D) Kruskal-Wallis-Test followed by Dunn's multiple comparison test was performed to
assess to assess the statistical significance.

3.3

TET3 is aberrantly and higher expressed in de novo human AML
patients

The expression of TET3 is highest among AML patients compared to the rest of 31 cancers
listed in the pan cancer atlas by the cancer genome atlas (TCGA), a landmark cancer
genomics study that molecularly characterize primary cancers (Supplementary figure 1). To
investigate TET’s role in human AML, we evaluated the TET3 expression by qRT-PCR in a
large cohort of AML patients and compared it with its expression levels in healthy
counterparts BM MNCs and CD33+ myeloid cells as the CD33 is known to express on AML
cells in most of the AML cases (Ehninger et al., 2014; De Propris et al., 2011). In our qRTPCR analysis, AML patients exhibited a broad range of TET3 expression. The TET3
expression was significantly higher expressed in AML patients compared to total BM MNCs
and as well as CD33+ myeloid cells from healthy individuals (Figure 14A). In the
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aforementioned qRT-PCR expression analysis, AML patients that exhibited TET3
expression above the median + SD of the healthy BM counterpart were considered as high
TET3 expressing AMLs. Considering this criterion, 47% of the total AML patients (41/87)
showed higher expression of TET3. Within the cytogenetic AML subgroups, 71% of PMLRARa+, 85% of AML1-ETO+ chromosomal translocation harboring AML patients and 30%
of CN-AML patients had significantly higher expression of TET3 (Figure 14A). Moreover, a
broad range of TET3 expression in AML patients we observed could be further validated in
a published RNA-seq dataset of a larger AML patient cohort (Cancer Genome Atlas
Research Network et al., 2013). Regardless of the patients’ karyotype TET3 expression
was found to be heterogeneous in CN-AML, Core binding factor AML (CBF-AML: AML-ETO
and CBFB-MYH11), MLL-rearranged AML, and PML-RARa+-AML (Figure 14B).
Furthermore, in the CN-AML patients, higher TET3 expression was independent of the
mutational status as there was no significant correlation found between TET3 expression
and the frequently harboring mutations in AML including NPM1c, FLT3mut, DNAMT3Amut and
TET2mut (Figure 14C). Similar to the results observed in the patient samples, variability in
TET3 expression among different karyotypes were found in human AML cell lines. The cell
lines harboring NPM1c mutation (OCI-AML3), AML1-ETO translocation (Kasumi-1) and
PML-RARa translocation (NB-4) exhibited a trend towards higher TET3 expression
compared to the rest of the AML cell lines analyzed (Figure 14D).
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Figure 14. TET3 is higher expressed in the majority of AML patients. (A) Expression of TET3
mRNA was determined by qRT-PCR in healthy BM (BM MNCs: n=5, and BM CD33+ cells: n=3
represented by filled dots and empty dots respectively), total AML patients (n=87): CN-AML
(n=50), PML-RARa+ AML (n=21), MLL-AF9+ AML (n=9), AML-ETO+ AML (n=7). Each dot
represents the data from a healthy individual or an AML patient. Bar graph represents the mean ±
SEM. (B) TET3 expression levels measured by RNA sequencing in AML patients (based on
published data from Ley et al., NJEM. 2013). According to the genomic profile, the patients were
categorized into CN-AML (n=81), CBF-AML (n=18), MLL rearranged AML (n=4), and PML-RARa
(n=15), Bar graph represents the mean ± SEM. (C) RNA-seq TET3 expression in CN-AML. The
patients were categorized into subgroups based on frequently harboring mutations. NPM1 not
mutated (NPM1WT-n=34), NPM1 mutated (NPM1c-n=42), FLT3 mutated (n=30; includes both
FLT3ITD and FLT3TKD), DNMT3 mutated (n=27), TET2 mutated (n=10), (Cancer Genome Atlas
Research Network et al., 2013, Ley et al., NJEM. 2013). mean ± SEM is represented in red. (D)
Expression of TET3 mRNA were quantified by qRT–PCR (relative to housekeeping gene TBP) in
various AML cell lines. Bar graph represents the mean ± SD, (n=3). (A-D) Kruskal-Wallis-Test
followed by Dunn's multiple comparison test was performed to assess the statistical significance.
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3.4

Higher TET3 expression levels regulate AML cell growth in vitro

To understand the functional role of aberrantly high expression of TET3 in AML, TET3
mRNA was depleted using two independent lentivirus-based shRNA constructs (shTET3-A
and shTET3-B hereinafter referred to as shA and shB respectively) creating a stable
knockdown (KD) in TET3 high expressing AML cell lines. We observed an average KD of
TET3 expression within the range of 40-60% with both the shRNA constructs per cell line
compared to scrambled shRNA control (scr) (Figure 15A). We tested the impact of TET3
depletion on clonogenic potential and cell growth by performing cell colony forming assay
(CFC) and proliferation assays. TET3 depleted AML cells exhibited decrease in clonogenic
potential compared to scrambled control. All the three AML cell lines-analyzed
demonstrated at least 57% decrease in the number of colonies compared to the scrambled
controls (OCI-AML3, NB-4, and Kasumi-1: 57 ± 5%, 70 ± 4% and 61 ± 6% reduction
respectively, (n=3) (Figure 15B). Similarly, KD of TET3 inhibited the cell growth of AML cell
lines in liquid culture proliferation assay compared to the scrambled control cells in vitro (82
± 3.8%, 68 ± 10% and 68 ± 10% of reduction in NB-4, OCI-AML3, and Kasumi-1 respectively
after 144h of culture, (n=3) (Figure 15C-E). Whereas, the T-ALL cell line Jurkat that used
as control did not show a consistent impact on growth upon TET3 KD, as shB did not affect
growth while the shA induced only 35 ± 18% reduction of growth potential compared to the
scr, (n=3) (Figure 15F). As observed in AML cell lines, TET3 KD in primary human CN-AML
cells inhibited their colony forming capacity in vitro. The KD of TET3 induced more than
60% decrease in the number of blast like colonies in CFC assays compared to scrambled
control, (n=2), (Figure 15G).
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Figure 15. Knockdown of TET3 impairs AML cell lines’ growth in vitro. (A) TET3 mRNA
expression in AML cell lines transduced with scrambled (scr) control and TET3 shRNA (shA, and
shB). The expression was measured by qRT-PCR. TBP was used as endogenous control. Fold
change of expression was represented in comparison with scrambled control, (n=3). (B) CFC
assay of transduced AML cell lines with scr, shA, and shB. 500 cells from each arm were seeded
in Methocult (H4330) and resulting cell colonies were counted after 12-14 days of culture, (n=3).
(C-F) Cell proliferation assay. A fixed initial number (5x104 cells) of transduced AML cells were
cultured and the cells were counted after 48h time intervals after the initial cell seeding, (n=3).
Statistical significance of differences was calculated on the final assay count after 144h. (G) CFC
assay of AML cells from two AML patients’ cells were transduced with scr and shA. A fixed number
(3x104) of transduced cells were seeded in Methocult (H4330) with added cytokines (method
section 2.2.13). Colonies were scored on day 12 after seeding. SD presented are from 2 technical
replicates. (A-F) Graphs represent mean ± SD, Kruskal-Wallis-Test followed by Dunn's multiple
comparison test was performed to assess the statistical significance.
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3.5

TET3 depletion impair AML cell growth in vivo

To test if the TET3 KD affects the leukemic growth of the AML cell lines, an equal cell
number of shRNA and scrambled transduced GFP+-AML cells (NB-4 and OCI-AML3) were
intravenously transplanted into sublethally irradiated NSG mice. The mice were sacrificed
as the control mice (scr control) exhibited the early sign of disease after 5-week posttransplantation. Human AML cell engraftment in NSG mice was assayed by flow cytometry
using human hematopoietic cells specific CD45 antibody and GFP. TET3 KD severely
reduced leukemic engraftment of PML-RARa+ NB-4 and NPM1c+ OCI-AML3 human AML
cell lines in the NSG mice (Figure 16A-C). The stable KD using two independent shRNA,
resulted in more than 70% reduction in human CD45 +/GFP+ engraftment of NB-4 cells in
the BM of NSG mice compared to mice transplanted with scrambled expressing control cells
(scr- 13 ± 6.7% vs shA- 3 ± 1.7% and scr- 54 ± 2.6% vs shB-12 ± 7.7%) (Figure 16A and
B). Similarly, TET3 KD caused a marked 87% reduction of OCI AML3 in NSG mice
compared to scrambled control (scr- 32 ± 13% vs shA- 3 ± 2.6%) (Figure 16C).
Histopathological analysis on the sacrificed mice transplanted with shRNA-transduced NB4 and OCI-AML3 cells showed reduction in infiltration of AML cells in all the organs
examined including BM, spleen, lung, and liver compared to scrambled control (Figure 16D,
E and Supplementary table 1). May-Gruenwald staining allows the clear distinction of
basophilic structures in the nucleus (eg. nucleic acids-DNA and RNA) and acidophilic
structure in the cytoplasm stained purple and pink in color respectively. The staining of BM
cells on cytospins confirmed the reduction of leukemic blasts in shA and shB in comparison
with the respective scr control arms (Figure 16D). H&E (Haemotoxylin and Eosin) stains
basophilic and acidophilic structure in cells stained purple and pink in color respectively.
The morphological analysis revealed that tumor cells were characterized by irregular blastic
nuclei with more than one conspicuous nucleous, abundant amount of cytoplasm.
Immunohistochemical analyses of intracellular myeloperoxidase (MPO), a major constituent
of primary granules of neutrophilic myeloid cell, showed that the tumor cells were strong
positive for MPO. Mice transplanted with shRNA transduced-NB4 cells (shA and shB)
showed a lot less infiltration by the tumor cells with only mild infiltration in spleen, lung and
liver compared to than that of respective scr control mice (Figure 16D). Similarly, a reduction
in the number of leukemic cells was observed in the OCI-AML3-shA mouse organs
compared to than that of scr control mouse (Figure 16E). The analysis was performed in
collaboration with the Prof. Quintanilla-Martinez de Fend at Core facility for mouse
pathology, University of Tuebingen.
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Figure 16. Knockdown of TET3 impairs AML cell lines’ growth in vivo. (A-C) Human cell line
engraftment in NSG mice BM measured by flow cytometry using PE conjugated human-CD45
antibody and GFP marker 5-week post-transplantation. Left panels show the representative flow
cytometry analysis and dot plots on right side show the consolidated results from respective group
of mice experiments. Each dot represents the result obtained from one mouse. Graph represents
mean and SD. Mann-Whitney U test was performed to assess the statistical significance. (A) The
percentage of hCD45+GFP+ NB-4 cells in NSG mice transplanted with 0.5x106 NB-4 cells/mouse,
n=3. (B) NSG mice transplanted with 1x106 NB-4 cells/mouse, n=5 and n=6 for scr and shB
respectively. (C) NSG mice transplanted with scr and shB transduced OCI-AML3 cells. 1x106 cells
transplanted/mouse, n=3. (Figure 16 continue on next page).
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Figure 16. Knockdown of TET3 impairs AML cell lines’ growth in vivo. (D and E)
Histopathological analysis on various organs of deceased mice that were transplanted with AML
cell lines transduced with scr, shA and shB. Staining method and magnification of images were
mentioned at the bottom of each image. (D) Analysis performed on the mice transplanted with
transduced-NB-4 cells. May-Gruenwald staining performed on bone marrow cytospins showing
reduced number of infiltrated blast cells in shA arm compared to scr arm, (n=3). H&E and MPO
staining performed on mice tissues show reduced number of AML cells in shA and shB arms
compared to the respective scr control (n=1). (E) Analysis of the mice transplanted with
transduced-OCI-AML3 cells. H&E staining shows the reduced number of infiltrated blast cells in
shA arm compared to scr control. Inset images show the human CD45 staining (400x) of the
respective samples confirming the cells of human hematopoietic origin (n=1).

55

3.6

TET3 knockdown induces apoptosis in AML cell lines in vitro

We investigated the cell cycle status and rate of apoptosis of AML cells transduced to
investigate whether the malfunction of these cellular processes contributed to the
impairment of cell growth and clonogenicity in TET3 depleted AML cells. The cell cycle
stages of transduced NB-4 cells were analyzed by performing 5-bromo-9-deoxyuridine
(BrdU) incorporation assay. In the cell cycle analysis, BrdU is incorporated into newly
synthesized DNA by cells entering and progressing through the DNA synthesis S-phase.
NB-4 cells with TET3 depletion did not show any significant changes in cell cycle phase
transition from G0/G1-phase (preparative phases for DNA synthesis and cell division) to Sphase (called synthesis phase) and G2/M-phase (represents the mitotic phase) compared
to the scr control (Figure 17A and B). However, Annexin V/ Propidium iodide (PI) based
apoptosis assay revealed that the TET3 KD induced apoptosis in both NB-4 (Early apoptotic
cells in scr- 18 ± 2.3%, shA- 62 ± 1%, shB- 34 ± 5.5%; Figure 17C and E) and Kasumi-1
cells (scr- 12.83 ± 1.89%, shA- 19 ± 2.65%, shB- 30 ± 0.58%; Figure 17D). Annexin V
detects the membrane phospholipid phosphatidylserine (PS) on outer layer of the plasma
membrane and PI detects the total amount of DNA.
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Figure 17. Knockdown of TET3 induce apoptosis in AML cell lines in vitro. (A) BrdU assay
performed on transduced NB-4 cells (n=3). Percentage of cells belongs to different cell cycle
stages are represented in bar graph. (B) Representative flow cytometry analysis from BrdU
incorporation assay performed on NB-4 cells. The percentage of cells in the respective cell cycle
status were indicated in the histogram. (C and D) Apoptosis analysis of NB-4 and Kasumi-1 cells
transduced with scr, shA and shB. (n=3). Bar shows percentage of early apoptotic cells (only
APC+/Annexing-V positive cells), late apoptotic cells (APC+/Annexing-V and propidium iodide (PI)
double positive cells) and dead cells, positive for only PI. (E) Representative flow cytometry
analysis of Annexin V staining on NB-4 cells. (A, C and D) Kruskal-Wallis-Test followed by Dunn's
multiple comparison test was performed to assess the statistical significance. Bar graph represents
the mean ± SD.

3.7

Forced overexpression of wild-type TET3 and its catalytic domain
further augments AML cell growth in vitro

In addition, we sought to analyze whether TET3 regulates the AML cell growth by its DNA
binding ability or whether its catalytic activity was sufficient to promote leukemic growth.
Therefore, we overexpressed human TET3 wild-type (WT) as well as a construct containing
only TET3 catalytic domain (CD) in AML cell lines (Figure 18A). The TET3-CD construct
lacks the CXXC DNA binding domain of TET3 protein. Stable overexpression of both
constructs in AML cells were confirmed by qRT-PCR (Figure 18B) and protein
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overexpression were documented by western blot (Figure 18C). To assess the catalytic
activity of WT and TET3-CD constructs, we analyzed the impact on global 5hmC marks by
performed intracellular (IC) staining followed by confocal microscopy and flow cytometry
using 5hmC specific monoclonal antibody. The IC staining-confocal microscopy revealed a
visible increase of global 5hmC levels in TET3-WT and TET3-CD transduced OCI-AML3
cells versus empty vector control (Figure 18D). Moreover, IC staining- flow cytometry
analysis confirmed the finding mentioned above and also revealed that TET3-WT and
TET3-CD transduced cells had a comparable impact on global 5hmC levels (Figure 18E).
In our overexpression study, stable overexpression of WT or TET3-CD constructs in OCIAML3 and THP-1 AML cell lines enhanced their growth compared to empty vector control
(OCI-AML3: 1.6- fold and 1.4- fold; THP-1: 2- fold and 1.8- fold with TET3-WT and TET3CD, respectively) (Figure 18F and G) but did not induce hyperproliferation in NB-4 cell line
(Figure 18H). To test the impact of overexpression on clonogenic potential of AML cells, we
performed CFC assays with the transduced cells. TET3-WT overexpression in OCI-AML3
and NB-4 cell lines showed an increase in the number of colonies compared to empty vector
(OCI-AML3- control: 171 ± 5.5, TET3-WT: 320 ± 42; NB-4- control: 53 ± 3.6, TET3-WT: 100
± 4, THP-1: control: 237 ± 15, TET3-WT: 252 ± 16) (Figure 18I-K) but not of the THP-1 cells.
However, the increase was not statistically significant. Similarly, overexpression of murine
Tet3 in murine leukemic cell generated from primary Cdx2 oncogene leukemic mice (Rawat
et al., 2004) and 32D myeloid cell line induced an increase in cell growth compared to empty
vector control (Figure 18L and M). We also observed an increase in colony number of mTet3
transduced Cdx2-transformed leukemic cells compared to empty vector control arm in CFC
assay (Figure 18N). These data support the assertion that higher TET3 levels promote
leukemic growth and suggest that the catalytic activity of TET3 contribute to this function.
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Figure 18. Overexpression of TET3 in AML cell lines leads to increased proliferation in vitro.
(A) Schematic representation of TET3 constructs representing the protein domains encoded. (B)
TET3 mRNA expression in AML cell lines was quantified by qRT-PCR after TET3 over expression
using TET3-WT, TET3-CD and empty vector control. Expression of TET3 mRNA were quantified
by qRT–PCR (relative to housekeeping gene TBP). Fold change of expression in comparison with
empty vector control was represented, (n=3). (C) Western blot analysis on 293T cells transduced
with empty vector control, TET3-WT, and TET3-CD, (representative figure, n=2). (D)
Representative confocal microscopy image of OCI-AML3 cells transduced with empty vector
control, TET3-CD and TET3-WT. Intracellular staining was performed on the GFP+ sorted cells
using the antibody against 5hmC marks to detect global 5hmC levels and DAPI to visualize
nucleus, (n=3). (E) Semi quantitative 5hmC quantification performed by the intracellular staining
using the antibody against 5hmC marks and measured with flow cytometry (representative figure,
n=3). (A) Kruskal-Wallis-Test followed by Dunn's multiple comparison test was performed to
assess the statistical significance. (Figure 18 continue on next page)
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Figure 18. Overexpression of TET3 in AML cell lines leads to increased proliferation in vitro.
(F-H) Cell proliferation assay with human AML cell lines OCI-AML3, THP-1, and NB-4 transduced
with TET3-CD or TET3-WT overexpression. 5x104 transduced AML cells were cultured and the
cells were counted after 48 h time intervals after the initial cell seeding. Statistical significance was
calculated on the final assay count after 144h by Kruskal-Wallis-test followed by Dunn's multiple
comparison test. (I-K) CFC assays with transduced AML cells with TET3-WT and empty vector
control. 500 cells from each arm were cultured in Methocult medium (H4330) and the colonies
were counted after 14 days of seeding. Statistical significance was tested by Mann-Whitney U test.
(L, M) Proliferation assay performed with ex vivo generated Cdx2 leukemic cells and 32D cell lines
transduced with murineTet3 and empty vector. Cdx2 cells and 32D cells were seeded (2.5x104
and 1x104 cells resp.) and counted the cell number after 42h intervals. Statistical significance of
difference at time point 144h was assessed by Mann-Whitney U test. (N) CFC assay using Cdx2
leukemic cells with mTet3 overexpression. 500 of sorted cells from each arm were cultured in
Methocult medium (M3434). The colony numbers were counted after 7 days of seeding. Statistical
significance was assessed by Mann-Whitney U test, (F-N) Graphs represent mean ± SD, (n=3).
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3.8

Higher TET3 expression regulates the expression of genes associated
with cancer-related pathways in AML cells

To understand the molecular mechanism by which aberrant higher expression of TET3
promotes AML growth, we analyzed the impact of TET3 depletion on gene expression by
performing RNA-sequencing on NB-4 cells transduced with TET3 shRNA and scr control.
RNA-seq analysis showed that TET3 depletion leads to significant deregulation of 3180
differentially expressed genes (DEGs) compared to scr control arm in NB-4 cells (p-value ≤
0.05, FDR ≤ 0.05, n=3) (Figure 19A). More than 50% DEGs (1600/3180) were significantly
down-regulated (DN) in shRNA arm compared to scr control. Interestingly, KEGG pathway
analysis (KEGG 2019 human) revealed that AML and cell proliferation associated genes
were significantly lower expressed upon TET3 KD. The down-regulated genes (DN-DEGs,
minimum of -1.18 FC) were significantly enriched for the pathways associated with cancer,
chronic myeloid leukemia and singling pathways such as MAPK and Rap1 signaling
pathways (p-value ≤ 0.005 and FDR ≤ 0.07) (Figure 19B). Furthermore, analysis of DNDEGs using different database such as the Reactome show enrichment for genes
associated with developmental biology and transcription pathway (p-value ≤ 0.15x10-4 and
FDR ≤ 0.002). Gene ontology (GO)-biological process revealed enrichment for genes
associated with regulation of transcription, gene expression, apoptosis and angiogenesis
pathways (p-value ≤ 0.2 x10-4 and FDR ≤ 0.05). GO-molecular function with display
enrichment with protein kinase binding and MAP kinase kinase-kinase activity (p-value ≤
0.2 x10-4 and FDR ≤ 0.05). Furthermore, the genes associated with AML such as JUN (Zhou
et al., 2017), KIT (Malaise et al., 2009), and CCND1 (Eisfeld et al., 2017) were significantly
down-regulated as a result of TET3 depletion. Fundamental AML cells properties such as
proliferation (STAT5a, STAT5b, JAK2, FGR, GATA1, GATA2, and KIT), anti-apoptotic (e.g.,
BCL2A1, CFLAR) as well as metabolic genes (e.g., HK1, HK2) were also found downregulated (p-value ≤ 0.05, FDR ≤ 0.05). Genes up-regulated after TET3 depletion were not
found significantly enriched for cancer related pathways instead enriched for pathways
associated with immunity, bacterial and viral infections such as tuberculosis, hepatitis B and
measles (Figure 19B). However, these genes were enriched for proteoglycans in cancer,
toll-like receptor pathway and osteoclast differentiation (p-value ≤ 0.001, FDR ≤ 0.05, Figure
19B).
The recent studies showed that the stemness associated genes are highly enriched for
Leukemic Stem Cells (LSCs) signature (Eppert et al., 2011; Ng et al., 2016). To check
whether TET3 regulates these genes associated with normal human HSC and AML, we
performed Gene Set Enrichment Analysis (GSEA) on the entire data gene expression data
obtained from scr and shRNA arms with the gene sets. Of note, the GSEA analysis revealed
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the DN-DEGs upon TET3 depletion enriched for the AML LSCs as well as HSCs gene
expression signatures (Figure 19C and D). Gene enrichment analysis for differentially
expressed genes elucidates the down regulation of AML associated genes DNMT3b, GATA
2 and FGR in TET3 depleted AML cells. GSEA analysis with the entire gene expression
data and hallmark gene-sets on Molecular Signatures Database demonstrated that the upregulated genes were enriched for immune-related gene sets including the interferon-γ
response, interferon-α response as well as IL6-STAT3 signaling (Figure 19E, F and G).
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Figure 19. Higher expression of TET3 regulates the expression of genes associated with
LSCs and cancer-related pathways in NB-4 cells (A) RNA-seq: Heat map shows 3180
differentially expressed genes (p-value ≤ 0.05 and FDR ≤ 0.05) in NB-4 cells transduced with shA
against TET3 and scr as control, (n=3). (B) Top-20 pathways associated with both down-regulated
and up-regulated genes (KEGG pathway, p-value ≤ 0.05, FDR ≤ 0.05) upon TET3 depletion in NB4 cells. (C and D) Gene set enrichment analysis (GSEA) performed with LSC gene sets (left panel)
and HSC gene sets (right panel) defined by Eppert et al., 2011; Ng et al., 2016 using the entire gene
expression data from TET3 KD NB-4 cells. Corresponding heat map represents the expression of
positively correlated genes from the analysis. Normalized enrichment score (NES) and nominal pvalues were indicated on the upper right corner. (Figure 19 continue on next page).
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Figure 19. Higher TET3 expression regulates the expression of genes associated with LSCs
and cancer-related pathways in NB-4 cells. Gene set enrichment analysis (GSEA) performed
with the gene sets available at MSigDB (Molecular Signatures Database) (Subramanian et al., 2005)
using entire gene expression profile from TET3 KD NB-4 cells. Significantly enriched gene sets
include (E) Interferon gamma response, (F) Interferon alpha response, and (G) IL6-JAK-STAT3
signaling. NES and nominal p-values were indicated on the upper right corner.

3.9

Higher TET3 expression in AML patients positively correlated with
genes associated with pathways involved in leukemia

To analyze whether DEGs upon TET3 KD in AML cell line also display differential
expression in primary AML patients based on the TET3 expression levels. For this,
published RNA-seq data of CN-AML primary patients (Cancer Genome Atlas Research
Network et al., 2013, n=111) were grouped into four quartiles based on TET3 expression

levels. DEGs were assessed by comparing the top 25% TET3 expressing patients
(TET3high, n=28) versus the bottom 25% expressing patients (TET3low, n=28) (Figure 20A).
2059 DEGs were observed in our analysis of which 70% of the genes showed a positive
correlation with TET3high expression (Figure 20A and B). Human KEGG pathway analysis
of the genes associated with TET3high expression in AML patients again showed significant
enrichment for pathways associated with cancer, signaling regulated pathways,
pluripotency of stem cells and apoptosis, further validating the assertion that high TET3
expression in AML cells is associated with pro-oncogenic pathways (Figure 20C).
Furthermore, 133 genes associated with TET3high expression in AML patients also showed
a decreased expression in TET3 KD NB-4 cell line in our RNA-seq dataset.
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Figure 20. Genes positively correlated with TET3 expression in AML patients are associated
with cancer related pathways. (A) Heat map shows differentially regulated expressed genes (pvalue ≤ 0.05, FDR ≤ 0.05) between TET3high expressing AML patients (top 25%, n=28) vs TET3low
expressing AML patients (bottom 25%, n=28). Published RNA-seq data from CN-AML primary
patients (Cancer Genome Atlas Research Network et al., 2013) were obtained and grouped the
patients into quartiles based on TET3 expression levels dividing the distribution into four groups.
(B) Venn diagram showing the total DEGs correlated with TET3 expression in CN-AML patients.
(Cancer Genome Atlas Research Network et al., 2013). (C) KEGG 2019 pathways analysis of
DEGs positively correlated with TET3 expression in CN-AML patients (Top 20 pathways, p-value
≤ 0.05).

3.10 Higher expression of TET3 regulates hydroxymethylome of AML cells
To understand the influence of TET3 dependent 5hmC marks on gene expression in AML
cells, firstly we analyzed the impact of TET3 depletion on total 5hmC levels by performing
DNA dot blot assay using 5hmC specific antibody and secondly on global distribution of
5hmC marks by performing hydroxymethylated DNA immunoprecipitation followed by
sequencing (hMe-DIP-Seq) on transduced AML cells. Total genomic DNA dot blot analysis
shows a decrease of 5hmC levels in shRNA arm compared to scr arm (Figure 21A and B).
Genome wide hMe-DIP-Seq performed on TET3 depleted AML cell line NB-4 showed a
profound reduction in 5hmC enriched loci in shRNA arm compared to scrambled arm (scr:
58256 total loci vs shRNA: 14622 total loci) (MACS2, loci with < 10 min tags, FDR < 0.01,
p-value < 1.00E-03). In detail, a number of 5635 unique 5hmC enriched gene promoters
(5kB upstream to 0.5kb downstream of the TSS), 9908 gene bodies (GB) and 18805
intergenic regions (IGR) loci were recorded in the scrambled arm. Among them, 57%, 43%
and 55% of the promoter, GB and IGR loci, respectively, were not found enriched in the
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shRNA arm (Figure 21C). Suggesting a global loss of 5hmC upon TET3 depletion.
However, 2.8% of promoters (42/1463), 32.41% of GB (1150/3548) and 0.5% IGR
(41/8377) loci significantly gained 5hmC marks in the shRNA arm compared to the
scrambled arm. Various studies have established that 5hmC marks at promoter and GB are
associated with gene expression (Jones, 2012; Murtha and Esteller, 2016). Therefore, we
compared the genes that lost 5hmC marks on promoter and GB regions upon TET3 KD
with DEGs in NB-4 cell line upon TET3 KD, as well as DEGs in AML patients based on
TET3 expression levels (Cancer Genome Atlas Research Network et al., 2013). Strikingly,
more than 30% of DEGs (994/3181) in AML cell line and 26% DEGs in CN-AML patients
(549/2059) showed a loss of 5hmC marks on promoters or GB region upon TET3 depletion
(Figure 21D and E). Human KEGG pathway analysis of the DEGs that lost 5hmC marks at
promoters or GB in TET3 KD AML cell line were again observed significantly enriched for
pathways in cancer, metabolic pathways, CML, transcriptional dysregulation in cancer and
MAPK signaling (Figure 21F). Reactome pathway analysis also showed enrichment for the
immune system, developmental biology and several signaling pathways (p-value 0.05;
Supplementary figure 2).
Taken together, our RNA-seq and hMeDIPseq analysis on TET3 depleted AML cells
showed that high TET3 expression levels contributed to the maintenance of global 5hmC
marks and expression of the genes associated with leukemia, cell proliferation and antiapoptosis in AML cells.
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Figure 21. Higher expression of TET3 regulates hydroxymethome of AML cells. (A) 5hmC
quantification by DNA dot blot analysis using an antibody against 5hmC (upper image). Equal DNA
loading is analyzed by methylene blue staining (lower image). Representative figure (B) Intensity
of 5hmC signals from the lowest concentration of DNA on the dot blot image measured using
ImageJ software, (n=3). (C) hMe-DIP-Seq on transduced NB-4 with shA and scr control. Hypo5hmC loci detected on different genomic regions (scr vs shA), Minimum of 10-tags was considered
as cut off, p-value 0.0011x10-3, (n=1). (D) Venn diagrams representing differentially
hydroxymethylated regions (DhMRs: genes that lost 5hmC marks at both promoters and gene
body after the TET3 knockdown in NB-4 cells) matched against differentially expressed genes in
TET3 depleted NB-4 cell line (DEGs). The intersected area represents the number of genes in
common among both groups. (E) Venn diagram with TET3 associated DhMRs in NB-4 cell line
matched against TET3 associated DEGs from RNA-seq in CN-AML patients (Figure 20).
Intersected area represents the number of genes in common among both groups. (F) Pathways
associated with the common genes (n=994) among TET3 associated DhMRs and TET3
associated DEGs from NB-4 cell line (Human KEGG pathway analysis, p-value < 0.05).

3.11 Overexpression of TET3-CD in healthy CD34+ stem progenitors lead to
differential expression of the gene associated with lineage
differentiation and pathways in cancer
Our data indicates that aberrant higher expression of TET3 has significant role in
maintaining the global hydroxymethylome and positively regulates the gene expression in
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AML cells. This goes in line with previous studies performed on embryonic and stem and
neuronal stem cells (Dawlaty et al., 2014; Li et al., 2016; Zhang et al., 2016). Based on the
aforementioned results, we hypothesized that enhanced catalytic activity of TET3 in healthy
human HSPCs could deregulate global 5hmC levels and in turn deregulates the expression
of genes important HSPCs growth and normal differentiation. To test this, we transduced
the CB derived CD34+ HSPCs with the TET3-CD domain and empty lentivirus constructs,
and performed RNA-seq analysis 48h post-transduction. In our RNA-seq analysis, we
observed that overexpression of TET3-CD in normal HSPCs induced differential expression
of 1529 genes versus empty vector (p-value < 0.05, FDR < 0.05, n=3) in which 46% of
DEGs were up-regulated (Figure 22A). Human KEGG pathway analysis shows that DEGs
were enriched for pathways associated with the hematopoietic specification, immunity,
osteoclast differentiation and transcriptional mis regulation in cancer (Figure 22B). Of note,
Human gene atlas analysis showed that TET3-CD overexpression resulted in significant
upregulation of erythroid genes and downregulation of myeloid differentiation-associated
genes (Figure 22C). The genes associated with myeloid differentiation such as KLF1,
EPOR, GATA1, and FOXO3 were down-regulated in TET3-CD overexpressing arm
compared to empty vector.
Next, we overlapped the DEGs in HSPCs cells with forced overexpression of TET3-CD (pvalue < 0.05, FDR < 0.05) with the genes that displayed differential expression and 5hmC
levels changes on their promoters or gene body after TET3 KD in NB-4 AML cells. Mapping
of DEGs from HSPCs and NB-4 AML cells revealed that the 121 genes found in common
in these datasets were positively correlated with the TET3 expression (Supplementary table
2). The human KEGG pathway analysis revealed that the 121 DEGs were enriched
pathways associated with RAP-1 signalling and pathways in cancer (Supplementary table
3). Among these DEGs, 39% (47/121) of them also lost 5hmC marks on their promoters or
GB regions when TET3 was depleted in NB-4 AML cells, which included proto-oncogenes
such as HK1 and KIT.
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Figure 22. Transcriptome analysis of human HSPCs transduced with TET3. (A) The heat map
shows 1530 differentially expressed genes in TET3-CD overexpressing CD34+ cord blood cells
compared to empty vector control (p-value < 0.05, FDR < 0.05), (n=3). Up-regulated and downregulated genes are represented in red and blue respectively. (B) Pathways associated with DEGs
(Human KEGG pathway analysis 2019, p-value < 0.05, FDR < 0.05). (C) Prediction of cell types
based on genes expression in comparison with the genes up-regulated and down-regulated in
CD34+ CB cells represented in red and blue respectively (Human gene atlas, bio GPS).

3.12 Overexpression of TET3 in healthy CD34+ stem progenitors impair their
myeloid not the erythroid differentiation potential
Since TET3-CD overexpression significantly perturbed the expression of genes associated
with normal myeloid differentiation and cancer, we assessed the functional impact on
normal differentiation of HSPCs by overexpressing stable TET3-WT type and TET3-CD
lentivirus constructs in healthy HSPCs and performing CFC assay and flow cytometry for
differentiation associated surface markers on highly purified transduced cells (Figure 23A).
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Overexpression of the TET3 by the constructs were confirmed the by qRT-PCR (Figure
23B). In our CFC assays, overexpression of TET3-WT and TET3-CD did not show any
significant changes in total number of erythroid colonies compared to empty vector (Figure
23C). Whereas, the overexpression of TET3 in HSPCs led to a reduction in the ability to
form myeloid colonies compared to control (TET3-WT: 66% and TET3-CD: 47%) (Figure
23D), indicating that TET3 catalytic activity impaired normal myeloid differentiation in vitro.
flow cytometry analysis of cells derived from CFC further confirmed a reduction in human
CD15 and CD11b myeloid antigen positive cells in TET3 overexpressing arm compared to
empty vector control arm (CD15 +/CD11b+ Control: 11 ± 2.9%, TET3-CD: 3 ± 1.4%, TET3WT: 4 ± 1.8%; Figure 23E). The cells with TET3-WT overexpression did not show major
change in glycophorin-A (GlyA) erythroid antigen marker positivity compared with empty
vector arm, whereas erythroid cell marker-positive cells were increased by the TET3-CD
overexpression (Figure 23F). The morphology of CFC colonies was examined under a
microscope where many of the myeloid colonies appeared to be distorted with relatively
larger cells in TET3 overexpression arms compared to the empty vector control. Whereas
no obvious visual changes were observed in the erythroid colonies (Figure 23G). In the
liquid cell culture assay, the proliferation of the cells with TET3-WT and TET3-CD
overexpression was perturbed when compared to empty vector control (Figure 23H). Liquid
culture showed a myeloid bias compared to CFC assays- giving rise to more myeloid cells
compared to erythroid cells (data not shown). Moreover, the cells derived from the liquid
culture with the overexpression of TET3 catalytic domain were found to be more apoptotic
compared to the control inhibiting the cell growth (Figure 23I). As observed in AML cells,
overexpression of TET3-WT or TET3-CD domain in normal HSPCs showed a remarkable
increase in the global 5hmC levels compared to empty vector in DNA dot blot assays (Figure
23J).
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Figure 23. Overexpression of TET3 perturbs the myeloid colony differentiation of cord
blood CD34+ cells in vitro. (A) Schematic representation of experimental set-up for TET3
overexpression in CD34+ cord blood cells (lentiviral transduction is mentioned in detail, see method
section 2.2.12). (B) Relative expression of TET3 mRNA was quantified in the sorted GFP+ CD34+
CB cells by qRT PCR using TBP as endogenous control. The fold change was represented in
comparison with empty vector control. Bar graph represents mean ± SD, (n=3). (C and D) CFC
assay performed using CD34+ CB cells transduced with empty vector control, TET3-CD and TET3WT. 500 cells from each arm were cultured on methylcellulose medium (H4434) and the resulting
colonies were counted 14 days after seeding. (C) Erythroid colonies (CFU-E and BFU-E) and (D)
myeloid colonies (CFU-G, CFU-M, and CFU-GM) were counted according to the distinct colony
morphology. Graphs represent mean ± SEM. (n=6 except for TET3-WT n=5). (E) CD11b and
CD15 immunophenotypic analysis of derived cells from CD34+ cord blood cells in the CFC assay
at day 14 measured by flow cytometry. Graph represents mean ± SEM. (n=5 except for TET3-WT
n=4). (B-E) Kruskal-Wallis-Test followed by Dunn's multiple comparison test was performed to
assess the statistical significance. (Figure 23 continued on next page).
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Figure 23. Overexpression of TET3 perturbs the myeloid colony differentiation of cord
blood CD34+ cells in vitro. (F) Immunophenotypic analysis of CD34+ cord blood (CB) derived
cells in the CFC assay after 14 days of culture. Percentage of Gly-A positive erythroid cells are
indicated in the figure, (n=7 except for TET3-WT n=5). Graph represents mean ± SEM. (G) Cell
colonies from the CD34+ CB CFC assay after 14 days of culture. (H) In vitro proliferation assay of
transduced CD34+ CB cells. (n=7 except for TET3-WT n=5). A fixed number of cells (1x104 cells)
were seeded in CB culture medium with cytokines on day 0 and counted after 14 days. Bar graph
represents mean ± SD. (I) Annexin-V based apoptosis assay on transduced on cells derived from
CD34+ CB cells in liquid culture on day 7 and day14th, (n=3). (J) DNA dot blot assay using an
antibody against 5hmC (upper image). The DNA isolated from CD 34+ CB derived cells in CFC
assay culture. Equal DNA loading was confirmed by methylene blue staining (lower image).
Representative figure, (n=3). (F and H) Kruskal-Wallis-Test followed by Dunn's multiple
comparison test and (I) Mann-Whitney U test were performed to assess the statistical significance.
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4 Discussion
Aberrant high expression of TET3 sustains AML growth
AML is a heterogenous, clonal disease propagated by leukemia initiating cells with stem
cell like characteristics. As a result, AML is described as a “stem cell disease”. Furthermore,
recent studies have shown that high expression of stem cell genes in AML patients is
strongly associated with disease progression and poor clinical parameters (Eppert et al.,
2011; Gentles et al., 2010; Ng et al., 2016). Our analyses indicate that TET3 is a stem cell
associated gene, higher expressed in murine HSCs and in human HSPCs compared to
mature hematopoietic subpopulations (Figure 12D and Figure 13A). Moreover, Tet3 is the
highest expressed Tet gene in both long-term as well as short-term murine HSCs (Figure
12C). Notably, in human AML patients we observe that TET3 is aberrantly higher expressed
in the majority of de novo AML patients compared to the healthy stem progenitors,
independent of the mutational characteristics of the patients (Figure 14A and 14C). The
Cancer Genome Atlas Research Network using DNA and RNA sequencing has analyzed
200 clinically annotated adult cases of de novo AML. This data set also shows a broad
range of TET3 expression in patients, among which are a large sub- category of patients
that exhibit high TET3 expression.
The data indicates that the overexpression of TET3 plays growth promoting role in AML
cells. The knockdown studies in AML cell lines demonstrates that TET3 is required for the
maintenance of growth, clonogenicity in vitro and protection from apoptosis (Figure 15).
Similarly, TET3 depletion in primary AML patient-derived cells resulted in their reduced
clonogenicity in vitro (Figure 15G). Furthermore, TET3 supports the in vivo growth potential
of AML cells as evidenced by decreased engraftment potential in bone marrow and
markedly reduced multi-organ infiltration of TET3 depleted AML cells in xenografts (Figure
16). Histopathological analysis of deceased mice documented the absence or reduced
infiltration of TET3 depleted AML cells in different organs compared to the control mice
(Figure 16 D and 16E). Our data is bolstered by a study that shows a similar perturbation
of CML cell growth upon TET3 depletion (Fang et al., 2016). Moreover, the overexpression
of TET3 WT and CD shows a trend towards increased growth in the AML cells we tested
(Figure 18F-N).
Though our results indicate the pro-leukemic growth function of TET3 in AML cells, its role
in leukemic initiation still remains elusive. In the future, it would be worthwhile to express
oncogenic translocations such as MLL-AF9 or AML1-ETO9A in steady state hematopoietic
stem-progenitors of Tet3 knockout mice in order to test if Tet3 is required for leukemic
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initiation of healthy stem progenitors. In mice, Tet3 is known to affect the absolute number
of HSCs and the repopulation capacity of HSPCs (Ko et al., 2015). Therefore, it would also
be interesting to check if the high expression of Tet3 could affect LSC frequency in murine
AML models in vivo by performing CRU assays.
TET3 mediated DNA demethylation regulate leukemia associated genes
The transcriptome analysis of TET3 depleted AML cells revealed differentially regulated
genes that predominantly correlated with cancer pathways. Notably, amongst the
differentially expressed genes, down-regulated genes were associated with the pathways
important for AML growth such as MAPK pathway and Rap-1 signaling (Figure 19B). The
genes that were positively correlated with high TET3 expression in AML patients were
associated with number of signaling pathways that are known to play a significant role in
AML such as JAK-STAT signaling, TGF-beta signaling, Toll-like receptor signaling
pathways (Figure 20C, Chen et al., 2012; Dong and Blobe, 2006; Monlish et al., 2016). Our
study suggests that the apoptotic regulator CFLAR, metabolic genes Hexokinase 1 (HK1),
and Hexokinase 2 (HK2) are TET3 downstream targets in AML, as their expression
positively associated with TET3 expression in AML patients and showed decreased
expression upon TET3 knocked down in AML cells. According to a published ChIP-seq data
in 293T cells, TET3 targets HK1 and CFLAR on gene body and on promoter respectively
(Deplus et al., 2013) which needs to be further validated in AML cells. Metabolic genes HK1
and HK2 are significant in the glycolysis pathway and are also known to be anti-apoptotic,
protecting the cell survival (Abu-Hamad et al., 2008; Mathupala et al., 2006; Sun et al.,
2008). According to the gene set enrichment analysis, HSC and LSC gene sets were
negatively correlated with the genes down-regulated after the TET3 depletion in AML cells
(Figure 19C and D). It is most likely that high TET3 expression regulates ‘stemness’, the
key features of LSCs in AML.
In this study, we also made an attempt to dissect how TET3’s enzymatic function controls
the transcriptome of AML cells. Distorted 5hmC marks are reported in various cancer
including hematopoietic malignancies (Haffner et al., 2011; Lian et al., 2012; Murata et al.,
2015; Udali et al., 2015). Although cancer cells exhibit a global reduction of 5hmC levels,
site-specific enrichment of 5hmC is also reported especially on gene promoters and other
gene regulatory sites (Bhattacharyya et al., 2013; Han et al., 2016). Intriguingly, these sitespecific changes are also correlated with the expression levels of respective genes
(Bhattacharyya et al., 2013; Han et al., 2016). Another study reported that the increased
5hmC (5hmC high) levels independently correlates with inferior survival in AML when
patients when the analysis was performed among 5hmC- high, intermediate and low groups
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(Kroeze et al., 2014a). In this study, we showed that the overexpression of TET3-WT and
TET3-CD in AML cells lead to an increased global 5hmC levels (Figure 18D and E). As
TET3 is generally known for transcription activation function of genes via DNA
demethylation, we analyzed the interconnection between TET3 associated differentially
hydroxymethylated regions (DhMRs) recorded by hmeDIPseq and DEGs from TET3
depleted AML cells (Figure 21D). About 30% of DEGs showed changes in 5hmC marks
either on their promoters or gene bodies. These DhMRs encoded for the gene associated
with cancer pathways, apoptosis, metabolic pathways, and lineage priming. For example,
the transcriptional levels of proto-oncogene BCL6, known to downregulate p53 and DNA
damaging pathways, was down-regulated in TET3 depleted cells with a subsequent
reduction of 5hmC marks on its promoter. The non-coding RNA genes H19 and ZNF215
exhibit TET3 associated 5hmC changes. Aberrant overexpression of H19 is associated with
leukemogenic growth in AML patients (Zhang et al., 2018). In our study, the lnRNA was
found to be positively correlated with TET3 expression in TET3 depleted NB-4 cells.
Moreover, ChIP-seq data published substantiates our finding as H19 loci is found to be
TET3 target and the methylation was regulated by the interaction (Bian and Yu, 2014).
Though we find interconnection between the DhMRs and deregulated genes in AML cells,
majority of DEGs did not show an association with changes in 5hmC marks. Similar
observation is reported in studies by others in the past demonstrating limited
interconnection between TET gene expression and 5hmC changes (An et al., 2015). This
suggests the possibility of non-enzymatic gene regulatory function of TET genes which is
beyond the scope of this study, yet crucial in understanding TET’s mode of action. There
has been substantial effort in mapping the 5hmC and other cytosine oxidation products in
the genome for the better understanding of the gene regulation and DNA methylation
dynamics. These studies revealed the 5hmC enrichment in the regions including enhancers
and transcriptional binding sites (Sérandour et al., 2012; Stroud et al., 2011). 5hmC
enrichment in the enhancer region can also be an early event in enhancer activation
(Sérandour et al., 2012). In our study, we have only considered the 5hmC enrichment at the
promoter, gene body and intergenic region. This analysis could be extended to enhancers,
transcriptional factor binding sites and other distal regulatory elements for a better
understanding of TET3 mediated 5hmC-dependent gene expression in AML.
TET3 regulates immune-related genes
TET3 depletion also leads to upregulation of several genes. The TET3 protein interacts with
repressive transcription factors and complexes including REST complex and CTCF (Perera
et al., 2015). In our TET3 KD experiment, up-regulated genes were enriched for genes
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involved in several immune-related pathways notably IL-6-JAK-STAT3 signaling, interferonγ response and inflammatory response. Moreover, immune-related pathways gene sets
were also down-regulated upon TET3 overexpression in human HSPCs which further
validates the inverse association between TET3 expression and immune response related
pathways. We observed a consistent up-regulation of genes encoding the response protein
MyD88 and signaling protein JAK2 along with interferon-γ-regulators IRF8 and IRF5 in
TET3 depleted NB-4 cell line. Tet3 interplays with immune response genes is evident in
recent studies (Lio and Rao, 2019). A direct evaluation of TET3 mediated immune response
proteins regulation in AML cells is worth investigating as interferons and immune response
could directly impact the tumor microenvironment, HSC properties.
DNA binding CXXC domain is dispensable for the pro-leukemic function of TET3
Biochemical and structural studies have demonstrated that the CXXC and CD domains of
Tet3 are relevant to carry out the its functions (Xu Y et al., 2012; Liu N et al., 2013). We
show that the pro-leukemic growth function of TET3 was augmented by the overexpression
of wild-type TET3 (TET3-WT) in AML cell lines in vitro. However, we found that the growth
of AML cells was similarly enhanced when TET3 without its DNA binding CXXC region,
containing only the catalytic domain (TET3-CD) was forcefully expressed in vitro (Figure
18F-K). Since overexpression of TET3-WT as well as TET3-CD exhibited similar
phenotypes, it indicates that TET3 CXXC DNA binding domain could be dispensable while
its catalytic activity was important for maintaining the TET3 mediated AML growth. The
result could be further validated by overexpressing TET3 CXXC and catalytic domaindefective/inactive mutants. However, it could be possible that TET3-CD protein, despite
missing its DNA binding domain, could yet interact with DNA binding proteins partners.
TET3 is known to interact with DNA binding transcriptional regulators such as REST and
CTCF, while its catalytic domain is also known to interact with O-GlcNAc transferase (OGT)
(Deplus et al., 2013; Perera et al., 2015). It would be interesting in the future to assess the
interaction partners of TET3-CD versus TET3-WT using IP-LC/MS and also evaluate its
genomic targets via ChIP-seq. These data points would help us in further dissecting the
pro-leukemic growth function of TET3.
Balanced expression of TET3 is necessary for unbiased lineage selection of healthy
stem progenitors
TET3 in human and mouse hematopoietic lineage cells showed a difference in their
expression profile. In contrast to murine, TET3 showed comparatively higher expression in
human myeloid lineage than lymphoid lineage (Figure 12E and 13). The lineage specific
TET3 expression pattern provided us a hint on potential the role of TET3 in lineage
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specification. Our findings in healthy human HSCPs show that a balanced TET3 expression
is important for normal hematopoietic differentiation in vitro as well (Figure 23).
Overexpression of TET3 in healthy cord blood-derived HSPCs caused a clear reduction in
the myeloid cell formation while erythroid cell formation was not significantly affected. The
transcriptional profiling of TET3 overexpressing HSPCs revealed downregulation of myeloid
cell-associated genes and upregulation of erythroid genes. Genes deregulated were
associated with the pathways related to lineage determination, cancer and B cell receptor
signaling pathways. This indicates the important role of TET3 in the regulation of expression
of genes responsible for hematopoietic lineage determination. A myeloid skewing
phenotype was observed in hematopoietic specific Tet3 knockout mice in the latest study
published (Lio et al., 2016). Another recent study reported perturbation of erythroid
differentiation caused by TET3 depletion in CD34 + cord blood cells accompanied by
deregulation of erythroid-specific genes (Yan et al., 2017). CD4+ T cell-specific knockout of
TET3 in mice show TCR-mediated expansion of iNKT cells (Tsagaratou et al., 2017b). Our
results from CFC assay as well as liquid culture assay are in agreement with
aforementioned results indicate the role of TET3 in lineage specification. Our study in
human HSPCs could be extended to the in vivo setting by overexpressing TET3 in human
HSPCs and carrying out xenograft assay in NSG mice. This will undoubtedly benefit us in
understanding the role of TET3 in different lineages including lymphoid cells populations.
Further analysis revealed that overexpression of TET3 forced the CD34+ cell-derived cells
to undergo apoptosis in vitro. The mechanism behind this phenotype is presumably 5hmC
dependent, as the overexpression of TET3 lead to a marked increase in 5hmC levels.
Dynamic changes in the distribution of 5hmC marks are recorded during hematopoietic
differentiation events in hematopoietic stem/progenitor cells (Rasmussen et al., 2015),
myeloid cell (Tekpli et al., 2016), erythroid cells (Madzo et al., 2014), B cell (Lio et al., 2016)
and T cells (Ichiyama et al., 2015; Tsagaratou et al., 2014). Therefore, expression levels of
TET genes could manipulate the lineage commitment by controlling the gene expression of
lineage-specific genes via regulation of 5hmC marks as well as the chromatin accessibility
(Lio et al., 2016). These results collectively demonstrate the importance of balanced TET3
expression for normal hematopoietic differentiation.
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5 Summary
Aberrant gene regulation is a characteristic feature of acute myeloid leukemia (AML).
Recently it is known that the abnormal DNA methylation of AML cells can directly affect the
complex regulation of transcription and drive the disease (Ehrlich, 2002). There are a
plethora of studies suggesting that the active DNA demethylation also plays a significant
role in gene expression in AML patients (Jeschke et al., 2016; Ko et al., 2015b). 5hydroxylmethycytosine (5hmC) DNA epigenetic mark have been found present at
promoters, gene body and enhancers. 5hmC levels at promoters and genebody correlated
positively with the level of expression (Song et al., 2011) and also known to play an
important role in gene silencing (Wu et al., 2011). Concomitantly, 5hmC levels and patterns
were noted to be strongly dysregulated in AML cells.The reasons for distorted 5hmC pattern
and how these changes affect the gene expression of AML cells is still poorly known. 5hmC
marks in the genome are majorly regulated by the only known dioxygenases TET family of
protein namely TET1, TET2, and TET3. Unlike TET1 and TET2, TET3 is not found mutated
or translocated in AML. There has not been much attention in dissecting the functional role
of TET3 and its association with 5hmC marks in AML. In this study, we have dissected the
functional relevance of TET3 and its association with 5hmC marks and gene regulation in
AML cells.
By performing qRT-PCR analysis, we showed that the TET3 is higher expressed in murine
HSCs and human HSPCs. In AML patients, we found a broad range of TET3 mRNA
expression and the AML patients exhibited aberrantly high expression of TET3 compared
to the normal counterparts. Our lentiviral knockdown and overexpression studies proved
the role of high TET3 expression in maintaining the growth of AML cells. We have proved
that the depletion of TET3 perturbs the proliferation and clonogenicity of AML cells in vitro.
Furthermore, TET3 knockdown reduced the leukemic engraftment of the AML cells in
humanized mouse model, substantiating the important role of high TET3 levels in leukemic
growth. Histopathology studies on the mice showed absence or reduced infiltration of AML
blast cells in different organs of mice transplanted with shRNA-expressing AML cells.
Constitutive overexpression of wild-type TET3 as well as a TET3 mutant lacking DNA
binding CXXC domain in human AML cell lines further enhanced their proliferation and
clonogenicity suggesting that the growth associated function of TET3 expression in AML
majorly depends on its catalytic function. In contrast, shRNA mediated knockdown of TET3
in human cord blood-derived normal HSPCs inhibited the myeloid cells growth by inducing
apoptosis suggesting that the balanced TET3 expression is important in normal
hematopoiesis.
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TET3 depletion in AML cells resulted in the reduction of the global 5hmC level. In parallel,
differentially regulated genes (DEGs) were involved in cancer-related biological pathways
and enriched for LSC and HSC gene signatures. Moreover, the changes in the gene
expression in TET3 depleted AML cells showed significant changes in the 5hmC levels on
their promoter and gene body. We have analyzed the gene expression profile of AML
patients based on TET3 expression levels. The genes positively correlated with high TET3
expression in AML patients significantly involved in cancer pathways suggesting that higher
levels of TET3 could be important in maintaining the leukemic progression in patients.
Strikingly we also found that TET3 can block the expression of immune-related gene
expression which could also play a significant role in HSC biology and tumor progression.
Collectively these results indicated that high TET3 expression could facilitate the leukemic
transcriptional program and tumor-associated pathways by establishing the 5hmC marks
on the corresponding genes via its catalytic function. Thus, our data indicate that the
ordered expression levels of TET3 are necessary for healthy human HSC proliferation and
differentiation. The growth and engraftment potential of AML cells depend on high TET3
expression levels.
In the future, the significance of our finding should be challenged by expanding the cohort
of AML patient samples by performing both transcriptome analysis as well as functional
studies. The challenging task of dissecting the molecular events in behind the TET3
mediated function in AML progression as well as hematopoietic cell lineage determination
remains yet to be explored. As TET proteins show a certain level of homology and functional
redundancy, it is worthwhile to investigate if TET3 promotes leukemia in a non-redundant
manner. Another prospect of this study is to dissect the crosstalk between the TET3
associated pro-growth function and immune response.
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Appendix
Supplementary figure 1. TET3 Expression values from 10,953 patients belong to various cancers
types. Different cancers were listed in ascending order of their median RNA seq expression value
represented in log2 ratio. Data obtained from the pan-cancer atlas of the cancer genome atlas
(TCGA), National Cancer Institute, NIH. The figure was obtained from cBioPortal for Cancer
Genomics (Cerami et al., 2012; Gao et al., 2013).

Supplementary figure 2. Reactome pathway analysis clustergram using 994 DEGs that lost 5hmC
marks at promoters or GB in TET3 KD NB-4 AML cell line. Input genes and enriched pathways are
listed on left-hand side and top respectively (100 genes that showed higher enrichment were
visualized in this figure). Figure was generated using Enrichr a comprehensive gene set enrichment
analysis (Chen et al., 2013a; Kuleshov et al., 2016).

Supplementary table 1. Histopathology report on NSG mice transplanted with TET3 depleted
leukemic cells or control. (Information provided by Prof. Leticia Quintanilla-Martinez de Fend, Core
facility for mouse pathology, University of Tübingen with the permission to use for publication).
Mouse number
and AML cell
transplanted

Sex

Date of Birth

Sacrificed

Age
(days)

#2100

f

14.08.2015

07.12.2015

115

Brain, ovary, lung, liver, kidneys,
stomach, pancreas,
lymph node of the salivary gland
and pancreatic lymph nodes

f

18.08.2015

07.12.2015

111

Lung, liver, (kidneys only single
cells)

m

16.11.2015

07.03.2016

112

Brain, liver, kidneys, stomach,
pancreas,

f

16.11.2015

07.03.2016

112

Brain, lung, liver, pancreas

m

29.03.2016

20.07.2016

114

Spleen, Liver, Lung

m

04.04.2016

20.07.2016

108

Only in spleen

NB-4 scr

#2114
NB-4 shA
#2307
NB-4 scr
#2309

Infiltrated organs
(histopathology analysis)

NB-4 shB
#2471
OCI-AML3 scr
#2484
OCI-AML3 shA

Supplementary table 2. List of 121 DEGs found common in HSPCs after TET3 overexpression and
in NB-4 TET3 KD.
THBS1
ATP7B
F2R
TUBA8
GCSAML
ADD2
MPP1
SLC24A3
RGS16
TSC22D1
TSPAN9
PCYT1B
MYH10
NEO1
SH3PXD2A
STXBP5
EPDR1
ITGA2B
PLEKHG4
TIMP3
RNF144A
AGAP1
NOL4L
ABCC5
TNFSF14
KCNH2
RHOBTB2
CYB561
TRAM2
CA8
FYN
TPST2
KIFAP3
RHOBTB3
CAPRIN2
GADD45A
STAT5A
MBOAT2
CD84
MAPRE2
HEPH

SPTB
IGSF3
F2RL3
PCSK6
ITGA6
PRKCQ
APBA2
APOBEC3B
SLC2A3
KLHDC8B
KIFC3
WIPI1
HERC2P2
LPAR5
SV2A
SLC25A37
BHLHE41
SYNJ2
KIT
SLC6A8
IKZF3
CPAMD8
CAMK1
CLU
HES1
GAS2L1
BLVRA
ENO2
CHD7
AK1
HPS4
EFHC2
SLC25A15
PNPLA3
IQSEC1
ZNF469
STK24
LDB1
TPTE2P5
CHST2

CTTN
ABCB6
ADCY6
GFI1B
SERPINE2
DAG1
TET3
LAT
NCS1
RAB27B
CCND1
BTK
GATA1
PTRF
MGAT3
FNBP1L
CDC42BPB
NFATC1
KANK2
TPSB2
SLC40A1
HK1
DES
SLC44A2
BMP2K
MAP1A
SEPT8
NFATC4
ZNF175
VANGL1
CNR2
TFR2
FUCA1
FAM102A
CCL2
KIF3C
CD276
SIAH2
PLXNA1
LINC00996

Supplementary table 3. Top 10 pathways identified in KEGG Pathway analysis using 121 DEGs
that were common in HSPCs after TET3 overexpression and in NB-4 TET3 KD.

Pathways

Overlap

P-value

Adjusted P-value

Rap1 signaling pathway

8/206

3,68E+11

0.011324773891590987

Platelet activation

6/124

1,08E+12

0.016643042970897113

ECM-receptor interaction

5/82

1,40E+12

0.0144060694669391

Dilated cardiomyopathy
(DCM)

5/91

2,29E+10

0.017635561004331425

Pathways in cancer

11/530

3,77E+11

0.023217592337619306

Arrhythmogenic right
ventricular cardiomyopathy
(ARVC)

4/72

9,55E+11

0.04901189624028023

Hypertrophic
cardiomyopathy (HCM)

4/85

0.001769239
2773323946

0.07784652820262536

Phospholipase D signaling
pathway

5/148

0.002071918
2311475476

0.07976885189918058

Th1 and Th2 cell
differentiation

4/92

0.002363700
7279575946

0.08089109157899324
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