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TET methylcytosine dioxygenase 2 (TET2) catalyzes the conversion of 5-

methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), an intermediate stage 

in the DNA demethylation process that controls the transcription of genes. TET2 

is highly expressed in the hematopoietic system and is suggested to regulate the 

maintenance and differentiation of hematopoietic stem/progenitors. Mutations in 

TET2 has been found in different hematological malignancies including Acute 

Myeloid Leukemia (AML), Chronic Myelomonocytic Leukemia (CMML), 

Myeloproliferative Neoplasms (MPN), Myelodysplastic Syndrome (MDS), etc. 

However, the mechanisms by which TET2 controls hematopoiesis and 

contributes to myeloid malignancies remain unknown. 

The direct targets of TET2 have not been elucidated yet. In order to identify the 

direct targets of TET2, we have performed chromatin immunoprecipitation using 

TET2 specific antibody followed by genome-wide sequencing. We have found 

enrichment in binding of TET2 in the promoters of SHP1, SOCS3 and PLZF 

among other targets. Interestingly, the expression of these genes is also 

significantly downregulated in the hematopoietic progenitors of TET2 deficient 

mice. Furthermore, we have found that CMML patients with TET2 mutations also 

have decreased expression of these genes. Knockdown of TET2 resulted in 

downregulation of these genes in leukemic Molm14 and murine Ba/F3 cells. 

Conversely, overexpression of TET2 in monocytic U937 cells increased the 

expression of these genes. Using methylation specific PCR, we also have 

observed increased methylation in the promoters of SHP1, SOCS3 and PLZF in 

TET2 deficient Molm14 and Ba/F3 cells. Also, using methyl/hydroxymethyl-DNA 

immunoprecipitation, we observed an increase in the 5mC level and decrease in 

the 5hmC level in the promoter region of these genes suggesting that TET2 

directly regulates the expression of these genes by regulating the methyl and 

hydroxymethyl level of the promoter of these genes. 

Although loss of function of TET2 has been associated with multiple 

hematopoietic malignancies, TET2 is most commonly mutated in CMML with 

almost 50% patients bearing TET2 mutations. Interestingly, TET2 mutations are 

frequently associated with CBL mutations in CMML. In order to assess the 

concurrent effects of TET2 and CBL deficiencies, we generated TET2 CBL 
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double knockout mice. We observed that simultaneous deletion of TET2 and 

CBL resulted in increased leukocytes and neutrophil and enhanced 

splenomegaly compared to control mice. The double knockout mice showed 

increase in the granulocyte macrophage progenitors and a significant expansion 

of the stem progenitor cell population. The overall survival of these mice also 

reduced substantially. It suggests that concurrent deletion of TET2 and CBL 

increased the severity of the CMML like disease in mice and thus TET2 and CBL 

deletion may cooperate in the pathogenesis of CMML. 

Although most studies suggest a tumor suppressor function of TET2, we also 

have found a tumor promoter function, especially in MLL rearranged leukemia. 

We have found that knockdown of TET2 resulted in decreased proliferation in 

MLL-AF9 positive Molm14 leukemia cells and murine Ba/F3 MLL-AF9 expressing 

cells. Conversely overexpression of TET2 significantly increased the proliferation 

level of Molm14 cells. In order to understand the in vivo role of TET2 in MLL-AF9 

mediated leukemia, we performed a retroviral BMT experiment. Whereas the 

expression of MLL-AF9 in wild type BM resulted in marked increase in WBC and 

NE and splenomegaly, the deletion of TET2 reduced the white blood cell and 

neutrophil count and also caused reduction in the spleen size. MLL-AF9 

overexpression resulted in the increase in hematopoietic stem/progenitor cells 

and granulocyte macrophage progenitors and granulocyte/monocyte precursors 

which was significantly reduced in TET2 KO MLL-AF9 mice. There was a 

significant reduction of the hematopoietic colony formation ability mediated by 

MLL-AF9 in TET2 KO mice. The overall survival of the knockout mice was 

markedly improved compared to the control MLL-AF9 mice. Together these 

results suggest a tumor promoter role of TET2.  

Taken together, all the results indicate a dual role of TET2 in myeloid leukemia. 
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1.1 Hematopoiesis 

Hematopoiesis is a highly dynamic developmental process which requires both a 

self-renewal mechanism and a well-regulated differentiation mechanism of the 

hematopoietic stem cells (HSCs) thus providing a paradigm to study mammalian 

developmental process (Fey, 2007). The hematopoietic system is a vital process 

of the mammalian system comprising of more than ten different types of 

terminally differentiated cell types all carrying out their specific functions. All 

these cells originate from a single most primitive pluripotent cell, HSC, which 

represent one of the best studied adult stem cells. The HSCs are less in number, 

residing in the bone marrow (BM) niche which is the chief organ for blood cell 

formation. Although the HSC normally remains in a quiescent stage, but it can 

enter the cell cycle whenever needed to replicate itself or differentiate into late 

progenitor cells. The HSC is not only important in maintaining the homeostasis of 

the body but it can also respond to stress conditions like blood loss or infections 

by rapid expansion and differentiation without depleting the HSC pool. HSCs are 

capable of both symmetric and asymmetric cell division. Symmetric cell division 

replenishes the HSC pool and helps maintain a specific number of HSCs in the 

BM at all times. The self-renewal capacity of the HSCs is important since mature 

blood cells have a shorter lifespan. Asymmetric cell division gives rise to 

progenitor cells which are required to generates differentiated cells (Takano, 

Ema, Sudo, & Nakauchi, 2004). On a daily basis, a large number of aged and 

matured blood cells are replaced by newly formed ones. These blood cells have 

a specific lifespan and are replenished by newer cells within that lifespan. In 
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emergency situations, depending on the requirement of the body certain types of 

blood cell production takes precedence over others. Once the emergency has 

been averted, the blood cell levels go back to normal (Rieger & Schroeder, 

2012). This represents the remarkable plasticity of the hematopoietic system 

which can mold itself to the requirement of the organism and thus help avert any 

emergency either internal or external. The plasticity of the hematopoietic system 

requires a very strict regulation of the HSC cell division which includes different 

growth factors, crosstalk between different signaling pathways as well as the 

stem cell microenvironment or the niche itself (Orkin & Zon, 2008). The 

hematopoietic system is a hierarchical structure with the HSC on top which 

differentiates into specific branches of cell types known as lineages. Depending 

on the requirement the HSC can differentiate into one lineage or the other. The 

switching of this lineage specificity involves complex processes that can be 

examined at the level of genes, signal transduction proteins, or the population 

distribution of diverse cell types (Whichard, Sarkar, Kimmel, & Corey, 

2010)(Laslo, Pongubala, Lancki, & Singh, 2008). This switch is believed to be 

controlled by certain master controllers which decide the precedence of the 

transcription of certain genes required for the expansion of that particular lineage 

required to be expanded over others (Orkin, 1995). Recent studies have been 

devoted to finding these controllers which might be useful to understand the 

preference of lineage differentiation in normal hematopoiesis and in the diseased 

state.  
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Fig.1.1 shows the hematopoietic hierarchy and the differentiation pattern of the 

different lineages (Kaushansky, 2006). Recent advancements in the field have 

enabled scientists to isolate and study each of the components of the system by 

sorting each cell type by their unique surface markers using flow cytometry 

based cell sorting. These advancements laid the ground for further marker 

identification of the normal and the malignant cells in the hematopoietic 

hierarchy. (Takano et al., 2004),(Aqmasheh, Shamsasanjan, Akbarzadehlaleh, 

Pashoutan Sarvar, & Timari, 2017),(Rieger & Schroeder, 2012). Another 

approach which has increased our understanding of the hematopoietic system is 

the animal model study. The murine hematopoietic system is the most studied 

and the best understood hematopoietic system among all. A host of genetically 

modified mouse models with knock-in and knock-out of various genes have been 

produced over time to better understand the functionality and the importance of 

each gene in the system. Also through transplantation assays involving homing 

and engraftment of different murine cells system has been studied in details. 

Although there are certain discrepancies regarding the surface markers in the 

mouse and their human counterparts, overall the mouse model has enabled us to 

get a much better understanding of the system at the cellular and molecular level 

(Edward, 1992), (Scribner, Siegel, Gordon, & LoBue, 1968).  

To summarize, the hematopoietic system is a tightly regulated dynamic system 

with a pluripotent stem cell at its apex. Being a classical stem cell based model 

having high clinical relevance and being studied extremely thoroughly via well-

established assays and techniques, it has enabled us to answer the basic 
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developmental questions pertaining to the system. Moreover, it has enabled us to 

define and integrate newer techniques and imparted us a more thorough 

understanding of the cell-fate control mechanism which is useful clinically for 

diagnostic purposes. How these novel techniques and understandings can help 

us in delving into the more deeper questions about the underlying mechanism of 

these processes though, remains to be seen. 
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Figure 1.1: A general model of Hematopoiesis  

Blood cells differentiate from a common hematopoietic stem cell (HSC). It 
differentiates into two different progenitors, the common myeloid progenitors (CMP) 
and the common lymphoid progenitors (CLP). Each of these progenitors give rise to 
more differentiated progenitors cells which can be ultimately differentiate into 
multiple lineages like T cell and Natural Killer cells (TNKs), Granulocyte Macrophage 
progenitors (GMPs), Megrakaryocyte Erythroid progenitors (MEPs), etc. Ultimately 
each of these differentiated progenitors dedifferentiate into a more committed 
progenitor like progenitor for B cells (BCPs), NK cells (NKPs), Granulocytes (GPs), 
Megakaryocytes (MkPs) etc. This whole process of differentiation and survival is 
aided by cytokines and growth factors which are shown in red (Kaushansky, 2006)  
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1.2 Hematological Malignancies 

Hematological malignancies can occur during any stage of blood cell 

differentiation which will result in decreased or increased production of any blood 

cell type or a deformity associated with the functioning of that cell type. These 

malignancies generally occur due to the deviation of certain gene sets from its 

normal transcriptional regulation. There are ongoing studies on the identification 

of the genes which play important role either directly or indirectly in this 

perturbation of transcription thus resulting in a wide variety of hematological 

disorders. Disruption of normal hematopoietic machinery can give rise to 3 kinds 

of malignancies viz. leukemia, lymphoma and myeloma.  

Leukemia is one of the leading causes of death among children below 15 years 

of age accounting up to 34% of all deaths due to cancer in children of this age 

category. It is expected that more than 64,000 new cases of leukemia will be 

diagnosed in 2017 and there will be an estimated 26,000 deaths pertaining to this 

disease by the end of this year in US. Acute myeloid leukemia (AML) is one of 

the most common forms of leukemia in adults with more than 21,000 new cases 

expected by the end of 2017 in US. Dismal as these figures may look, the 

scenario has improved over time. The 5-year life expectancy of a person 

diagnosed with disease has increased significantly from 35% to 57% over the 

last 5 years. Leukemia can be divided into either acute or chronic. Chronic 

leukemia generally has intermediate to poor prognosis, but one of the worse 

prognostic factors is associated with secondary AML which arises due to 

transformation from myelodysplastic syndrome (MDS). These facts have led 
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researchers to delve into this subject in order to find suitable targets which can 

be utilized to find a cure. Depending on the lineage of the overproduced cells it 

can be characterized as myeloid or lymphoid (D. Hu & Shilatifard, 2016). We will 

focus our discussion on myeloid malignancies. 

 

1.2.1 Myeloid Malignancies 

Myeloid malignancies are categorized into several different types according to 

the 2016 updated WHO classification of the tumor of hematopoietic origin based 

on the diagnostic criteria as well as the prognostic relevance which takes into 

consideration the morphological, immunophenotypical and the genetic variance 

between the different diseases. Updating these criteria is essential given that 

newer findings come into light almost every day based on the more recently 

developed techniques line next-generation sequencing and high-throughput gene 

expression analysis(Arber et al., 2016). Advancement of these techniques is 

helpful to identify the genetic predisposition of an individual even before any 

leukemic transformation has taken place. Studies have identified that there are 

certain somatic mutations which occur in healthy individuals without any 

discernable symptom of myeloid malignancies. But having these mutations 

slowly reprograms the hematopoietic differentiation towards the preleukemic 

stage. Individuals having these mutations are referred to as having clonal 

hematopoiesis of indeterminate potential (CHIP). Rate of progression of CHIP to 

a hematological malignancy appears to be similar to the rate of progression of 
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other known clonal pre-malignant disorders(Kunimoto & Nakajima, 

2017),(Steensma et al., 2015).  

The classification of myeloid leukemia based on the different prognostic markers 

and the diagnostic criteria set down by WHO are as follows: 

Myeloproliferative neoplasms (MPN) 

Myeloid/lymphoid neoplasms with eosinophilia and rearrangement 

of PDGFRA, PDGFRB, or FGFR1, or with PCM1-JAK2 

Myelodysplastic/myeloproliferative neoplasms (MDS/MPN) 

Myelodysplastic syndromes (MDS) 

Acute myeloid leukemia (AML) and related neoplasms 

Blastic plasmacytoid dendritic cell neoplasm 

Acute leukemias of ambiguous lineage 

B-lymphoblastic leukemia/lymphoma 

T-lymphoblastic leukemia/lymphoma 

 

 

Although these diseases are morphologically distinct from one another, next-

generation sequencing and high throughput gene expression array analysis have 

narrowed down the causative agents to specific pathways which are recurrently 

affected in these diseases. A brief summary of the commonly occurring 

Table 1.1: WHO classification of Leukemia revised in 

2016 (Arber et al., 2016) 
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mutations are listed in figure 1.2. As it is elucidated, these mutated groups range 

from cell signaling molecules to transcription factors to epigenetic regulators. All 

these genes play an important role in normal hematopoiesis the dysregulation of 

which results in complications pertaining to the lineage of the hematopoietic 

system they regulate, thus giving rise to the malignancies (Matynia, Szankasi, 

Shen, & Kelley, 2015). Given the hypothesis that multiple (at least two) mutations 

are required for leukemogenesis, it is highly likely that multiple of these above-

mentioned genes play important roles in maintaining the hematopoietic 

homeostasis and that there is a certain amount of cross-talk going on between 

these genes (Shih, Abdel-Wahab, Patel, & Levine, 2015). Thus, to apply our 

understanding of the hematopoietic system for diagnostic and treatment 

purposes, we need to acquire a better idea of the underlying mechanisms related 

to the development of normal as well as leukemic hematopoiesis. Only by 

understanding how these group of genes play a role in the developmental 

process of the system can we hope to treat the diseases related to it. Of all the 

processes and pathways that have been narrowed down to play a causal role in 

myeloid malignancies, the domain of epigenetics is studied the least. There has 

been much work done in the other areas for last few decades, whereas 

epigenetics still remained an enigma till most of the previous century. More and 

more studies are being conducted in this field now as the importance of this area 

of research is coming into focus.  

 

 



 
11 

 

 

 

 

 

 

Fig 1.2: Pathways affected by recurrent mutations in myeloid malignancies  

Commonly mutated genes that are found frequently in patients of different 

myeloid malignancies can be grouped in different categories depending of the 

most important function of that gene or the function that is altered due to the 

mutation or deletion. It is evident that genes are important players in the normal 

hematopoietic system and they play a crucial role in the myeloid development. 

Thus disruption or hyperactivation of any or multiple of these genes have severe 

consequences. (Matynia et al., 2015) 
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1.3 Epigenetics 

The living organism is a dynamic, ever-changing, and constantly evolving entity. 

In Schrödinger’s classical paper (Schrodinger, 1944) published in 1944, he 

elucidates that though a living being is a summation of innumerable atoms, still it 

does not follow the laws of physics very strictly. He compares the living body with 

an aperiodic crystal where each of the genes plays a specific role which is not 

consistent with other genes of the body. This brings us to the question-how do 

these genes know how to behave. A more refined line of query would be how 

does the different genes of the human body are being regulated both spatially 

and temporally.  

Mendel, father of modern genetics, had paved the path how inheritance and 

more precisely how genetics play a crucial role in the way a living organism turns 

out the way it is. His theories emphasized the fact how genes play an important 

role in inheritance as well as in the development of the organism. But after him, 

people mostly studied genetics as a messenger of information from one 

generation to the other, completely ignoring the fact how important the genes are 

in shaping the organism itself. As Holliday (Holliday, 2006) explains genetics and 

development were considered to be totally different field of study for the first half 

of the twentieth century. It was never considered that genetics can have any 

interrelation with how the living organism can evolve in its lifetime. It was 

Waddington (C. Waddington, 1939) who first linked development with changes in 

the gene. He evolved the idea of how development was perceived. Before his 

time there was the theory of preformation which suggested that the early embryo 
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and even the gametes had the complexity of a fully grown individual imbibed in it. 

It only needed to be revealed as the organism grow. But he proposed an 

alternate idea of epigenesis.  

The development of a living organism is guided by the set of genes or genotype 

whose external manifestation is the phenotype we see. The gap between the 

genotype and its corresponding phenotype is filled up by ‘epigenotype’. The term 

epigenetics was coined by Waddington (C. H. Waddington, 1942) to denote the 

study of the epigenotype. He used it to explain “all those events which lead to the 

unfolding of the genetic program of the development.” Unclear as it may sound, 

but it gave a new direction to the way inheritance was studied. Many researchers 

have tried to define epigenetics in their own way, but the current accepted 

definition as we know it today was best explained by Holliday (Holliday, 2005) 

following the literal meaning of epigenetics (Greek: epi-above; -genetics)- ‘The 

study of changes in gene expression which occur in organisms with differentiated 

cells and mitotic inheritance of given patterns of gene expression’. It includes all 

the type of modification that does not have a change in the Deoxyribonucleic 

Acid or DNA sequence itself (thus above genetics).  

Differentiated cells in different parts of the body have the same genotype but they 

are secured in a specific epigenotype which may be different for cells of different 

location and origin. And for these cells, the genes activated or repressed may be 

totally different. Thus, a mere presence of a gene is not sufficient for the working 

of the cell but its regulation is also an important factor in the development of the 
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cell and subsequently to its inheritance to the next generation. As we know 

today, epigenetics is a method of leaving behind breadcrumbs which the body 

follows to get to the state it is supposed to be. On a more scientific note, it is the 

mark it leaves behind in order to ascertain the genes that needs to be functioning 

(and the ones which is to be repressed) to give the body its definite shape and 

purpose. This is done in a very complex and elaborate way. Epigenetic 

modifications of the body include different techniques and methods which have 

been studied in details over the years.  

 

1.3.1 Types of Epigenetic Modifications  

Types of epigenetic processes include different post-translational modifications 

which helps the genome to adapt to the developmental and environmental stress. 

These modifications can range from the tempering of the DNA itself to alteration 

in the proteins associated with DNA. Depending on the types, the position and 

the number of modifications, the ultimate outcome may vary. 

The epigenetic modifications can be broadly classified into three different 

categories on the basis of the place where they are occurring: 

Histone Modifications 

Nucleosome Modifications 

DNA Modifications 
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Fig 1.3 Types of Epigenetic Modifications 

Chromosomes are composed of chromatin, consisting of DNA wrapped around eight histone 

protein units. Each DNA-bound histone octamer is a nucleosome. Histone tails protruding from 

histone proteins are decorated with modifications, including phosphorylation (Ph), methylation 

(Me), and acetylation (Ac). DNA molecules are methylated by the addition of a methyl group to 

carbon position 5 on cytosine bases when positioned adjacent to a guanine base (CpG sites), a 

reaction catalyzed by DNA methyltransferase enzymes. DNA methylation maintains repressed 

gene activity. Transcription involves the conversion of DNA to messenger RNA (mRNA), which is 

usually repressed by DNA methylation and histone deacetylation. mRNA is translated into a 

protein product, but this process can be repressed by binding of microRNA (miRNA) to mRNA. 

Each miRNA binds to the mRNA of up to 200 gene targets. miRNAs can also be involved in 

establishing DNA methylation and may influence chromatin structure by regulating histone 

modifiers. 
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1.3.2 Histone Modifications 

The human genome contains approximately 3.2 X 109 nucleotides. It is thus 

absolutely essential to pack the genome to effectively fit in the nucleus. The 

human genome is divided into 23 different chromosomes. These chromosomes 

are an assembly of fine threads of DNA fragments associated with proteins and 

are known as chromatin. The proteins associated with the DNA fragment here 

are known as histone proteins and the assembly of DNA thus formed with 

histones is known as nucleosome assembly (Alberts et al., 2002). The histone 

core complex consists of eight units of histone proteins – two molecules each of 

H2A, H2B, H3 and H4 wrapped around 146 base pair of DNA fragment (Luger, 

Mader, & Richmond, 1997). Each nucleosome assembly is connected to the 

other by a linker DNA sequence which is around 20-80 base pair long. To each 

of the linker DNA a histone H1 molecule is attached which helps in the 

stabilization of the assembly.  

The histone proteins, especially the ones which form the core complex undergo a 

number of post-translational epigenetic modifications which results in the 

formation of a histone code which is recognized by different proteins which 

interacting with the DNA protein complex. These modifications are responsible 

for rendering a gene transcriptionally active or suppressed. The ultimate outcome 

of the transcriptional state of the gene depends on the position of the amino acid 

residue where the modification has taken place, the number of a specific kind of 

modification on the residue and the presence of multiple modifications on the 

same residue. The different types of modifications include histone methylation of 
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the lysine and arginine residues, acetylation of the lysine residues, 

phosphorylation of the serine and threonine residues, ubiquitination of the lysine 

residues and sumoylation of the lysine residues (Turunen & Ylä-Herttuala, 2011) 
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1.3.3 Nucleosome Modifications 

Nucleosome modifications refer to the chromatin modeling and the nucleosome 

positioning on the genome. The role of chromatin modification has been 

elucidated in some specific examples for different species including mammals, 

but the general understanding with respect to evolution and development is still 

lacking. Nucleosomes pose a barrier to the transcription machinery by restricting 

the interaction of transcription factors from coming in direct contact with the DNA 

sequence. Also, the structure of the nucleosome does not allow transcriptional 

elongation to take place thus repressing gene expression. It has been shown that 

the nucleosome position is random in the internal regions of the gene but it is 

very precise in the promoter regions (Jiang & Pugh, 2009). Nucleosome tightly 

regulates the gene activation by positioning itself around the transcription start 

site (TSS). Even a displacement of the nucleosome by a few base pairs can 

change the outcome of the gene expression. There are also some regions known 

as nucleosome free regions (NFRs) which denote the easy accessibility of the 

DNA to the transcription factors (Tsankov, Thompson, Socha, Regev, & Rando, 

2010). There are usually NFRs near the beginning and the end of the gene which 

facilitates the assembly and the disassembly of the transcription factors.  

Nucleosome assembly is also regulated by the DNA sequence to some extent. 

Sometimes the DNA has to bend very sharply in order to wrap around the 

histone to form the chromatin assembly. There are DNA sequences which can 

facilitate the sharp bending of the sequence around the nucleosome(Segal & 

Widom, 2009). This is an indication that the DNA sequence itself can dictate the 
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position of the nucleosome to some extent. Though there is no exact proof of this 

hypothesis, but it has been shown, that a minute shift of the nucleosome 

assembly can render the structure unstable. Another important regulating factor 

is the DNA methylation. It has been seen that methylation of the CpG islands can 

decrease the flexibility of the DNA to bend over the major groove of the 

nucleosome structure. This suggests that the DNA methylation plays an 

important role in the positioning of the nucleosome assembly(Nathan & Crothers, 

2002). Different histone variants play an important role in nucleosome 

positioning. Variants like H2A.Z inhibit DNA methylation which in turn facilitates 

for the nucleosomal assembly. There has been a low nucleosomal occupancy at 

the ribosomal and tRNA genes, transcriptional start sites and coding regions. 

Whereas, the density of nucleosome is high in centromeres and non-coding 

regions which advocates the fact that nucleosome assembly is used to regulate 

transcription (Segal & Widom, 2009). 

 

1.3.4 DNA Modifications 

DNA modification includes the addition of a methyl group to some specific 

cytosine residues in the gene sequence to be regulated. These cytosine residues 

are a part of a dinucleotide known as CpG dinucleotides where the cytosine is 

followed by a guanine joined by a phosphate group (denoted by p). The CpG 

dinucleotides often cluster to form CpG rich regions called CpG islands. It is 

defined as a region of more than 200 base pairs of nucleotides having equal to or 
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more than 50% GC content where Pobs/Pexp CpG is at least 0.6. (Portela & 

Esteller, 2010). Around 60% of the human genome is regulated by CpG island 

methylation. Most of these genes are housekeeping genes. Though most of 

these islands are unmethylated in normal cells, some of them become 

methylated in different differentiated cells depending on the location. These 

islands are hotspots for DNA methylation. DNA methylation is generally 

associated with gene silencing. It plays an important role in the imprinting of the 

gene in a parent-of-origin specific manner(Ishida & Moore, 2012). DNA 

methylation is also essential for X chromosome inactivation in females (Reik & 

Lewis, 2005). Though most of the research done on DNA methylation focused on 

CpG island methylation, some of the recent publication has shed some light on 

methylation in other regions as well-known as ‘CpG island shores’ (Doi et al., 

2009; Irizarry et al., 2009). These regions are up to 2kB upstream of the CpG 

islands, have a low density of CpG dinucleotides. But they are highly conserved 

and in some form of cancer, these regions are shown to be hypermethylated. 

They are found to play a very important role in the expression of different genes. 

 

1.3.4.1 DNA Methyltransferases (DNMTs) and modes of transcription repression 

The methylation of DNA is generally carried out by DNA methyltransferases 

(DNMTs). These enzymes add a methyl group to the 5th carbon in the cytosine 

ring. DNMT have predominantly three enzymes in its group viz. DNMT1, DNMT2, 

DNMT3A and DNMT3B and DNMT3L out of which DNMT3A and 3B only 
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possesses the enzymatic activity for de novo methylation (Trowbridge, Orkin, & 

Insights, 2010). DNMT1 was the first of this group of enzymes to be cloned from 

mouse. Another mammalian ortholog of this enzyme including humans was 

subsequently discovered. Interestingly, organisms which do not exhibit DNA 

methylation, like Saccharomyces cerevisiae and Caenorhabditis elegans, do not 

have any orhtolog of this enzyme. DNMT1 has a high affinity for hemimethylated 

DNA but can also methylate totally unmethylated DNA fragment(Singal & Ginder, 

1999). DNMT3A and 3B are found in adult cells where they are subcellularly 

localized in close vicinity of nucleosomes having hemi or fully methylated DNA 

(Trowbridge et al., 2010).  

DNA methylation is associated with the repression of gene expression. This can 

be brought about in various ways. DNA methylation can inhibit different factors 

which are responsible for transcription from binding to the DNA. Several 

transcription factors like cyclic AMP dependant transcription factor CREB, NFκB 

and E2F cannot bind to the DNA if it is methylated(Singal & Ginder, 1999). 

Another way of transcriptional repression by DNA methylation is the binding of 

methyl-CpG binding domain (MBD) protein to the methylated CpG regions. This 

in turn results in the recruitment of histone and chromatin modifying complexes 

which inhibit transcription of the gene (Esteller, 2007),(Lopez-Serra & Esteller, 

2008). Reports have shown that MBD proteins like MeCP-1 and/or MeCP-2 have 

repressed DNA transcription and cells deficient in either one of them have shown 

much reduced repression (Boyes & Bird, 1991). The third possible mechanism 

may be the structural change in the chromatin structure due to methylation. 
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Methylation as we know results in the nucleosome assembly which renders the 

DNA sequence unavailable to transcription factors thus resulting in gene 

silencing (Kass, 1997).The nucleosome assembly along with the methylation 

binding proteins together form a ‘molecular lock’ which results in the 

transcriptional repression of the genes. 

 

1.3.4.2 DNA Demethylation 

Another important aspect of DNA modification is the DNA demethylation. It can 

be easily deducible that DNA demethylation has the opposite function to 

methylation, i.e. facilitates transcriptional activation. There are genes in an 

organism which are transcriptionally active at the time of fertilization. They have 

their own pattern of DNA methylation which is derived from the paternal and 

maternal origins. After the formation of the zygote, the chromosomes received 

from the parental origin undergo global demethylation. One of the major cause of 

this massive demethylation may be to remodel the chromosome in order to 

remove any discrepancy in methylation status of different genes received from 

different parents (Kafri et al., 1992). Also, as we know methylation results in the 

repression of the genes, so the global demethylation may be to start the growth 

and division of the zygote. This theory is quite likely owing to the fact that the 

time of global demethylation coincides with the initiation of the zygotic 

transcription (Kafri et al., 1992). After the implantation of the embryo and the 

initiation of division, re-methylation is done in specific genes thus giving the 
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zygote its own signature methylation pattern. Demethylation also occurs during 

the course of development in a tissue specific manner. This suggests that 

demethylation also plays an important role in cellular specification (Williams, 

Christensen, & Helin, 2012). It has been shown in multiple reports that genes 

specific to a certain region of the body becomes transcriptionally inactive when 

transfected to a different type of cell line (Razin & Cedar, 1991). These data 

suggest that demethylation is a dynamic process and, together with DNA 

methylation, plays a very important regulatory role in the whole body throughout 

the lifetime of an organism. 

The specific mechanism of DNA demethylation was not fully understood for a 

long time. DNA demethylation can take place passively where the methylation 

process is repressed. But in this case the cell has to undergo two cycles of 

replication to demethylate a double stranded DNA and that too would occur in 

50% of the cells (Razin & Cedar, 1991). Passive demethylation has been found 

in case of highly replicating cells like ES cells. There had been evidences that 

active demethylation takes place in cells even when the cell is not dividing but 

the actual mechanism behind this phenomenon was not understood for quite 

some time. Recent developments have shed some light on the process of active 

demethylation in plants. One of these processes takes the help of 5-mC specific 

glycosylases (Chen & Riggs, 2011). These enzymes have a high affinity for 5-mC 

and they work in the same process as that of Base Excision Repair (BER) in 

mammals. The corresponding enzyme is not found in mammals, but the 

demethylation takes place in same methodology. In mammals, there are 
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evidences of enzymes like deaminases like activation induced cytosine 

deaminases (AID) which modifies the 5-mC to thymine following a deamination 

reaction, thus resulting in a T-G mismatch(B. Zhu et al., 2000).  

One of the most recent discoveries elucidates the presence of another very 

important enzyme for the conversion of 5-mC to cytosine through an intermediate 

step of 5-hydroxymethylcytosine (5hmC)(Tahiliani et al., 2009a). These enzymes, 

known as Ten Eleven Translocation or TET family are a group of dioxygenase 

enzymes which catalyzes the conversion of 5mC to 5hmC in an α-keto gluterate 

and Fe(II) dependant manner. These enzymes are expressed ubiquitously and 

are essential for normal maintenance of the homeostasis of the cell. Though the 

actual role of 5hmC is not yet known, but TET proteins have been implicated in 

many abnormalities including cancer. These proteins have been found to be 

highly expressed in ES cells as well as some differentiated cells which suggest 

that it is involved in both global and differentiation based demethylation. The 

elevated 5hmC level in ES cells and in some specific tissue suggests that the 

turnover of this product is not very high. Also, there are evidences of other 

byproducts like formylcytosine and carboxylcytosine. These products are mainly 

generated by subsequent oxidation of 5hmC (Williams et al., 2012). But Tet 

proteins cannot convert these byproducts into cytosine. Thus a glycosylase or a 

carboxylase is required for the conversion in the last step (He et al., 2011).  
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Fig 1.5: The cycle of DNA methylation and demethylation by DNA 
methyltransferases (DNMTs) and TET proteins 

DNMTs add a methyl group to the 5th carbon in the ring of the Cytosine residue. 

TET proteins convert the methyl to hydroxymethyl which can subsequently be 

converted to formylcytosine and carboxylcytosine before eventually getting 

converted back to the original cytosine by base excision repair (Y. Huang & Rao, 

2012) 
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1.3.5 TET Methylcytosine Dioxygenases 

Tet proteins are first discovered in AML patients with translocation of the 11q23 

region of the Mixed Lineage Leukemia (MLL) gene with another gene in the 

10q22 region. This gene was thus named Ten Eleven Translocation1 or TET1 

(Lorsbach et al., 2003b)(Aventín et al., 1999; Ono, Taki, Taketani, & Taniwaki, 

2002). Subsequently two other genes were discovered based on sequence 

homology – TET2 and TET3. These proteins exhibit diaoxygenase activity in a 

Fe (II) and α-ketoglutarate dependent manner. Thus, they are able to convert 

5mC to 5hmC or 5fC or 5caC. These genes were discovered as a part of a 

computational search to find proteins which might be able to convert 5mC to 

5hmC. The search criteria were based on the enzymes J-binding protein1 (JBP1) 

and JBP2 which are present in Trypanosoma brucei, the pathogen responsible 

for causing African Sleeping Sickness. The JBP1 catalyzes the conversion of the 

methyl group of thymine to a glycosylated hydroxymethyl thymine (5hmU) or a ‘J’ 

base. TET proteins were found to be metazoan homologue of the JBPs (Iyer, 

Tahiliani, Rao, & Aravind, 2009; Tahiliani et al., 2009b). Research from various 

sources indicate that most animals tend to have a single TET orthologue. It has 

an amino-terminal CXXC-type (Any two nucleotides flanked with cytosine 

residues) zinc-finger domain and a carboxy-terminal catalytic Fe(II)- and α-

ketoglutarate (α-KG)-dependent dioxygenase domain inserted in a cystein-rich 

region. However, in mammals, the TET genes appear to have undergone 

triplication process giving rise to three structurally related proteins (Lorsbach et 

al., 2003a; Tahiliani et al., 2009b; Y. Xu et al., 2012).
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TET1 and TET3 contain a CXXC domain required for binding of the protein to the 

DNA, but in case of TET2 there have been an evolution related chromosomal 

inversion (Pastor, Aravind, & Rao, 2013) thus dividing it into two parts, the 

catalytic part or TET2 and the CXXC domain containing part called IDAX/CXXC4 

(Myunggon Ko et al., 2013). IDAX is transcribed in an opposite direction and 

regulates the expression of TET2. Different TET enzymes exhibit distinct 

expression patterns in vivo. TET1 is mainly expressed in embryonic stem cells 

whereas TET2 and TET3 are more ubiquitously expressed. TET2 expression is 

more predominant in a variety of differentiated tissues, especially in 

hematopoietic and neuronal lineages (O. Abdel-Wahab, A. Mullally, 2009). TET 

protein activities include a broad spectrum of functions, but the exact pathway 

that are regulated by these genes still remain to be elucidated. Of the three 

proteins TET2 expression is more predominant and it is mutated in a wide array 

of malignancies. The basic function of TET2 and how these mutations play a role 

in giving rise to the malignancies will be discussed in the following sections.  

 

1.3.5.1 TET2 – Structure and Function 

TET2 gene is located in the 4q24 region of chromosome 11 and it spreads over 

150 kB encoding 9 exons. It has 3 isoforms based on alternate splicing. The C-

terminal of TET2 is the catalytic domain (CD) which is comprised of a cysteine 

rich (Cys) region and a double stranded β helix domain (DSBH). The DSBH is a 

characteristic for Fe2+- and 2-oxoglutarate-dependent dioxygenases (Tan & Shi, 
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2012). The DSBH and Cys-rich domains are linked together to by two zinc 

fingers to form a compact catalytic domain. This CD domain of TET2 confers its 

α-ketoglutarate (α-KG)-and iron (II)-dependent dioxygenase activity. The DSBH 

domain has a central DSBH core, made up of two antiparallel β sheets facing 

each other. The Cys-rich domain does not form an independent structural unit, 

rather it wraps round the DSBH core and consist of two sub-domains - Cys-rich 

N-terminal (Cys-N) and C-terminal (Cys-C) subdomains. The Cys-N subdomain 

contains a mixture of α/β fold consisting of α helix and a four-stranded β sheet, 

which joins one β sheet of DSBH core on the bottom end. In Cys-C subdomain, 

the top strand of the DSBH core connects two loops from the Cys-C subdomain 

(L1 and L2), which are flanking above the DSBH core for DNA interaction. DNA 

is suggested to bind above the DSBH core via its methylated cytosine flipped out 

and inserted into the catalytic cavity (L. Hu et al., 2013). The structural features 

of TET2 catalytic domain helps to better understand the mechanisms of TET-

mediated DNA interaction and oxidation. 

Tet2 is a ubiquitously expressed protein with a high level of expression in the 

hematopoietic system (Langemeijer et al., 2009). TET2 has been identified as an 

important epigenetic regulator of hematopoiesis and is believed to play significant 

roles in hematopoiesis, including control of HSCs self–renewal, lineage 

commitment and terminal differentiation of specific lineages. It is known to control 

hematopoiesis, presumably by regulating gene expression involved in HSCs 

differentiation through its effect on DNA methylation (Myunggon Ko et al., 2011; 

Quivoron et al., 2011). The TET2 gene is highly expressed in HSCs and 
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progenitor cells, but is downregulated with differentiation. It is suggested that this 

catalysis of 5mC to 5hmC is important in the hematopoietic system since the 

level of 5hmC might play a role in the actual differentiation process.   
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Fig 1.7: Gene Expression Pattern of TET2 in the mouse hematopoietic system 

The gene expression pattern of TET2 is determined in the mouse hematopoietic 

system using Affymetrix Mouse Genome 430 2.0 Array and is publicly available in the 

Gene Expression Commons website. Expression of TET2 is highest in the stem 

progenitor levels while the lineage committed cells have progressively decreasing 

expression levels, the lowest in the terminally differentiated cells. The granulocyte 

monocytes on the other hand have high expression even in the differentiated cells 

which suggests that TET2 might play an important role in these cell types (Seita et 

al., 2012) https://gexc.riken.jp/models/1649/genes/Tet2 
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Genome wide sequencing of patient samples from a large number of patients for 

diverse myeloid diseases revealed that TET2 is one of the most mutated gene in 

Chronic myelomoncytic leukemia or CMML (50%), Myelodysplastic Syndrome or 

MDS (20%) and Acute myeloid leukemia or AML (20%) (Bejar et al., 2011; 

Figueroa et al., 2010; Grossmann et al., 2011; Langemeijer et al., 2009; Nibourel 

et al., 2010). These studies have also shown that TET2 mutations generally 

occur in the CD34+ cells of the patients where CD34 represents the marker for 

human hematopoietic stem cells. TET2 mutations have a high occurrence in 

secondary AML patients as well. Multiple studies have shown that MPN patients 

with TET2 mutations are characterized by rapid progress to secondary AML 

(Jankowska et al., 2009). TET2 mutations are generally monoallelic but 

eventually may end up with a loss of heterozygosity (LOH). TET2 loss in patients 

exhibit variable prognosis. Although some studies suggest that presence of TET2 

mutations in AML patients increased the overall survival and decreased chances 

of relapse, other studies concluded that there is no effect of the presence of 

TET2 mutations on the prognosis of the patients (Kosmider et al., 2009; 

Papaemmanuil et al., 2016; Tefferi et al., 2009). Mutations in TET2 can be of two 

types. The first kind includes nonsense and frameshift mutations which can occur 

on any part of the gene. The second class of mutations are specific missense 

mutations in the critical conserved domain of TET2, the catalytic domain 

(Raphaël Itzykson, Kosmider, Renneville, Gelsi-Boyer, et al., 2013; Raphaël 

Itzykson, Kosmider, Renneville, Morabito, et al., 2013; Shen et al., 2010). In all 
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cases the mutations render the protein non-functional which suggests that the 

methylcytosine dioxygenase enzymatic activity of TET2 is essential for the 

hematological development of the human body. Aging patients with myeloid 

disorders having TET2 mutations have a significant loss of 5hmC level in the 

undifferentiated cells thus emphasizing the fact that 5hmC may play an important 

role in the hematopoiesis process. Although, the exact role of this molecule or 

any of its derivatives is still unclear (Bowman & Levine, 2017). TET2 mutation co-

occur with other mutations in several myeloid malignancies.  

One major setback in studying the role of TET2 in patients is the dearth of 

primary samples. To overcome this, researchers study its role in the 

hematopoietic system of mice. Conditional and full body knockout mice have 

been created by different research groups across the world (Myunggon Ko et al., 

2010; Moran-Crusio et al., 2011; Pronier, Almire, Mokrani, Vasanthakumar, 

Simon, Da Costa Reis Monte Mor, et al., 2011). One of the consequences of 

Tet2 depletion in primary bone marrow cells is an increase in the percentage of 

immature c-Kit positive, lineage negative cells and their re-plating ability, 

suggesting that Tet2 silencing could affect stem/progenitor cell differentiation (R 

Itzykson et al., 2011). TET2 loss also gave rise to increased granulocyte 

macrophage counts. The knockout animal also had hepatosplenomegaly 

following TET2 loss. The differentiation of the HSC was also affected as it 

differentiated more towards the monocytes instead of erythrocytes. Thus, TET2 

depletion in mice gave a similar phenotype as that of human CMML. Although 

there are multiple ongoing studies attempting to elucidate the role of TET2 in 
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normal and malignant hematopoiesis, the pathways and targets of TET2 are still 

not clear. In order to better understand its role in various myeloid malignancies, 

understanding the targets of TET2 and the how it regulates the differentiation and 

self-renewal process of the HSCs is important. The goal of this thesis is to further 

the understanding of the mechanism of action of TET2 and how it fits in the 

grand scheme of hematopoiesis. 
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2.1 Abstract 

TET2 is a methylcytosine dioxygenase enzyme that catalyzes the conversion of 

methylcytosine to hydroxymethylcytosine, a rate-limiting step in the DNA 

demethylation process. Mutations in TET2 have been found in several myeloid 

malignancies including MDS (~26%), MPN (~20%), CMML (~45%) and AML 

(~24%). It has been shown that depletion of TET2 increases the self-renewal 

capacity of hematopoietic stem cells and enhances myeloid differentiation. 

However, the mechanism by which TET2 regulates hematopoiesis is still unclear. 

Also, the actual substrates of TET2 have not been identified yet. Using chromatin 

immunoprecipitation assay followed by genome-wide sequencing, we have found 

that TET2 directly interacts with the promoter regions of different cell cycle 

regulators like Shp1, SOCS3, PLZF etc. which are known to regulate 

hematopoietic signaling. Knockdown of TET2 causes decrease in their 

expression both at mRNA and protein levels, whereas overexpression of TET2 

increases their expression. Furthermore, we have found that depletion of TET2 

increases the level of methylation and decreases the level of hydroxymethylation 

in the promoter regions of these signaling molecules in different hematopoietic 

cells. TET2 is believed to be a tumor suppressor in many myeloid diseases. 

Thus, overexpression of TET2 in TET2 depleted cells decreases proliferation and 

impairs GM-CSF mediated colony formation in vivo. Overexpression of its target 

genes also have similar effect. Our results suggest that TET2 directly regulates 

the gene expression of different downstream molecules by regulating the 

methylation status and thus regulates hematopoiesis. Furthermore, the role of 
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TET2 as a modulator of hematopoiesis is a culmination of the activity of all its 

target genes. 
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2.2 Introduction 

The role of TET2 in myeloid malignancies 

Hematological malignancies are one of the most diagnosed cancers in the world. 

It accounts for almost 11% of all cancers in both male and female 

(Haematological Malignancy Research Network (HMRN)). Deaths related to 

hematological cancers also range between 9-10% of all cancer related deaths 

(National Cancer Institute Surveillance Epidemiology and End Results Program). 

It is one of the most diagnosed cancers among children in the US. Hematological 

malignancies can be of different types depending on the type of hematopoietic 

cells affected and the nature of the disease. A brief overview of the different 

hematological malignancies is provided in Fig 2.2.1. The overall 5-year survival 

of hematological malignancies vary greatly depending on the severity of the 

disease and the stage it is diagnosed in, but it has improved over the years with 

the advancement of new diagnosis techniques and advanced therapeutic 

procedures. Still, acute myeloid leukemia or AML, the deadliest of all 

hematological malignancies, has the poorest prognosis and least overall survival. 

Leukemia is one of the leading causes of death among children below 15 years 

of age accounting for up to 34% of all deaths due to cancer in children of this age 

category. The basic cause of leukemia being the deadliest of all is the fact that 

our basic understanding of this disease is limited and the factors that play a 

causal role in the initiation and severity of this disease still remains largely 

unknown. Every 3 minutes, 1 person is diagnosed with leukemia in the US. 

Chronic leukemia on the other hand generally has intermediate prognosis, but  
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Fig 2.2.1 Different types of hematological malignancies and their occurrences 
based on number of incidents across all ages and gender (Haematological 
Malignancy Research Network (HMRN)) 



 
55 

 

 one of the worse prognostic factors is associated with secondary AML which 

arises due to transformation from myelodysplastic syndrome (MDS). These facts 

have led researchers to delve into this subject in order to find druggable targets 

which can be utilized to find a cure.  

Causes of leukemia are diverse and varied. These generally include mutations in 

different genes which can either affect the proliferation of matured blood cells or 

the maturation of precursor cells. There are mutations which can affect both and 

lead to the transformation of the disease. Tet2 mutations have been found in 

multiple malignancies including Myeloproliferative Neoplasms (11.5%), 

Myelodysplastic Syndromes (17.2%), Chronic Myelomonocytic Leukemia 

(45.8%) and AML (20.1%) (Euba et al., 2012a)(Euba et al., 2012b). Most of the 

mutations occurring in MDS, MPN and AML are frameshift mutations whereas 

missense mutations are more dominant in case of CMML. These mutations 

render the gene inactive and thus it can be inferred that the functioning of this 

gene is important for the hematopoietic system, disruption of which leads to 

leukemia.  

Some studies using Tet2 knockdown cells as well as Tet2 depleted mice have 

shown how it regulates the hematopoietic system(Z. Li et al., 2011; Pronier, 

Almire, Mokrani, Vasanthakumar, Simon, da Costa Reis Monte Mor, et al., 2011; 

Quivoron et al., 2011). But the exact mechanism by which Tet2 depletion disrupts 

the normal hematopoiesis or the homeostasis of the hematopoietic stem cells 

(HSCs) is not known. Nor has any bona fide target of Tet2 has been shown 
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yet(Myunggon Ko & Rao, 2011). Considering these short-comings of the 

molecular understanding of the mechanism by which Tet2 affects the normal flow 

of hematopoiesis, the following chapter explored the function of Tet2 in the 

hematopoietic system at a molecular level both in vitro and in vivo and 

investigated the mechanism which might lead to myeloid disorders in a Tet2 

deficient system. 

Src homology region-2 domain-containing phosphatase-1 or SHP1 

Src homology region-2 domain containing phosphatase-1 or SHP1 is a 

cytoplasmic non-receptor type tyrosine phosphatase protein encoded by the 

gene PTPN6. It contains two tandem Src homology (SH2) domains, a catalytic 

domain, and a COOH-terminal tail of around 100 amino acid residues (Oka, 

Ouchida, Koyama, & Lymphomas, 2002). The PTPN6 gene is found on mouse 

chromosome 6 and on human chromosome 12p13. SHP1 is a ubiquitously 

expressed protein with high expression in the hematopoietic system. There is an 

alternative isoform which starts from a different promoter region and is mainly 

expressed in the non-hematopoietic epithelial system (Wu, Sun, Liu, & Zhou, 

2003). For future references, SHP1 from now on would only refer to the 

hematopoietic protein. SHP1 has been shown to bind to receptor tyrosine 

kinases and dephosphorylates the downstream molecules of the signaling 

cascade thus causing a termination of the activated signal. Furthermore, some of 

the apoptosis pathways are also activated by SHP1. SHP1 is responsible for 

neutrophil maturation (Yousefi & Simon, 2003), macrophage response and 
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homing (Abram & Lowell, 2017), B cell signaling regulation, TCR signaling 

regulation (Zhang, Somani, & Siminovitch, 2000) etc. SHP1 regulation of tyrosine 

signaling and intrinsic growth factor signaling has led to the belief that it is a 

tumor suppressor. Basal level of SHP1 helps in maintaining the signaling 

cascade and thus it acts as a housekeeping gene in hematopoiesis. SHP1 has 

been found to be downregulated in many myeloid malignancies and loss of 

function of SHP1 is regarded as an important feature in myeloid and lymphoid 

leukemia. Reports also suggest that in more than half of these cases, SHP1 

gene expression was regulated by promoter methylation. Aberrant methylation of 

the SHP1 locus resulted in its loss of function and subsequently the upregulation 

of different signaling cascades responsible for the leukemogenesis (Oka et al., 

2002; Reddy et al., 2005). Although it is known that SHP1 is regulated by 

methylation, exact players responsible for its methylation or demethylation is yet 

to be determined.  

 

Suppressor of Cytokine signaling 3 or SOCS3 

Suppressor of cytokine signaling 3 or SOCS3 is a protein belonging to the SOCS 

family of negative regulators which are responsible for the negative regulation of 

certain tyrosine kinase pathways like the JAK-STAT pathway. This SH2 domain 

containing protein is a negative regulator of cytokine signaling which restricts 

prolonged cytokine signaling which might give rise to aberrant myeloid 

proliferation and tumorigenesis (Alexander et al., 1999). Thus, SOCS3 acts as a 
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tumor suppressor in the cell. The suppressive role of SOCS3 can occur by 

various processes. SOCS3 can directly bind to JAKs and inhibit its activation, or 

it can bind to the receptor chain thus preventing STATs from accessing its 

phosphotyrosine residues, or it can cause degradation of the kinase thus 

preventing the signal from getting transmitted downstream (Yin, Liu, & Dai, 

2015). Deregulation of SOCS3 can give rise to multiple different diseases 

including myeloid and lymphoid malignancies (Wormald & Hilton, 2007). Patients 

with decreased SOCS3 levels have been shown to favor tumor growth and 

dysplasia (Croker, Kiu, & Nicholson, 2008). Promoter methylation of SOCS3 is 

observed in a large number of patients. Methylation of SOCS3 resulted in the 

downregulation of its expression and thus, attenuation of its inhibitory activity 

(Culig, 2013). But the exact mechanism of its methylation is still not clear. 

 

Promyelocytic Leukemia Zinc Finger or PLZF 

Promyelocytic leukemia zinc finger or PLZF is a Krϋppel-like zinc finger protein 

encoded by a gene ZBTB16. It belongs to a family BTB/POZ family of 

transcription repressor. It was first identified as a fusion partner of retinoic acid 

receptor alpha (RARα) in a chromosomal translocation t(11;17) (q23;q21) 

implicated in acute promyelocytic leukemia (APL) (Angeles & Angeles, 2012). It 

is an important sequence specific transcriptional repressor. The sequence 

specificity of PLZF comes from its conserved BTB/POZ domain (Lin, Sternsdorf, 

Tini, & Evans, 2001). It is highly expressed in early hematopoietic stem and 
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progenitor cells and is subsequently downregulated in the differentiated cells 

which suggests that it is an important regulator of hematopoietic differentiation 

(Shaknovich et al., 1998). It is a potent suppressor of cell growth and has 

prominent role in myeloid differentiation, apoptosis and cell cycle. It also helps in 

maintaining hematopoietic stem cells at a quiescent undifferentiated stage. PLZF 

functions as a repressor or activator in diverse biological processes by direct 

binding to the specific DNA sequence of the target genes like homeobox genes 

or Hox genes. PLZF has been shown to be downregulated or translocated in 

several malignancies including promyelocytic leukemia (Maeda, 2016). PLZF has 

been shown to be methylated in some malignancies (HUI et al., 2015) but the 

exact mechanism and consequences of its downregulation by epigenetic 

silencing is yet to be elucidated.  
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2.3 Rationale and Hypothesis 

TET2 is associated with a variety of hematological malignancies. It is believed to 

be the ‘first hit’ in many myeloid malignancies (Pronier, Quivoron, Bernard, & 

Villeval, 2011). TET2 mutation gives rise to a clonal hematopoietic expansion 

thus priming the system for a ‘second hit’ of an oncogenic mutation which 

ultimately results in the transformation to a more severe form of malignancy 

(Kunimoto & Nakajima, 2017). The molecular changes that occur in the cells due 

to the mutation of TET2 during this entire event is still an enigma. Thus, it is 

important to acquire a micro level understanding of these changes in order to 

properly diagnose and hopefully cure any malignancy associated with TET2 

mutations. TET2 being an epigenetic regulator, it is imperative that we 

understand the global changes occurring due to the loss of TET2 function 

especially in the genetic and epigenetic level. Since TET2’s function involves 

changing the transcriptional status of a gene by directly binding to the locus of 

the gene and changing the methylation status, chromatin immunoprecipitation 

followed by global DNA sequencing of TET2 bound DNA was the most logical 

starting point of this project. TET2 mutations mostly affected the hematopoietic 

stem cells which were later translated onto the progenitor cells. Thus, to perform 

the ChIP-seq experiment, the hematopoietic stem cells were the obvious cell 

type. TET2 loss of function mutation resulted in poor prognosis of various 

leukemias providing rationale for the hypothesis that TET2 regulates the gene 

expression of tumor suppressors related to hematopoietic development and 

those genes are regulated by gene methylation.  
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Hypothesis: TET2 regulates methylation status of tumor suppressor genes 

important for regulation and development of hematopoiesis and the dysregulation 

of which causes an upheaval of this delicate balance bringing about leukemic 

transformation. 
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2.4 Material and Methods 

Mice and patient samples  

TET2 floxed mice were obtained in the C57BL/6 background from the Jackson 

Laboratories (B6;129S-Tet2tm1.1Iaai/J; Cat # 017573). Hematopoietic specific 

deletion of TET2 was obtained from crossing the floxed mice with Vav-Cre mice 

(B6.Cg-Tg(Vav1-icre)A2Kio/J; Cat # 008610). Mx-Cre mice (B6.Cg-Tg(Mx1-

cre)1Cgn/J; Cat # 003556) were also used to induce deletion of the TET2 gene 

by cossing the TET2 floxed mice with Mx Cre mice followed by 5 doses of 300 μg 

of polyinosine-polycytosine (pI:pC; GE Healthcare Life Sciences; Cat # 27-4732-

01) from the age of 21 days to induce Cre recombinase expression in the 

hematopoietic system.  

TET2 knockout mice were generated by crossing TET2 floxed with either Vav 

Cre or Mx Cre. Induction of Mx Cre mice were done similarly as described above. 

All animal studies were approved by the Committee for the Humane Use of 

Animals of State University of New York (SUNY) Upstate Medical University. 

Peripheral blood samples were collected from CMML patients and healthy 

volunteers after informed consent was obtained according to the Declaration of 

Helsinki and the guidelines of the Institutional Review Board of the SUNY 

Upstate Medical University. 
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PBMNC Isolation 

Whole blood samples were collected in heparinized tubes. PBMNC isolation was 

done using Ficoll-Paque(GE Healthcare Life Sciences; Cat # 17-1440-02) and 

Leucosep tubes(Greiner Bio One; Cat # 227288). 16mL of Ficoll-Paque was 

added to the leucosep barrier tubes and centrifuged for 30 seconds. Blood 

samples 2-4 times the volume of Ficoll was added to the tube and centrifuged at 

1000Xg for 10 minutes without brake. This resulted in formation of three layers, a 

plasma layer on top, an interphase layer consisting of PBMNCs and a Ficoll layer 

with all the erythrocytes. The plasma layer was discarded and the interphase 

layer was carefully removed to a new tube. The cells were washed twice with 

PBS and counted using a hemocytometer and trypan blue exclusion.  

 

Murine and Human Cell culture 

All murine and human cell lines were cultured according to conditions stated in 

American Type Culture Collection (ATCC) or Deutsche Sammlung von 

Mikroorganismen und Zellkulturen (DSMZ). Molm 14 and U937cells were 

cultured in RPMI+P/S+10% FBS media. Ba/F3 cells were cultured in 

RPMI+P/S+10% FBS+1ng/mL mIL3 media.  

Primary murine BM cells were cultured in IMDM+15% FBS+P/S+100ng/mL 

SCF+50 ng/mL TPO+30 ng/mL Flt3 + 6 ng/mL mIL6 at 37oC and 5% CO2.  
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Primary human PBMNC were cultured in RPMI+10% FBS+P/S+1% Non-

essential Amino Acid at 37oC and 5% CO2. 

Bone Marrow Harvest 

Mice were euthanized according to the protocol approved by the Committee for 

the Humane Use of Animals of State University of New York (SUNY) Upstate 

Medical University. Bone marrow aspirates were obtained from Tet2 mutant and 

wild type mice by flushing the femurs and tibias using 10mL of DMEM containing 

10% Sterile Fetal Bovine Serum and Penicillin and Streptomycin. RBC in these 

BM were then lysed using homemade RBC lysis buffer. The cells were then 

washed using DMEM+10%FBS+P/S media and counted using a hemocytometer 

and trypan blue exclusion. The cells were then normalized to 1X10^7 cells per 

mL for subsequent experiments.  

 

Fluorescence-activated cell sorting (FACS) 

BM was harvested from the femur and tibia as described previously. The yield of 

BM was maximized by crushing the spine and the pelvis. After the cells were 

counted they were selected for lineage negative cells (Lin-) by Magnetic 

activated cell sorting (MACS; Miltenyi) using standard protocols. Briefly, the cells 

were labeled with lineage selection antibodies bound with beads in 4oC and then 

washed with MACS Buffer (2% BSA, 2 mM EDTA, 1×PBS) and passed through 

the MACS column in the presence of a strong magnet. The flow-through 
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containing the unlabeled lineage negative cells were then collected and stained 

for LSK using the same protocol as described earlier. The cells were then sorted 

to obtain pure LSK population using a BD Aria III cell sorter (Beckton- Deckinson, 

San Diego, CA). 

 

Colony-forming assays 

Complete CFU – BM cells (2X104 or 1X103 depending on the experiment) were 

plated in duplicate in complete methylcellulose medium (MethoCult M3434; 

StemCell Technologies).  Burst-forming units-erythroid (BFU-E), granulocyte-

macrophage colony-forming unit (CFU-GM), and colony-forming unit-granulocyte, 

erythrocyte macrophage, megakaryocyte (CFU-GEMM) colonies were scored on 

day 7. 

CFU-GM – BM cells (2X104 or 1X103 depending on the experiment) were plated 

in duplicate in complete methylcellulose medium (MethoCult M3234; StemCell 

Technologies) with 0.1 and 1.0 ng/mL of GM-CSF cytokine. GM colonies were 

scored 5-7 days after plating. 
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Proliferation Assay (Manual Count) 

Cells were plated at a specific density in triplicates on Day 0. From Day 1 to Day 

5, live cells were counted individually using Trypan Blue exclusion using a 

hemocytometer. The counting was done at around 24hrs from the previous day. 

Appropriate dilutions were done following counting each day to plate 

approximately similar concentration of cells. The dilution factors were multiplied 

to the total value at the end of the experiment. After 5 days of counting, the data 

was used to generate a line graph. Each point was an average of the triplicates. 

Three independent experiment was done to get the significance.  

 

Western Blot 

Total proteins were extracted by disrupting primary or cultured cells with RIPA 

buffer with protease inhibitors. The protein concentration was measured by 

Bradford assay. A standard curve was generated by using BSA at decreasing 

dilutions in the Bradford dye. The exact protein concentration was measured by 

spectrophotometer. The lysates were then boiled at 100oC on a heat block for 10 

minutes with 2X Sample Buffer containing SDS. A specific amount of the lysates 

based on the recorded concentration were then loaded in a 6-12% 

polyacrylamide gel with 1X SDS Page running buffer and run at a constant 

voltage of 80 volts for 1.5 to 2 hours. 5ul of pre-stained Ladder (Biorad) was used 

as the size marker. After electrophoresis, proteins were transferred to a 

polyvinylidene fluoride (PVDF) membrane (Fisher Thermo Scientific) in using a 
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Heofer semi-dry transfer unit at a steady voltage of 20 volts for 2 hours using 

anode and cathode transfer buffers. The membrane was then blocked with 5% 

(w/v) Bovine Serum Albumin or 5% milk in Tris Buffered Saline(TBS) for 1 hour at 

room temperature, followed by incubation with anti-human primary antibodies for 

overnight at 4oC. The blots were then washed three times with Tris Buffered 

Saline+0.1% Tween (TBS/T) and incubated with appropriate Horseradish 

Peroxidase (HRP)-conjugated secondary antibodies at 1:5000 dilution in TBS/T 

for 1 hour at room temperature. After washing the blots three times, the blots 

were enhanced with chemiluminescence (ECL) for 3 minutes for homemade 

ones or as per manufacturer’s instructions (Bio-Rad) and were visualized with a 

Gel Doc XR+ Imaging System (Bio-Rad). Antibodies used for the study includes 

rabbit polyclonal anti-TET2 (1:500; developed internally), mouse monoclonal anti-

β Actin (1:10000; Cell Signaling), rabbit polyclonal anti-SHP1 (1:1000; Santa 

Cru), rabbit polyclonal anti-SHP2 (1:1000; Santa Cruz), rabbit polyclonal anti-

PLZF (1:500; Santa Cruz), rabbit polyclonal anti-SOCS3 (1:500; Abcam).  

 

Retroviral and Lentiviral Production and Transduction 

293T cells were used to produce lenti- and retroviral particles capable of infecting 

both human and murine cells. 293T cells were transiently transfected with the 

appropriate lentiviral or retroviral plasmid and the viral packaging materials. 

Scrambled DNA sequences or empty vectors were used as negative control. 24 

hours after the transfection the media of these plates were changed. Viral 
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particles suspended in the supernatant of these cultures were collected 48 hours 

and 60 hours (retroviral) or 48 hours and 72 hours (lentiviral) post transfection. 

Also, Plat-E cells were used to produce retroviral particles capable of infecting 

murine cells. These cells already produced the retroviral packaging particle 

capable of transducing murine cells. These cells were thus, transfected with only 

the retroviral particle of interest. Media was changed 24 hours post transfection 

and the supernatant was collected 48 hours and 72 hours post transfection. The 

viral titer was determined by transducing 1 mL of the collected supernatant in 

Ba/F3 murine cells by spinoculation at 2500 rpm for 90 minutes at 32 oC and 

measuring the GFP fluorescence using flow cytometry 48 hours post 

transduction. For cell line transduction 1-2 mL of the unadulterated virus was 

used. For primary cell transduction, the virus was concentrated 50-60 fold using 

Amicon Ultra-4 Centrifugal Filter Unit and two rounds of infection was done on 

subsequent days to ensure maximum infection efficiency.  

 

Quantitative RT PCR 

Total RNA was isolated from cells using the RNeasy Kit(Qiagen) using standard 

protocols. Equal amounts of the total RNA were converted to cDNA using 

QuatiTECT Reverse Transcriptase Kit (Qiagen) using prescribed protocols. PCR 

was performed on the cDNA samples using a SYBR Green Master Mix (Roche) 

according to the manufacturer’s protocol on a Roche 384 Light Cycler 

quantitative real time PCR System. As an internal reference either 18S or Gapdh 
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were amplified in parallel with the genes of interest. All reactions were performed 

in 10uL volumes containing 5µL of SYBR Green, 1µL (10 nM) of each primer and 

1µL of cDNA product and 1µL water. Reactions were then analyzed on the 

Roche 384 Light Cycler system. Melt curves were also performed to determine 

unique amplification products.  

The data was analyzed using relative quantification methodology. The Ct value 

was obtained from the software and used to determine the relative expression 

levels of genes in question. The ΔΔCt calculation for the relative quantification of 

target genes was used as follows ΔΔCt = 2^-(X:(Ct:target – Ct:reference) - 

Y:(Ct:target – Ct:reference)), where X = test sample and Y = reference sample. A 

minimum of three experiments was carried out for each gene and sample. At 

each experiment, each individual sample was run in triplicate wells and the Ct of 

each well was recorded at the end of the reaction. The average and standard 

deviation (SD) of the three Cts was calculated and the average value was 

accepted if the SD was lower than 0.5. Results for each sample were expressed 

as fold change in gene expression of the target gene normalized to the reference 

gene and relative to the control.  

 

Chromatin Immunoprecipitation 

LSK (Lin−Sca1+c-kit+) cells were sorted from control mice at 12-16 weeks. ChIP 

assays were performed with EpiTect ChIP OneDay Kit (Qiagen) using TET2 

antibody (developed internally) or anti-IgG antibody (Jackson Immunoresearch) 
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according to the manufacturer’s protocol. Cells were fixed in 1% formalin solution 

and then lysed using the provided lysis buffer and protease inhibitor cocktail. The 

obtained chromatin is then sonicated to produce fragments 250-300 bp in length. 

The chromatin was then precleared with Protein A beads for an hour. The 

precleared chromatin was subsequently pulled down using anti-TET2 or anti-IgG 

antibody and Protein A beads. The immunoprecipitated chromatin was purified 

and eluted in elution buffer provided.  

The immunoprecipitated DNA was used to quantify the binding of TET2 to the 

promoter regions of its target genes using regular quantitative PCR or 

quantitative real time PCR. This was accomplished by amplifying CpG island rich 

region in the promoter of the target gene. For quantitative PCR KAPA Taq 

polymerase (KAPA Biosystems) was used in a total reaction volume of 25 µL 

with. The reaction was performed in a Bio-Rad Thermal Cycler. The quantitative 

RT-PCR was performed in a similar method described previously.  

The ChIP primers were designed according to the location of TET2’s binding to 

the chromatin in the ChIP Sequencing data. A schematic of how the location of 

the primers were determined and their exact position is shown in Fig. 2.4.1. The 

gene loci shown here are mouse genes. The CpG islands were determined using 

Methyl Primer Express v1.  
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Fig 2.4.1 Schematic showing the location of the CpG Islands and ChIP 
primers 

(A), (B) & (C) Location of the CpG islands on the loci of mouse SHP1, PLZF and 
SOCS3 and the primers designed on the specific location of the loci. These exact 
regions are determined by the ChIP sequencing data. CpG islands predicted using 
Methyl Primer Express v1. 
(D) Table showing the location of all the mouse ChIP primers on the gene locus 
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ChIP Sequencing 

ChIP was performed on sorted LSK samples as described previously. For ChIP 

sequencing, libraries were prepared for each sample using Illumina TruSeq ChIP 

Sample Prep Kit. Sequencing was carried out using the NextSeq 500 High 

Output Kit and NextSeq 500 next-generation sequencing instrument (Illumina). 

The data analysis was done using Partek Genomics Suite. Alignment of the DNA 

strands were done using Bowtie2 algorithm. Only those genes were selected 

which had a P value<0.05.  

 

Methylated/hydroxymethylated DNA immunoprecipitation(MeDIP/hMeDIP) 

Control and shRNA mediated TET2 knock-down cells were harvested and fixed 

in 1% formalin solution. The cells were then lysed and the chromatin was 

extracted. Extracted chromatin was sonicated to produce fragments ranging from 

250-500 base pairs. The fragmented chromatin was pulled down using anti-5mC 

and anti-5hmC antibodies (Active Motif). Chromatin pulled down with anti-IgG 

antibody (Jackson Immunoresearch) was used as a negative control. Primers 

were designed based on the predicted CpG islands on the promoter region of a 

specific gene locus. PCR was run with equal amounts of the precipitated DNA 

using KAPA Taq Polymerase in a Bio-Rad thermal cycler and visualized using 

agarose gel electrophoresis.  
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Methylation specific PCR (MSP) 

Genomic DNA was extracted from control and TET2 knock-down cell lines using 

phenol chloroform extraction method. Cells harvested were lysed in homemade 

genomic DNA lysis buffer () with 400 µg of Proteinase K (Sigma Aldrich) 

overnight in a 56oC water bath. Next day an equal volume of 

phenol:chloroform:isoamyl alcohol (25:24:1, Sigma) was added to the sample. 

The sample was mixed vigorously and then centrifuged at 15000 rpm for 15 

minutes. The top layer (aqueous phase) was transferred into fresh tube and 

mixed with 2X volume of 100% ethanol to precipitate the DNA. It was centrifuged 

again to pellet the precipitated DNA which was washed with 70% ethanol twice. 

The pellet was air-dried and eluted in Tris-EDTA Buffer (TE Buffer) at 37oC. For 

5mC detection the genomic DNA was measured using a Nanodrop 2000 

(Thermo Fisher) and equal volume of DNA was treated with sodium bisulfite 

using EpiTech Bisulfite Conversion Kit (Qiagen) according to manufacturer’s 

protocol. Bisulfite specific primers were designed using Methyl Primer Express 

Software (Thermo Fisher). Bisulfite converted DNA was then used as a template 

to the methylation specific PCR using these primers.  

 

Dot Blot 

DNA was extracted by the same method as described earlier. Extracted DNA 

was then adjusted to 500 ng/µL and a serial dilution was prepared using TE 

Buffer to get 1X, 2X, 4X, 8X, 16X and 32X dilutions. 1 µL of the diluted DNA was 



 
75 

 

added as a drop on a nitrocellulose membrane and fixed using a UV crosslinker. 

The membrane was then blocked in 5% milk in TBS-T solution for an hour and 

then incubated with anti-5mC and anti-5hmC antibodies (Active Motif) overnight 

at 4oC. The next day the membrane was washed thrice with TBS-T and then 

incubated with appropriate Horseradish Peroxidase (HRP)-conjugated secondary 

antibodies at 1:5000 dilution in TBS/T for 1 hour at room temperature. After 

washing the blots three times, the blots were enhanced with chemiluminescence 

(ECL) for 3 minutes for homemade ones or as per manufacturer’s instructions 

(Bio-Rad) and were visualized with a Gel Doc XR+ Imaging System (Bio-Rad). 

 

Statistical analysis 

Results are presented as mean ± standard error of the mean (SEM). Statistical 

significance was determined by 1-way analysis of variance (ANOVA) or Student t 

test. P < .05 was considered to be statistically significant. 
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2.5 Results 

2.5.1 ChIP Sequencing to identify genome wide binding of TET2 

Lineage negative ScaI+ cKit+ hematopoietic stem cells (HSC) were sorted using 

flow cytometry. These cells were used to perform the chromatin 

immunoprecipitation using specific TET2 antibody. ChIP using anti-IgG antibody 

was used as a negative control. The ChIP data was analysed using Partek GS. 

Visualization of the binding of TET2 to the mouse genome was done by 

Integrated Genomic Viewer (IGV). The occupancy of TET2 on the genome 

around the CpG islands and the transcription start site (TSS) was determined as 

is shown in Fig 2.5.1.1. The occupancy was highest around the TSS and around 

the CpG islands (Fig 2.5.1.1a & b) compared to the negative control IgG. The 

occupancy of TET2 on the genome was aligned to the gene locations and the 

specific alleles were determined. The FDR was set at 0.05 thus eliminating any 

non-specific binding. The unique genes with TET2 binding compared to IgG is 

shown in Fig 2.5.1.1c. As described in Fig 2.5.1.1d, the gene list in the ChIP 

sequencing was compared to the downregulated genes in the published 

microarray data of TET2 KO LSK cells. The overlapping genes with high binding 

affinity and having high relevance to hematopoietic system and known to be 

regulated by methylation were chosen for validation and further investigation. 

These genes are listed in Table 2.5.1. Of the list of genes, SHP1, PLZF and 

SOCS3 were validated and established as targets of TET2.  
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Fig 2.5.1 Occupancy of TET2 over the genome 

(A) Occupancy of TET2 over the transcription start site (TSS); 
(B) Occupancy of TET2 around the CpG islands;  
(C) TET2 bound unique genes compared to IgG;  
(D) Genes mapped using ChIP sequencing compared to published microarray 

data showing the overlap of genes predicted to be targets of TET2  
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List of genes found in both ChIP-Seq 
and microarray data 

SHP1 

PLZF 

SOCS3 

BACH2 

MEIS1 

ERG 

CDC25C 

SLFN4 

XIST 

ZEB1 

UBASH3B 

PBX3 

 

 

  

Table 2.5.1 List of genes selected from those found in both ChIP Seq 

and published microarray data 

The following table lists the genes found in the ChIP-Seq data generated from 

our lab and the microarray data available online from TET2 KO mouse LSK. 

The microarray data was analyzed internally using the raw files available 

online 
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2.5.2 SHP1 as a target of TET2  

To establish Src homology region-2 domain-containing phosphatase-1 or SHP1 

as a target of TET2, multiple approaches were taken.  

2.5.2.1 In vitro approach 

Determination of TET2 levels in different leukemia cell lines: In order to 

determine whether SHP1 is a target of TET2 in vitro, TET2 knockdown murine 

and human cells were created by infecting cell lines with TET2 specific shRNAs. 

To determine which cell line would be suitable for this experiment, TET2 levels in 

different human leukemia cell lines were determined using western blot (Fig 

2.5.2.1). The human cell lines used in this case are tabulated in Table 2.5.2.  

Validation of TET2 knockdown by Western blot and RT-PCR: For the 

knockdown experiments, Molm14 cells was used as it is a monocytic leukemia 

cell line which has high relevance in case of TET2 since the expression of TET2 

is high in monocytes. Ba/F3 cells were chosen as the murine cells for the 

knockdown experiments. Level of TET2 was determined using western blot and 

RT-PCR following the shRNA mediated knockdown. Fig. 2.5.2.2a-d shows the 

KD of TET2 in both Molm14 and Ba/F3 cells. β-Actin was used as an internal 

loading control. Scramble shRNA was used as control.  

Change in global methylation level due to TET2 KD determined by dot blot: 

TET2 is an enzyme required for the oxidation of the 5-methylcytosine of the DNA. 

This is a rate limiting and irreversible step in the process of DNA demethylation   
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Fig 2.5.2.1 TET2 level in different human myeloid leukemia cell 
lines 

TET2 level in different myeloid leukemia cell lines were assessed using 
western blot to identify the suitable cells for knockdown and 
overexpression experiments 
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Cell Line Source Tissue Disease 

UT7 Megakaryoblast 
Acute 

megakaryoblastic 
leukemia 

HEL Erythroblast Erythroleukemia 

SET2 Megakaryoblast 
Essential 

thrombocythemia 

Molm 14 Monocyte 
Acute myeloid 

leukemia 

U937 Pro-monocyte 
Chronic 

myelomonocytic 
leukaemia 

THP1 monocyte 
Monocytic 
leukaemia 

 

 

 

Table 2.5.2 List of human leukemia cell lines compared 

The following is the list of human leukemia cell lines compared to assess the 

level of TET2 in them in order to identify a suitable cell line for overexpression 

and one for the knockdown studies. 
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Fig 2.5.2.2 Deletion of TET2 in Molm 14 and Ba/F3 cells 

(A) & (B) Deletion of TET2 by shRNA mediated transduction was validated in Ba/F3 cells 
by western blot and quantitative real time PCR 

(C) & (D) Deletion of TET2 by shRNA mediated transduction was validated in 
Molm14 cells by western blot and quantitative real time PCR 

(E) & (F) TET2 deletion resulted in decrease in the 5-hydroxymethylcytosine level 
and increase in the 5-methylcytosine level which was detected using dot blot in both 
Ba/F3 and Molm14 cells 

P < .05 determined by unpaired, 2-tailed Student t test. 
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which causes the activation of a gene transcriptionally repressed by methylation 

of its promoter region. Thus, suppression of TET2 will lead to the decrease in the 

oxidation of the 5-methylcytosine. The 5-methylcytosine level will increase 

globally and the 5-hydroxymethylcytosine level will decrease globally. This 

change in global 5-mC and 5-hmC was determined using dot blot (Fig 2.5.2.2e & 

f).  

Decrease in SHP1 expression due to TET2 KD determined by western blot 

and RT-PCR: Since the 5-mC level is increased, there will be a decrease in the 

expression level of the genes which are regulated by methylation and direct 

targets of TET2. SHP1 level was decreased in the Molm 14 TET2 KD and the 

Ba/F3 TET2 KD cells which was determined both by western blot and RT PCR 

(Fig 2.5.2.3a-d). SHP2, another protein of the Src homology region-2 containing 

phosphatase was used as another control in this experiment. This protein, 

although of the same family is a positive regulator of the JAK-STAT signaling and 

acts as a tumor promoter. Also, the expression of this protein is not known to be 

regulated by methylation. As shown in the figure, the expression of SHP2 was 

not changed upon TET2 depletion. Thus it can be inferred that the effect of TET2 

deletion is not uniform for all genes of the same type and that the TET2 alters the 

expression of very specific targets.  

Validation of TET2 binding to the SHP1 loci: Binding of TET2 to SHP1 

promoter region was validated using ChIP in Molm 14 and Ba/F3 cells. The 

immunoprecipitated DNA was used to amplify the promoter region of SHP1 usign   
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Fig 2.5.2.3 Deletion of TET2 in Molm 14 and Ba/F3 cells decreased the 
expression of SHP1 

(A) & (B) Deletion of TET2 by shRNA mediated transduction in Ba/F3 cells reduced the 
expression of SHP1 validated by western blot and RT PCR 

(C) & (D) Deletion of TET2 by shRNA mediated transduction in Molm14 cells 
reduced the expression of SHP1 validated by western blot and RT PCR 

P < .05 determined by unpaired, 2-tailed Student t test. 
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regular PCR as well as quantitative RT PCR. Fig 2.5.2.4a-d shows that there is a 

significant increase in the binding of TET2 to the promoter region of SHP1 which 

is shown quantitatively using RT PCR and also qualitatively using regular PCR.  

Methylation specific PCR (MSP) to determine change in methylation level of 

the promoter of SHP1: To ascertain whether the decrease in the SHP1 level 

following the knockdown of TET2 is a direct effect of its depletion or an off-target 

effect, certain molecular assays were used. Depletion of TET2 will cause 

increase in the 5-mC level of the promoter region of its of its targets. To 

determine the 5-mC level of the promoter region of SHP1, methylation specific 

PCR or MSP was used. As described earlier, MSP is done on bisulfite converted 

DNA to determine the level of methylation in that specific loci of the gene. MSP 

on the promoter region of SHP1 showed that the deletion of TET2 increased the 

methylation level in the promoter region of SHP1 compared to the control cells 

and decreased the unmethylation level in the same loci due to TET2 KD (Fig 

2.5.2.5a & b). The amplification level was measured qualitatively by running the 

amplified DNA on an agarose gel electrophoresis.  

5methyl/hydroxymethyl cytosine DNA immunoprecipitation (5me/hmeDIP) 

to determine the effect of TET2 deletion on the 5hmC level in the gene 

promoter: Bisulfite conversion of DNA converts unmethylated or 

hydroxymethylated cytosine to thymine whereas the methylated cytosine is 

protected. Thus, it is not possible to determine the exact level of 

hydroxymethylcytosine by MSP. In order to determine the effect of TET2 deletion   
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Fig 2.5.2.4 TET2 binds to the promoter region of SHP1 in Molm 14 and Ba/F3 
cells  

(A) & (B) Binding of TET2 to the promoter region of SHP1 validated by ChIP 
followed by PCR 

(C) & (D) Binding of TET2 to the promoter region of SHP1 validated by ChIP 
followed by quantitative real time PCR 
P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 2.5.2.5 Deletion of TET2 changes the level of methylation in SHP1 
promoter region  

(A) & (B) Deletion of TET2 increased the methylation level and reduced the unmethylation 
level of the promoter region of SHP1 in Molm14 and Ba/F3 cells. The level of 
methylation and unmethylation is detected by methylation specific PCR (MSP) 
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on the 5-hmC level on the promoter region of TET2, Me/HmeDIP was performed 

on the promoter region of SHP1 in TET2 KD and control cells. This procedure 

pulled down sheared genomic DNA using 5-mC or 5-hmC antibody. DNA pulled 

down using anti-IgG antibody was used as a control. Primers specific for the 

promoter region of SHP1 was used to run the PCR and the amplification was 

visualized on an agarose gel. As it is observed in Fig. 2.5.2.6a & b, the amount of 

DNA pulled down in TET2 KD cells is amplified more compared to the control 

cells which is consistent with the MSP data. The DNA pulled down by 5-hmC 

antibody is amplified less in TET2 KD cells compared to the control cells.  

2.5.2.2 In vivo and patient sample approach 

Decrease in SHP1 expression level in TET2 KO mice LTHSC: TET2 KO mice 

were obtained from Jackson Laboratories. Using flow cytometry based cell 

sorting, long term hematopoietic stem cells (LTHSC) were sorted and used for 

the extraction of RNA. This RNA was used to run a RT PCR experiment to 

determine the TET2 deletion in these mice. Also, the SHP1 level was ascertained 

in these cells. As is evident in Fig 2.5.2.7a, depletion of TET2 in LT-HSCs, 

resulted in the decrease in the expression level of SHP1.  

Decrease in SHP1 expression level on KD of TET2 in control huPBMNCs: 

To determine whether the same phenomena is observed in the primary human 

cells, blood from control healthy volunteers was collected and PBMNCs were 

isolated from the blood. These cells were subjected to shRNA mediated 

knockdown of TET2. RNA from the knockdown cells were obtained and RT PCR 
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was run using this RNA. Fig 2.5.2.7b, depletion of TET2 resulted in the decrease 

in the SHP1 levels of TET2 KD human PBMNCs compared to scramble cells.  

Decrease in SHP1 expression level in CMML patient PBMNCs: To further 

validate whether SHP1 expression is dependent on TET2 expression, blood 

samples from chronic myelomonocytic leukemia (CMML) patients were obtained. 

Almost 50% of CMML patients harbor TET2 mutation, thus these patients are the 

best candidate to test the level of TET2 and its targets. PBMNCs were extracted 

from the blood of the patients similarly and RNA was extracted from these cells. 

RT PCR of these RNA samples confirmed a significant decrease in the 

expression level of TET2 which also corresponded with a significant decrease in 

the SHP1 level in these RNA samples (Fig 2.5.2.7c).  
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Fig 2.5.2.6 Deletion of TET2 changes the level of methylation and 
hydroxymethylation in SHP1 promoter region  

(A) & (B) Deletion of TET2 increased the methylation level and reduced the 
hydroxymethylation level of the promoter region of SHP1 in Molm14 and Ba/F3 cells. 
The level of methylation and unmethylation is detected by 
methylcytosine/hydroxymethylcytosine DNA Immunoprecipitation method (Me/HMeDIP) 
followed by quantitative PCR. 
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Fig 2.5.2.7 SHP1 level is decreased in TET2 KO LTHSC, human PBMNC with 
TET2 KD and in CMML patient PBMNC with decreased TET2 expression  

(A) TET2 KO mouse long term hematopoietic stem cells (LTHSC) showed decrease in 
SHP1 level compared to the control 

(B) TET2 KD in human PBMNC isolated from the blood of healthy volunteer also showed 
decrease in the SHP1 level 

(C) PBMNC isolated from the blood of CMML patients having decreased TET2 expression 
also had reduced expression of SHP1 level. 

All expression levels detected using quantitative real time PCR (qRTPCR).  
P < .05 determined by unpaired, 2-tailed Student t test. 
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2.5.2.3 Rescue experiments 

Overexpression of TET2 increased SHP1 expression and global hmC level 

in U937 cells: In order to establish SHP1 as a target of TET2, rescue 

experiments are an important part of the study. To perform an in vitro rescue 

experiment, a TET2 depleted cell line, U937, was chosen. It was established in 

Fig 2.5.2.1 that U937 have least expression of TET2 and would thus serve as a 

perfect cell line model for overexpression experiments. Using lentiviral mediated 

infection, U937 cells were infected with pCDH-mTET2 plasmid which will result in 

overexpression of TET2 from a lentiviral promoter region. The overexpression of 

TET2 was determined by western blot in these cells (Fig 2.5.2.8a). A dot blot was 

performed to show that the overexpression of TET2 increased the 5-hmC level of 

the cells which suggests that the enzymatic activity of TET2 is also rescued (Fig 

2.5.2.8b). Overexpression of TET2 resulted in a marked increase in the 

expression level of SHP1. SHP2 expression on the other hand remained 

constant in these cells which again established that the effect is specific. β-Actin 

was used as a loading control (Fig 2.5.2.8a).   
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Fig 2.5.2.8 SHP1 level increased in U937 cell overexpressing TET2 

(A) TET2 overexpression in U937 cells also increased the level of SHP1 expression as 
detected by western blot 

(B) TET2 overexpression in U937 cells decreased the global methylation level and 
increased the global unmethylation level which is detected by dot blot. This signified 
that the TET2 protein overexpressed in U937 is not only expressing but enzymatically 
active as well. 



 
96 

 

Overexpression of SHP1 decreased proliferation in U937 cells: TET2 

depletion by mutation was found in almost 50% CMML patients. Thus, it is 

evident that at least in these cases TET2 acts as a tumor suppressor. U937 cell 

line is a monocytic leukemia derived cell line. Thus, TET2 might act as a tumor 

suppressor in this cell line as well. To determine that, TET2 was overexpressed 

in this cell and a live cell proliferation assay with trypan blue exclusion was done 

with TET2 overexpressing U937 cells and control cells. Due to its tumor 

suppressor activity, the overexpression of TET2 decreased the proliferation level 

of U937 TET2 overexpressing cells (Fig 2.5.2.9). As it was established that SHP1 

is a target of TET2 from the previous experiments, it would be meaningful to see 

whether overexpression of SHP1 can compensate the overexpression of TET2 to 

some extent in this cell line. Thus, if SHP1 is a target of TET2 and the tumor 

suppressor activity of TET2 is mediated through SHP1 to some extent, then 

overexpression of SHP1 would also have a similar effect as TET2 on U937 cells. 

Thus, SHP1 was overexpressed in U937 cells using lentiviral transduction in 

parallel with TET2. Fig 2.5.2.9 shows that overexpression of SHP1 in U937 cells 

had a similar effect on proliferation as overexpression of TET2.   
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Fig 2.5.2.9 Overepxpression of both TET2 and SHP1 decreased the 
proliferation level of U937 cells compared to control 

TET2 and SHP1 were separately overexpressed in U937 cells and the proliferation 
rate was determined using manual count. Both TET2 and SHP1 overexpression 
decreased the proliferation level of U937 cells. 
P < .05 determined by unpaired, 2-tailed Student t test. 
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Overexpression of SHP1 attenuated GM specific colony formation of TET2 

KO BM ex vivo: A hallmark feature of TET2 KO bone marrow is the ability to 

give rise to granulocyte macrophage colonies in presence of GM-CSF cytokine in 

methocult media. Overexpression of TET2 in the TET2 KO BM attenuated this 

feature almost completely (Fig 2.5.2.10). If SHP1 is an important target of TET2 

and the GM colony formation due to TET2 depletion is mediated by SHP1 as 

well, then overexpression of SHP1 in the TET2 KO BM would also have a similar 

effect. To determine that SHP1 was overexpressed in the TET2 KO BM. As it is 

evident from Fig 2.5.2.10 overexpression of SHP1 also had a similar effect on the 

GM-CSF mediated colony formation as there was a significant decrease in the 

colony formation ability of TET2 KO cells expressing SHP1. The colony formation 

assay was done in presence of GM-CSF cytokine at two different concentration 

of 1 ng/mL and 0.1 ng/mL.   
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Fig 2.5.2.10 Overexpression of TET2 or SHP1 decreased the GM colony 
formation ex vivo 

TET2 and SHP1 were separately overexpressed in TET2 KO BM and the GM 
specific colony formation ability was determined in presence of 1ng/ml and 0.1ng/ml 
of GM-CSF cytokine. Both TET2 and SHP1 overexpression decreased the GM 
colony forming ability of TET2 KO BM. 
P < .05 determined by unpaired, 2-tailed Student t test. 
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2.5.3 PLZF as a target of TET2 

Promyelocytic leukemia zinc finger or PLZF was established as a target of TET2 

via multiple approaches similar to SHP1.  

2.5.3.1 In vitro approach 

Decrease in PLZF expression due to TET2 KD determined by western blot 

and RT-PCR: Molm 14 TET2 KD and Ba/F3 TET2 KD cells were used to 

determine if depletion of TET2 decreases the level of expression of PLZF. In Fig 

2.5.3.1a-d, western blot and RT PCR data show that the expression of PLZF is 

significantly reduced in both the human and the murine TET2 KD cells.  

Validation of TET2 binding to the PLZF loci: Binding of TET2 to the promoter 

region of PLZF was established by ChIP followed by PCR and RT PCR (Fig 

2.5.3.2a & b). ChIP data clearly showed binding of TET2 to the promoter region 

of PLZF compared to IgG which was quantified by RT PCR.  

Methylation specific PCR (MSP) to determine change in methylation level of 

the promoter of PLZF: MSP was used to determine the level of 5-mC in the 

promoter region of PLZF in TET2 KD cells. MSP using primers specific for PLZF 

showed that the depletion of TET2 resulted in increase in the methylated DNA 

and decrease in the unmethylated DNA (Fig 2.5.3.3a & b).   
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Fig 2.5.3.1 Deletion of TET2 in Molm 14 and Ba/F3 cells decreased the 
expression of PLZF 

(A) & (B) Deletion of TET2 by shRNA mediated transduction in Ba/F3 cells reduced the 
expression of PLZF validated by western blot and RT PCR 

(C) & (D) Deletion of TET2 by shRNA mediated transduction in Molm14 cells 
reduced the expression of PLZF validated by western blot and RT PCR 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 2.5.3.2 TET2 binds to the promoter region of PLZF in Molm 14 and Ba/F3 
cells  

(A) & (B) Binding of TET2 to the promoter region of PLZF validated by ChIP followed by 
PCR 

(C) & (D) Binding of TET2 to the promoter region of PLZF validated by ChIP 
followed by quantitative real time PCR 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 2.5.3.3 Deletion of TET2 changes the level of methylation in PLZF 
promoter region  

(A) & (B) Deletion of TET2 increased the methylation level and reduced the unmethylation 
level of the promoter region of PLZF in Molm14 and Ba/F3 cells. The level of 
methylation and unmethylation is detected by methylation specific PCR (MSP) 
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2.5.3.2 In vivo approach and patient sample 

Decrease in PLZF expression level in TET2 KO mice LTHSC: Using RT PCR, 

we confirmed that TET2 KO LTHSC has significantly lower expression of PLZF 

compared to WT LTHSC (Fig 2.5.3.4a).  

Decrease in PLZF expression level in CMML patient PBMNCs: Also, in 

CMML patients which have lower levels of TET2 (Fig. 2.5.2.7c), PLZF is also 

substantially reduced (Fig 2.5.3.4b).  

Decrease in PLZF expression level on KD of TET2 in control huPBMNCs: To 

validate this in human primary cells, TET2 was knocked down in human 

PBMNCs isolated from the blood of healthy volunteers and RNA was isolated 

from these cells. RT PCR from this RNA confirmed that in PBMNCs having TET2 

KD, PLZF is significantly downregulated (Fig 2.5.3.4c).  
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Fig 2.5.3.4 PLZF level is decreased in TET2 KO LTHSC, human PBMNC with 
TET2 KD and in CMML patient PBMNC with decreased TET2 expression  

(A) TET2 KO mouse long term hematopoietic stem cells (LTHSC) showed decrease in 
PLZF level compared to the control 

(B) TET2 KD in human PBMNC isolated from the blood of healthy volunteer also showed 
decrease in the PLZF level 

(C) PBMNC isolated from the blood of CMML patients having decreased TET2 expression 
also had reduced expression of PLZF level. 

All expression levels detected using quantitative real time PCR (qRTPCR).  
P < .05 determined by unpaired, 2-tailed Student t test. 
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2.5.3.3 Rescue experiments 

Overexpression of TET2 increased PLZF expression in U937 cells: TET2 

was overexpressed in a TET2 null cell line U937 and PLZF level was determined 

using western blot (Fig 2.5.3.5). The blot showed that TET2 overexpression 

directly co-relates with PLZF upregulation in this cell line.  

Overexpression of PLZF decreased proliferation in U937 cells: PLZF was 

overexpressed in U937 parallelly along with TET2. TET2 overexpression caused 

a marked decrease in the proliferation level of U937 cells which was also true for 

PLZF overexpression (Fig 2.5.3.6).  

Overexpression of PLZF attenuated GM specific colony formation of TET2 

KO BM ex vivo: To show the effect of PLZF in GM-CSF mediated colony 

formation of TET2 KO BM, PLZF was overexpressed in the BM of TET2 KO mice 

ex vivo along with TET2 and then plated in methocult media in the presence of 

GM-CSF cytokine at two concentrations of 1 ng/mL and 0.1 ng/mL.TET2 and 

PLZF overexpression significantly reduced the colony formation ability of TET2 

KO BM in the presence of GM-CSF (Fig 2.5.3.7).  
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Fig 2.5.3.5 PLZF level increased in U937 cell overexpressing TET2 

TET2 overexpression in U937 cells also increased the level of PLZF expression as 
detected by western blot 
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Fig 2.5.3.6 Overepxpression of both TET2 and PLZF decreased the 
proliferation level of U937 cells compared to control 

TET2 and PLZF were separately overexpressed in U937 cells and the proliferation 
rate was determined using manual count. Both TET2 and PLZF overexpression 
decreased the proliferation level of U937 cells. 
P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 2.5.3.7 Overexpression of TET2 or PLZF decreased the GM colony 
formation ex vivo 

TET2 and PLZF were separately overexpressed in TET2 KO BM and the GM 
specific colony formation ability was determined in presence of 1ng/ml and 0.1ng/ml 
of GM-CSF cytokine. Both TET2 and PLZF overexpression decreased the GM 
colony forming ability of TET2 KO BM. 
P < .05 determined by unpaired, 2-tailed Student t test. 
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2.5.4 SOCS3 as a target of TET2 

Suppressor of cytokine signaling 3 or SOCS3 was established as a target of 

TET2 via multiple approaches similar to SHP1.  

2.5.4.1 In vitro approach 

Decrease in SOCS3 expression due to TET2 KD determined by western blot 

and RT-PCR: Molm 14 TET2 KD and Ba/F3 TET2 KD cells were used to 

determine if depletion of TET2 decreases the level of expression of SOCS3. In 

Fig 2.5.4.1a-d, western blot and RT PCR data show that the expression of 

SOCS3 is significantly reduced in both the human and the murine TET2 KD cells.  

Validation of TET2 binding to the SOCS3 loci: Binding of TET2 to the 

promoter region of SOCS3 was established by ChIP followed by PCR and RT 

PCR (Fig 2.5.4.2a-d). ChIP data clearly showed binding of TET2 to the promoter 

region of SOCS3 compared to IgG which was quantified by RT PCR.   
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Fig 2.5.4.1 Deletion of TET2 in Molm 14 and Ba/F3 cells decreased the 
expression of SOCS3 

(A) & (B) Deletion of TET2 by shRNA mediated transduction in Ba/F3 cells reduced the 
expression of SOCS3 validated by western blot and RT PCR 

(C) & (D) Deletion of TET2 by shRNA mediated transduction in Molm14 cells 
reduced the expression of SOCS3 validated by western blot and RT PCR 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 2.5.4.2 TET2 binds to the promoter region of SOCS3 in Molm 14 and Ba/F3 
cells  

(A) & (B) Binding of TET2 to the promoter region of SOCS3 validated by ChIP followed by 
PCR 

(C) & (D) Binding of TET2 to the promoter region of SOCS3 validated by ChIP 
followed by quantitative real time PCR 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Methylation specific PCR (MSP) to determine change in methylation level of 

the promoter of SOCS3: MSP was used to determine the level of 5-mC in the 

promoter region of SOCS3 in TET2 KD cells. MSP using primers specific for 

SOCS3 showed that the depletion of TET2 resulted in increase in the methylated 

DNA and decrease in the unmethylated DNA (Fig 2.5.4.3a & b).  

5methyl/hydroxymethyl cytosine DNA immunoprecipitation (5me/hmeDIP) 

to determine the effect of TET2 deletion on the 5hmC level in the gene 

promoter: 5-hmC level was determined by Me/HmeDIP experiment where DNA 

pulled down by 5hmC antibody has much less amplification in the TET2 KD cells 

whereas the DNA pulled down by 5-mC antibody was amplified significantly more 

compared to the control (Fig 2.5.4.4a & b).   
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Fig 2.5.4.3 Deletion of TET2 changes the level of methylation in SOCS3 
promoter region  

(A) & (B) Deletion of TET2 increased the methylation level and reduced the 
unmethylation level of the promoter region of SOCS3 in Molm14 and Ba/F3 
cells. The level of methylation and unmethylation is detected by methylation 
specific PCR (MSP) 
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Fig 2.5.4.4 Deletion of TET2 changes the level of methylation and 
hydroxymethylation in SOCS3 promoter region  

(A) & (B) Deletion of TET2 increased the methylation level and reduced the 
hydroxymethylation level of the promoter region of SOCS3 in Molm14 and Ba/F3 cells. 
The level of methylation and unmethylation is detected by 
methylcytosine/hydroxymethylcytosine DNA Immunoprecipitation method (Me/HMeDIP) 
followed by quantitative PCR. 
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2.5.4.2 In vivo approach and patient sample 

Decrease in SOCS3 expression level in TET2 KO mice LTHSC: Using RT 

PCR, we confirmed that TET2 KO LTHSC has significantly lower expression of 

SOCS3 compared to WT LTHSC (Fig 2.5.4.5a).  

Decrease in SOCS3 expression level in CMML patient PBMNCs: Also, in 

CMML patients which have lower levels of TET2, SOCS3 is also substantially 

reduced (Fig 2.5.4.5b).  

Decrease in SOCS3 expression level on KD of TET2 in control huPBMNCs: 

To validate this in human primary cells, TET2 was knocked down in human 

PBMNCs isolated from the blood of healthy volunteers and RNA was isolated 

from these cells. RT PCR from this RNA confirmed that in PBMNCs having TET2 

KD, SOCS3 is significantly downregulated (Fig 2.5.4.5c).  
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Fig 2.5.4.5 SOCS3 level is decreased in TET2 KO LTHSC, human PBMNC with 
TET2 KD and in CMML patient PBMNC with decreased TET2 expression  

(A) TET2 KO mouse long term hematopoietic stem cells (LTHSC) showed decrease 
in SOCS3 level compared to the control 

(B) TET2 KD in human PBMNC isolated from the blood of healthy volunteer also 
showed decrease in the SOCS3 level 

(C) PBMNC isolated from the blood of CMML patients having decreased TET2 
expression also had reduced expression of SOCS3 level. 

All expression levels detected using quantitative real time PCR (qRTPCR).  
P < .05 determined by unpaired, 2-tailed Student t test. 
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2.5.4.3 Rescue experiments 

Overexpression of TET2 increased SOCS3 expression in U937 cells: TET2 

was overexpressed in a TET2 null cell line U937 and SOCS3 level was 

determined using western blot (Fig 2.5.4.6). The blot showed that TET2 

overexpression directly co-relates with SOCS3 upregulation in this cell line.  

Overexpression of SOCS3 decreased proliferation in U937 cells: SOCS3 

was overexpressed in U937 parallelly along with TET2. TET2 overexpression 

caused a marked decrease in the proliferation level of U937 cells which was also 

true for SOCS3 overexpression (Fig 2.5.4.7).  

Overexpression of SOCS3 attenuated GM specific colony formation of 

TET2 KO BM ex vivo: To show the effect of SOCS3 in GM-CSF mediated 

colony formation of TET2 KO BM, SOCS3 was overexpressed in the BM of TET2 

KO mice ex vivo along with TET2 and then plated in methocult media in the 

presence of GM-CSF cytokine at two concentrations of 1 ng/mL and 0.1 

ng/mL.TET2 and SOCS3 overexpression significantly reduced the colony 

formation ability of TET2 KO BM in the presence of GM-CSF (Fig 2.5.4.8).  
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Fig 2.5.4.6 SOCS3 level increased in U937 cell overexpressing TET2 

TET2 overexpression in U937 cells also increased the level of SOCS3 expression 
as detected by western blot 
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Fig 2.5.4.7 Overepxpression of both TET2 and SOCS3 decreased the 
proliferation level of U937 cells compared to control 

TET2 and SOCS3 were separately overexpressed in U937 cells and the 
proliferation rate was determined using manual count. Both TET2 and SOCS3 
overexpression decreased the proliferation level of U937 cells. 
P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 2.5.4.8 Overexpression of TET2 or SOCS3 decreased the GM colony 
formation ex vivo 

TET2 and SOCS3 were separately overexpressed in TET2 KO BM and the GM 
specific colony formation ability was determined in presence of 1ng/ml and 0.1ng/ml 
of GM-CSF cytokine. Both TET2 and SOCS3 overexpression decreased the GM 
colony forming ability of TET2 KO BM. 
P < .05 determined by unpaired, 2-tailed Student t test. 
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2.6 Discussion 

The TET proteins were first discovered in 2003 where TET1 was found to be a 

fusion partner with MLL in a case of AML (Lorsbach et al., 2003c). Although the 

exact function of this gene was unknown, but it was evident from the clinical data 

that this gene was important in the hematopoietic context. Later through 

homology searches the other TET family proteins were discovered viz. TET2 and 

TET3. Subsequently their enzymatic activity was also elucidated. Slowly it 

became clear that this group of protein has a very unique enzymatic activity 

related to the regulation of gene expression which is important for a wide array of 

physiological processes. As more research and clinical papers were published 

over the years it was evident that TET2 is a very important player in normal 

hematopoiesis and disruption of its enzymatic activity can lead to severe 

malignancies. TET2 affects a wide range of cell types in the hematopoietic 

system and gives rise to a large number of hematological malignancies. Although 

it is evident from the published research that TET2 is a major player in this field, 

the exact methodology by which TET2 is regulating the various aspects of 

hematopoiesis still remains unknown. The exact targets of TET2 have not yet 

been elucidated clearly and thus we still do not have a complete understanding 

of the role of this enzyme in normal and malignant hematopoiesis. 

A major tool for studying any protein is a specific antibody and it was 

demonstrated in the results section that the antibody we developed is very 

specific and of a ChIP-grade quality. It was a very important tool for further 

studies. The ChIP sequencing that was performed on wild type hematopoietic 



 
124 

 

stem cells suggested that the level of TET2 is abundant in the HSCs as reported 

earlier. This is understandable from the fact that TET2 is the most predominant 

isoform of the three proteins in the hematopoietic system. TET2 binding is very 

specifically near the transcription start site (TSS) and close to the CpG islands. 

This is also predictable since binding site of TET2 has to be near the CpG 

clusters since it needs to be in close proximity to the CpG islands to carry out its 

enzymatic activity. The ChIP sequencing result also showed that TET2 has a 

wide variety of substrates. TET2 mutation and loss of function has been found in 

different types of malignancies including myeloid leukemias, lymphoid leukemias, 

lymphomas, myelomas, mastocytosytosis, etc. This suggests that TET2 plays a 

pivotal role in many major pathways. This justifies TET2 having a wide range of 

targets in the hematopoietic system. 

Given the enzymatic activity of TET2 is constant, it is evident that the altered 

expression levels of the gene substrates of TET2 is the key factor that brings 

about the effects downstream of TET2. The selection of the substrates not only 

depended on the ChIP sequencing data, but, it was also taken into account that 

these genes were downregulated in the publicly available TET2 KO microarray 

data. This dataset was analyzed by us and the overlap of the downregulated 

genes and the ChIP seq genes were selected for further validation. The 

substrates were shortlisted based on their role as established regulators of 

hematopoiesis. Thus, we wanted to move ahead with SHP1, SOCS3 and PLZF 

since these genes are also downregulated in the TET2 KO HSC microarray data. 

Also, there has been reports that these genes are regulated by methylation and 
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they are downregulated by hypermethylation in different hematological 

malignancies. Moreover, disruption of these genes gives rise to excessive HSCs 

or impaired myeloid development, also features common in malignancies 

involving TET2 deficiency.   

TET2 is a positive regulator of gene expression. Thus, by impairing TET2 activity, 

we would expect to see the downregulation of the expression of its targets. This 

validation of the targets of TET2 was done in both human and murine cell lines 

by a shRNA mediated knockdown approach. As we had expected, knockdown of 

TET2 decreased the expression of its targets. This was validated by western blot 

and qRT PCR. The change in methylation due to the knockdown of TET2 was 

assessed by methylation specific PCR (MSP). The change in hydroxymethylation 

level was determined by hMe/MeDIP. As we had expected, TET2 KD caused a 

marked increase in the methylation level of its targets. Since TET2 is a 

methylcytosine dioxygenase which converts 5-mC to 5-hmC, depletion of TET2 

would impair this activity and there would be an accumulation of the 5-mC mark 

on TET2’s target loci and there would be a marked decrease in the 5-hmC mark, 

which we see in the aforementioned assays involving the targets of TET2. TET2 

binding to the promoter region of its target genes was re-validated using ChIP 

followed by qRT PCR. This shows that TET2 actually binds to the promoter 

region of these target genes and these changes in the expression or the 

methylation is not an off-target effect.  
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Disruption of TET2 in patients generally give rise to hematological malignancies. 

Thus, in these cases, TET2 acts as a tumor suppressor. Thus, re-expressing 

TET2 in a TET2 null cell line like U937 should decrease the proliferative capacity 

of the cell. One interesting fact to note here is that U937 is a CMML like cell line, 

a disease in which 50% of the cases have TET2 loss of function mutations. We 

observed a decrease in the proliferation of the cell line upon TET2 

overexpression. Overexpression of the targets of TET2 also had a similar effect 

on the proliferation of U937 cells. The decrease in proliferation level due to the 

overexpression of its targets had a similar trend as that of TET2 overexpression 

but the extent was not as high as that of TET2 overexpression itself. This also 

suggested that none of these targets are the sole important targets of TET2, but 

all are required in some way or the other to carry out the downstream function of 

TET2. Another hallmark feature of TET2 KO BM is the ability to give rise to 

granulocyte macrophage colonies in the methocult media in the presence of GM-

CSF cytokine. The colony forming ability of the TET2 KO BM is impaired upon 

overexpression of TET2 in the BM cells. This phenomenon was also observed 

when we overexpressed the targets. The colony formation ability was decreased 

significantly, but the level of inhibition was not high as TET2 overexpression 

itself. This also shows that these targets are important in the normal 

hematopoiesis and are required for the proper functioning of TET2. 

To summarize, TET2 is an important regulator of hematopoiesis and plays a 

pivotal role in many hematological malignancies. Understanding its role in 

regulation of stem cell renewal and differentiation brings us one step closer to 
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finding a cure for these malignancies caused by TET2 deficiency. In order to 

achieve this, we need to understand how TET2 is regulating these processes 

and to do so we need to map the targets and how they interplay in all the 

processes TET2 is involved in. Thus, finding these targets and how they function 

in TET2’s grand scheme of regulation is a very important step for understanding 

these malignancies. 
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3.1 Abstract 

TET methylcytosine dioxygenase 2 (TET2) catalyzes the conversion of 5-

methylcytosine to 5-hydroxymethylcytosine resulting in DNA demethylation. 

Mutations or deletions of TET2 have been found in several myeloid malignancies 

including Myelodysplastic Syndrome (MDS), Myeloproliferative Neoplasms 

(MPN), Chronic myelomonocytic Leukemia (CMML) and Acute Myeloid Leukemia 

(AML). Furthermore, deletion of TET2 leads to myeloid malignancies in mice. 

Therefore, TET2 has been suggested to play a tumor suppressor role in myeloid 

malignancies.  

TET2 is reported to cooccur with other mutations in CMML, the most frequent 

being CBL. In order to study the effect of simultaneous deletion of TET2 and CBL 

in mice, a double knockout mouse was created. Upon analysis of these mice it 

was revealed that double deletion gave rise to marked increase in leukocytes 

and neutrophil and enhanced splenomegaly. The granulocyte macrophage 

progenitors and the stem progenitor cells were significantly expanded. These 

mice also exhibited a differentiation block with increased production of 

monocytes but no significant increase in macrophages. The overall survival of 

these mice was also decreased compared to the single deletions. These data 

suggest that deletion of TET2 and CBL cooperate in giving rise to a severe form 

of CMML in mice. 

Chromosomal rearrangements of the Mixed Lineage Leukemia (MLL) gene have 

been found in ~10% of acute leukemia and are associated with poor prognosis. 
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But TET2 deletion and MLL rearrangement almost never cooccur in AML 

patients. To understand the mechanism behind this mutual exclusivity, we 

knocked down TET2 in ML-AF9 positive cell lines and observed that depletion of 

TET2 significantly inhibited the proliferation of these cells. Also, overexpression 

of TET2 significantly increased proliferation in MLL-AF9 expressing MOLM14. In 

addition, overexpression of MLL-AF9 in control bone marrow resulted in a 

significant number in CFU-GM colonies which were markedly decreased in TET2 

KO bone marrow. 

The effects of TET2 deletion in MLL-AF9 mediated leukemogenesis was 

assessed using retroviral bone marrow transduction and transplantation assays. 

Whereas MLL-AF9 infected wild type bone marrow transduced mice resulted in 

substantial expansion of white blood cells (WBC) and neutrophils in the 

peripheral blood and a significant increase in the spleen size, mice harboring 

TET2 KO bone marrow significantly reduced the WBC and neutrophil levels and 

reduced the spleen size. The wild type BM overexpressing MLL-AF9 resulted in a 

significant overproduction of hematopoietic stem cells (Lin- cKit+ ScaI+) and 

granulocyte macrophage progenitors (GMP) which was markedly reduced upon 

TET2 deletion. The hematopoietic colony formation was also significantly 

attenuated in TET2 KO bone marrow compared to wild type bone marrow 

expressing MLL-AF9. Deletion of TET2 resulted in increased overall survival 

compared to wild type mice expressing MLL-AF9. 
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Together these data indicate that TET2 plays an important tumor suppressor role 

in CBL mediated CMML oncogenesis. On the other hand, it is required for the 

leukemic transformation mediated by MLL-AF9. This study establishes a dual 

role of TET2 in myeloid leukemia.  
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3.2 Introduction 

Acute Myeloid Leukemia (AML) 

Myeloid malignancies are uncontrolled and aberrant proliferation of the myeloid 

cells. Myeloid malignancies can be subdivided into many categories depending 

on the phenotype they show. A detailed categorization of all the myeloid dieses is 

listed in (Advocating for Patients Funding Research Providing Information, 2016). 

Broadly they are acute myeloid leukemia (AML), chronic myeloid leukemia 

(CML), chronic myelomonocytic leukemia (CMML), myeproliferative neoplasms 

(MPN) and myelodysplastic syndrome (MDS). Of these the last two can 

transform in their later stages to a full blown secondary leukemia. AML is the 

leading cause of death among all these diseases. It is a heterogeneous disease 

with abnormal blast formation in the bone marrow. These blasts can interfere 

with normal hematopoiesis by preventing regular cell division and differentiation 

which may lead to bone marrow failure which is the leading cause of death in 

case of AML. It is an aggressive disease where these myeloblasts can cause 

maturation arrest of other cell types and gives rise to a clonal myeloid neoplasm 

like phenotype. According to the recent WHO classifications, these myoblasts 

must comprise 20% or higher of the total bone marrow to be diagnosed as AML 

(Hasserjian, 2013). The Cancer Genome Atlas (TCGA) has the sequenced and 

karyotyped data of around 200 AML patients among other cancer data. All these 

combined data have shown that AML is a disease with very complex genomic 

makeup and thus the diagnosis and treatment of this disease is becoming 

increasingly difficult. Whole genome sequencing and cytogenetic arrays have 
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shown that AML can be caused by multiple different genetic and epigenetic 

abnormalities. There is a two-hit hypothesis in AML which suggests that more 

than one mutation is required for the complete transformation to AML and that no 

single mutation is sufficient to give rise to a full blown leukemogenesis (Kitamura 

et al., 2014). The first mutation is called the driver mutation which initiates the 

process of clonal neoplasms. These mutations generally initiate the process of 

uncontrolled proliferation of a specific lineage and thus gives rise to a more 

clonal hematopoiesis. Then comes the second mutation or the passenger 

mutation which tips the balance towards leukemogenesis. Although AML 

phenotype is very consistent with the formation of the blasts and uncontrolled 

myoblast proliferation, but the causative abnormalities vary widely. Broadly, AML 

can be of normal or abnormal karyotypes. Normal karyotypes include mutations 

in specific recurring genes which are shown to be mutated in large number of 

AML patients along with other mutations. Of the genes which are found to be 

recurrently mutated in AML, TET2 is among the top few (Fig 3.2.1) Abnormal 

karyotypes include AML cases with genomic translocations which occur 

frequently in AML patients. These translocations occur at specific points of the 

genome which are vulnerable to breaks in the DNA strands and are frequently 

translocated in various diseases. AML can also be subdivided into categories 

based on the prognosis. Depending on the nature of the mutations which affects 

the ultimate prognosis of the patients, United Kingdom Medical Research council 

(UKMRC) has classified AML as having mutations which are favorable, 

intermediate or adverse prognosis (Estey, 2016). Many genes are associated 
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with poor prognosis in AML including TET2 (Hasserjian, 2013). Other mutations 

which are also found to have poor prognosis in AML including ASXL1, RUNX1, 

MLL rearrangements, etc.  

 

 

 

 

Mixed Lineage Leukemia (MLL) 

MLL or Mixed Lineage Leukemia protein is encoded by a gene of the same name 

located in chromosome 11q23 and spans over 36 exons. MLL is a chromatin 

modifying transcriptional regulator required for the hematopoietic development 

Fig 3.2.1 Significantly mutated genes in de novo adult AML (Rowe, 2014) 
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process. It is also important for the axial-skeletal development process and 

required for transcriptional regulation of HOX genes (Z.-Y. Li, Liu, & Liang, 2005) 

MLL has two domains the N-terminal and the C-terminal domain which are 

proteolytically cleaved by tapase-1. MLL specifically catalyzes the methylation of 

the 4th lysine residue in histone 3 (H3K4) which is a mark for transcription 

activation. It also forms a part of a transcriptional multiprotein supercomplex 

which activates transcription by histone modification as well as chromatin 

remodeling (Yip & So, 2013). MLL is rearranged in a large percentage of AML 

cases. There are almost 70 fusion partners of MLL identified till date. The MLL N-

terminal fuses with a large number of unrelated proteins forming a fusion 

oncoprotein which eventually gives rise to a high-grade AML in patients. 

Depending on the function of the proteins, MLL fusion partners can be 

subdivided into two categories – nuclear proteins like AF4, AF9, AF10, ENL, 

AFX1, etc. and cytoplasmic partners associated with cytoplasm dependent signal 

transduction like AF6, Abi1, FBP17, etc. (Z.-Y. Li et al., 2005) A large portion of 

the C terminal end of MLL is deleted and is replaced by one of its fusion proteins. 

The N terminal of MLL is retained which has two critical DNA binding sites. The 

fusion oncoprotein binds to the DNA via its N terminal DNA binding regions. The 

fusion partners of MLL generally retain their transactivation domain and thus they 

carry out their function in the loci MLL rearranged proteins bind to. Recent 

studies have also shown that MLL and MLL rearranged proteins have distinct 

binding patterns on the DNA and the fusion oncoproteins require wild type MLL 

to carry out its oncogenic function (J. Xu et al., 2016).  
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MLL-AF9 is one of the most common form of MLL gene rearrangement 

associated with leukemia. MLL-AF9 in patients give rise to both acute myeloid 

and lymphoid leukemia in adults and infants (Horton et al., 2013). MLL-AF9 

translocation retains the amino terminal of the MLL domain which helps in the 

binding of the fusion protein to the chromatin since the sequence recognition part 

is present in the N terminal. The C terminal part of the protein which is the 

carboxyl part of AF9 works as a transcription factor for the targets genes of MLL 

and initiates aberrant transcription of these genes (Ayton, Chen, & Cleary, 2004). 

The fusion MLL protein interacts with wild type MLL as well as other epigenetic 

and transcription regulators like DOT1L and AF4 by forming a hybrid complex.  

(Yokoyama, 2015). The complex binds to the DNA and activates important genes 

like Hox genes which are required for the leukemogenic process mediated by 

MLL gene fusion (Yokoyama, 2015). MLL-AF9 gene rearrangement is associated 

with constitutively activated hematopoietic stem cell genes (N. Zhu et al., 2015) 

increase in the leukemic granulocyte progenitors (N. Zhu et al., 2015) and 

cellular memory genes (N. Zhu et al., 2015) 

Chronic Myelomonocytic Leukemia (CMML) 

Chronic myelomonocytic leukemia or CMML is another myeloid leukemia which 

has a very heterogeneous mutation pattern. The hallmark feature of CMML is the 

overlapping feature of both myeloproliferative neoplasms and myelodysplastic 

syndromes. Another subtype of CMML, Juvenile myelomonocytic leukemia or 

JMML exhibits similar phenotypes but in children. It exhibits persistent 
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monocytosis or increase in the monocyte levels, dysplasia in one of the blood 

parameters and a <20% blast formation (Matynia et al., 2015). The frequency of 

CMML increases significantly with age. This disease is rare for patients under 50 

but is extremely high in patients around 70 years and above. Hematopoiesis in 

aged individuals vary significantly from the younger population. Marrow cellularity 

diminishes with age whereas the HSC population is significantly increased. The 

hematopoietic differentiation is skewed towards the myelomonocytic lineage 

rather than the lymphoid lineage. This age related clonal hematopoiesis coupled 

with the frequent mutations associated with myeloid differentiation helps in the 

rapid progress of the patients towards the CMML (Mason et al., 2016). Of the 

genes frequently mutated in CMML, TET2 ranks highest with almost 50% cases 

positive for TET2 loss of function mutations, followed by ASXL1, SRSF2, RAS, 

CBL, etc. Although some genes are found to be mutated more than others in 

CMML, no single gene is sufficient to give rise to the disease. It is a culmination 

of multiple mutations, at least two, which is required for the leukemogenesis 

process. In case of CMML, although the prevelant mutations are TET2, ASXL1, 

SRSF2, etc. but these mutations are complimented with mutations in other genes 

like CBL, JAK2, etc. From the various patient data available, TET2 mutation co-

occur with c-CBL mutations significantly. In the studies done by (Mason et al., 

2016), (Kohlmann et al., 2010) and (Meggendorfer et al., 2012), it was shown 

that there is more than 50% overlap of the number of patients harboring both the 

mutations. Thus, it can be hypothesized that TET2 and cCBL mutations are 
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important in CMML and they cooperate to increase the intensity of the disease 

thus suggesting an interplay among the two proteins.  

Casitas B-Lineage Lymphoma Proto-Oncogene (CBL) 

Casitas B-Lineage Lymphoma Proto-Oncogene or CBL is a Ring Finger (RF) 

domain containing E3 ubiquitin ligase protein which ubiquitinates activated 

protein tyrosine kinases for degradation. CBL proteins are further subdivided into 

c-CBL, CBL-b and CBL-c, out of which c-CBL and CBL-b are predominant 

variants of the protein and are highly expressed in hematopoietic system (Kales, 

Ryan, Nau, & Lipkowitz, 2010). c-CBL or commonly known as CBL is the first 

mammalian CBL protein to be identified and is the more predominant isoform. It 

is a negative regulator of many cytokine signaling. It ubiquitinates both receptor 

and non-receptor tyrosine kinases priming them for endocytosis and eventual 

degradation by lysosomes thus restricting their signaling activity. CBL protein has 

a ring finger domain and an SH2 domain in the C-terminal followed by a linker 

region with the C-terminal domains. The C-terminal contains a proline rich region 

followed by a leucine rich zinc finger motif. The N-terminal domain imparts the 

specificity for the targets that CBL ubiquitinates. It also acts an adapter protein 

for the different molecules. The negative regulatory roles of c-CBL in tyrosine 

kinase signaling suggest that the protein could have an anti-oncogenic function 

(Ogawa et al., 2010) Deletion of CBL in mice is associated with hyperproliferation 

of the HSCs along with constitutive activation of STAT5 and Myc expression 

(Rathinam, Thien, Langdon, Gu, & Flavell, 2008).CBL deletion resulted in 
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myeloproliferation, splenomegaly and extramedullary hematopoiesis and blast 

like transformation (An et al., 2016). Although the symptoms resembled JMML to 

some extent, but the total leukemic transformation was not achieved by just CBL 

deletion. Thus, is evident that CBL plays a major role in hematopoietic 

development but deletion of the protein is not sufficient for the leukemogenesis. 

A second hit is required along with CBL mutation for the complete leukemic 

transformation.  
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3.3 Rationale and Hypothesis 

TET2 mutations are associated with several myeloid malignancies where TET2 

has been regarded as a tumor suppressor (Mercher et al., 2012). TET2 

mutations are mainly loss of function mutations which abrogate TET2 activity and 

causes a decrease in the overall 5hmC level in the specific cell type. This 

suppression of TET2 brings about changes in the stem and progenitor cells of 

the hematopoietic system thus giving rise to myeloid diseases. TET2 mutations 

have been found along with multiple other mutations, including Flt3-ITD, NPMc+, 

CBL, etc. Thus, the probability of TET2 being involved with any of these proteins 

is high. And, the loss of TET2 along with mutations in any of these proteins may 

give rise to severe leukemic transformation which would not have been possible 

with TET2 alone. TET2 mutations have been found in 50% of CMML cases. Also, 

CBL has been found to be most mutated in TET2 mutated CMML cases. Thus, it 

is rational to examine the cooperativity of these two proteins and the effect their 

tandem loss of function has on the hematopoietic system.  

TET2 has, till now, not been implicated to have a positive influence in leukemic 

transformation. Neither has any TET2 gain of function mutation been reported till 

date. TET1, another protein in the TET methylcytosine dioxygenase family, also 

expressed in hematopoietic system plays a tumor suppressor role in 

hematological malignancies (Cimmino et al., 2015). Although TET1 mutations are 

rare in hematological diseases, but loss of TET1 gave rise B-cell lymphoma in 

mice. However, TET1 has also been shown to be required for the leukemic 

transformation of MLL-rearranged leukemia (H. Huang et al., 2013). All the above 
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information taken together suggest that TET family proteins might have multiple 

functions in different settings and they cannot be entirely classified by the 

conventional definitions of tumor suppressor or oncogene. Thus, it might be 

possible that TET2 also might have similar dual functions in presence of different 

oncogenic mutations.  

TET2 mutations have been studied extensively in patients along with other 

oncogenic mutations and gene fusions. TET2 mutation has a high occurrence in 

AML cases, almost 20%. Also, as discussed earlier, AML is a complex disease 

which requires multiple mutations in order to transform into its severe most form. 

But, there have been no report of TET2 mutations occurring with MLL-AF9 gene 

fusion, another commonly occurring oncogenic fusion in AML. Also, using public 

databases like STRING (Szklarczyk et al., 2017), no direct association of TET2 

mutations was discerned with MLL-AF9 mutations (Fig 3.3.1). Also, by mining 

other databases like TCGA and MILE it was inferred that there is almost no 

overlap between TET2 mutations and MLL-AF9 fusion in AML (Rasmussen et al., 

2015) (Fig 3.3.2). These data might suggest that TET2’s role in MLL-AF9 

mediated leukemia might be different from its conventional tumor suppressor 

function. Thus, it was rational to scrutinize the role of TET2 in MLL-AF9 mediated 

leukemogenesis. 
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Fig 3.3.1 STRING based search revealed no association between TET2 
and MLL-AF9 in patients 

(A) Evidence based co-occurrence between TET2 and MLL-AF9 
(B) Confidence based co-occurrence between TET2 and MLL-AF9 
(C) Molecular Action based co-occurrence between TET2 and MLL-AF9 
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Fig 3.3.2 TET2 and MLL-AF9 mutations do not overlap in AML 

Unsupervised hierarchical clustering of mouse wild-type GMPs and leukemic GMPs (L-
GMPs; LeuA and LeuB) together with human AML samples from the MILE study 
(Haferlach et al. 2010) (left) and the Cancer Genome Atlas (TCGA) study (The Cancer 
Genome Atlas Research Network 2013). TET2 mutations (   ) do not occur with MLL 
translocation (Orange bar). Adapted from (Rasmussen et al., 2015) 
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Hypothesis A: TET2 cooperates with CBL in hematopoietic development and the 

simultaneous mutation of both these genes can cause leukemic transformation in 

mice. 

Hypothesis B: TET2 plays an oncogenic role in MLL-AF9 mediated 

leukemogenesis as TET2 is required for the initiation and maintenance of 

leukemic transformation brought about by MLL-AF9. 
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3.4 Methods and Material 

Mice and patient samples  

TET2 floxed mice were obtained in the C57BL/6 background from the Jackson 

Laboratories (B6;129S-Tet2tm1.1Iaai/J; Cat # 017573). Hematopoietic specific 

deletion of TET2 was obtained from crossing the floxed mice with Vav-Cre mice 

(B6.Cg-Tg(Vav1-icre)A2Kio/J; Cat # 008610). Mx-Cre mice (B6.Cg-Tg(Mx1-

cre)1Cgn/J; Cat # 003556) were also used to induce deletion of the TET2 gene 

by cossing the TET2 floxed mice with Mx Cre mice followed by 5 doses of 300 μg 

of polyinosine-polycytosine (pI:pC; GE Healthcare Life Sciences; Cat # 27-4732-

01) from the age of 21 days to induce Cre recombinase expression in the 

hematopoietic system.  

TET2 cCBL double knockout mice were generated by crossing TET2 floxed mice 

along with cCBL crossed mice and either Vav Cre or Mx Cre. Induction of Mx Cre 

mice were done similarly as described above. All animal studies were approved 

by the Committee for the Humane Use of Animals of State University of New 

York (SUNY) Upstate Medical University. 

Peripheral blood samples were collected from CMML patients and healthy 

volunteers after informed consent was obtained according to the Declaration of 

Helsinki and the guidelines of the Institutional Review Board of the SUNY 

Upstate Medical University. 
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Murine and Human Cell culture 

All murine and human cell lines were cultured according to conditions stated in 

American Type Culture Collection (ATCC) or Deutsche Sammlung von 

Mikroorganismen und Zellkulturen (DSMZ). Molm14 and U937 cells were 

cultured in RPMI+10%FBS+P/S. Ba/F3 cells were cultured in 

RPMI+10%FBS+P/S+mIL3. 

Primary murine BM cells were cultured in IMDM+15% FBS+P/S+100ng/mL 

SCF+50 ng/mL TPO+30 ng/mL Flt3 + 6 ng/mL mIL6 at 37oC and 5% CO2.  

Primary human PBMNC were cultured in RPMI+10% FBS+P/S+1% Non-

essential Amino Acid at 37oC and 5% CO2. 

 

Bone Marrow Harvest 

Mice were euthanized according to the protocol approved by the Committee for 

the Humane Use of Animals of State University of New York (SUNY) Upstate 

Medical University. Bone marrow aspirates were obtained from Tet2 mutant and 

wild type mice by flushing the femurs and tibias using 10mL of DMEM containing 

10% Sterile Fetal Bovine Serum and Penicillin and Streptomycin. RBC in these 

BM were then lysed using homemade RBC lysis buffer. The cells were then 

washed using DMEM+10%FBS+P/S media and counted using a hemocytometer 

and trypan blue exclusion. The cells were then normalized to 1X10^7 cells per 

mL for subsequent experiments.  
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Flow cytometry 

Single cell-suspensions were prepared from BM and spleen. Cells were washed 

and resuspended in PBS+2% FBS+0.1% NaN3 (FACS Buffer) and stained for 40 

min on ice with directly conjugated (either PE or APC) monoclonal antibodies 

specific for Ter119, CD71, CD61, CD41, Mac-1, Gr-1, B220, Thy-1, CD4, or 

CD8. For LTHSC/progenitor analysis, BM cells were stained for 1 hour on ice 

with antibodies against c-Kit, Sca-1, CD34, CD16/32 (FcγR II/III), CD41, CD48, 

CD150, CD135, and antibodies against lineage (Lin) markers including CD3, 

CD4, CD8α, CD19, B220, Gr-1, CD127, Ter119 and Thy-1. All antibodies were 

purchased from BD Pharmingen, eBioscience or BioLegend. The stained cells 

were then washed with 1 mL of FACS buffer and then resuspended in FACS 

Buffer with DAPI (1:10000). Flow cytometry was performed with an LSRII 

(Beckton- Deckinson, San Diego, CA) and analyzed by using FlowJo software 

(TreeStar, Ashland, OR). 

 

Fluorescence-activated cell sorting (FACS) 

BM was harvested from the femur and tibia as described previously. The yield of 

BM was maximized by crushing the spine and the pelvis. After the cells were 

counted they were selected for lineage negative cells (Lin-) by Magnetic 

activated cell sorting (MACS; Miltenyi) using standard protocols. Briefly, the cells 

were labeled with lineage selection antibodies bound with beads in 4oC and then 

washed with MACS Buffer (2% BSA, 2 mM EDTA, 1×PBS) and passed through 
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the MACS column in the presence of a strong magnet. The flow-through 

containing the unlabeled lineage negative cells were then collected and stained 

for LSK using the same protocol as described earlier. The cells were then sorted 

to obtain pure LSK population using a BD Aria III cell sorter (Beckton- Deckinson, 

San Diego, CA). 

 

Colony-forming assays 

Complete CFU – BM cells (2X104 or 1X103 depending on the experiment) were 

plated in duplicate in complete methylcellulose medium (MethoCult M3434; 

StemCell Technologies).  Burst-forming units-erythroid (BFU-E), granulocyte-

macrophage colony-forming unit (CFU-GM), and colony-forming unit-granulocyte, 

erythrocyte macrophage, megakaryocyte (CFU-GEMM) colonies were scored on 

day 7. 

CFU-GM – BM cells (2X104 or 1X103 depending on the experiment) were plated 

in duplicate in complete methylcellulose medium (MethoCult M3234; StemCell 

Technologies) with 0.1 and 1.0 ng/mL of GM-CSF cytokine. GM colonies were 

scored 5-7 days after plating. 

BM transplantation assays 

High-titer retroviral stocks of pMSCV GFP-vector and pMSCV GFP-human MLL-

AF9 were prepared by transient transfection of PLAT-E cells. Transduction 

efficiency of the retroviral vector expressing MLL-AF9 was assessed in murine 
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Ba/F3 and bone marrow LSK (LinSca1+c-kit+) cells by GFP positivity using flow 

cytometry. 5-fluorouracil was injected in WT or conditionally deleted TET2 donor 

mice at 300 mg/kg and BM was harvested after 4 days in the procedure as 

described above. The BM was cultured overnight as described previously. They 

were transduced with retroviruses expressing vector alone or MLL-AF9 by two 

rounds of spinoculation at 2500 rpm for 90 minutes at 32 oC on two subsequent 

days. 1X106 transduced bone marrow cells were injected into retro-orbital veins 

of each lethally irradiated (2X 550 cGy) C57BL/6 recipient mice. Mice were 

maintained on acidified water.  

 

BM transplantation for maintenance assessment 

Bone marrow transplantation was done similar to the procedure described 

previously. Instead of using control and TET2 KO BM, uninjected Mx TET2 fl/fl 

BM was used. Briefly, Mx Cre TET2 fl/fl BM was harvested and infected with 

retrovirus expressing MA9. This BM was injected into lethally irradiated BL/6 

mice and they were randomly divided into two groups. Mx Cre being an inducible 

Cre, it was induced in one group 5 weeks after the transplantation by pIpC 

injection. This group will be referred to as the induced group. The other group 

was injected with PBS and would be referred to as the control group. Induction of 

the Cre resulted in the deletion of TET2 after the initiation of the disease. 
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Western Blot 

Total proteins were extracted by disrupting primary or cultured cells with RIPA 

buffer (with protease inhibitors). The protein concentration was measured by 

Bradford assay. A standard curve was generated by using BSA at decreasing 

dilutions in the Bradford dye. The exact protein concentration was measured by 

spectrophotometer. The lysates were then boiled at 100oC on a heat block for 10 

minutes with 2X Sample Buffer containing SDS. A specific amount of the lysates 

based on the recorded concentration were then loaded in a 6-12% 

polyacrylamide gel with 1X SDS Page running buffer and run at a constant 

voltage of 80 volts for 1.5 to 2 hours. 5ul of pre-stained Ladder (Biorad) was used 

as the size marker. After electrophoresis, proteins were transferred to a 

polyvinylidene fluoride (PVDF) membrane (Fisher Thermo Scientific) in using a 

Heofer semi-dry transfer unit at a steady voltage of 20 volts for 2 hours using 

anode and cathode transfer buffers. The membrane was then blocked with 5% 

(w/v) Bovine Serum Albumin or 5% milk in Tris Buffered Saline(TBS) for 1 hour at 

room temperature, followed by incubation with anti-human primary antibodies for 

overnight at 4oC. The blots were then washed three times with Tris Buffered 

Saline+0.1% Tween (TBS/T) and incubated with appropriate Horseradish 

Peroxidase (HRP)-conjugated secondary antibodies at 1:5000 dilution in TBS/T 

for 1 hour at room temperature. After washing the blots three times, the blots 

were enhanced with chemiluminescence (ECL) for 3 minutes for homemade 

ones or as per manufacturer’s instructions (Bio-Rad) and were visualized with a 

Gel Doc XR+ Imaging System (Bio-Rad). Antibodies used for the study includes 
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rabbit polyclonal anti-TET2 (1:500; developed internally), mouse monoclonal anti-

β Actin (1:10000; Cell Signaling), rabbit polyclonal anti-SHP1 (1:1000; Santa 

Cru), rabbit polyclonal anti-SHP2 (1:1000; Santa Cruz), rabbit polyclonal anti-

PLZF (1:500; Santa Cruz), rabbit polyclonal anti-SOCS3 (1:500; Abcam).  

 

Retroviral and Lentiviral Production and Transduction 

293T cells were used to produce lenti and retroviral particles capable of infecting 

both human and murine cells. 293T cells were transiently transfected with the 

appropriate lentiviral or retroviral plasmid and the viral packaging materials. 

Scrambled DNA sequences or empty vectors were used as negative control. 24 

hours after the transfection the media of these plates were changed. Viral 

particles suspended in the supernatant of these cultures were collected 48 hours 

and 60 hours (retroviral) or 48 hours and 72 hours (lentiviral) post transfection. 

Also, Plat-E cells were used to produce retroviral particles capable of infecting 

murine cells. These cells already produced the retroviral packaging particle 

capable of transducing murine cells. These cells were thus, transfected with only 

the retroviral particle of interest. Media was changed 24 hours post transfection 

and the supernatant was collected 48 hours and 72 hours post transfection. The 

viral titer was determined by transducing 1 mL of the collected supernatant in 

Ba/F3 murine cells by spinoculation at 2500 rpm for 90 minutes at 32 oC and 

measuring the GFP fluorescence using flow cytometry 48 hours post 

transduction. For cell line transduction 1-2 mL of the unadulterated virus was 
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used. For primary cell transduction, the virus was concentrated 50-60 fold using 

Amicon Ultra-4 Centrifugal Filter Unit and two rounds of infection was done on 

subsequent days to ensure maximum infection efficiency.  

 

Proliferation Assay (Manual Count) 

Cells were plated at a specific density in triplicates on Day 0. From Day 1 to Day 

5, live cells were counted individually using Trypan Blue exclusion using a 

hemocytometer. The counting was done at around 24hrs from the previous day. 

Appropriate dilutions were done following counting each day to plate 

approximately similar concentration of cells. The dilution factors were multiplied 

to the total value at the end of the experiment. After 5 days of counting, the data 

was used to generate a line graph. Each point was an average of the triplicates. 

Three independent experiment was done to get the significance.  

 

Quantitative RT PCR 

Total RNA was isolated from cells using the RNeasy Kit(Qiagen) using standard 

protocols. Equal amounts of the total RNA was converted to cDNA using 

QuatiTECT Reverse Transcriptase Kit (Qiagen) using prescribed protocols. PCR 

was performed on the cDNA samples using a SYBR Green Master Mix (Roche) 

according to the manufacturer’s protocol on a Roche 384 Light Cycler 

quantitative real time PCR System. As an internal reference either 18S or Gapdh 
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were amplified in parallel with the genes of interest. All reactions were performed 

in 10uL volumes containing 5µL of SYBR Green, 1µL (10 nM) of each primer and 

1µL of cDNA product and 1µL water. Reactions were then analyzed on the 

Roche 384 Light Cycler system. Melt curves were also performed to determine 

unique amplification products.  

The data was analyzed using relative quantification methodology. The Ct value 

was obtained from the software and used to determine the relative expression 

levels of genes in question. The ΔΔCt calculation for the relative quantification of 

target genes was used as follows ΔΔCt = 2^-(X:(Ct:target – Ct:reference) - 

Y:(Ct:target – Ct:reference)), where X = test sample and Y = reference sample. A 

minimum of three experiments was carried out for each gene and sample. At 

each experiment, each individual sample was run in triplicate wells and the Ct of 

each well was recorded at the end of the reaction. The average and standard 

deviation (SD) of the three Cts was calculated and the average value was 

accepted if the SD was lower than 0.5. Results for each sample were expressed 

as fold change in gene expression of the target gene normalized to the reference 

gene and relative to the control.  

Blood and tissue analysis 

Peripheral blood cell counts were determined using Hemavet 950FS (Drew 

Scientific). Blood smears were stained with Wright-Giemsa stain (Sigma) using 

standard protocols. For histopathologic analysis, mouse tissue specimens were 
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fixed in 10% neutral-buffered formalin and embedded in paraffin. Tissue sections 

(4 μm) were stained with hematoxylin and eosin stain. 

Survival Curve 

Survival curve was generated using GraphPad Prism 6 using where statistical 

significance was derived using student t-test. P value<0,05 was considered 

statistically significant. 

 

Statistical analysis 

Results are presented as mean ± standard error of the mean (SEM). Statistical 

significance was determined by 1-way analysis of variance (ANOVA) or Student t 

test. P < .05 was considered to be statistically significant. 
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3.5 Results 

3.5.1 Tumor Suppressor Role of TET2 

TET2 has been established as a tumor suppressor in previously published 

studies. Our studies reinforced the tumor suppressor role of TET2 in various 

hematopoietic malignancies. 

3.5.1.1 TET2 overexpression decreased proliferation in CMML cell line 

In order to assess the role of TET2 in myeloid cells in vitro, U937 cells, a TET2 

null human leukemia patient derived cell line was chosen (Myunggon Ko et al., 

2013). TET2 was overexpressed in U937 cells by lentiviral infection and 

proliferation was assessed. The expression of TET2 significantly reduced the 

proliferation rate of U937 cells Fig. 3.5.1.1. 

3.5.1.2 Deletion of TET2 resulted in the expansion of GM colonies 

BM was harvested from control and TET2 KO mice and colony formation assay 

was performed in presence of GM-CSF cytokine. TET2 KO BM resulted in the 

expansion of GM specific colony formation at both 1ng and 0.1ng cytokine 

concentration. TET2 was then lentivirally overexpressed in TET2 KO BM. 

Overexpression of TET2 reduced the colony count close to the control BM count 

suggesting successful rescue of the phenotype caused by TET2 KO. (Fig 

3.5.1.2) 
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Fig 3.5.1.1 Overexpression of TET2 decreased the proliferation level of U937 
cells compared to control 

TET2 was overexpressed in U937 cells and the proliferation rate was determined 
using manual count. TET2 overexpression decreased the proliferation level of U937 
cells. 
P < .05 determined by unpaired, 2-tailed Student t test. 



 
184 

 

 

 

 

 

 

 

  

Fig 3.5.1.2 Overexpression of TET2 decreased the GM colony formation ex 
vivo 

TET2 was overexpressed in TET2 KO BM and the GM specific colony formation 
ability was determined in presence of 1ng/ml and 0.1ng/ml of GM-CSF cytokine. 
Overexpression of TET2 decreased the GM colony forming ability of TET2 KO BM. 
P < .05 determined by unpaired, 2-tailed Student t test. 
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3.5.1.3 Cooperation of TET2 and c-CBL giving rise to CMML-like phenotype 

In order to assess the role of TET2 and c-CBL in hematopoietic development and 

elucidate the cooperativity between the two proteins, a double knockout mouse 

model was generated by crossing TET2 KO mice with c-CBL KO mice in 

presence of a hematopoietic specific Cre line (Mx Cre or Vav Cre). The group of 

mice analyzed were Control, TET2 KO, c-CBL KO, TET2 c-CBL double KO. The 

mice were maintained for 24 weeks before being analyzed. At the time of 

analysis, the mice were bled to check the blood cell levels. Flow cytometric 

analysis were done to estimate the changes in the hematopoietic progenitors and 

HSCs due to the double deletion. 

Simultaneous deletion of TET2 and CBL caused expansion of WBC, NE: 

Chronic myelomonocytic leukemia is characterized by expansion in the WBC and 

neutrophil parameters with no apparent change in the RBC and hemoglobin 

levels. As observed in Fig 3.5.1.3a, b & c, the leukocyte parameters including 

WBC are expanded compared to the control and single deletion. The NE% was 

also increased 2-fold with an equivalent decrease in the LY% signifying that the 

differentiation process was skewing towards myeloid than lymphoid, another 

important aspect of CMML. The RBC and Hb parameters remained unchanged 

as seen in CMML setting.  
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Fig 3.5.1.3 TET2 CBL double knockout mice have increased blood leukocyte 
counts with no apparent change in red blood cells 

(A) TET2 CBL double knockout mice had a significantly elevated white blood cell 
and neutrophil count compared to the control and mice with single deletions 

(B) The double knockout mice exhibited neutrophilia with increased percentage of 
neutrophils. There is also a subsequent drop in the lymphocyte percentage. This 
is a hallmark feature of CMML patients. 

(C)  & (D) There is no apparent change in the red blood cell and hemoglobin count 
in the single knockout or the double knockout mice. 

Control N=5; TET2 KO N=6; CBL KO N=6; Double KO N=8 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 3.5.1.4 TET2 CBL double knockout mice have increased Gr1+ Mac1+ 
population and increased B220+ population in both BM and Spleen 

(A) & (B) TET2 CBL double knockout mice exhibited increase in the Gr1+Mac1+ 
positive population, a distinct feature of myelomonocytic leukemia. They also 
had increased B220+ cells in both BM and spleen. 

Control N=3; TET2 KO N=4; CBL KO N=3; Double KO N=4 

P < .05 determined by unpaired, 2-tailed Student t test. 
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TET2 CBL DKO led to increase in granulocyte parameters and B220 

expansion: A hallmark feature of CMML is the expansion of Gr1+Mac1+ 

population and the B220+ cells (Nakata et al., 2017). As shown in Fig 3.5.1.4a & 

b, these populations were expanded in both BM and spleen of the double 

knockout mice compared to the control and the single knockout. CMML is a type 

of MDS/MPN group of disease, where there is an expansion of the myeloid cells 

followed by dysplasia where the myeloid progenitors do not attain maturity. In 

case of CMML, the monocytes are expanded by they do not differentiate further 

to form macrophages. This was also tested in the CMML model that we have by 

assessing the pool of macrophages which were marked by F4/80+ Mac1+ and 

immature monocytes marked by Mac1+. As shown in Fig. 3.5.1.5a & b, in both 

BM and spleen, the monocyte population was significantly expanded but the 

macrophage population levels did not change in the double knockout animals. 

Another interesting feature to note here is the fact that there was an expansion of 

the macrophages in the TET2 KO mice which is a feature of TET2 deletion in 

vivo.   
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Fig 3.5.1.5 TET2 CBL double knockout mice have increased Mac1+ population 
but decreased F4/80 Mac1+ population in both BM and Spleen 

(A) & (B) TET2 CBL double knockout mice exhibited increased Mac1+ positive 
population. But the F4/80 population, which marks the differentiated 
macrophages derived from the Mac1+ monocytes are not increased. This 
suggests that there is a differentiation block, a very common feature in CMML. 

Control N=3; TET2 KO N=4; CBL KO N=3; Double KO N=4 

P < .05 determined by unpaired, 2-tailed Student t test. 
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TET2 CBL DKO resulted in increase of the HSCs and the GM progenitors: 

Simultaneous deletion of TET2 and CBL resulted in the expansion of the HSC 

pool and the long-term and short-term stem cells as shown in Fig. 3.5.1.6a & b. 

Also, the granulocyte and macrophage progenitors were expanded significantly 

resulting in myeloproliferation phenotype of CMML (Fig 3.5.1.7).  

TET2 CBL DKO resulted in splenomegaly: CMML is characterized by 

enlargement of spleen size which was also observed in the TET2 CBL DKO 

mice. As observed in Fig 3.5.1.8a & b, the spleen of the double knockout mice 

was increased significantly compared to the control and the single knockouts. 

TET2 CBL DKO mice had reduced overall survival: Deletion of both TET2 and 

CBL resulted in a significant decrease in the overall survival of these mice 

compared to the control or the single deletions as indicated in Fig 3.5.1.9.  
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Fig 3.5.1.6 TET2 CBL double knockout mice have increased stem cell 
population 

(A) & (B) The Lin- cKit+ ScaI+ stem cells were increased significantly in TET2 CBL double 
knockout mice. The further undifferentiated population like Long term hematopoietic 
stem cells (LTHSC), Short term hematopoietic stem cells (STHSC) and Multipotent 
progenitor (MPP) cells were also expanded in the double knockout mice. 

Control N=3; TET2 KO N=4; CBL KO N=3; Double KO N=4 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 3.5.1.7 TET2 CBL double knockout mice have increased granulocyte 
macrophage progenitors (GMPs) 

The double knockout animals have increased GMP levels which corresponds to the 
increase in the granulocytes and the white blood cells which was observed earlier 
Control N=3; TET2 KO N=4; CBL KO N=3; Double KO N=4 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 3.5.1.8 TET2 CBL double knockout mice have enlarged spleen 

(A) A representative picture showing the splenomegaly caused by TET2 and CBL 
deficiency in mice. 

(B) TET2 CBL double knockout exhibit severe splenomegaly. The single knockouts 
although show enlarged spleen but the double knockout mice have significantly 
larger spleen. 

Control N=5; TET2 KO N=4; CBL KO N=3; Double KO N=6 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 3.5.1.9 TET2 CBL double knockout mice have reduced survival 

TET2 CBL double knockout has significantly poorer survival compared to TET2 KO 
or CBL KO or control. 
Control N=10; TET2 KO N=10; CBL KO N=10; Double KO N=10 

P < .005 determined by Log-rank (Mantel-Cox) test 
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3.5.2 Tumor Promoter Role of TET2 

TET2 has been established as a tumor suppressor in various myeloid 

malignancies. Previous research regarding its role has been focused on the loss 

of function mutations of TET2 and how it is responsible for the transformation into 

various myeloid diseases. But the function of TET2 as a tumor promoter, if any, 

is largely an unexplored area.  

3.5.2.1 TET2 expression is required in some specific AML cell line 

To assess the role of TET2 deletion in myeloid cells, TET2 was knocked down 

using shRNA mediated transduction in Molm14 AML cell line. This is a cell line 

derived from the monocytic origin of a AML patient. As shown in Fig 3.5.2.1a, 

knockdown of TET2 decreased the proliferation rate of Molm14 cells compared 

to the control cells. This data suggested an opposite hypothesis from what was 

established previously. TET2 deletion had been associated with increase in 

proliferation, especially in the myeloid lineage. In order to confirm the opposite 

role, TET2 was overexpressed in the same cell line. The overexpression of TET2 

led to an increase in the proliferation rate (Fig 3.5.2.1b). Molm14 cells are an 

MLL-rearranged cell line with a chromosomal insertion, ins(11;9)(q23;p22p23) 

(Matsuo et al., 1997) which gives rise to a MLL-AF9 (MA9) rearrangement. Thus, 

to further confirm the role of TET2 in MA9 positive cells, MA9 was overexpressed 

in Ba/F3 cells. These cells are considered as a non-malignant myeloid cell, but 

overexpression of MA9 led to the hyperproliferation of these cells (data not 

shown). TET2 was then knocked down in Ba/F3 MA9 cells and the proliferation 
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was assessed. As observed previously in Molm14 cells, TET2 knockdown in 

Ba/F3 MA9 cells led to a decrease in the proliferation rate (Fig 3.5.2.1c). But 

deletion of TET2 did not change the MLL levels which was determined using RT-

PCR in TET2 KD Molm14 cells (Fig. 3.5.2.1d). Thus, it was hypothesized that 

TET2 might play a positive oncogenic role in presence of MA9. To elucidate this 

phenomenon further, the effect of TET2 deletion in presence of MA9 was further 

assessed in the ex vivo and the in vivo settings.  

3.5.2.2 Requirement of TET2 in MA9 mediated ex vivo colony formation 

As previously observed, TET2 deletion in mice BM was accompanied by 

expansion of the GM colonies in presence of GM-CSF cytokine. A prominent 

feature of MA9 mediated leukemogenesis is the expansion of GM colonies ex 

vivo and the formation of blast like undifferentiated colonies. When MA9 was 

retrovirally overexpressed in control and TET2 KO mice BM, the control MA9 BM 

resulted in an expansion of undifferentiated blast-like GM colonies which was 

severely attenuated in TET2 KO MA9 BM cells. The decrease occurred for both 

blast and non-blast -like colonies (Fig 3.5.2.2). This was tested for both 1 ng/mL 

and 0.1 ng/mL GM-CSF cytokine concentration and both of them gave similar 

results.  

  



 
198 

 

 

 

 



 
199 

 

 

 

 

 

 

 

Fig 3.5.2.1 TET2 overexpression or deletion has opposite effects in MA9 
positive cells 

(A) TET2 was knocked down in Molm14 cells and the proliferation rate was 
determined using manual count. TET2 KD decreased the proliferation level of 
Molm14 cells. 

(B) TET2 overexpression caused an increase in the proliferation rate of Molm14 
cells 

(C) MA9 overexpression in parental Ba/F3 cells caused a significant increase in cell 
division which was attenuated by the deletion of TET2 in these cells. 

(D) TET2 KD did not change the mRNA level of MLL. 
P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 3.5.2.2 TET2 deletion significantly reduced the colony formation in BM 
expressing MLL-AF9 

(A) Basic morphology of blast and non-blast like colonies. MLL-AF9 expression is 
associated with an expansion of blast like colonies. 

(B) & (C) TET2 KO mice expressing MLL-AF9 gave rise to substantially less 
number of blast as well as non-blast like colonies in presence of GM-CSF 
cytokine 

P < .05 determined by unpaired, 2-tailed Student t test. 
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3.5.2.3 Requirement of TET2 in MA9 mediated leukemogenesis in vivo 

Schematic for Bone Marrow Transplantation: To test the role of TET2 in MA9 

mediated leukemogenesis, bone marrow transplantation (BMT) approach was 

adopted. Control and TET2 KO mice BM was harvested and was retrovirally 

transduced to overexpress MA9 in these BM. The transduced BM was then 

transplanted into lethally irradiated BL/6 mice. A complete schematic of the BMT 

plan was illustrated in Fig. 3.5.2.3. The transplanted mice were observed for up 

to 8 weeks upon which they were sacrificed and analyzed. The mice were bled at 

the time of analysis. 

Effect of TET2 deletion on blood parameters in MA9 expressing mice: The 

hematologic analysis revealed an increase in the white blood cell (WBC), 

neutrophil (NE) and the lymphocytes (LY) (Fig 3.5.2.4a). The red blood cell 

parameters on the other hand including red blood cells (RBC), hemoglobin (Hb) 

and hematocrit (HCT) values were significantly decreased as depicted in Fig 

3.5.2.4b. On the other hand, TET2 KO in MA9 expressing BM decreased the 

WBC, NE and LY counts significantly bringing them close to the wild type (WT) 

counts. The RBC, Hb and the HCT counts were improved in the TET2 KO MA9 

mice as well. The WT mice were used as control in this experiment.  

TET2 deletion decreased the splenomegaly caused by MA9 expression in 

mice: MA9 expressing control mice had enlarged spleen which was significantly 

reduced in the TET2 KO MA9. A representative figure showing the Control MA9 

and TET2 KO MA9 is shown in Fig 3.5.2.5a. A bar graph representing 10 
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individual animals each is shown in Fig 3.5.2.5b. As demonstrated in the figure, 

the decrease in the spleen size is significant compared to the control MA9. 

Depletion of TET2 in presence of MA9 improved the overall survival of the mice 

as well. As shown in Fig 3.5.2.5c, the control MA9 mice had a significantly 

reduced survival which improved considerably in TET2 KO case.   
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Fig 3.5.2.3 Schematic of the BMT experiment  

The following schematic shows the plan for the BMT experiment that was designed 
to elucidate the role of TET2 in MLL-AF9 mediated leukemogenesis 
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Fig 3.5.2.4 Deletion of TET2 attenuates the leukocyte expansion caused by 
MA9 expression and rescues the RBC, Hb and HCT levels 

(A) MA9 expression substantially increased the leukocytes parameters like WBC, 
NE and LY 

(B) - (D) MA9 expression skewed the differentiation process towards granulocytes 
depleting the erythroid pool as observed in this figure. TET2 deletion rescued 
the erythroid depletion to some extent by increasing the RBC, Hb and HCT 
parameters. 

Control Vector N=5; Control MA9 N=15; TET2 KO MA9 N=15 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 3.5.2.5 TET2 deletion reduces the splenomegaly caused by MLL-AF9 
expression in mice 

(A) A representative picture showing the splenomegaly caused by MA9 expression 
and the deletion of TET2 decreasing it significantly. 

(B) MA9 expression in mice exhibited severe splenomegaly. The deletion of TET2 
significantly reduced the spleen size. 

Control MA9 N=9; TET2 KO MA9 N=13 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Depletion of TET2 decreased myeloid cell expansion in MA9 expressing 

mice: In order to assess how TET2 deletion is affecting the leukemogenesis of 

the MA9 expressing mice, flow cytometric analysis of these mice were done at 

the end of 8 weeks after BMT. The bone marrow progenitor levels were 

assessed by general flow cytometry. Previously it was shown that the leukocyte 

parameters (WBC, NE, LY) were significantly increased in the control MA9 mice 

which was then substantially reduced in TET2 KO MA9 mice. To assess whether 

this phenomenon was due to the decrease in the progenitor level or not, 

Gr1+Mac1+ progenitor levels of these mice were assessed. These markers 

specifically identify the leukocytes in the bone marrow and the spleen. As shown 

in Fig 3.5.2.6a & b, the Gr1+Mac1+ positive population was significantly reduced 

in TET2 KO MA9 as compared to the Control MA9 mice BM and spleen 

respectively.  

Removal of TET2 diminished the HSC and progenitor pool in MA9 mice: To 

assess whether this occurrence can be traced to the higher progenitor level, the 

granulocyte macrophage progenitor or GMP which was marked by Lin- ScaI- 

cKit+ FcγII/IIIHI CD34+ markers was assessed. As shown in Fig 3.5.2.7a & b, the 

GMP level of the MA9 expressing control mice are expanded significantly which 

was reduced in case of TET2 KO mice expressing MA9 in both BM and spleen. A 

striking feature of the MA9 leukemic transformation is the expansion of the stem 

cell pool. To assess the effect of TET2 deletion in the stem cell level in MA9 

expressing mice, the stem cells or LSK level of these mice were assessed by 

flow cytometry using Lin- ScaI+ cKit+ markers. As evident from Fig 3.5.2.7c & d, 
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the LSK pool of the TET2 KO expressing MA9 mice were significantly reduced 

compared to the control MA9 mice in BM and spleen. The long-term stem cells 

(LTHSC), the short-term stem cells (STHSC) and the multipotent progenitor cells 

(MPP) were also reduced in TET2 KO MA9 mice compared to the control mice 

which was depicted in the same figure. A complete list of all the markers for 

identifying these populations was listed in Fig 3.5.2.7e.  

Attenutation of colony formation in TET2 deleted MA9 mice: A distinct 

feature of MA9 mediated transformation is the formation of blast like colonies in 

methocult media. To assess this, GM-CSF mediated colony formation assay was 

performed on BM cells of control MA9 and TET2 KO MA9 mice. TET2 depletion 

resulted in a marked decrease in the colony formation ability of the BM cells 

compared to the control (Fig 3.5.2.8a & b). TET2 deletion also caused a 

significant decrease in the complete colony formation of MA9 expressing BM and 

spleen. As shown in Fig 3.5.2.8c & d, TET2 depletion resulted in a marked 

decrease in the undifferentiated colony formation.  
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Fig 3.5.2.6 TET2 KO MA9 mice have improved survival 

TET2 KO significantly improved the survival of MA9 expressing mice. 
Control MA9 N=13; TET2 KO MA9 N=12 

P < .005 determined by Log-rank (Mantel-Cox) test 
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Fig 3.5.2.7 TET2 depletion resulted in decreased granulocyte/monocyte 
precursors in MA9 expressing mice 

(A) & (B) TET2 KO MA9 mice had significantly lower Gr1+ Mac1+ granulocytes and 
Mac1+ monoctyes compared to control MA9 mice in both BM and Spleen 

Control MA9 N=10; TET2 KO MA9 N=10 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 3.5.2.8 TET2 deletion impaired stem and progenitor cell expansion in MA9 
expressing mice BM and spleen 

(A) & (B) TET2 depletion resulted in decreased GMP expansion in MA9 mice. 
(C) & (D) TET2 KO MA9 mice had substantially reduced stem cells and multipotent 
progenitor cells 

(E) List of surface markers used to identify each of the hematopoietic populations 
(van Galen et al., 2014) 
Control MA9 N=10; TET2 KO MA9 N=10 

P < .05 determined by unpaired, 2-tailed Student t test. 
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3.5.2.4 Requirement of TET2 for the maintenance of MA9 mediated 

leukemogenesis 

As shown earlier in the section, TET2 is essential for the initiation of the 

leukemogenesis caused by MA9. To assess whether TET2 is required for the 

maintenance of the disease, TET2 is deleted in the BM of MA9 expressing mice 

after the initiation of the disease. A brief schematic of the experiment is provided 

in Fig 3.5.2.9. The mice were analyzed 4 weeks after induction. The control 

group developed the disease very rapidly. There was a huge expansion of the 

leukocyte parameters which was reduced to some extent in the induced group 

(data not shown). The control group had advanced splenomegaly which was 

reduced significantly in the induced group (Fig 3.5.2.10). The expansion of 

Gr1+Mac1+ myeloid population in the control group was also decreased 

considerably in the induced group as was evident from Fig 3.5.2.11a & b. The 

stem cell and progenitor cells were also expanded in the control group as was 

observed in the earlier BMT experiments. But the induced group decreased the 

expansion of the stem and the progenitor cells significantly (Fig 3.5.2.12). 
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Fig 3.5.2.9 TET2 deletion significantly reduced the GM-colony formation 
ability of MLL-AF9 expressing BM 

(A) & (B) TET2 KO MA9 mice had significantly reduced colony forming ability in 
presence of 1ng and 0.1ng/mL GM-CSF cytokine 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 3.5.2.10 TET2 deletion significantly reduced the complete colony 
formation ability of MLL-AF9 expressing BM 

(A) & (B) TET2 KO MA9 mice had significantly reduced complete colony forming 
ability compared to MA9 expressing mice in both BM and Spleen. 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 3.5.2.11 Schematic of the Maintenance BMT experiment  

The following schematic shows the plan for the BMT experiment that was designed 
to understand the role of TET2 in maintaining the leukemic transformation initiated 
by MLL-AF9 
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Fig 3.5.2.12 TET2 deletion after the induction of the disease still reduced the 
spleen size significantly 

TET2 deletion after inducing the disease reduced the spleen size of MA9 
expressing mice 

Control MA9 N=5; TET2 KO MA9 N=3 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 3.5.2.13 TET2 deletion decreased granulocyte precursors significantly 

(A) & (B) TET2 deletion after inducing the disease reduced the Gr1+Mac1+ 
granulocyte precursors substantially 

Control MA9 N=5; TET2 KO MA9 N=3 

P < .05 determined by unpaired, 2-tailed Student t test. 
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Fig 3.5.2.14 TET2 deletion reduced stem and granulocyte progenitor cells in 
the BM and Spleen 

(A) & (B) TET2 deletion after inducing the disease reduced the GMP and LSK 
population in MA9 expressing mice thus reducing the disease burden substantially 

Control MA9 N=5; TET2 KO MA9 N=3 

P < .05 determined by unpaired, 2-tailed Student t test. 
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3.6 Discussion 

TET2 deletion in mice has been studied by multiple groups. All these groups 

have concluded that TET2 is an important factor for the development of 

hematopoiesis and that its deletion brings about oncogenic transformation in 

patients and mice (Myunggon Ko et al., 2010, 2011; Moran-Crusio et al., 2011; 

Pronier, Almire, Mokrani, Vasanthakumar, Simon, Da Costa Reis Monte Mor, et 

al., 2011; Quivoron et al., 2011). TET2 has also been shown to cooperate with 

other commonly occurring mutations in leukemia like Flt3-ITD (Shih, Jiang, et al., 

2015) and bring about leukemic transformation in mice. Thus, TET2 mutation 

along with another commonly recurring mutation like CBL would be an important 

aspect to study in CMML. Using proliferation assay in a CMML cell line, U937, it 

was established that TET2 plays a tumor suppressor role in CMML. Also, TET2 

deletion in mouse BM gave rise to myeloid colony formation which also suggests 

that TET2 is essential for myeloid development and the loss of TET2 would result 

in myeloproliferation. Generation of TET2 CBL double knockout mice was 

important as both TET2 and CBL undergo loss of function mutation in CMML 

patients and deleting both would be a perfect opportunity to understand how 

these two proteins cooperate in vivo. There are several tell-tale features of 

CMML which was also observed in mice. In order to establish the cooperativity of 

TET2 and CBL, it was required to identify these signs in the double knockout 

mice. Simultaneous deletion of TET2 and CBL gave rise to splenomegaly as 

increased leukocyte counts. Also, the myeloid progenitors were expanded 

significantly. There was an expansion of the stem cell pool and granulocyte 
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macrophage progenitors. These are classical features of CMML in patients. Also, 

the proliferation of monocytes and the differentiation block at the maturation of 

monocyte to macrophage also suggests a similarity to the CMML phenotype. 

TET2 CBL DKO mice had a decreased overall survival. CMML patients having 

TET2 or CBL mutations have a poorer prognosis which can be correlated to the 

survival data of the mice. All these data suggested that TET2 and CBL are 

important players in the hematopoietic development pathway and the deletion of 

both these genes can give rise to severe form of CMML in mice.  

The positive role of TET2 in MLL-AF9 positive leukemia was discovered by a 

rather fortunate stroke of serendipity. TET2 deletion or overexpression in 

different cell lines have been associated with increase or decrease in proliferation 

respectively suggesting the established tumor suppressor phenotype. The 

opposite trait observed in Molm14 cells compelled us to think in a different 

direction. MLL-AF9 being a predominant mutation in Molm14 cells and TET1 

playing a positive role in MLL-rearranged leukemia urged us to look into the 

relationship between TET2 and MLL-AF9. TET2 deletion in Ba/F3 MA9 cells also 

decreased the proliferation rate of these cells which suggested a probable tumor 

promoter role in presence of this mutation. In vivo deletion of TET2 in the BMT 

mouse model expressing MA9 also confirmed the observations perceived in the 

cell line lines. TET2 depleted MA9 resulted in the attenuation of the expansion of 

leukocyte parameters. Splenomegaly, a distinct feature of MA9 mediated 

leukemia was also significantly diminished by TET2 deletion. MA9 expression in 

the BM is associated with expansion in the myeloid cells, blast formation and 
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proliferation of the HSC and progenitor pools. All these phenotypes were 

attenuated in TET2 KO MA9 mice. It is interesting to note that deletion of TET2 

by itself or in presence of any other frequently occurring mutation, gives rise to 

most of these phenotypes in mice. Thus, there is a definite role reversal of TET2 

in presence of MA9. TET2 mutation is associated with poor prognosis and 

decreased survival in AML and CMML patients. But TET2 depletion in MA9 

expressing mice increased the survival of these mice significantly. Thus, it can be 

inferred that TET2 has a very important oncogenic role in presence of specific 

mutations in leukemia and this alternate function in leukemic transformation 

needs to be further studied for better understanding of the disease. Most 

importantly, this opens up a whole new avenue of possible treatments targeting 

TET2 in this specific subset of leukemia patients. 
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4.1 Overall Conclusion 

Discovery of TET proteins were a major breakthrough in understanding the role 

of DNA methylation/demethylation in gene expression and carcinogenesis. TET2, 

a member of the TET family of methylcytosine dioxygenase enzymes, is 

expressed ubiquitously and has high expression in the hematopoietic system (M. 

Ko & Rao, 2011). TET2 mutations are among the most common mutations found 

in hematological malignancies. TET2 loss of function mutations have been found 

in almost all kinds of hematological malignancies (Mercher et al., 2012; 

Mullighan, 2009). It begs the question that how the deletion of one protein can 

result in such a wide variety of disease having such diverse phenotype in 

patients. In order to gain deeper understanding of this protein and how it 

functions with respect to the hematopoietic system, multiple groups studied TET2 

in the in vivo setting using knockout mice and ex vivo setting using cell lines. But 

multiple questions still remain unanswered. This dissertation aspires to answer 

some of those questions in order to better understand the protein and how it 

plays such a diverse role in a complicated system such as the hematopoiesis.  

Importance of identifying the targets of TET2 

Although TET2’s role and phenotype of TET2 deletion have been studied 

extensively, the exact targets of TET2 and the interplay between these 

downregulated genes is still not clear (Chiba, 2017). A major setback in this 

aspect is the lack of a specific antibody of TET2. This was overcome by the fact 

that our lab developed a specific antibody capable of detecting TET2. This 
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antibody was used to pull down TET2 bound chromatin in mouse hematopoietic 

stem cells, the most affected hematopoietic cell type due to TET2’s mutations. 

Using this technique followed by high-throughput sequencing, exact binding 

locations of TET2 was identified. Thus, it was possible to deduce the exact genes 

to which TET2 binds. It is an important step in the process of understanding 

TET2’s importance in the hematopoietic development. TET2 being a DNA 

modifying enzyme, the targets of TET2 would be diverse. By studying the major 

targets, it would be possible to get a more global picture of TET2 mediated 

regulation. But studying all its major targets is beyond the scope of this 

dissertation. However, we were able to explore a novel avenue by which the 

targets can be identified and validated. there is a wealth of information still to be 

uncovered, our data here will prove to be a great stepping stone to further the 

research in this field. 

Clinical Implications of target identification 

Identification and validation of the targets is not only important in understanding 

the role of TET2 in the development of hematopoiesis, but it is also tremendously 

important from a clinical point of view. TET2 mutation has been found in multiple 

malignancies. Thus, it is important to study the targets of TET2 and what 

pathways they regulate to improve our understanding of what might be the 

causes for some of these diseases. Also, knowing these specific pathways would 

be helpful to generate targeted therapies for the patients. For example, we have 

established that TET2 regulates SHP1 and SOCS3 expression. We have also 
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established that the overexpression of these genes in a TET2 deficient setting 

can, to some extent, alter the phenotype caused due to the depletion of TET2. 

Thus, it is safe to assume that SHP1 and SOCS3 are important targets of TET2. 

We also know that these two proteins are negative regulators of tyrosine kinase 

signaling. Thus, by identifying the specific signaling pathways these proteins 

inhibit in the HSCs, it would be possible to develop inhibitors against these 

pathways and use them therapeutically in TET2 deficient leukemic patients.  

Cooperativity of TET2 and CBL in CMML setting 

Generation of TET2 CBL double knockout mice was important for understanding 

how TET2 can cooperate with CBL in causing leukemic transformation in vivo. 

TET2 and CBL has been found to be frequently mutated in the CMML setting. 

Thus, it was a rational choice to delve deeper into the connection these genes 

have with each other with respect to this disease. As expected, simultaneous 

deletion of TET2 and CBL causefd leukemic transformation. The features of the 

double knockout mice resembled that of CMML very closely. It was an important 

finding, since, there had been several reports of TET2 and CBL mutations 

occurring in CMML, but there had not been no report of any research done on 

the cooperativity of these genes in mice. TET2 or CBL by themselves failed to 

cause any leukemic transformation as well. It suggested that although these 

genes are important for hematopoietic development, they are not sufficient for 

causing leukemogenesis by themselves. It also suggested that the simultaneous 

deletion of these two genes caused a novel change in the hematopoietic system 
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which was brought about by the synergistic effect of the double deletion which 

was absent in the single deletions. The development of a CMML like phenotype 

suggested that the deletion of these two genes are an important event in the 

myepoiesis and the disruption of these two genes together causes an irreparable 

damage in the system. It can be inferred that TET2 and CBL together play an 

important role in the development of hematopoiesis. Also, studying their 

simultaneous deletion will provide us with specific indications on how this disease 

progresses. 

Clinical Implications of synergistic effect with CBL deletion 

Studying the double knockout system is important in developing specific drugs 

which might target one system or the other involved with TET2 and/or CBL. In 

CMML, it is an important step since inhibiting the phenotype caused by deletion 

of one gene or the other will impair the severe phenotype which is brought about 

by the depletion of these two genes taken together. Our result thus provided a 

useful insight into developing a targeted therapy towards the combinatorial 

phenotype that is observed in the double knockout animals and is not observed 

in the single knockout mice. Also, targeting the specific phenotype of the double 

knockout mice might be able to alleviate the disease burden of the patients 

harboring similar mutations and thus improve their overall survival and quality of 

life. The identification of multiple pathways affected by the double deletion will 

also help in developing secondary and tertiary treatment methods where the 
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patients are desensitized to one specific targeted therapy. Thus, these findings 

will help in decreasing or treating patients with higher chances of relapse.  

Oncogenic role of TET2 in presence of MLL-rearranged leukemia 

TET2 has been associated with tumor suppressor till now as there have been no 

reports of TET2 behaving as a positive regulator of leukemic transformation in 

patients. Thus, identifying the role of TET2 as an oncogene is a huge step in 

understanding the role of TET2 from a global standpoint. But rationally thinking, 

TET2 having a tumor promoter role is not very surprising since TET2 is the most 

expressed methylcytosine dioxygenase enzyme in hematopoiesis and regulation 

of gene expression by methylation is equally prevalent in tumor suppressors and 

oncogenes. Thus, is it not unreasonable to think that TET2 will have diverse and 

probably opposing function in presence of different oncogenes. TET2 deletion 

not only impaired the initiation of the leukemic transformation mediated by MLL-

AF9, but TET2 deletion after the initiation of the disease also impaired the growth 

of the disease into its severest form. Abrogation of TET2 expression before or 

after the initiation of the disease increased the overall survival of the mice. All 

these data displayed an exact opposite role of TET2 from what was observed in 

our own data or the data published by others using TET2 KO mice. Thus, it can 

be inferred that TET2 has a distinct oncogenic role in presence of MLL-AF9. This 

opens up the research approaches of understanding TET2’s role to newer 

avenues. There is still more work to be done to completely map the pathways or 

mutations where TET2 acts as a positive regulator of leukemia. But the findings 
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elucidated in this dissertation would allow us and other researchers to focus on 

the tumor promoter role as well as the tumor suppressor role of TET2 while 

studying its function in hematological malignancies. 

Clinical implication of the oncogenic role of TET2 

Therapies for the diseases related to TET2 mutations have been focused on 

treatments where TET2 activity can be increased. Treatments have been 

developed to decrease the promoter methylation level using molecules like 5-

Azacytidine and its by-products which inhibits the promoter from getting 

hypermethylated in the absence of TET2 (Bejar et al., 2014; Manzoni et al., 

2016; Sajadian et al., 2015). There has also been recent reports of the usage of 

Vitamin C, a co-factor in TET2’s conversion of 5-methylcytosine to 5-

hydroxymethylcytosine, as a treatment method in mice having TET2 deletion 

(Cimmino et al., 2017). But using these treatments in MLL-AF9 setting where 

TET2 has an opposite role might be detrimental to the patient as that will 

enhance the disease burden and increase the severity of the disease. Thus, it is 

important to understand the biology of the disease at a molecular level before 

treating the patients with pre-conceived notions. With more research on the 

tumor promoter function of TET2 it would be possible to design therapies where 

TET2 would serve as a valid drug target in presence of oncogenes which 

compels TET2 to deviate from its tumor suppressor function.  
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Stitching them all together 

Taking all the aspects of the thesis into consideration, it is an important step in 

defining TET2 function at a molecular level and what impact it has in the organ 

level as well as its global impact in diagnosis and treatments of patients 

harboring one of the most common malignancies, the hematopoietic 

malignancies. The identification of specific targets of TET2 will be useful in 

understanding its role while treating patients with simultaneous deletion of TET2 

and CBL where TET2 acts as a suppressor of malignancies. Thus, targeting the 

pathways regulated by the targets of TET2 will be beneficial in the patients 

harboring double mutations as it will help in alleviating the disease burden. In 

patients where TET2 acts as an oncogene, like in MLL-AF9 harboring patients, it 

might be beneficial to inhibit or pharmacologically target TET2 or any of its target 

genes to decrease the disease burden. Thus, this dissertation in its essence 

provided a preliminary guide on how different hematological diseases can be 

diagnosed and treated depending on presence of TET2 and/or other mutations. 

4.2 Future Directions 

Identification of different targets of TET2 is not limited to just the three discussed 

in this dissertation. There is scope to go deeper and identify additional targets of 

TET2 and how they can play a role in the grand scheme of TET2’s regulation of 

the hematopoietic system. The targets that are already identified can be further 

validated in the in vivo system. TET2 KO mice BM can be used and any of the 

identified targets can be retrovirally overexpressed. This BM can then be 
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transplanted back to lethally irradiated mice and development of the disease can 

be monitored where TET2 KO BM having overexpression of the empty vector 

can be used as a control. This experiment can result in the disease being 

suppressed completely in which case it can be inferred that, that target is of 

utmost important as far as TET2’s function in the hematopoiesis is concerned. It 

can also be possible that the disease developed due to the overexpression of a 

target in a TET2 null background is an attenuated form with some aspects of the 

disease associated with TET2 missing in the phenotype. It can then be inferred 

that, that specific target is important for developing that distinct part of the 

hematopoietic system. This experiment can also be performed in a TET2 KO cell 

line using CRISPR/Cas9 technology which is being developed in our lab as of 

now. Furthermore, specific inhibitors of the pathways regulated by the targets of 

TET2 can be used in the in vivo setting to see whether inhibiting it can decrease 

the disease burden caused by TET2 deletion by itself or in presence of other 

cooperating mutations like CBL, Flt3-ITD, etc. As for example, SHP1 targets the 

Src kinase pathways (Nakata et al., 2017) and there are many inhibitors 

developed against this pathway like Saracatinib, Bosutinib, Dasatinib, etc. (Doan, 

Wang, & Prescott, 2015; R. & B., 2015; Takai, Sabzevari, Farsaci, Schlom, & 

Greiner, 2012). These inhibitors can be tested in mice where TET2 acts as a 

tumor suppressor to understand if the inhibition has a positive role in the 

treatment of the disease.  

The tumor promoter function of TET2 is defined in the MLL-AF9 setting in this 

dissertation. There is scope of exploring more MLL-rearranged onco-fusions 
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which are also commonly expressed in leukemic transformations like MLL-AF4, 

MLL-AF10, MLL-ENL etc. where TET2’s function can be assessed by similar 

BMT experiments elucidated in this study. Other leukemia gene-fusion and gene 

mutations where TET2 mutation is rare and non-existent can also be studied to 

explore probable role of TET2 as an oncogenic protein. By analyzing different 

publicly available datasets there has been we would be able to discern more 

instances of TET2 where the mutations are rare and do not cooccur with other 

specific mutations. There have been databases like TCGA and MILE, which can 

be explored for these possibilities (Haferlach et al., 2010). In cases of acute 

promyelocytic leukemia (APL), there is a high incidence of PML;RARα and 

PLZF;RARα fusions (Beez, Demmer, & Puccetti, 2012; Ltiebbeq, 2001). PLZF is 

also a target of TET2 as we have shown earlier. Thus, it is possible to check the 

role of TET2 in APLs with PLZF;RARα fusions since inhibiting TET2 would 

downregulate the PLZF protein as well as the PLZF fusion protein. Thus, the 

possibilities of exploring the role of TET2 as an oncogenic protein is endless.  

As far as the molecular understanding is concerned, TET2’s oncogenic role in 

MLL-AF9 mediated leukemia has to be explored further to elucidate the process 

of its tumor promoter function at a molecular level. There are multiple possibilities 

as to how TET2 can promote the leukemic transformation process in presence of 

MLL-AF9 expression. The hypotheses that we have deduced are as follows: 
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I. TET2 regulates the expression of MLL-AF9 or vice-versa and thus the 

deletion of one would cause a decrease in the level of the oncogenic 

transformation.  

II. The functioning of MLL-AF9 oncogenesis depends on the expression of 

TET2 since, TET2 regulates the targets of MLL-AF9 through which the 

fusion protein mediates its leukemic transformation. 

III. TET2 is required for MLL-AF9 to bind to the promoter region of its targets. 

TET2 binds to the DNA and demethylates the chromatin which is required 

for MLL-AF9 to bind and carry out its transcription regulation thus giving 

rise to leukemogenesis. 

From the experiments that we performed it was evident that TET2 does not 

regulate the expression level of MLL-AF9 (Fig. 3.5.2.1d) or vice versa (data not 

shown). So, the first hypothesis can be refuted safely. As for the second 

hypothesis, it is required to understand the gene expression landscape of MLL-

AF9. This can be achieved by performing a RNA sequencing in stem cells of 

Control vector and control MLL-AF9 overexpressing mice. In order to understand 

whether TET2 regulates the expression of the targets of MLL-AF9 a parallel RNA 

sequencing of MLL-AF9 TET2 KO mouse stem cell is required. By comparing the 

list of genes which are upregulated/downregulated in MLL-AF9 overexpressing 

mice with respect to the control and then assessing whether the expression of 

any of these genes are altered in TET2 KO MLL-AF9 mice we would be able to 

verify the second hypothesis. A detailed schematic of the hypothesis II and the 

experiment associated with it is shown in Fig. 4.2.1. 
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According to hypothesis III, the presence of MLL-AF9 alters the binding of  TET2 

to the chromatin. This hypothesis is elucidated in Fig 4.2.2. In order to validate 

this hypothesis, TET2 binding in presence and absence of the MLL-AF9 gene 

fusion can be assessed by immunoprecipitating TET2 in granulocytes of these 

mice and then ascertaining the difference in binding pattern of TET2. This data 

correlated with the RNA sequencing data obtained from the experiment proposed 

in hypothesis II would give us a much deeper insight in the molecular reasons of 

why TET2 behaves the way it does in the MLL-AF9 setting.  

To conclude, with the advent of newer, more high-throughput and advanced 

technologies, this is a very exciting time to promote research dedicated to 

understanding the molecular mechanisms of cancer. This dissertation is an effort 

to accomplish just that in the scope of a graduate project and to shed light in the 

unexplored areas of this field thus advancing the understanding of the disease. 
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4.3 Figures 
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Fig 4.2.1: Validation of Hypothesis II – Regulation of the target genes of MLL-AF9 by 
TET2 

 (A) & (B) MLL-AF9 regulates a specific set of genes for the initiation and maintenance of 

 the leukemogenic process. TET2 also regulates some of genes. Depletion of TET2 

 decreases the expression level of the target genes thereby disrupting the 

 leukemogenic process. 

(C) & (D) List of genes upregulated/downregulated due to expression of MLL-AF9 and the 

overlap of these genes with the list of genes downregulated/upregulated respectively 

by TET2 deletion in MA9 background. 
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Fig 4.2.2: Prediction Model for the Molecular mechanism of TET2 in MLL-AF9 
mediated leukemia 

Binding of TET2 to the chromatin of the DNA is altered in presence of MLL-AF9. MLL-

AF9 recruits TET2 to the promoter region of oncogenes where TET2 demethylates the 

promoter region to facilitate the binding of MLL-AF9 thus carrying out its oncogenic 

function. MLL-AF9 requires unmethylated DNA to bind (Risner et al., 2013) to the DNA 

which is facilitated by TET2 in this case 
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