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ABSTRACT 

TET2 is a tumor suppressor gene that has been implicated in the epigenetic regulation of gene expression. 

Inactivating TET2 mutations are common in MDS. These mutations may contribute to early clonal 

dominance and myeloid transformation, although the exact mechanisms remain to be elucidated. Common 

to the environment of MDS are elevations in cytokines, such as TNFα and IFN-γ.  It was hypothesized that 

inflammatory cytokines TNF-α and IFN-γ may promote clonal expansion of TET2 mutant progenitors. Adult 

(10-14 weeks-old) Tet2 wild type (+/+) and Tet2 mutant (-/-) C57BL/6 mice strains (JAX) were chosen as 

a model system.  Lineage negative cells (Lin-), enriched for hematopoietic stem and progenitor cells 

(HSPC), were isolated from Tet2 +/+  and -/- bone marrow (BM)  and cultured in the absence or presence 

of TNFα (0.1, 1, or 10 ng/ml) or IFN-γ (0.01, 0.1 or 1 ng/ml) in  methylcellulose colony formation assays 

and long term cell culture assays, over a period of 12 and 30 days respectively, and their colony growth, 

cell count, immunophenotype and resistance to apoptosis were examined. Where indicated, serial re-

plating was performed. Expression of apoptotic regulators was assessed by qRT-PCR. In the triplicate 

experiments, starting with equal densities of Tet2 +/+ and -/- Lin- cells, Tet2 -/- Lin- cells displayed 

increased resistance to cytokine-induced growth suppression and superior colony forming ability over +/+ 

in the serial re-plating assays under stress of increasing TNFα or IFN γ. Mac1+Gr1+ and Sca1+Kit1+ 

expressing cells were increased in Tet2-/-, compared to +/+, in the presence of TNFα and IFN-γ, suggesting 

that Tet2 mutations may maintain stem cell and progenitor phenotypes in the presence of inflammatory 

cytokines. Tet2 -/- progenitors also displayed a lower apoptotic index compared to +/+ under stress of 

increasing TNFα, suggesting increased resistance to TNFα induced apoptosis. Transcriptional data 

showed low expression of Tnfr1, Fas  and caspase 8, as well as a high expression of Bcl-2 and Iap1 in Tet2 

-/-  compared to +/+ under stress of TNFα.  Tet2-/- also showed increased basal expression of endogenous 

TNFα mRNA compared to +/+. In the human colony growth assay, the clonal growth of TET2 mutant CFU-

GM progenitors was enhanced at low TNFα concentrations. Conclusion: Mutations that promote 

resistance to environmental stem cell stressors are a known mechanism of clonal selection in aplastic 
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anaemia and JAK2-mutant MPN and our findings suggest that this mechanism may be critical to clonal 

selection and dominance in MDS.  
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CHAPTER ONE- INTRODUCTION AND LITERATURE REVIEW. 

1.1 CLINICAL BURDEN OF MYELODYSPLASTIC SYNDROMES. 

Myelodysplastic syndromes (MDS) are a group of clonal haematopoietic disorders characterized 

by bone marrow failure and increased tendency towards leukaemic transformation1- 4.  MDS 

occur predominantly in the elderly people, with a median age at diagnosis of 65-70 years, 

however less than 10% of patients are younger than 50 years 3.The annual incidence of the 

disease is about 4 cases per 100 000 people, attaining 40-50 per 100000 after age 70 years 3. The 

course and prognosis of the disease are highly variable and about 30-40% of affected patients 

will develop acute myeloid leukaemia (AML) 4.  Patients suffer from poor quality of life due to 

severe anaemia, life-threatening bleeding and infections. Frequent requirement for blood 

transfusions, emergency room visits, and hospitalizations further severely impact on quality of 

life and place a tremendous strain on caregivers and health resources. Bone marrow transplant is 

the only available curative method 1- 4.  However, this is rarely an option for the elderly that 

constitute the most commonly afflicted population.  Since MDS can also arise secondary to 

treatment in other cancer survivors, and given the recent aging demographics, MDS prevalence 

is expected to rise3.  

The diagnosis of MDS is largely based on non-specific subjective blood and bone marrow 

examination 4. Cytogenetic studies only reveal abnormal karyotypes in about 50% of cases 4. The 

current morphological classification of MDS is based on the WHO 2008 criteria; however the 

French-American- British Study Group (FAB classification) is still widely employed in clinical 

practice 5. Over the last three decades, several prognostic scoring systems have been formulated 

and validated, including the International Prognostic Scoring System (IPSS), the WHO 
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classification based prognostic scoring system and the recently published revised IPPS which has 

better predictive ability 6, 7. To manifest clinically, a myelodysplastic clone must undergo a series 

of biologic events including enhanced haematopoietic stem cells (HSCs) self- renewal, 

acquisition of increased proliferative potential, impaired differentiation and genetic instability 

that favour leukaemic evolution5.  

1.2 MOLECULAR BASIS OF CANCERS.  

Tumor evolution is often caused by one or more genetic aberrations which leads to the 

acquisition of one or more of the six hallmarks of cancer8. The six hallmarks of cancer refer to 

those characteristics or capabilities that a tumor acquire in order to achieve uncontrolled 

excessive proliferation in the host. As the tumor progresses, so does the number of genetic 

aberrations increase leading to increased ability of the tumor to evade control from the host8. 

These six hallmarks or pathways are highly complex and differs from one cancer type to another. 

They include; sustenance of proliferative signaling, evasion of growth suppressors, resistance to 

apoptosis, induction of angiogenesis, activation of invasion and metastasis, and enabling 

replicative immortality8.      

1.3 SOMATIC GENE MUTATIONS IN MDS. 

Recurrent somatic mutations in several genes have been reported in MDS and implicated in the 

development and/or progression of this disorder9. Recent reports indicate that somatic point 

mutations can be identified in more than 80% of MDS cases, including those that have a normal 

karyotype 9-11. These emerging genetic data have changed our understanding of MDS 

pathophysiology, implicating new biological pathways and providing us with a new tool to 

decipher the complexity of MDS phenotypes. Several recurrent mutations have been identified 
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that alter many important cellular processes, including mutations in RNA splicing machineries 

such as SF3A1, SF3B1, U2AF1, U2AF2, SF1, SRSF2, and ZRSR2 25-28; epigenetic regulators of 

gene expression such as DNMT3A, TET2, IDH1 and IDH2 31-35,47-52; DNA-damage response 

mutations such as TP53; transcription factors such as RUNX1, and tyrosine kinase signaling 

mutations e.g. NRAS 9-12The most commonly mutated genes in MDS are regulators of RNA 

splicing and epigenetic modifiers, but signal transduction pathways and transcription factors are 

also frequent targets13-17. Furthermore, MDS is characterized by frequent cytogenetic aberrations 

such as deletions on the long arms on chromosomes 5, 7 and 20, as well as more complex 

karyotypes. Several consequences of these genetic and cytogenetic alterations have been 

identified to affect gene expression by means of aberrant transcription, epigenetic regulation and 

gene dosage effects. Overall, about 62 genes have been identified to be recurrently mutated in 

MDS, with co-occurrence of some mutations and serial acquisition of mutations with clonal 

progression 20-23. In addition to this, there is also cooperativity between mutations, for example 

TET2 mutations have been observed to correlate with EZH2 mutations, and co-occurrence of 

both genes can cooperatively induce DNA hyper-methylation in MDS 20-23. 

1.4.  MUTATIONS IN EPIGENETIC REGULATORS:  

Mutations affecting the epigenetic regulators are also among the most common molecular 

abnormalities in MDS31-35. They affect genes involved in DNA methylation and histone 

modification and have the tendency to cause widespread alterations in transcriptional programs 

that can be maintained through cell division, which could lead to the establishment and 

persistence of the MDS phenotype. Mutations involving DNA methylation, include DNMT3A 

and TET2, which are common in MDS and Clonal Hematopoiesis of Indeterminate Potential 
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(CHIP) 32-35. Mutations affecting histone modifications have also been reported in MDS and 

include mutations of Isocitrate Dehydrogenases (IDH1 and IDH2) genes 47-52.  

DNA methyltransferases (DNMTs) convert cytosine bases to 5-methylcytosine (5mC) primarily 

at the CpG dinucleotide rich sites of gene promoters. Cytosine methylation status reduces gene 

transcription by recruiting methyl-CpG binding domain–containing repressor complexes or by 

influencing the binding of transcription factors to promoter elements. By contrast, methylation of 

intragenic sites is associated with active transcription 35-40. DNMT enzymes cooperate to create a 

pattern of methylation and regenerate hemi-methylated DNA during replication. The 5mC 

generated by DNMTs are modified by the TET proteins. Reports showed that widespread 

alterations in DNA methylation are more common in MDS and secondary AML (sAML) 36-42, 

and in most of these cases, the extent of aberrant promoter hyper-methylation were observed to 

correlate with disease severity and independently associated with reduced overall survival37, 38, 40. 

These observations suggest an important role for aberrant DNA methylation in MDS 

pathogenesis and serve as a rationale for the therapeutic use of DNMT3 inhibitors39-45.  

The second category of genes involved in epigenetic regulation are the histone modifiers. These 

include Isocitrate Dehydrogenases (IDH1 and IDH2). IDH1 and IDH2 encode NADP+-

dependent enzymes involved in citrate metabolism that localize to the cytosol and the 

mitochondria, respectively 47-50. Heterozygous missense mutations in these two genes are found 

in AML (15–25%) 47,48but less frequently in MDS (4–12%) 49-51. IDH1 mutations usually have 

poor prognostic value in MDS 47-52. Whereas wild-type IDH proteins convert isocitrate to α-

ketoglutarate, cancer-associated IDH1 and IDH2 mutations confer a neomorphic enzymatic 

activity that directly converts α-ketoglutarate to 2-hydroxyglutarate (2HG) 51. 
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1.5. TEN ELEVEN TRANSLOCATION (TET) FAMILY. 

1.5.1. Overview of TET Family.  

The TET family came into the limelight seven years ago following, the demonstration that mono 

or bi-allelic loss of- function mutations and deletions recurrently target the TET2 (Ten-Eleven 

Translocation 2) gene in myeloid malignancies 82-83. This observation was soon followed by 

another discovery that members of the TET family play a major role in the conversion of 5-

methyl-cytosine (5-mC) to 5-hydroxymethyl-cytosine (5-hmC) 84, whereby opening up a new 

field of investigation in basic and clinical sciences. The TET2 gene (Tet2 in mice) belongs to the 

TET family of proteins which consist of three members; (TET1) Tet1, (TET2) Tet2 and (TET3) 

Tet3, all which exhibit Fe (II)-and α-ketoglutarate-dependent dioxygenase activity. Figure 1.5.1 

below shows the schematic diagram of the different TET proteins. Reports showed that most 

animals tend to have a single TET orthologue, made up of an amino-terminal CXXC-type zinc-

finger domain and a carboxy-terminal catalytic Fe(II)- and α-ketoglutarate (α-KG)-dependent 

dioxygenase domain inserted in a cystein-rich domain82-85. However in mammals, the TET genes 

appear to have undergone triplication process giving rise to three structurally related proteins. 

Both TET1 and TET3 have  a CXXC domain, whereas an evolutionary induced chromosomal 

inversion appear to have broken the third TET gene into distinct segments encoding the catalytic 

domain (the TET2 gene) and the DNA-binding CXXC domain (the CXXC4/IDAX gene)85. The 

latter is transcribed in the opposite direction and its protein regulates the expression of TET2 

gene. Different TET enzymes exhibit distinct expression patterns in vivo. TET1 is mainly 

expressed in embryonic stem cells whereas TET2 and TET3 are more ubiquitous, but TET2 

expression is more predominant in a variety of differentiated tissues, especially in hematopoietic 

and neuronal lineages.83-86      
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Figure 1.5.1: Primary structure of the different TET proteins. The CXXC domain of TET1 

and TET3 is depicted in red, the cystein-rich domains of the three proteins are in brown and the 

double-stranded β -helix 2-oxoglutarate and Fe (II)-dependent dioxygenase domains are in blue. 

Each of these proteins contains three Ferrous-binding domains and one site for 2-oxoglutarate 

binding in the dioxygenase domain (not shown). (Adapted from Solary. E. et al. Leukaemia 

2014; 28: 485-496). 

1.5.2. Structure of Tet2 (TET2) gene.  

TET2 gene is a putative tumor suppressor gene located in 4q24 and comprises 11 exons spread 

over 150 kb.  Tahiliani et al. (2009) identified TET proteins as mammalian homologs of the 

trypanosome proteins JBP1 and JBP2, which have been proposed to oxidize the 5-methyl group 

of thymine. Exons 7–11 of TET2 gene encode a core made of eight anti-parallel β-strands folded 

into a ‘Jelly-roll’ motif that harbors the active site. 87, 88. All TET proteins contain a similar 

catalytic C-terminal (CD) domain, which is composed of a double-stranded (DSBH) fold and a 

http://www.omim.org/entry/612839#18
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cysteine-rich (Cys) region 86.  Hu et al. recently reported the crystal structure of human TET2-

DNA complex 89. This structure suggests that the DSBH and Cys-rich domains are linked 

together to by two zinc fingers to form a compact catalytic domain. These CD domains of TET 

proteins confer 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 (α1) 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 (β6) 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 (mC6) flipped out and inserted into the 

catalytic cavity (Figure 1.5.2).  

 

     

(B) 

(A) 
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Fig. 1.5.2. Structure of the human TET2-DNA complex. (A) The domain architecture of the 

human TET2 catalytic domain showing the cysteine rich domain, DSBH domain and the low 

complexity linker. Below the domain structure is the structure of the 12bp DNA sequence that 

was crystallized in the complex. (B) Crystal structure of TET2-DNA in two different views. The 

same colour is used to depict the same component in both structures.  DNA is colored in yellow. 

An iron and three zinc cations are shown as red and gray balls, respectively. The disordered 

regions are shown as dashed lines. The mC6, DNA-interacting loops (L1 and L2), GS linker, and 

N and C termini are indicated. Drawn from Lulu Hu et al. Cell 2013. 

1.5.3. FUNCTIONS OF TET PROTEINS. 

(A) TET ENZYMES PROMOTE DNA DEMETHYLATION. Methylation at the 5th carbon 

position of the nucleotide cytosine (5-methyl-cytosine or 5-mC), is the main epigenetic 

modification of DNA, and the reverse DNA demethylation process, which follows has a 

profound impact on gene expression 87-90.  Cytosine demethylation remained enigmatic until 

unveiling of TET enzyme functions. These enzymes modify the methylation status of DNA and 

regulate gene transcription by catalyzing the oxidation of the 5-methyl group on 5-mC to create 

5-hydroxymethyl-cytosine (5-hmC).87- 91 , Interestingly, 5-hmC levels across the genome remain 

relatively low compared to 5-mC, for instance, in mouse embryonic stem cells (ESCs), there are 

forty-five 5-hmCs per thousand 5-mC. 85, 91, 92. TETs are capable of acting on several substrates, 

including fully and hemi-methylated DNA in CG and non-CG sites 91-92. 5-hmC represent a 

dynamic epigenetic state of DNA and the conversion of 5-mC into 5-hmC initiates 

demethylation that can occur in several ways 91-94 (Figure 1.5.3.A). Firstly, the oxidation of 5-

mC into 5-hmC may favor a passive DNA replication-dependent demethylation process.94 

Secondly, 5-hmC could be converted by the activation-induced deaminase/apolipoprotein B 
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mRNA-editing enzyme complex family of cytosine demethylases into 5-hydroxymethyluracil (5-

hmU), to be repaired by DNA glycosylases and the base-excision repair pathway.95-96 The 

physiological importance of this second pathway in mammal cells remains controversial. 

Thirdly, iterative oxidation of 5-mC and 5-hmC by TET enzymes may generate 5-formylcytosine 

and 5-carboxylcytosine, which are recognized and excised by thymine DNA glycosylase into an 

abasic site.97-99 The dynamic methylation/demethylation cycle that involves TET and thymine 

DNA glycosylase enzymes (TET/thymine DNA glycosylase cycle) was recently described to 

occur at a large number of genomic loci across the genome100. Thymine-DNA glycosylase 

(TDG) removes thymine moieties from G/T mismatches by hydrolyzing the carbon-nitrogen 

bond between the sugar-phosphate backbone of DNA and the mispaired thymine. With lower 

activity, this enzyme also removes thymine from C/T and T/T mispairings. TDG can also remove 

uracil and 5-bromouracil from mispairings with guanine. This enzyme plays a central role in 

cellular defense against genetic mutation caused by the spontaneous deamination of 5-

methylcytosine and cytosine Interestingly, long-lived 5-hmC, and to a lesser extent, short-lived 

5-formylcytosine and 5-carboxylcytosine may have also DNA demethylation independent 

functions and serve as stable epigenetic marks that recruit specific readers, DNA repair proteins 

and transcription factors, with limited overlap between these proteins.101-102 In addition, most 5-

mC-binding proteins do not recognize 5-hmC and thereby presumably dissociate from DNA 

when 5-mC is converted into 5-hmC.102 Thus, TET proteins may be important in fine tuning 

epigenetic status of the cells. 
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Figure 1.5.3. (A) 

 

 

                                                                                         

 

 

Fig. 1.5.3(A). 5-hmC cycle showing TET mediated DNA demethylation. Methylation at 

carbon atom 5 of the nucleotide cytosine (5-mC) is mediated by DNA methyltransferases 

(DNMT). TET enzymes catalyze the oxidation of the 5-methyl group on 5-mC to form 5-hmC. 

Iterative oxidation of 5-mC and 5-hmC by TET enzymes can occur leading to the formation of 5-

formylcytosine (5-fC) and 5-carboxylcytosine (5-caC), which are recognized and excised by 

thymine DNA glycosylase. Secondly, a passive DNA replication-dependent demethylation may 

occur. Thirdly, 5-hmC may be converted by the activation-induced deaminase /apolipoprotein B 

mRNA-editing enzyme complex family of cytosine demethylases into 5-hydroxymethyluracil 

which is then repaired by DNA glycosylases and the base-excision repair (BER) pathway. 

Adapted from references cited in section 1.5.3, primarily Ito S et al. Science 2011, Bhutani N et 

al. Cell 2011, Guo J et al. Cell cycle 2011. 

(B) TET MEDIATES HISTONE MODIFICATION THROUGH INTERACTION WITH 

OGT. Another mechanism that may account for TET-mediated gene activation is the recruitment 

of O-linked β-D-N-acetylglucosamine (O-GlcNAc) transferase (OGT) to chromatin. OGT is the 

enzyme that catalyzes the addition of O-GlcNAc to Ser and Thr residues of proteins. The 
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glycosyltransferase reaction mediated by OGT and the removal of O-GlcNAc from substrates 

mediated by O-GlcNAcase define the O-GlcNAc cycling. This process can influence the 

epigenetic control of gene expression in several ways 103. TET proteins and OGT show genome-

wide co-localization, especially around transcription start sites.103-105 TET2 recruits OGT to 

chromatin and promotes OGT activity, an effect that is independent of TET2 enzymatic activity 

(Figure 1.5.3B). The interaction of TET2 with OGT enhances the O-GlcNAcylation of Histone 

2B at Ser112, and the genes that are associated with TET2 and OGT, tend to become O-

GlcNAcylated at this position and show high levels of transcription. TET2 may also help OGT to 

recognize chromatin substrate, and OGT-mediated O-GlcNAcylation of histone 2B may 

therefore contribute to TET2-dependent gene regulation.105 Furthermore, TET2 protein and OGT 

activity also promote O-GlcNAcylation of host cell factor 1 (HCF1), which is important for the 

integrity of SETD1A (the SET1/COMPASS complex) which is the main H3K4 

methyltransferase complex. TET2-OGT co-localizes on chromatin at active promoters enriched 

for H3K4me3, and reduced activity of TET2 or OGT may lead to decreased H3K4me3 and 

concomitant decrease in transcription. Hence Tet2 mutant BM cells tend to exhibit reduced 

global GlcNAcylation and H3K4me3 notably at several key regulators of hematopoiesis.104 
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Figure 1.5.3(B): Tet2 mediated Histone modification via interaction with OGT. The interaction 

of TET2 with OGT enhances the O-GlcNAcylation of Histone 2B at Ser112. Secondly, TET2 

protein and OGT activity also promote O-GlcNAcylation of host cell factor 1 (HCF1), which is 

important for the integrity of SETD1A (the SET1/COMPASS complex) which is the main H3K4 

methyltransferase complex. Adapted from references cited in section 1.4.3, primarily Deplus et 

al. 2013, Chen et al. 2013 and Solary E et al. 2014. 

1.6. REGULATION OF TET2 EXPRESSION. 

Tet2 expression is believed to be regulated by a number of factors including IDAX- also known 

as CXXC4 which originated from the ancestral TET2 gene fission. IDAX acts by interacting with 

the catalytic domain of TET2 and is believed to promote the degradation of the protein, bound to 

genomic DNA, by caspases. Studies suggest that IDAX binds DNA sequences enriched in 

unmethylated CpG dinucleotides in gene promoters through its CXXC domain, which activates 

caspases and results in TET2 protein cleavage and degradation, without directly affecting the 

enzymatic activity of the dioxygenase85. The TET3 expression level could be regulated in a 

similar way through its internal CXXC domain, uncovering a general autoregulation of TET 

function by extrinsic and intrinsic CXXC protein domains. CXXC5 (also known as RINF), a 

related protein that was involved in normal myeloid differentiation and myeloid malignancies, 85 

could also promote TET2 degradation.  Another recently identified regulator of TET2 gene 

expression is the microRNA miR-22.106 Alterations of this miR-22/TET2 regulatory network is 

believed to be common and oncogenic in hematopoietic malignancies such as MDS and AML. 

Transgenic mice that were conditioned to overexpress miR-22 in their hematopoietic 

compartment in order to recapitulate the overexpression observed in MDS and leukemia exhibit 

reduced levels of global 5-hmC and increased hematopoietic stem-cell (HSC) self-renewal 
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accompanied by defective differentiation, leading over time to myeloid dysplasia and 

hematological malignancies. Ectopic expression of TET2 corrects the miR-22- induced 

phenotype, whereas miR-22 inhibition blocks proliferation in both mouse and human leukemic 

cells 106.  This emerging report suggests that miR-22 may be a potent regulator of HSC 

maintenance and self-renewal through the modulation of TET2 expression level, and presumably 

other important targets. The enzymatic activity of the TET proteins may also be regulated by 

vitamin C, or ascorbic acid, which acts by stimulating the activity of all Fe (II)2-oxoglutarate 

dioxygenase enzymes. Vitamin C can interact with the C-terminal, catalytic domain of TET 

enzymes, and this may promote their folding or recycling of the Fe2+.107 In mouse embryonic 

stem cells, vitamin C promotes a rapid and global increase in 5-hmC, followed by the DNA 

demethylation of many gene promoters.108 The vitamin-C-induced changes in 5-hmC and 5-mC 

are TET dependant, as they are entirely suppressed in Tet1 and Tet2 double-knockout ESCs. The 

activity of TET2 is also regulated by α-ketoglutarate, which is a metabolite generated by IDH1 

and IDH2109 

1.7.NORMAL HAEMATOPOIESIS.   

 Hematopoiesis is the developmental process by which uncommitted stem cells proliferate and 

differentiate into all of the cellular components of the blood, as well as a few other cell types that 

do not typically circulate including dendritic cells and mast cells. The bone marrow is the 

primary site of hematopoiesis and normal immature precursors of hematopoietic cells can be 

identified by light microscopic evaluation of bone marrow specimens. The biology underlying 

normal hematopoiesis is rather complex, involving extensive coordination of numerous 

molecular programs involved in cell division and cell fate determination 110. In adult mouse bone 

marrow (BM), a small number of haematopoietic stem cells (HSCs) produce heterogeneous 
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populations of actively dividing haematopoietic progenitor cells (HPCs). These HPCs in turn 

proliferate and differentiate, resulting in the production of millions of mature blood cells. During 

differentiation to mature blood cells, the progeny of HSCs tend to go through intermediate stages 

prior to reaching maturity, including multi-potential progenitor cells and lineage-committed 

progenitor cells. In -vitro assays are used examine the growth and morphological characteristics 

of the HPCs at various developmental stages. Although HSCs have the ability to proliferate and 

differentiate in culture, however most of the cells detected in hematopoietic culture assays 

consist of HPCs, which have limited self-renewal ability and short-term hematopoietic potential. 

These progenitor cells can either be multi-potential (capable of generating progeny of multiple 

blood cell types) or restricted to one or two lineages (erythrocytes, granulocytes, 

monocytes/macrophages or platelets). When cultured in a suitable semi-solid matrix, such as 

methylcellulose supplemented with appropriate growth factors and cytokines, individual 

progenitor cells called colony-forming units (CFUs) proliferate and differentiate to form discrete 

cell clusters or colonies containing recognizable progeny. Under optimal plating and culture 

conditions, each colony is derived from a single progenitor. Thus, the number and types of 

colonies counted in a CFU assay provide information about the frequency and types of 

progenitor cells present in the original cell population and their ability to proliferate and 

differentiate. Colony evaluation and counting can be performed in situ by light microscopy or by 

plucking individual colonies and then staining the cells using cytochemical and immuno-

cytochemical methods. Methylcellulose is the standard gelling material employed in CFU assays. 

It is chemically inert and its properties do not fluctuate with change in pH. Most importantly, 

cells are not exposed to high temperatures, which they are when using agar-based products. 

Depending on the formulation, MethoCult™ media support optimal growth of multiple types of 
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hematopoietic progenitor cells including: Erythroid progenitor cells (colony-forming unit-

erythroid [CFU-E] and burst-forming unit-erythroid [BFU-E]), Granulocyte/macrophage 

progenitor cells (colony-forming unit-granulocyte, macrophage [CFU-GM]), Colony-forming 

unit-granulocyte (CFU-G) and colony-forming unit-macrophage (CFU-M) and Multi-potential 

progenitor cells (colony-forming unit-granulocyte, erythroid, macrophage, megakaryocyte [CFU-

GEMM]). 

1.8.TET2 IN HEMATOPOIESIS. 

Hematopoiesis involves a complex interplay between the intrinsic genetic processes of 

hematopoietic cells within the bone marrow and their environment. This interplay determines 

whether HSCs, progenitors, and mature blood cells remain quiescent, proliferate, differentiate, 

self-renew, or undergo apoptosis. 110 The genetic and environmental mechanisms that mediate 

blood production operate by affecting the relative balance of these fundamental cellular 

processes. Under normal conditions, most of the HSCs and many early progenitors are quiescent 

in the G0 phase of the cell cycle; however, most of the more mature progenitors are proliferating 

and producing mature offspring109. In the absence of any stresses, this is balanced by the rate of 

apoptosis in progenitors and mature cells. TET2 has been identified as an important epigenetic 

regulator of hematopoiesis and is believed to play pleiotropic 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 HSPCs differentiation through its effect on DNA methylation 110, 111. The TET2 gene 

is highly expressed in HSCs and progenitor cells, but is downregulated with differentiation. 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, 
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suggesting that Tet2 silencing could affect stem/progenitor cell differentiation.112,113. RNA 

interference-mediated Tet2 silencing in mouse early progenitors and in human cord blood 

CD34+ cells decreases 5-hmC levels and allows expansion of the monocyte lineage.112, 113 This 

monocytic picture is also seen in chronic myelomonocytic leukemia (CMML), which has a high 

frequency of Tet2 mutations. 114 Tet2 mutations are also observed in a variety of myeloid and 

lymphoid malignancies with no evidence of monocytosis. Ex vivo, Tet2 depletion in 

CD34+CD38- promotes monocyte expansion, whereas Tet2 depletion in CD34+,CD38+ cells 

does not, suggesting that the level at which Tet2-mutated cells expand contributes to the disease 

phenotype, with early clonal dominance of Tet2 mutations inducing a monocytosis.114,115. 

1.9 TET2 MUTATIONS. 

The TET2 gene is the most commonly mutated gene in MDS (19–26%) and CMML patients 

(42–50%).111 - 116,122 These mutations are also frequently present in AML and are enriched in 

patients with sAML, AML with myelodysplasia-related changes (22–24%), patients older than 

60 years (29%), and AML patients with normal cytogenetics (23–30%). Two patterns of TET2 

mutations have been identified. The first include nonsense and frame shift mutations which may 

occur in any part of the gene, while the second is characterized by critical missense mutations 

which occur only in the two evolutionary conserved domains of TET2 112-115.. In MDS, both 

copies of the gene are altered in less than half of the patients, suggesting a role for 

haploinsufficiency. In MDS, TET2 mutations tend to co-exist with mutations in other genes, and 

may also be present in patients with normal cytogenetics116-118. However their prognostic 

significance in MDS is yet to be fully elucidated 116-120  
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The impact of TET2 mutations on MDS patient survival is uncertain, as there have been several 

conflicting studies 121-128. TET2 mutations occur early during disease evolution as suggested by 

the fact they generally precede JAK (V617F) mutations in neoplasms with co-occurrence of both 

mutations 122-124. Hence TET2 mutation may drive pathogenic steps common to all the myeloid 

cancers in which they occur by establishing a clonal dominance in disease cell of origin.  TET2 

mutations are believed to result in loss of function and are frequently identified in terms of copy-

neutral loss of heterozygosity and hemizygous or compound heterozygous mutations 118, 122-128. 

Biochemical studies showed that bone marrow cells of patients with TET2 – mutated 

malignancies have reduced levels of 5hmC in their genomic DNA, which suggests that the 

catalytic activity of mutant TET2 protein is compromised 95-100. This finding is supported by 

recent studies which showed that targeted deletion of the Tet2 catalytic domain in mice and the 

introduction of disease-associated catalytic domain mutant Tet2 alleles into cell lines led to 

decreased production of 5hmC. Remarkably, patients with low 5hmC levels also exhibit a similar 

clinical phenotype independently of their Tet2 mutation status, suggesting that 5hmC levels, 

rather than Tet2 mutation status, may be responsible for mediating the observed clinical 

phenotype.95-102 However the functional roles of 5hmC and other TET-dependent products of 

5mC oxidation is yet to be fully elucidated.  The general consensus is that along with 5mC, 

5hmC may be an epigenetic mark that directly affects gene transcription via specific interactions 

with nuclear factors 90-99. TET activity and 5hmC presence appear to be enriched at sites of 

bivalent histone marks and to influence the recruitment of Polycomb repressive complex 2 

(PRC2) to target genes. 5-Hydroxymethylcytosine may otherwise indirectly regulate gene 

expression as a demethylation intermediate. Conversion of 5mC to 5hmC may lead to inhibition 
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of maintenance methyltransferases activity or their binding, thereby promoting passive 

replication-dependent cytosine demethylation..   

Several studies involving multiple independent mouse models (Fig.1.9) have demonstrated the 

biologic effect of Tet2 inactivation on hematopoiesis 111 -115. These studies showed that 

inactivation of Tet2 leads to cell-autonomous expansion of hematopoietic stem and progenitor 

cell (HSPC) populations, enhanced HSC self-renewal and re-plating capacity, and led to a bias 

toward myelomonocytic differentiation. Tet2-deficient mice develop a myeloproliferative 

phenotype that is reminiscent of human CMML, which has a high frequency of Tet2 mutations. 

Mice with heterozygous Tet2 deletion (Tet2−/+) display a similar pattern of hematopoietic 

abnormalities and an increased tendency to transform to myeloid malignancies, but with delayed 

onset.  Taken together, these data suggest that reduced Tet2 activity in human hematopoietic 

progenitors may support the establishment of clonal dominance and initiation of myeloid 

transformation. In cases of TET2-mutated myeloid malignancies, the mutant allele can be seen in 

the earliest hematopoietic precursor populations 111-115. However, mono-allelic inactivation in 

isolation does not appear to compromise functional multi potency, considering that TET2 

mutations or 4q24 microdeletions can be seen in both the myeloid neoplastic clone and 

presumably normal lymphocytes as well as certain mature lymphoid neoplasms. Interestingly, in 

some of these cases, the clonal origin may be traced to a multipotent progenitor.  Tet2 

dysfunction in the earliest hematopoietic precursor may lead to gradual clonal dominance and a 

propensity to clonally related multi-lineage neoplasia 111 - 115.  
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Figure 1.9 Schematic diagram showing five distinct models of Tet2 deletion in the mouse have 

been established. (Adapted from Solary E. et al. Leukaemia 2014; 28: 485-496.) Each arrow 

indicates the targeted part of the gene in these models (the mouse phenotypes are described in 

Table 1). 

 

1.10.  CYTOKINES IN NORMAL HAEMATOPOIESIS. 

Cytokines are probably the best characterized environmental regulators of hematopoiesis129. 

They represent a broad family of proteins that mediate positive and negative effects on cellular 

quiescence, apoptosis, proliferation, and differentiation. They function by engaging a specific 

  Table 1: Animal Models of Tet2 Deletions  

Studies.                                              Models                                                          Disease Type 

Quivoron et al.64                    Exon 9 (gene trap).                                                            CMML-Like 

                                                Exons10–11 (conditional deletion) 

Moran-Cruzio et al.54             Exon 3 (conditional deletion)                                           CMML-Like 

 Ko et al.6                                Exons 8–10 (conditional deletion)                             Accumulations of 

                                                                                                                                 CD115+, F4/80+ cells 

Li et al.63                               Tet2 disruption 6bp upstream of the transcription start    CMML-Like 
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receptor and activating a variety of signaling pathways. This includes activation of a tyrosine 

kinases such as focal adhesion kinase, c-Abl, MAP kinases, jun Kinase (JNK), and protein kinase 

C (PKC) 130. Mediators of cell growth and differentiation such as c-src, phosphoinositides, 

protein kinase C, and growth factor-mediated signaling pathways are also modulated by 

cytokines. Cytokines such as IL-3 and GM-CSF induce cell proliferation, while other cytokines 

including flt-3 ligand and kit ligand protect cells from apoptosis and sensitize them to the effects 

of growth promoting cytokines 131 – 133. Cytokines may also facilitate the interactions between 

stem cells and elements in the microenvironment including extracellular matrix (ECM) 

components.134 Regulators of HSCs such as transforming growth factor-beta (TGF-β) and tumor 

necrosis factor-alpha (TNFα) may modulate cell cycle activity and engraftment through its 

effects on cellular proliferation and cell death, however the exact mechanism is yet to be fully 

elucidated. Whereas proliferation is clearly linked to cell cycle progression, the role of the cell 

cycle and cell cycle-related proteins, such as cyclins, in apoptosis is less clear. Inflammatory 

cytokines, including TNFα and IFN-γ, may be either inhibitory or activating depending on their 

concentration and other ongoing physiologic activities.136  Other cytokines, such as kit ligand, 

exist in either a soluble or membrane-bound form and have different activities depending on 

whether they are bound or soluble and on the environmental context in which they are acting.133 

Hematopoietic regulatory cytokines are produced through both autocrine and paracrine 

mechanisms and in many cases are produced by non-hematopoietic cells including bone marrow 

stromal cells and endothelium 133-135.  

1.11. CHRONIC INFLAMMATION IN MYELOID CANCER. 

Chronic inflammation has been strongly associated with the development of human cancers 142-

144, and is usually characterized by persistently activated immune cells, DNA damage, tissue 
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destruction, and organ failure, which has also been observed in a number of myeloid cancers 

including MDS.  Inflammatory mediators activate oncogenic transcription factors such as NF-

kB, c-jun and STAT3, which play major roles in linking inflammation and carcinogenesis. The 

transcription factor NF-kB may be triggered in response to infectious agents and pro-

inflammatory cytokines, leading to altered expression of several genes, which ultimately 

provides an environment, having the potential to promote tumorigenesis, if an immune response 

is sustained 139 -146. As in other chronic inflammatory conditions, chronic inflammation in the 

bone marrow may be associated with increased NF-kB activity in hematopoietic cells and stroma 

cells, exposing these cells to a constant oxidative stress144. Furthermore, increased NF-kB is 

associated with increased production of TNFα and IL-6, which by itself can increase NF-kB and 

STAT3 with ensuing inhibition of apoptosis and increased myelo-proliferation whereby 

providing an environment conducive for malignant transformation and expansion. STAT3 can be 

induced by several cytokines, including IL-6 and by growth factors, such as epidermal growth 

factor147, 148. Thus, STAT3 is activated during inflammation and is constitutively activated in 

many cancers. SOCS3 is an inhibitor of STAT3 and is itself regulated by DNA methylation. 

Alteration in the DNA methylation pattern of SOCS3 may lead to persistent activation of 

STAT3, which has been observed in several cancer types, including myeloid malignancies 147,148.  

Importantly, chronic inflammation is also associated with an increase in DNA methylation with a 

continuous increase during tumor development 145. Several studies in myeloid cancers suggest 

that aberrant DNA methylation patterns tend to be most pronounced in patients with advanced 

disease, in which hyper-methylation of the CXCR4 and the SOCS3 promoters 147, 148 have been 

reported, Chronic inflammation is associated with an increase in cytokines, chemokines and 

reactive oxygen and nitrogen species, altogether giving rise to epigenetic changes, genomic 
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instability and DNA mutations, which thereby contribute to tumor initiation 139-141. Furthermore, 

inflammation also drives tumor progression and metastasis via additional genetic changes. 

During this process, the close interaction between cancer cells, immune cells and stromal 

elements and the factors being produced by these cells determines the metastatic potential. 

1.12. INFLAMMATORY CYTOKINES IN MDS. 

Recent reports suggest that apart from recurrent somatic mutations, there are other contributory 

mechanisms to MDS pathogenesis including abnormal activation of innate immune signals and 

associated inflammation within the bone marrow micro environment. It is commonly thought 

that MDS is a neoplasm caused by neoplastic transformation of haematopoietic stem cell or 

myeloid progenitor cells, 136,137 however there are some limitations in using this haematopoietic 

cell-centered approach   to explain deregulation in MDS. It has been difficult to successfully 

engraft and propagate human disease in immunodeficient mice, an observation that has triggered 

a chronic debate about the potential causative or facilitating role of the microenvironment in the 

pathogenesis of this disease 136-138. In bone marrow tissues, normal hematopoietic stem cells 

reside in a “stem cell niche” made up of different stromal cells including mesenchymal cells, 

immune cells, vascular network, soluble factors, and extracellular matrix.  The progenitor cells 

are nurtured within this niche to ensure their survival and self-renewal. The haematopoetic stem 

cell niche provides the structural scaffold and appropriate physiological cues to control 

haematopoietic stem cell function. Emerging evidence showed that primary alterations in the 

bone marrow microenvironment can drive oncogenesis in hematopoietic system 136-138. 

Interestingly, some common biological events have been noted in the BM of MDS cases, 

including excessive apoptosis of hematopoietic cells which is believed to be induced by the 

inflammatory changes within the BM microenvironment, and is thought to be mediated by 
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paracrine and autocrine factors, suggesting that both medullary stromal and hematopoietic cells 

are relevant in the disease process 137, 138. In keeping with this finding two paradoxical events 

have also been described in MDS pathogenesis. The first is the “paradoxical” cytopaenia in the 

presence of a hypercellular or normocellular marrow in MDS which was recently resolved 

following the finding that excessive cellular proliferation in MDS marrow seems to be matched 

up by an equally excessive intramedullary apoptosis of hematopoietic cells137. This apoptosis is 

thought to be caused by a number of pro-apoptotic factors, including pro- inflammatory 

cytokines and mediators such as TNFα, IFN-γ, interleukin 1 β (IL-1β), TGFβ, FAS-ligand (FAS-

L) and inducible nitric oxide synthase 137-138, 150 that were overexpressed in the MDS bone 

marrow. A second paradox identified in MDS is the presence of clonal expansion and 

monoclonality in cells that showed a tendency for apoptotic death. A model was proposed to 

explain this second paradox in which an unknown initial lesion in a pluripotent hematopoietic 

stem cell led to the development of growth advantage 149-150. The resulting cells were stimulated 

further to proliferate through the effects of pro-inflammatory cytokine TNFα which led to a 

monoclonal hematopoiesis, whereby suggesting the potential facilitating role of cytokines in 

MDS monoclonal hematopoiesis.   

The MDS has been associated with a chronic inflammatory state due to increased levels of 

inflammatory cytokines found in the BM and peripheral blood of MDS patients. Several reports 

suggest that there are abnormal levels of cytokines, chemokines and growth factors in the 

peripheral blood and BM of MDS patients. Overall, levels of TNFα, IFN-γ, TGFβ, IL-6, IL-8 

and the myeloid growth factors- granulocyte colony-stimulating factor (G-CSF) and macrophage 

colony-stimulating factor (M-CSF), among others, are increased in MDS patients, 150-155 

suggesting a profound dysregulation of both inflammatory signaling and myeloid differentiation. 
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TNFα and IFN-γ are well recognized cytokines that promote inhibition of haematopoiesis10. 

They both negatively affect haematopoietic stem cell renewal and induce apoptosis in erythroid 

cells in early stage of MDS. They also have immune-modulatory  effects and  may  induce 

expression of  co-stimulatory molecules  such as B7-H1(CD274) on  MDS  blasts which confers  

an intrinsic proliferative advantage and   induces T-cell suppression152 -155.  

Furthermore, increased levels of some of these cytokines have been associated with clinical 

outcomes of patients. For example, higher levels of serum TNFα are a potential adverse 

prognostic factor in AML and high-risk MDS and are associated with marked leucocytosis and 

higher levels of β2-microglobulin, creatinine, uric acid and alkaline phosphatase.156. TNFα levels 

have been closely associated with the occurrence of apoptosis in MDS BM 151-153. Whereas low-

risk disease or subtypes are characterized by elevated apoptotic indexes, high-risk MDS and the 

subtypes with high counts of blasts (RA with excess blasts, RAEB) may associated with more 

aggressive clonal expansion, tolerance to self-immunity and poor response to 

immunosuppressive therapy 157,158. The expression of TNFα and other related cytokines, such as 

IFN-γ or IL-6, is higher in low-risk MDS, whereas their levels may be downregulated in high-

risk cases 157,158. Similarly, immunosuppressive cytokines, such as IL-10, are highly expressed in 

high-risk MDS, in which the survival of the malignant clone is important for the progression of 

the disease160.  

1.13.PRO-INFLAMMATORY SIGNALING AND DEATH RECEPTOR PATHWAYS IN 

MDS. 

One distinct feature of MDS is the coexistence of increased cell proliferation and cell death in 

BM.161 As earlier mentioned increased intramedullary apoptosis is believed to be the primary 
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cause of the cytopenias that characterize MDS. Apoptosis is thought to be initiated by the death 

receptor Fas and its specific ligand (Fas-L), which is overexpressed and correlates with the rate 

of apoptosis in MDS 162,163. Although BM CD34+ progenitors do not express Fas under 

physiologic conditions, they can do so upon exposure to cytokines such as TNFα or IFN-γ 164,165. 

Studies showed that the role of TNFα in the MDS pathogenesis is not limited to the induction of 

Fas expression alone. TNFα selectively binds two receptors, TNF receptors 1&2 (TNFR1 and 

TNFR2). TNFR1 acts by inducing apoptosis through caspase-8 activation, whereas TNFR2 has 

anti-apoptotic functions induced by the c-Jun N-terminal kinase pathway.166 Recent reports 

suggest that changes in apoptotic rates in MDS BM cells may be associated with a switch in 

TNFR expression.167 Whereas TNFR1 is abundantly expressed in MDS with Refractory 

Anaemia (RA), TNFR2 is more highly expressed in Refractory Anaemia with Excess Blast 

(RAEB), suggesting a possible correlation with the apoptotic activity in BM. Accordingly, RA 

patients also overexpress TRADD, FADD and RIP compared with controls and RAEB, whereas 

levels of Fas are lower in advanced disease and negatively correlated with higher counts of BM 

blasts.162 The inhibition of TNFα or Fas function using specific antibodies can partially restore 

growth of MDS hematopoietic progenitors 163 which indicates a reverse association between the 

functionality of TNF/Fas-dependent signaling and BM cellularity. A global expression profiling 

study conducted in 183 patients observed that pro-apoptotic genes appear to be one of the most 

significantly upregulated functional groups of genes in CD34+ cells from RA versus controls and 

RAEB.168 further supporting the evidence that pro-apoptotic signaling is strongly linked with 

lower-risk MDS. Lastly, a number of cytokines, such as TGFβ, IFN-α and TNFα itself, have 

been documented to activate the p38 mitogen-activated protein kinase (MAPK) downstream 

signaling pathway in hematopoietic stem and progenitor cells 169.  p38 mitogen-activated protein 
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kinase is known to enhance apoptotic signaling in hematopoietic stem cells and to be hyper-

activated in MDS BMs170. 

1.14. TNFα SIGNALING PATHWAYS. 

TNF is a transmembrane 26 Kilo Dalton (KDa) protein expressed not only by activated 

monocytes or macrophages, activated NK and T cells, but also by a diverse array of non-immune 

cells such as endothelial cells and fibroblasts. TNF elicits a broad spectrum of biological effects 

including proliferation, differentiation, apoptosis, and coagulation. The nature of TNF effects 

depends on TNF concentration and the type and growth state of the target of cells. The 

production of TNF mRNA can be transcriptionally regulated and induced by nuclear factor-kB 

(NF-kB), c-Jun, activator protein-1 (AP1) and nuclear factor associated with activated T cells 

(NFAT), consistent with the presence of these transcription factor binding sites within the 

promoter region of the TNF gene 246. Post-transcriptional mRNA regulation may also occurs and 

is largely controlled by the actions of miRNAs and RNA binding proteins, such as specific 3’- 

untranslated region AU-rich elements, tristetraprolin and mRNA decay factors247.  

As a transmembrane protein expressed on the surface of cells, membrane TNF (also referred to 

as pro-TNF) is cleaved by a metalloprotease, TNFα-converting enzyme (TACE) to form a 

trimeric soluble cytokine – the 17 KDa soluble TNF (sTNF) which is found in blood and 

circulates throughout the body and confers TNF with its potent endocrine function – its ability to 

act at distant physiological sites, far away from the site of its synthesis 248. Both soluble and 

membrane TNF bind to two transmembrane receptor molecules: TNFR1 (p55/p60) – a death-

domain-containing protein, and TNFR2 (p75/p80). 
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TNFR1 is constitutively expressed by nearly all cells and is the major receptor for TNF (also 

called TNF-alpha). In contrast, TNFR2 expression is tightly regulated and is found 

predominantly in hematopoietic cells, endothelial cells and human mesenchymal stem cells. It is 

the receptor for both TNF and LTA (also called TNF-beta) 246. Interestingly membrane TNF is a 

more potent ligand for TNFR2 247 However, the expression levels of TNFR proteins can be 

regulated by cytokines, especially by interferons 248, 249, which explains, in part, the noted 

synergy between TNF and interferons. Numerous studies in various cell types, particularly in 

hematopoietic cells, suggest that TNFR1 primarily mediates TNF-induced inflammation and cell 

death, whereas TNFR2 serves to enhance TNFR1-induced cell death or to promote cell 

activation, migration, growth, or proliferation in a cell-type-specific manner 171-172. Studies with 

TNFR1- and TNFR2-selective agonists R32W-TNF and D143N-A145R-TNF, respectively, have 

shown that signaling events elicited by TNF in endothelial and hematopoietic cells, as in other 

cell types, are primarily dependent on the interaction of TNF with TNFR1171 -173. The role of 

TNFR2 in TNF signaling in hematopoietic system is still poorly understood. Whilst the 

molecules comprising the TNF/TNFR system are well defined biochemically, the biological 

interactions of ligand and its receptors appear to be rather complex. For example, the receptor- 

ligand models proposed for TNF suggests soluble TNF (ligand) passing between receptors, and 

that TNFR-binding to membrane TNF is capable of resulting in “reverse signaling”, that is, 

signaling back into the membrane TNF producing cells 250. In this context the intracellular 

regions of membrane TNF may become phosphorylated generating signals that can result in the 

activation of NF-kB, i.e., within the TNF-producing cell 250. 251. Thus, reverse signaling can lead 

to altered cytokine expression by the same TNF-producing cell 252-254. On the other hand, 
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membrane TNF reverse signaling by TNFR1-expressing endothelial cells can also lead to 

resistance of monocytes to LPS, resulting in reduced production of IL-1, IL-6 and IL-10 255.  

Furthermore, overexpression of the receptors alone, either in vitro or in vivo, can lead to 

spontaneous induction of TNFR signaling independent of ligand 253. This feature is used 

extensively in in vitro assays demonstrating functional TNFR signaling and is largely due to 

overexpression-mediated TNFR oligomerization. A number of complex TNF-R signaling 

pathways have been reported, but most of them account for all aspects of TNF’s ability to induce 

both cell death and/or co-stimulation and cell activation.  

TNFα signaling commences with the intramolecular association of TNFR1or TNFR2 proteins to 

form trimers which are believed to be transiently expressed on the cell surface, as they are 

notoriously difficult to visualize in that location. Once formed, the TNFR trimers undergo a 

conformational adjustment that is mediated by the pre-ligand assembly domain (PLAD) which is 

located within the N-terminal cysteine rich domain (CRD) of many TNFR-family molecules 254. 

This PLAD-dependent TNFR trimer adjustment permits TNF binding and ligand-induced 

receptor signaling 254. On other hand, it is unclear if a PLAD-mediated conformational change is 

required for ligand-independent (overexpression induced) receptor signaling. 

TNF-induced cell death signaling is mediated mainly by TNFR1 254. This requires the release of 

an intracellular TNFR inhibitor, the silencer of death domain (SODD) protein 256. Essentially, 

PLAD-stabilized TNFR interactions permit the release of SODD and the recruitment of 

intracellular “death signaling inducing signaling complex” (DISC) proteins, including TNFR-

associated death domain protein (TRADD), Fas associated protein with death domain (FADD) 

and the TNFR-associated factor (TRAF)-1 255-258. These proteins serve as a scaffold permitting 
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the recruitment of additional proteins such as pro-caspase-8, which is proteolytically cleaved to 

form caspase-8 258. The active, caspase-8 then enzymatically cleaves pro-caspse-3, -6, -7, and 

other cytosolic substrates, converting them into active enzymes 258. The activation of caspase-3, 

in particular, is essential for TNF-induced cell death, as it targets a latent DNAse that degrades 

genomic DNA, thus causing apoptotic cell death; the caspase activated DNase (CAD) 260. The 

protease activity of caspase-8 is tightly regulated by a negative inhibitor protein FLICE/caspase-

8 inhibitory protein (cFLIP). cFLIP lacks a death-domain but contains a death-effector domain 

(DED) that allows its interactions with pro-caspase-8 as well as other DED containing proteins 

260, thus preventing constitutive pro-caspase-8 recruitment to the TNFR1 DISC. The inhibitor of 

apoptosis proteins (IAPs) are also important regulators of TNFR-induced cell death. IAPs act by 

virtue of their direct interaction with TRAF2 261. Thus, TNF interaction with TNFR1 induces a 

caspase-dependent apoptotic cell death that is critically regulated by cFLIP and IAPs. Although 

TNF-induced cell death is well characterized, it does not often occur without provocation or 

cellular perturbation, i.e. it is usually triggered by some sort of aberration or inhibition of the cell 

cycle, protein synthesis, or altered cell metabolism. As such, TNF is a powerful inducer of 

apoptotic cell death, but, as originally stated, usually only in transformed cells (cancer cells), 

virus infected cells, biochemically imbalanced or stressed cells, not in most normal primary 

mammalian cells. 

TNFR signaling generally does not lead to cell death in most cells, rather it results in the 

activation of NF-kB and/or several additional non-death signaling pathways. TNFR signals NF-

kB activation for cell survival by recruiting TRADD and TRAF2, which in addition to activating 

NF-kB but also signals via mitogen activated protein kinase (MAPK) and c-Jun terminal kinase 

(JNK) 262. Here, TRAF2 interacts with MAPK kinases, that allows the activation of JNK, and 
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p38MAPK 263. TRAF2 is therefore critical to TNFR-induced activation of NF-kB, because 

TRAF2 and receptor interacting protein kinase (RIP) activate the inhibitor of NF-kB kinase 

(IKK), as well activating the IKK-activating kinase 263. Upon the phosphorylation and ubiquitin 

dependent degradation of IKK, NF-kB transcription factors translocate into the nucleus where 

they bind to DNA and function as transcriptional activators. TNF-induced NF-κB activation 

induces transcription and expression of genes encoding pro-inflammatory molecules such as IL-

6, and anti-apoptotic factors such as IAP1/2, BIRC2, BIRC3 and BCL-2 homologue BCL2L1. 

Moreover, NF-kB itself can transcriptionally induce TNF, as well as TRAF1 and TRAF2 genes, 

and thereby further amplify TNF/TNFR signaling pathways 264. Furthermore, the activation of 

JNK and its subsequent signaling activates transcription factors c-Jun and AP1. Hence, these 

pathways explain the ability of TNF to induce other inflammatory cytokines such as IL-6 and IL-

8, and TNF’s ability to induce 265 and synergize with interferons 266. 

Lastly, TNF ligation of TNFRs also leads to non-apoptotic and non-proliferative signaling 

pathways. These include acid and neutral sphingomyelinase pathways and the activation of 5-

lipoxygengase and phospholipase A2 enzymes that result in the production of arachidonic acid, 

5-hydroxyeicosatetraenoic acid (5-HETE) and pro-inflammatory leukotrienes 267.  

One of the most widely studied regulators of TNFα- induced apoptosis is Bcl-2, which belongs to 

a family of related proteins 212, 216, 269. Bcl-2 is a human proto-oncogene that when overexpressed, 

will ultimately lead to the inhibition of cell death. It suppresses apoptosis by blocking the release 

of cytochrome c, a major component of cellular respiration, from the mitochondria, thus 

preventing the activation of caspases, a group of proteases that carry out the process of cell 

death. One of many factors leading to neoplasm is the up-regulation of Bcl-2 gene expression, 

ultimately resulting in the inhibition of apoptosis. Although transcriptional control of Bcl-2 has 
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been reported, increasing evidence suggests an important component of Bcl-2 regulation is post-

transcriptional 269,270. There are numerous molecules that can regulate Bcl-2 expression. For 

example, P53 and histone deacetylases have been demonstrated to repress Bcl-2 promoter activity 

independently269, while IL-3 has been shown to increase the expression of Bcl-2 in hematopoietic 

cell lines. Decreased expression of miR-15a and miR-16-1 has also been shown to be associated 

with increased Bcl-2 expression and resistance to apoptosis in a number of human diseases270.   

 Another important negative regulators of apoptosis are anti-apoptotic proteins that share the 

Baculovirus IAP-Repeat (BIR) domains, which are now widely referred to as Inhibitors of 

Apoptosis (IAP) family of proteins 216, 217. Examples include X-linked IAP (XIAP), c-IAP1 

and c-IAP-2 and BRUCE (BIR domain containing Ubiquitin Conjugating Enzyme). These 

proteins also contain RING or UBC domains and act by binding to major pro-apoptotic factors 

and ubiquitylating them. High levels of IAPs inhibit caspase-mediated apoptosis. Previous 

reports showed that overexpression of c-IAP1, c-IAP2, XIAP, NIAP, or Survivin suppressed 

apoptosis induced by a wide range of stimuli, including TNF-α, Fas ligand and oxidative stress 

207, 216, 217. The regulation of IAP genes has not been fully elucidated, however some IAPs are 

known to be regulated by TNFα induced activation of NF-κB and are involved in the anti-

apoptotic effect of NF-κB in certain cell types216, 217. For example Chu et al recently 

demonstrated that NF- κB is required for TNF-mediated induction of c-IAP2 and that 

overexpression of c-IAP2 in mammalian cells, leads to activation of NF-κB and suppression of 

TNF cytotoxicity 217. However in another study, it was reported that TNFα induces the 

expression of cIAP-1 and cIAP-2 via MAP-Kinases, but not via NF- κB207.  
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Fig. 1.14. TNFα Signaling Pathway. Showing how binding of TNFα to its two receptors, TNFR1 and 

TNFR2, results in generation of pro-survival and apoptosis signals via various down-stream effectors. 

1.15. EPIGENETIC CONTROL OF IMMUNE FUNCTION AND INFLAMMATION. 

Epigenetic control of the immune response begins at the time of lineage commitment of HSCs, 

when naïve immune cells are directed to differentiate through specific pathways by the 

regulation of lineage-specific gene repression or activation.. Epigenetic alterations have been 

observed during inflammation and inflammation-associated carcinogenesis 146 - 148. The most 

frequently observed epigenetic phenomena involved in inflammatory processes include DNA 

methylation, covalent modification of histones, and the expression of non-coding RNA, in 

particular miRNA 226-229. These epigenetic mechanisms play a role in coordinating downstream 

features of the immune system, including immune cell differentiation, function, and recruitment. 
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Important mediators of inflammation-induced DNA methylation changes include oxidative stress 

and increased pro-inflammatory cytokines such as IL-6, IL-1β, and TNFα 145,150, 151. The 

mechanisms by which these factors alter the DNA methylation pattern during inflammation is 

still not completely understood. However, since deregulation of epigenetic mechanisms is one of 

the hallmarks of cancer, inflammatory cytokines might likely act through epigenetic mechanisms 

to promote cancer. Chronic inflammation is typically associated with sustained myelo-

proliferation and the activation of a number of cellular pathways, which may trigger DNA 

damage in hematopoietic cells through accumulation of reactive oxygen species151. During 

inflammation-mediated myeloid proliferation, myeloid cells harboring DNA damage may 

ultimately acquire mutations and genomic instability, which might both initiate clonal myelo-

proliferation and drive clonal evolution with associated myeloid bias. DNA methylation partly 

controlled by DNA methyltransferases (including DNMT1, DNMT3A, and DNMT3B) tend to 

be associated with transcriptional repression, while demethylation controlled by TET proteins is 

associated with transcriptional activation, which influences gene expression by altering DNA 

accessibility to promoters and gene transcription. Recent reports have implicated Tet2 in the 

epigenetic regulation of immune function and inflammation192. TET2 proteins have been 

identified as important regulators of macrophage polarization. Tet2 deficient macrophages tend 

to be M2-skewed. Loss of function of Tet2 is associated with increased expression of 

inflammatory genes, including IL-6 and IL-1β.  

DNMT3B is an important regulator of macrophage polarization, with lower expression levels 

reported in alternatively activated M2 (anti-inflammatory) macrophages, while a complete 

knockdown of DNMT3B is associated with a shift towards the M2 phenotype 229. Loss of 
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function of DNMT3B is associated with decreased expression of inflammatory genes, including 

TNFα and IL-β, and impaired chemotactic ability230.  

Histone modifications, including acetylation, methylation, and phosphorylation that occur on the 

N-terminal tails of histones H3 and H4, have also been identified as important regulators of gene 

transcription events that affect the immune response 231 ,232. H3K4me3 and demethylation of 

H3K27 are necessary to turn on inflammatory cytokine production by M1 macrophages, and for 

M2 polarization, respectively 231 -233. HDAC3 controls the regulation of inflammatory genes in 

macrophages 234, while HDAC2 contributes to the resolution of inflammation by suppressing IL-

6 192, 235. The regulation of inflammatory genes in lipopolysaccharide (LPS)-stimulated 

monocytes is also controlled by H3 acetylation 235. Interestingly, a recent report established that 

inflammatory macrophage activation is controlled by a specific network of transcriptional and 

epigenetic regulators (TR). The gene loci for these TRs are characterized by constitutively 

permissive histone modifications, a feature that allows a rapid response to external stimuli 237. 

Naïve CD4+ T cells and Th2 cells are characterized by trimethylation of histone H3 at lysine 27 

(H3K27me3, a repressive histone modification) at the IFN-γ locus, whereas Th1 cells show 

increased levels of histone H3K4me2, a histone mark associated with actively transcribed 

chromatin, at the same locus.236. Monocyte to macrophage differentiation and the development 

of tolerance or trained immunity have been associated with the acquisition of distinct epigenetic 

signatures involving H3K4me1, H3K4me3, and H3K27ac, both at promoter and enhancer 

regions 236.  

The short non-coding miRNAs and long non-coding (lnc) RNAs are important regulators of 

hematopoietic lineage differentiation, proliferation, and activation 238 -240. In T cells, as in 

monocytes and macrophages, miR-146a regulates cellular polarization and NF-kB signaling, 
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controlling the resolution of immune response and inflammation 241, 242. Similarly, miR-155 

contributes to the inflammatory response through its action on IL-1 signaling in macrophages, 

dendritic cells, and CD4+ T cells 243.Repression of cytokine gene transcription in monocytes and 

dendritic cells is affected by miR-146a, miR-155 miR-21, miR-27b, and miR-125b 244, 245. 

LncRNAs also play crucial roles in the regulation of immune functions. For example, lincRNA-

Cox2, TNFα -related immune-regulatory lincRNA and Lethe have been implicated in regulating 

the expression of hundreds of cytokine and inflammatory genes in mouse and human 

macrophages and monocyte cell lines 240.  

1.16. HYPOTHETICAL MODEL OF THE INTERACTION BETWEEN TET2 

MUTATION AND IMMUNE MICROENVIRONMENT IN MDS.  

 

Fig. 1.16 Hypothetical model of the interactions between Tet2 and immune cytokine 

environment in MDS. Prolonged exposure of Tet2 wild and mutant HSPCs to inflammatory BM 

cytokines (TNFα or IFN-γ) leads to inhibition of growth of Tet2 wild type progenitors, while 
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promoting either a primary or secondary emergence of resistant Tet2 mutant progenitors or 

clones. In the primary event, Tet2 mutant cells display primary resistance to cytokine induced 

growth inhibition following prolonged exposure to inflammatory cytokines. In the secondary 

event, Tet2 mutant progenitors were initially suppressed by the growth inhibitory effect of the 

inflammatory cytokines, however from a small subset of surviving cells, a clone of mutant cells 

emerged that have acquired resistance to the growth inhibitory effect of these inflammatory 

cytokines and therefore displays superior colony forming ability in the clonogenic assay. These 

primary or secondary resistant mutant progenitors may also exhibit increased resistance to 

apoptosis and have distinct inflammatory gene expression signatures.  

1.17. STUDY RATIONALE, HYPOTHESIS AND AIMS. 

STUDY RATIONALE. 

Recent studies suggest that an interplay of genetic instability and cytokine hypersensitivity might 

create an environment that supports the emergence of a malignant stem cell clone with a clonal 

proliferative advantage over normal stem cells135-137,151-156. Tet2 is the most commonly mutated 

gene in MDS, CHIP and CMML patients1-4. Studies involving animal models and human MDS 

patients have demonstrated that reduced Tet2 activity in hematopoietic progenitors may 

contribute to the establishment of clonal dominance and initiation of myeloid transformation1-4, 

110-114 Recently, Tet2 mutations have been shown to predict response to hypomethylating agents 

(HMAs) 115-117. Furthermore emerging data suggest that cytokines may regulate the expansion 

and self-renewal of pluripotent hematopoietic stem cells (HSCs). Studies in Fanconi anemia 

(FA) have implicated TNFα hypersensitivity as a central mechanism of clonal evolution and 

progression to acute myeloid leukemia193-196. MDS, like Fanconi anaemia, is characterized by 
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cytogenetic instability and is a known complication of FA.  Increased levels of TNFα and other 

inflammatory cytokines have been observed in bone marrow of patients with myeloid neoplasms 

including MDS147-150. We believe that the HSCs do not act alone; they are located in the bone 

marrow in a specific microenvironment referred as the hematopoietic stem cell niche. Here they 

interact with a variety of stromal cells, including mesenchymal stromal cells (MSCs) and 

macrophages, as well as growth factors, cytokines and chemokines. Though several components 

of the stem cell niche have been identified, the regulatory mechanisms through which such 

components regulate the stem cell fate are yet to be fully elucidated.  However, reports suggest 

that abnormal niche environment provides fertile ground for the expansion of the neoplastic cells 

in vivo135-139. Emerging evidence suggests that one way the interactive network of cells in the 

BM microenvironment may influence one another is via elaboration of chemical stimuli such as 

GFs, cytokines and chemokines, which in turn activate or turn off specific intracellular signaling 

pathways, whose action may repress or induce the expression of certain genes. However, despite 

the suggestions from recent studies that pro-inflammatory cytokines such as TNFα and IFN-γ are 

increased in myelodysplastic syndromes (MDS), their contribution to the disease pathogenesis is 

still poorly understood.  Considering the above information, we believe TET2 mutant clones may 

thrive in an inflammatory immune microenvironment and further condition this environment to 

enhance their own survival. Therefore we aim to elucidate the roles of TET2 mutation and 

immune micro-environment interactions in murine and human MDS patients. 

HYPOTHESES: 

1. It is hypothesized that in the event of prolonged exposure of Tet2 mutant and wild 

type HSPCs to  immune cytokines (TNFα and IFN-γ), that Tet2 mutant progenitors 
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will be more resistant to cytokine induced growth suppression and therefore show 

superior colony forming and proliferative capacity than the wild type . 

2. Tet2 mutation may confer TNFα-resistance to MDS progenitor cells by promoting the 

suppression of apoptotic and induction of anti-apoptotic genes. 

STUDY OBJECTIVE: 

1. Determine the effects of TET2 mutation and immune micro-environment interaction on 

clonal growth in murine model and human MDS BM progenitors. 

2. Determine the underlying mechanisms behind this interaction and how it affects clonal 

growth in murine and human MDS BM progenitors. 
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CHAPTER 2 - MATERIALS AND METHODS 

2.1. REAGENTS, CYTOKINES, ANTIBODIES AND PRIMERS. 

EasySepTM Mouse Hematopoietic Progenitor Cell Isolation Kits, MethoCultTM Mouse 

Hematopoietic CFC Assay kits (M3434) and EasySepTM Magnet were purchased from 

StemCell Technologies, USA. Mouse cytokines -TNFα and IFNγ were purchased from 

Sigma Aldrich, USA and eBiosciences San Diego CA respectively. Other mouse cytokines 

and growth factors including IL-3, IL-6, Stem Cell Factor (SCF), Thrombopoietin (TPO), 

Monocyte-Colony Stimulating Factor (M-CSF) were purchased from MACS Miltenyl 

Biotec, Germany. Cell Dissociation Solution was purchased from Sigma Aldrich USA. 

Mouse Flow Antibodies including CD11b-APC, Gr-1-PE, c-Kit-FITC and Sca-1-APC were 

also purchased from MACS Miltenyl Biotec, Germany. Reagents for Apoptosis Assay - 

Annexin V Alexar Fluor® and Propidium Iodide were purchased from Life Technologies, 

USA. RNeasy mini Kit for RNA Isolation was purchased from QIAGEN Germany. Mouse 

primers: Hmbs, β-2-Macroglobulin, Tnfα, Tnfr1, Tnfr2, Fas, Caspase 3, Caspase 8, Bcl-2, 

Bcl-xl,  Iap-1 and IAP-2 were purchased from Invitrogen, USA. DyNAmo Flash SYBR 

Green qPCR Kit was purchased from Thermo Scientific, USA. Purified NA/LE Hamster 

Anti Mouse TNF Antibody was purchased from BD Biosciences, USA. Normal healthy 

BMMNCs used as controls were purchased from DV Biologic, Cedar lane Laboratory, 

Toronto Canada. Frozen Tet2 mutant and wild type MDS BMMCs were obtained from 

Sunnybrook Biobank at Toronto, Canada. 

2.2. MOUSE MODEL. 

Tet2 wild type and mutant mice were utilized on the C57BL/6 genetic background (Jackson 

Laboratories, USA). The Tet2 allele was deleted by targeting exon 3 with vav-cre mediated 
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hematopoietic specific excision (Moran Crusio et al 2011). All the mice were used at 

approximately 10-14 weeks of age, with the approval of the Queen’s University Animal 

Care Committee, and in accordance with the standards of the Canadian Council on Animal 

Care. 

2.3. TISSUE CULTURE. 

2.3.1. BONE MARROW HARVEST AND HEMATOPOIETIC STEM CELL 

ISOLATION. 

Mice were euthanized according to the protocol approved by Queen’s University. Bone 

marrow aspirates were obtained from Tet2 mutant and wild type mice by flushing the 

femurs and tibias using 40mL of IMDM containing 10% Sterile Fetal Bovine Serum, 

Penicillin and Amphotericin. Low density BM mononuclear cells were depleted of 

lineage positive cells using mouse Haematopoietic stem cell Isolation Kit (Stem Cell 

Technology) in accordance with manufacturer’s instructions. Briefly, 1mL of bone 

marrow cell suspension at a concentration of 1 x 108 cells/mL was prepared in a 5 mL 

(12 x 75 mm) polystyrene tube to properly fit into the Purple EasySep™ Magnet. 50uL 

each of normal Rat Serum and the EasySep™ Mouse Hematopoietic Progenitor Cell 

Isolation Cocktail were added to cell suspension. The suspension was properly mixed 

and incubated in the refrigerator (2 - 8°C) for 15 minutes, followed by addition of 75uL 

of pre-vortexed EasySep™ Mouse Progenitor (M Prog) Magnetic Microparticles, mixing 

and incubation at 2-8°C. Finally the HSPCs were isolated from the suspension by 

placing the tube containing the mixture in the EasySep™ Magnet for 3 minutes and 

inverting the magnet and tube, to pour out the desired fraction into a new 5 mL 

polystyrene tube. The magnetically labeled unwanted cells remained bound inside the 
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original tube, held by the magnetic field of the EasySep™ Magnet. This procedure 

allowed unwanted lineage positive BM cells i.e. committed progenitors and mature cells 

(CD5, CD11b, CD19, CD45R, Ly-6G/C (Gr-1) and TER119) to be specifically labeled 

with dextran-coated magnetic particles using biotinylated antibodies directed against cell 

surface antigens expressed on the unwanted cells and bi-specific Tetrameric Antibody 

Complexes (TACs). These complexes recognize both dextran and biotin. The 

magnetically labeled cells were then separated from unlabeled cells using the EasySep™ 

magnet without the use of columns. Desired cells are poured off into a new tube. This 

procedure has up to 90% purity of enriched HSPCs. 

2.3.2. COLONY FORMATION ASSAY.  

The lineage negative HSPCs isolated from Tet2 wild or mutant mice were counted, 

diluted to equal concentrations (2 x105cells/ml) and mixed with pre-aliquoted tubes of 

methylcellulose medium (MethoCult M3434) containing (1% methylcellulose in IMDM, 

15% fetal bovine serum, 100 ng/mL recombinant murine  SCF, 10 ng/mL rm IL-3, 10 

ng/mL rh IL-6, 4 units/mL rh erythropoietin) (StemCell Technologies) in a 1:20 (v/v) 

ratio.  For each triplicate assay, 0.3 mL of diluted cells was added to 3 mL MethoCult™ 

tube to give a 1:10 (v/v) ratio of cells: medium so as to ensure the correct viscosity for 

optimal CFU growth and morphology. Equal amount of different concentrations of 

TNFα (0, 0.1, 1.0, 10.0ng/mL) or IFN-γ (0, 0.01, 0.1, and 1ng/mL) was added to each of 

triplicate tubes and mixed thoroughly.   The mixture was then plated in triplicates at 

equal density of 2 x104 cells/plate in 35mm diameter plates using a 16-gauge blunt 

needle and a 10 ml syringe, and the plates were incubated at 370c in a 5% CO2, 95% air 

mixture in a humidified incubator for 12 days. The number and morphological 
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characteristics of the colonies produced per plate were examined at day 3, 6, 9 and 12 

and statistically analyzed. Cells obtained from the colonies in the first cycles of cell 

culture were re-plated to generate a second generation of colonies which were in turn be 

re-plated until the third or fourth cycles of re-plating. The types of mouse hematopoietic 

progenitor cells detected using MethoCult™ media include:  

CFU-E (Colony-forming unit-erythroid): These consist of mature erythroid progenitor 

cells that form clusters of maturing erythroblasts in the presence of erythropoietin (EPO). 

These colonies are usually very small and are counted under 40X - 50X magnification. 

One cluster contains at least 8 erythroblast cells. Erythroblast cells within the cluster are 

irregular in shape and appear fused together.  A single colony derived from a CFU-E 

resembles a single cluster of a colony derived from a BFU-E (contains approximately 

250 clusters) as seen in Fig. 2.3.2(A).  

BFU-E (Burst-forming unit-erythroid): These require EPO and cytokines with burst-

promoting activity such as interleukin-3 (IL-3) and Stem Cell Factor (SCF) for optimal 

growth. BFU-E are counted after 10 - 14 days of culture, depending on the type of 

MethoCult™ formulation used. BFU-E colonies are made up of erythroid clusters. Each 

cluster contains a group of cells that are tiny, irregular in shape, difficult to distinguish 

and appear fused together. BFU-E do not usually have a dense core. BFU-E are best 

confirmed by examining individual clusters within each colony at high magnification. 

The cells often hemoglobinize, giving the colony a red or brown appearance Fig. 2.3.2 

(B).  

CFU-GM: Colony-forming unit-granulocyte, macrophage, including colony-forming 

unit-granulocyte (CFU-G) and colony-forming unit-macrophage (CFU-M). These 
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colonies contain 30 to thousands of granulocytes (CFU-G), macrophages (CFU-M) or 

both cell types (CFU-GM). CFU-GM colonies often contain multiple cell clusters with 

dense cores. The monocytic lineage cells are large cells with an oval to round shape and 

appear to have a grainy or grey center (Fig.2 .3.2 C-F). The granulocytic lineage cells are 

round, bright, and are much smaller and more uniform in size than macrophage cells. 

Individual cells of a CFU-GM colony can be easily visualized microscopically, 

especially in the periphery of the colony.  

CFU-GEMM (Colony-forming unit-granulocyte, erythroid, macrophage, and 

megakaryocyte): CFU-GEMM are multi-potential progenitor cells that require EPO and 

two or more cytokines to support the growth and differentiation of lineage-committed 

daughter cells within the forming colony. Due to their primitive nature, they tend to 

produce large colonies of at least 500 cells containing erythroblasts and recognizable 

cells of at least two other lineages. CFU-GEMM colonies have a highly dense core with 

an indistinct border between the core and peripheral cells. Erythroblast clusters are easily 

visualized at the periphery of the colony. Monocytic and granulocytic cells are also 

easily identifiable and clusters of large megakaryocytic cells are also seen (Fig. 2.3.2 F-

G).  

Photographs of Mouse Haematopoietic Progenitor Colony Forming Units. 

A. 

    

BFU-E 
BFU-E CFU-GM 
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B. 

 

C.  

Fig. 2.3.2. Photographs of mouse haematopoietic CFUs. (A) BFU-E and GM colonies. 

(B) CFU-GM, CFU-G and CFU-G colonies and (C) GEMM colonies. Drawn from 

StemCell Technologies, Technical manual. Document# 28405: pg1-32. 

2.3.3. LONG TERM CELL CULTURE ASSAY. 

Tet2 mutant and wild type lineage negative HSPCs were isolated as previously described 

and seeded at a density of 1 x105 cells/ml in IMDM media supplemented with murine 

(SCF 100ng/mL, IL-6 20ng/mL and TPO 10ng/mL) in absence or presence of varying 

concentrations of TNF-α (0, 1.0, 10.0ng/mL) or IFN-γ (0, 0.1, and 1ng/mL) and cultured 

for 30 days, with half-media change on day 12. Cells were counted Flow Cytometer on 

day3, 6, 9, 12, 15, 18, 21, 24, 27 and 30. The experiment was performed in triplicate 

under each cultural conditions of TNF-α and IFN-γ. 

 

CFU-GM BFU-E CFU-G CFU-M 

CFU-GEMM 
CFU-GEMM 
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2.4. FLOW CYTOMETRY IMMUNOPHENOTYPING. 

 Hematopoietic progenitor cells were counted and then assessed immuno-phenotypically 

by staining with lineage negative markers: CD117-FITC and Sca-1-APC antibodies and 

myeloid markers: CD11b-APC and Gr-1 –PE, followed by flow cytometric analysis on 

the Miltenyi MACSQuant platform. Briefly the cell suspensions containing equal 

densities of both mutant and wild type progenitors cultured with and without TNFα were 

prepared. 100uL of each cell suspension containing 10,000 cells/ml was then stained 

with 5uL of each appropriate lineage negative or lineage specific cell surface antibody, 

followed by flow cytometric analysis cell sorting (FACS). 

2.5. ANNEXIN V/ PROPIDIUM IODIDE APOPTOSIS ASSAY. 

Apoptotic cell death was measured using a fluorescein isothiocyanate (FITC)-conjugated 

Annexin V/PI assay kit by flow cytometry. Briefly, Tet2 mutant and wild type HSCs 

cultured at different concentrations of IFN-γ (0, 0.1, and 1.0 ng/ml) and TNF-α (0, 1, 

10ng/ml) were obtained at day 0, 15 and 30 of cell culture and washed with ice–cold 

PBS, re-suspended in 100 ml binding buffer, and stained with 5 ul of FITC- conjugated 

annexin V (10 mg/ml) and 4 ul of PI (50 mg/ml). The cells were incubated for 15 min at 

room temperature in the dark, 400 ml of binding buffer was added, and the cells were 

analyzed on the Flow Cytometer. The cells were gated separately according to their 

granularity and size on forward scatter (FSC) versus Side Scatter (SSC) plots. Early and 

late apoptosis was evaluated on APC (for propidium iodide) versus FITC (for Annexin 

V) plots. Cells stained with only annexin V were evaluated as being in early apoptosis; 

cells stained with both annexin V and propidium iodide were evaluated as being in late 

apoptosis or in a necrotic stage. Percentage apoptosis Index was then calculated as the 
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sum of early apoptosis and late apoptosis cells expressed as percentage of total gated 

cells under consideration. 

2.6. ANTI-TNF ANTIBODY BLOCKING OR NEUTRALIZATION ASSAY. 

Tet2 wild and mutant HSPCs were isolated as previously described and seeded at equal 

density of 1 x105 cells/plate in Methocult and or IMDM media supplemented with SCF 

100ng/ml, IL-6(20ng/ml) and TPO (10ng/ml) with or without TNFα (0, 1 and 10ng/ml) 

and or mouse anti-TNF-antibody (1 or 10ug/ml) and cultured for 12 days at 37°C in a 

5% CO2 95% air mixture humidified incubator. Colony and cell counts were obtained on 

day 0, 3, 6, 9 and 12.  NA/LE TM format of Purified Hamster Anti-Mouse/Rat TNF 

(TN3-19 /12) Antibody from BD Biosciences was used as the blocking antibody 221. 

2.7. RNA EXTRACTION, CDNA SYNTHESIS AND RT-PCR 

2.7.1. RNA EXTRACTION AND QUANTITATION.  

RNA samples were obtained from both Tet2 mutant and wild type lineage negative 

HSPCs isolated at baseline as well as the mutant and wild type colonies that emerged 

under each cultural condition of TNF-α. Briefly cells and colonies were harvested at day 

0, 6 and 12 of initial triplicate plating and re-plating experiments, and re-constituted into 

cell suspension containing approximately 1 x 107 cells, followed by centrifugation at 300 

x g for 5 minutes at -4 °C to form cell pellets. Cell pellets were then treated directly with 

RNeasy reagents (Qiagen) in accordance with the manufacturer’s protocol to obtain 

RNA and which were quantified on the BioTek plate reader at 260/280 nm. RNA 

samples were then stored in the freezer at -80 °C pending cDNA synthesis. 

 

 



47 
 

2.7.2. COMPLEMENTARY DNA (CDNA) SYNTHESIS. 

RNA obtained from Tet2 mutant and wild type progenitors were reverse transcribed 

using an Applied Biosystems High – Capacity cDNA Reverse transcription KIT (Life 

Technologies) according to manufacturer’s protocol. Simply, single-stranded cDNA 

was synthesized from total RNA using Superscript II reverse transcriptase and 

random hexamers as primers Complementary DNA samples obtained were stored at -

20°C, pending the performance of RT-PCR 

2.7.3. SYBR-GREEN QUANTITATIVE REAL TIME-PCR ANALYSIS OF PRO-

APOPTOTIC AND ANTI-APOPTOTIC GENES IN MURINE TET2 MUTANT 

AND WILD TYPE HAEMATOPOIETIC PROGENITORS. 

PCR was performed on the cDNA samples using a QuantiTect SYBR Green PCR kit 

(Qiagen) in accordance with the manufacturer’s protocol, on a Biorad Thermal Cycler 

PCR System.  As an internal reference, B2-macroglobulin and Hydroxyl-Methyl-Bilane 

Synthetase (HMBS)   was amplified in parallel with the genes of interest. All reactions 

were performed in 20uL volumes containing 18 uL of SYBR Green, 1 uL (25 pmol) of 

each primer and 1uL of cDNA product. Reactions were then analyzed on the Bio-Rad 

iCycler iQ Optical detection system. Melt curves were also performed to determine 

unique amplification products.  

The two most commonly used methods to analyse data from real-time, quantitative PCR 

experiments are absolute quantification and relative quantification 191. Absolute 

quantification is usually applied to determine the input copy number, usually by relating 

the PCR signal to a standard curve. Relative quantification is more commonly used to 

measure gene expression by relating the PCR signal of the target transcript in a treatment 
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group to that of a sample such as an untreated control. The relative quantitation method 

measures change in the expression of target genes relative to some reference group such 

as an untreated control or a sample at time zero in a time course study. Absolute 

quantification is usually more accurate but requires elaboration of standard curves for 

each gene under study that need be ran at each experiment, thus increasing experimental 

costs and significantly decreasing throughput. In this work, the 2-ΔΔCt method of relative 

quantification191 was adapted to estimate relative expression levels of selected pro-

apoptotic and anti-apoptotic genes in Tet2 mutant and wild type progenitors that were 

cultured in absence or presence of TNF-α. This method allows for estimation of gene 

copy numbers in test samples, but requires two main pre-requisites. The first is the 

existence of at least one calibrator consisting of template DNA with copies of each of the 

studied genes. The second is the need to have a house-keeping gene of constant copy 

number in all samples, which permits normalization of the quantitative data. In this 

work, cDNA synthesized from Tet2 wild type progenitors (reference sample) at baseline 

(prior to TNFα treatment, known to harbour a single copy of each gene studied, was used 

as calibrator, while β-HMBS was used as the house-keeping gene in all experiments. The 

ΔΔCt calculation for the relative quantification of target was used as follows ΔΔCt = (Ct, 

target gene – Ct, HMBS) χ – (Ct, target gene – Ct, HMBS) y, where χ = test sample and 

y = reference sample. After validation of the method, results for each sample were 

expressed in N-fold changes in χ target gene copies, normalized to HMBS relative to the 

copy number of the target gene in reference or control sample, according to the 

following equation: amount of target = 2-ΔΔCt 191. A minimum of two experiments was 

carried out for each gene and sample. At each experiment, each individual sample was 
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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 0.38 192. 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 untreated control. For the untreated control sample, 

ΔΔCT equals zero and 2-ΔΔCt equals one, so that the fold change in gene expression 

relative to the untreated control equals one. For the treated samples, evaluation of 2-ΔΔCt 

indicates the fold change in gene expression relative to the untreated control. Table 2 

represent the list of both control and target primers used for qRT-PCR.  

TABLE 2: LIST OF PRIMER PAIRS USED FOR qRT-PCR ANALYSIS. 

 

Genes Forward Primers Reverse Primers 

Hmbs173 5′-TTCCGATAACGAACGAGACTCT-3′, 5’-TGGCTGAACGCCACTTGTC-3 

Tnfr1215 5′-GGGCACCTTTACGGCTTCC-3′ 5′-GGTTCTCCTTACAGCCACACA-3′ 

Tnfr2215 5′-CAGGTTGTCTTGACACCCTAC-3′ 5′-GCACAGCACATCTGAGCCT-3′ 

Fas215 5’ –TATCAAGGAGGCCCATTTTGC-3’ 5’- TGTTTCCACTTCTAAACCATGCT-3’ 

Bcl-2 219 5’-GTACCTGAACCGGCATCTG-3’ 5’- GGGGCCATATAGTTCCACAA-3’ 

Bcl-xl216 5’-TGGAGTAAACTGGGGGTCGCATCG-3’ 5’-AGCCACCGTCATGCCCGTCAGG-3’ 

Caspase 3217 5’-AAGATCATAGCAAAAGGAGCAG-3’ 5-GAGTAAGCATACAGGAAGTCAG-3 

Caspase-8217 5’- AAGAACTGGGCAGTGA -3’ 5- TCTAGGAAGTTGACCA -3 

c- Iap1 218 5′-GTTTTAAAACCAGCTTGGGTTATATTG-3′ 5′-GTTCCTCACCCAACCAGTCTACTTAG-3′ 

c- Iap2 218 5′-TATTTGTGCAACAGGACATTAGGAGT-3′ 5′-TCTTTCCTCCTGGAGTTTCCA-3′ 

Tnf-α 220 5’-TGCCTATGTCTCAGCCTCTTC-3’ 5’-GAGGCCATTTGGGAACTTCT-3’ 
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2.8. HUMAN COLONY FORMATION ASSAY. 

Frozen bone marrow mononuclear cells (BMMCs) of TET2 mutant and wild type MDS 

subjects obtained from the Sunny brook Biobank in Toronto as well as normal healthy 

BMMNCs (purchased from DV Biologic, Cedar lane Laboratory, Toronto Canada) were 

used for the human colony formation assay. The cells were thawed, centrifuged at 300g for 5 

minutes at -4oC, washed and re-suspended in IMDM media. Cells were counted on Flow 

cytometer and plated in triplicate experiment at a density of 1 × 105 cells/mL in MethoCult 

H4434 (StemCell Technologies) in the absence or presence of 1, 10 or 100 ng/mL human 

TNFα (R&D Systems) and incubated at 37°C in a 5% CO2 95% air mixture in a humidified 

incubator for 16 days. Hematopoietic colonies were counted and scored at day 8 for BFU-E, 

and day 16 for CFU-GM, and colonies were identified based on standard morphologic 

criteria as being single lineage (M/G/E) or multi-lineage (GEMM /GM)  using an inverted 

microscope.220  

2.9.  STATISTICAL ANALYSIS. 

Student’s T-tests were performed in order to determine the statistical significance in 

colony counts, cell counts and apoptotic index values between Tet2 mutant and wild type 

HSPCs. The probability values less than 0.05 were regarded as significant. 
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CHAPTER THREE – RESULTS. 

3. THE ROLE OF IMMUNE CYTOKINE-ENVIRONMENT IN PROMOTING 

CLONAL DOMINANCE OF MURINE TET2 MUTANT HEMATOPOIETIC 

PROGENITORS. 

3.1. INTRODUCTION. 

Recent in vivo experiments on conditional Tet2 silencing and in vitro studies using shRNA –

based techniques have suggested a role for Tet2, in modulating clonal dominance and myeloid 

transformation110-112, although the exact mechanism is yet to be elucidated. These initial studies 

also demonstrated that Tet2 silencing reduces 5hmC levels and increases re-plating capacity of 

HSPCs. While these studies provide important information on Tet2 function and its involvement 

in regulating clonal hematopoiesis, they did not address the influence of immune inflammatory 

cytokines on Tet2 function or inactivation.  Despite this, recent studies6, 151,153,157,159 suggest that 

there are raised levels of inflammatory cytokines in the MDS –BM. Given that Tet2 inactivation 

have been noted to increase re-plating ability of HSPCs in colony growth assay, it is conceivable 

that Tet2 mutation may protect mutant stem cells and progenitors from the apoptotic cues 

induced by these cytokines. The physiologic effects of TNF-α and IFN-γ are complex and cell 

type-dependent, ranging from stimulation of proliferation to induction of apoptosis163-165. TNFα 

negatively regulates the expansion and self-renewal of pluripotent hematopoietic stem cells 

(HSCs) and has inhibitory effects on normal as well as some leukemic human hematopoietic 

progenitor cells165, 166. To gain further insight into the basis and nature of this disease, 

particularly, the role of inflammatory cytokines and Tet2 inactivation on clonal hematopoiesis in 

MDS, this current study examined the effect of immune inflammatory cytokines on Tet2 function 

in a murine MDS model, using primitive lineage negative BM-HSPCs as starting point. In order 
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to uncover the influence of inflammatory cytokines on clonal growth and differentiation in Tet2 

mutant hematopoietic progenitors, in-vitro conditions i.e. colony growth assays110, 141, 220, 

recently demonstrated to efficiently support clonal proliferation of murine HSPCs with sustained 

HSC function were used. Thus, lineage negative HSCs were isolated from Tet2 wild and -/- mice 

using the HSC Isolation Kit (EasySep StemCell Technologies) and plated at equal densities in 

methylcellulose colony formation assay (MethoCult; StemCell) or IMDM media containing 

SCF, Epo, IL-3, IL-6 and Thrombopoietin, with or without varying concentrations of TNFα (0.1, 

1, or 10 ng/ml) or IFN-γ (0.01, 0.1 or 1 ng/ml) and or anti-TNF-antibody (0,1and 10ug/ml) and 

cultured over a period of 12 days (for clonogenic assay) and 30 days (for long term cell culture 

assay).  Colony growth, cell count and phenotypic characterization and apoptosis were examined 

at days 3, 6, 9, and 12 (for clonogenic assay) and days 3, 6, 9, 12, 15, 18, 21, 24, and 30 (for long 

term cell culture assay). Where indicated, serial re-platings were performed in colony growth 

assay in absence or presence of inflammatory cytokines. 

3.2. RESULTS 

3.2.1. TNF-α PROMOTES CLONAL EXPANSION OF TET2 MUTANT BM 

PROGENITORS IN SERIAL RE-PLATING ASSAY.  

Colony forming superiority and re-plating capacity of Tet2 mutant hematopoietic 

progenitors are enhanced in presence of increasing TNF-α concentrations in vitro. 

The initial analysis of BMMNCs enriched for lineage negative HSPCs from both mutant and 

wild type mice showed increased proportion of Lin -cells in Tet2 -/- BM compared to wild type 

suggesting an in vivo expansion. (Fig not shown). In the initial triplicate experiments (Fig. 3.2.1 

A and B ) starting with equal numbers of wild type and Tet2-/- Lin- cells (104 cells/MethoCult 
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well), there was no significant difference in the colony counts between mutant and wild type 

HSPCs on days 3, 6, 9, or 12, when cultured in the absence or presence of increasing TNFα 

concentrations.  As expected, TNFα dose-dependently reduced colony counts in both genotypes 

(up to 3 to 4-fold at 10 ng/ml).  However, Tet2 -/- Lin- cells displayed a superior colony forming 

ability or increased resistant to TNF-induced growth inhibition, compared to wild type in serial 

re-plating assay.  In the presence of TNFα, this Tet2-/- re-plating advantage was striking.  As 

exemplified by day 12 colony counts at first re-plating (Fig. 3.2.1C) and subsequent serial re-

plating (Fig 3.2.1D &E) , while wild type colonies declined with increasing TNFα, Tet2 -/- 

colony counts increased with TNFα concentration (P<0.05 at 0.1, 1 and 10.0ng/mL TNFα). 

Tet2-/- also have a higher average cell count per colony than +/+ at different concentrations of 

TNFα suggesting increased proliferative ability of the mutant progenitor cells (Fig.3.2.1G).
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Fig. 3.2.1(A –G). TNFα promotes clonal and cellular proliferation of re-plated Tet2 mutant 

progenitors. (A) Initial Plating Colony growth assay showed that Tet2 wild and mutant HPCs have similar 

growth pattern in absence and presence of increasing concentrations of TNFα at different days of cell culture. (B) 

Initial plating Colony growth assays demonstrated that clonal growth of both Tet2 –/– and +/+ BM progenitor cells 

were initially suppressed by TNF-α. (C) Day 12 colony counts at first re-plating showed that while re-plated Tet2 

wild type colonies are hypersensitive to TNFα, re-plated Tet2-/- progenitors are resistant to growth suppressive 

effects of TNFα at different concentrations indicated (P<0.05). (D - F): Serial  re-plating assays at different TNFα 

concentrations showed that TNFα enhances the replating capacity of Tet2 -/- progenitors. Although Tet2-/- have 
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serial re-plating advantage over wild type in absence of TNFα, however in the presence of TNFα, this re-plating 

advantage was further enhanced in  first, second and third re-plating experiments, whereas, no wild type colonies 

were seen by second replating cycle (G) Tet2 mutant progenitors have a higher population of cells per colony 

formed at different TNFα concentrations. Data represent total number of colonies (mean ± SD) from 3 independent 

triplicate experiments. i.e ( n = 9). 

 

3.2.2. IFNγ PROMOTES CLONAL EXPANSION OF TET2 DEFICIENT BONE 

MARROW PROGENITORS: Tet2 mutant progenitors display superior colony forming  and 

re-plating capacity in presence of increasing IFN- γ concentrations in vitro.Given the above 

findings with TNFα, the colony growth assay was repeated using another inflammatory cytokine 

IFN-γ, so as to confirm these findings So, Tet2 -/- and wild type HSCs were cultured in 

MethoCult media under different IFNγ concentrations(0.0, 0.01, 0.1 and 1.0ng/mL), starting with 

equal density of mutant and wild type cells over the same period of 12 days. Interestingly, it was 

observed that Tet2-/- progenitors  had a significantly higher colony count and therefore increased 

resistant to growth suppressive action of IFNγ, compared to +/+ at both primary plating and 

secondary replating experiments. As can be seen in Fig 3.2.2(A) and (B), Tet2 -/- colonies were 

significantly increased on day 6, 9, and 12 at first plating, compared to wild type colonies in of 

IFNγ. In the secondary re-plating assays (Fig. 3.2.2c), Tet2 -/- cells demonstrated significantly 

increased mean day 12 colony counts at 0.01, 0.1 and 1.0ng/mL IFNγ (1.5 to 2-fold; P<0.05). 

These results suggest that innate and inflammatory cytokine environment may provide a fertile 

ground for expansion and clonal dominance of Tet2 mutant MDS model.  
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Fig. 3.2.2 IFN-γ promotes clonal proliferation of Tet2 –/– BM progenitors. (A. I -III) Initial Plating Colony growth 

assay showed that Tet2 mutant progenitors have superior colony forming ability compared to wild type in presence 

of increasing concentrations of IFN γ concentration.(P<0.05 at 0.1 and 1.0ng/mL) at different days of cell culture. 

(B) Initial plating colony growth assay showing day 12 colony counts at different IFN-γ concentrations. Primary 
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plated Tet2 -/- progenitors displayed superior resistance to the growth suppressive effect of IFN-γ, compared to wild 

type. (C) Re-plating experiment showing day 12 colony counts at different IFN-γ concentrations. Re-plated Tet2 -/- 

progenitor cells are resistant to the growth suppressive effects of IFN-γ, compared to wild type. Data represent total 

number of colonies (mean ± SD) from 3 independent triplicate experiments. i.e ( n = 9). 

 

3.2.3. TET2 MUTANT HPCS ARE RESISTANT TO GROWTH SUPPRESSIVE 

EFFECT OF TNF-α AND IFN γ IN LONG TERM CELL CULTURE ASSAY. 

To gain further insight into clonal proliferative superiority displayed by Tet2 mutant clones over 

the wild type, taking a clue from June Li et al141, Tet2 mutant and wild type Lin - HSCs were 

also cultured over a 30-day period in liquid culture media under the same cultural conditions of 

GFs and cytokines including SCF, IL-6, TPO ± TNFα or IFN-γ. Half media change with 

appropriate GFs and cytokines was done at day 12 of the cell culture. Interestingly as can be seen 

in Fig 3.2.3(A), Tet2 mutant HPCs displayed increased resistant to the growth suppressive effect 

of TNF-α in long term cell culture assay. Both the mutant and wild type cells were sensitive to 

the growth suppressive effect of TNF-α within the first 12 days of the cell culture, but after that 

time, however, from the surviving mutant cells a rapidly expanding population appeared that 

showed significantly increased resistance to TNFα. (P<0.05 for cell counts at days 18 -30 at 1.0 

and 10.0ng/mL TNFα) Similarly, as evident from Fig.3.2.3 (B), Tet2 mutant HSCs also 

displayed relatively increased resistant to IFN-γ induced growth suppression in long term assays. 

 



59 
 

                  

       

 

0

2

4

6

8

10

C
e

ll 
C

o
u

n
t 

(x
 1

0
0

,0
0

0
 c

e
lls

 /
m

l)

Days of Cell Culture

A(ii) 1 ng/mL TNF-α

Tet2 Wild Type Tet2 Mutant Type

0

2

4

6

8

10

D
ay

 0

D
ay

 3

D
ay

6

D
ay

 9

D
ay

1
2

D
ay

 1
5

D
ay

1
8

D
ay

 2
1

D
ay

2
4

D
ay

 2
7

D
ay

3
0

C
e

ll 
C

o
u

n
t(

x1
0

0
,0

0
0

 c
e

lls
/m

l)

Days of Cell Culture

A(iii)      10ng/mL TNF-α

Tet2 Wild type Tet2 Mutant Type

0

1

2

3

4

5
C

e
ll 

co
u

n
t 

x 
1

0
0

,0
0

 c
e

lls
 /

m
l

Days of Cell culture

B(i)                    0.01 IFN-γ

Tet2 Wild Type Tet2 Mutant type

0

2

4

6

C
e

ll 
co

u
n

t 
x 

1
0

0
,0

0
0

 c
e

lls
/m

L

Days of Cell Culture

B(ii)                   1.0ng/ml 
IFN-γ

Tet2 Wild Type Tet2 MutantType



60 
 

*Fig. 3.2.3. Tet2 mutant BM cells have superior resistance to inflammatory cytokines in Long Term Cell 

Culture Assays. (A)  Long term cell culture assay demonstrated that Tet2 –/– BM cells have relatively 

increased resistant to TNFα. Lin-Sca-1+ BM cells from Tet2 wild and –/– mice were cultured in growth 

media containing IL-3, IL-6, SCF, and TPO in the presence or absence of varying concentrations of TNF-

α indicated. Half media change was performed on day 12. (B) Similar results obtained with IFN-γ. The 

total number of viable cells was counted by flow cytometry at the times indicated. Result shown are 

representative of 3 independent triplicate experiments and expressed as mean of all triplicates, i.e. n=9. 

 

3.2.4. TET2 MUTATION MAINTAINS STEM CELL PHENOTYPE IN PRESENCE OF 

INFLAMMATORY CYTOKINES-TNF-α AND IFN-γ WITH ASSOCIATED 

MYELOID BIAS. 

Recent studies suggest that Tet2 is a negative regulator of HSC self- renewal and 

proliferation and that Tet2 mutation may impair cellular differentiation, with associated 

skewing toward monocyte-macrophage lineage110-112. Hematopoietic stem cell (HSC) fate 

decisions between self-renewal and commitment toward differentiation are tightly regulated 

in vivo 139-142. Recent developments in HSC culture and improvements of murine and human 

HSPC assays have facilitated studies of these processes in vitro. Through such studies 

stimulatory cytokines critically involved in HSC maintenance in vivo have been 

demonstrated to also promote HSC self-renewing divisions in vitro 140-145. TNF-α, if 

overexpressed, has been implicated to mediate bone marrow suppression. However, whether 

and how TNFα might affect the function of Tet2 mutated HSCs with regard to a myeloid 

reconstitution potential has not been investigated. Colony growth assays110, 141, 220 recently 

demonstrated to promote HSC self-renewing divisions were used to study the effect of TNF 



61 
 

on morphologic and immune-phenotype characteristics of murine HSPCs in Tet2 mutant and 

wild type mice. The morphologic characteristics of Tet2 mutant and wild type progenitors 

that emerged under different cultural conditions of TNFα and IFN γ were examined using the 

inverted microscope. Expectedly, we observed increased number of mixed colony units of 

granulocyte, erythroid, monocyte and megakaryocyte populations (GEMM), granulocyte-

monocyte (GM) and  decreased number of Burst forming unit of erythroid cells (BFU-E) in 

Tet2 -/- compared to +/+ in absence of inflammatory cytokines (P<0.05) (Fig. 3.2.4A). 

However, it was observed that the presence of inflammatory cytokines further enhanced the 

growth of GEMM and GM colonies in Tet2 -/- compared to +/+ (P<0.05 for GEMM and GM 

counts obtained at 1.0 and 10.0 ng/mL TNFα concentrations). (Fig.3.2.4A).To further 

confirm these morphologic findings, flow cytometry immune-phenotyping was performed on 

the cell suspensions from both Tet2 -/- and +/+ colonies that have been cultured in the 

absence and presence of TNF-α or IFN-γ in the first plating and re-plating experiments. 

Interestingly, in line with the morphologic data, the flow cytometry immune-phenotype 

results showed increased populations of Sca1+ c-Kit + and Gr1+Mac1 + cells in Tet2 -/- 

colonies in presence of TNFα at the first re-plating assays (Fig 3.2.4 B - C). Similar results 

were obtained in the colony formation assays with IFN-γ, (Fig.3.2.4. D). Taken together, 

these data suggests that Tet2 mutation may maintain hematopoietic stem cell phenotype with 

associated myeloid bias under inflammatory stress of cytokines.  
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Fig. 3.2.4. Analysis of the effect of TNF-α on in-vitro clonal differentiation of Tet2 mutant and wild 

type progenitors. (A) Morphologic examination demonstrated that Tet2 -/- displayed higher proportion 

of GEMM and GM colonies under stress of increasing TNF-α. (B & C):  Flow cytometry immuno-

phenotype analysis showed increased proportion of Sca1+ c-Kit + and Mac1+ Gr1+ cells in Tet2 -/- 

compared to +/+ type in presence of TNF-α. Similar percentages of Sca 1+ c-Kit+ and Mac 1+Gr-1+ 

expression were seen in colony formation assays treated with IFN-γ (Figures not shown). Cells were 

cultured in a methylcellulose colony formation assay in the absence and presence of varying 

concentrations of TNFα and IFN-γ for 12 days. 3 separate triplicate experiments were performed. Data 

represent the mean values of all experiments for different colonies. Error bars show the SEM. 
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In summary the results of the colony formation assays and long term cell culture experiments 

suggest that inflammatory cytokines (TNFα/IFN-γ) may support clonal expansion and cellular 

proliferation of Tet2 mutant progenitors. However, because the most striking findings were 

observed under TNFα challenge, further investigations into the probable underlying mechanisms 

of Tet2 mutant clonal forming superiority were mainly focused on TNFα activities.  

3.2.5. IN VITRO BLOCKADE OF TNFα WITH ANTI-TNF ANTIBODY LIMITS 

COLONY FORMING ADVANTAGE OF RE-PLATED TET2 -/- OVER +/+ 

PROGENITORS. 

Recent reports showed that hamster monoclonal anti-TNF Ab are able to neutralize murine 

TNFα 221, 222. Moreover, these studies also confirms the ability of monoclonal anti-TNF to 

protect mice from the lethal effects of endotoxin shock and thus establishes the utility of these 

antibodies to further elucidate the functional roles of TNF-α. In order to further elucidate the 

effects of TNFα on both Tet2 mutant and wild type progenitors, both cell types were cultured in 

presence of varying concentrations of TNF-α and Purified NA/LE Hamster Anti-TNF-antibody. 

Anti-TNF-antibody was introduced into the colony growth assay to block the effects of TNFα. It 

was observed that addition of anti-TNF antibody significantly reverse the inhibitory effect of 

TNF-α in the re-plated +/+ progenitors, but not in the -/- progenitors, as evident by increased 

colony count in the wild type in presence of anti-TNF antibody, (Fig. 3.2.5). These findings 

further suggest that Tet2 mutant cells requires an inflammatory environment to thrive. Although, 

the mutant colony count was not significantly suppressed by anti-TNF antibody in the re-plating 

assays, this may be due to possible endogenous generation of TNF-α in the mutant cells that 

counteract the effects of Anti-TNF antibody which also appears to be waning off at this time 

point. 
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Fig. 3.2.5. In-vitro Blocking Assay with Anti-TNF Antibody demonstrated that addition of anti-TNF 

antibody significantly reversed the inhibitory effect of TNF-α on re-plated +/+ progenitors, but not 

the -/- progenitors. Data represent the mean values of at least three experiments for different colonies. 

Error bars show the SEM. * represents P<0.05, comparing +/+ type colony counts at 1 ng/ml TNF 

and 1.0ng TNF + 10ug/ml Anti-TNF. 

 

3.3. COMPARISON OF APOPTOSIS BETWEEN TET2 MUTANT AND WILD TYPE 

HEMATOPOIETIC PROGENITORS. 

Introduction. 

Apoptosis of hematopoietic cells in MDS BM has been suggested as the mechanism for 

peripheral cytopenias151 -159.  Studies suggest that TNFα and IFN-γ may negatively regulate 

HSC self- renewal and expansion, and also induce apoptosis of early erythroid cells163-165. 

TNFα involvement in apoptosis is believed to be mediated through interaction with their 

large family of cognate TNF receptors (TNFRs), TNFs can activate transcription factors such 

as NFkB and c-Jun, which modulate expression of genes related to apoptosis and various 
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other cellular responses, or via TNFR death domains which can directly stimulate cell death 

163-167. It is not currently known if there is any difference in apoptosis between Tet2 mutant 

progenitors and their wild type counterpart. In this study Tet2 mutant progenitors displayed 

increased resistance to TNF-α, this observation prompted the need to examine the 

susceptibility of both Tet2 mutant and wild type progenitors to apoptosis. 

Results 

3.3 TNF-α resistant Tet2 -/- HPCs displayed a lower apoptosis index, hence more resistant 

to apoptosis compared to +/+ under stress of increasing TNF-α. 

The effect of TNF-α on cellular apoptosis in Tet2 mutant haematopoietic progenitors is 

currently unknown.   In order to examine the susceptibility of both Tet2 mutant and wild type 

HPCs to apoptosis, Tet2 mutant and wild type lineage negative HSPCs were cultured in 

methylcellulose colony formation assay and liquid media (supplemented with appropriate 

GFs in presence of varying concentrations of TNFα) for 12 and 30 days respectively and 

subsequently stained with annexin V-FITC and Propidium Iodide-PE, as previously 

described. Using this method “early apoptotic” cells appear as annexin V positive and PI- 

negative, whereas “late apoptotic” cells appear as positive for both annexin V and PI. 

Apoptotic index is the sum of the percentage of early and late apoptosis. As expected a 

significant fractions of the cultured cells were apoptotic, however there was no significant 

difference in the apoptotic index between mutant and wild type lineage negative HSPCs at 

baseline and both showed similar sensitivity to TNFα induced apoptosis in the initial plating 

experiments (Fig 3.3A). Interestingly, the TNF-α resistant Tet2 -/- progenitors that emerged 

from subsequent re-plating experiments have a significantly lower apoptotic index compared 
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to wild type under stress of increasing TNF-α, (P<0.05 at 1.0 and 10.0ng/mL TNF-α) 

suggesting an increased resistant to TNFα induced apoptosis. (Fig 3.3B & C). 
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Fig. 3.3: Annexin V/Propidium Iodide Apoptosis Assay. (A) Tet2 mutant and wild type HPCs showed 

similar susceptibility to TNF-α induced apoptosis in initial plating assay. (B) Emerging TNF-α resistant 

Tet2 mutant clone demonstrated superior resistance to apoptosis, compared to wild type under stress of 

increasing TNF-α in re-plating assays. (C) Flow cytometry data showing percentage of early and late 

apoptosis in Tet2 wild type and mutant progenitors at high TNF-α concentrations in the re-plating assays.  

Data represent the mean values of at least three separate triplicate experiments. Error bars show the SEM. 

 

3.4.  TET2 HAPLOINSUFFICIENCY CAN SUFFICIENTLY INITIATE CLONAL 

DOMINANCE UNDER INFLAMMATORY STRESS OF CYTOKINES IN VITRO. 

Previous studies suggest that haplo-insufficiency for Tet2 may result in alterations in self-

renewal, hematopoietic differentiation, and susceptibility to myeloid transformation 110-112. 

Therefore colony growth assays were also performed on BM HSPCs from Tet2+/− (Vav-

Cre+Tet2wt/f) mice as previously described. Briefly, lineage negative HSPC were isolated 

from the BM of Tet2+/- and Tet2f/+ mice, and plated in methylcellulose cultures under 

inflammatory stress of TNF-α. Similar to Tet2−/− cells, Tet2+/− cells displayed superior re-

plating capacity compared to Tet2 f/+ and Tet2f/f under inflammatory stress of increasing 

Early Apoptosis 1.98% 

Late Apoptosis 5.34% 
Late Apoptosis 2.65% 

Early Apoptosis 1.72% 

C. (i)         Tet2 Wild Type at 10ng/ml 

TNFα 
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TNFα (Figure 3.4). Likewise, Tet2+/− progenitors generated colonies with a similar 

immunophenotypes as Tet2−/− cells as they display high proportion of c-Kit+/Sca1+ and 

Mac1+/Gr1+ populations compared to Tet2f/+ cells. These data suggests that monoallelic 

Tet2 loss can sufficiently initiate clonal dominance under inflammatory stress of cytokines, 

and therefore remains a relevant pathogenetic factor in MDS.  

 

Fig. 3.4 Colony growth assay showed that Tet2+/- progenitors have superior colony forming ability 

compared to Tet2f/+ in presence of increasing concentrations of TNF-α in re-plating assay (P<0.05, at 

1 and 10ng/mL). 

 

3.5.  DISCUSSION. 

Epigenetic modifiers play significant roles in defining unique cellular identity through the 

establishment and maintenance of lineage specific chromatin and methylation status. Tet2 has 

been demonstrated to be a negative regulator of HSC self- renewal, proliferation and 

differentiation, by virtue of its ability to catalyze the hydroxylation of 5’ methyl moiety of the 

cytosine nucleotide in DNA to 5-hydroxylmethyl-cytosine. This represents a dynamic epigenetic 

mark in DNA demethylation and epigenetic regulation of gene expression. The functions of Tet2 
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in regulating chromatin architecture and gene transcription independent of DNA demethylation 

have also been gradually uncovered. However the regulation of innate immunity and its 

associated inflammation by Tet2 protein remains poorly understood.  

Previous studies suggest that conditional Tet2 loss in the hematopoietic compartment leads to 

increased stem cell self-renewal and myelo-proliferation in vivo, and increased serial re-plating 

in in-vitro assays. While providing insight into a model for human disease in which loss of Tet2, 

leads to increased self-renewal and myeloid transformation, these studies did not examine the 

influence of the immune or inflammatory environment on Tet2 silencing in haematopoietic 

progenitor cells. Thus, it was decided to extend this analysis, by culturing Tet2 -/-, Tet2f/f, Tet2 

+/- and Tet2f/+ lineage negative cells enriched for HSPCs in colony growth assay or liquid cell 

culture assay under inflammatory stress of TNF-α or IFNα, and examine their growth, 

differentiation and apoptosis under these cultural conditions.  

The first crucial effect of the inflammatory cytokines (TNFα and IFN-γ) on Tet2 regulation of 

hematopoiesis was seen in the serial re-plating growth assays. Here, Tet2-/- progenitors 

displayed paradoxical capacity to respond to inflammatory cytokines with increasing colony 

formation under inflammatory stress of TNFα, while the wild type were markedly suppressed by 

the cytokine (Fig.3.2.1C-E). In addition to this, colonies formed by the re-plated Tet2 mutant 

progenitors were relatively larger in size and have a higher average cell count per colony 

compared to the wild type colonies, suggesting an increased cellular proliferation (Fig. 3.2.1 G). 

Interestingly too, Tet2 mutant progenitors also exhibited enhanced resistance to the growth 

inhibitory effect of IFN-γ and superior re-plating capacity under inflammatory stress of IFN-γ. 

(Fig 3.2.2 A–C), compared to their wild type counterpart. Similarly, Tet2+/- progenitors also 

displayed re-plating advantage over Tet2f/+ under inflammatory stress of cytokines, suggesting a 
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role for haplo-insufficiency in the initiation of clonal dominance. Although these findings are in 

agreement with a previous study that demonstrated that Tet2 -/- or Tet2+/- have re-plating 

advantage over wild type, albeit in absence of inflammatory cytokines. (Moran Crusio et al 

2011), however the current study is probably the first documented in-vitro analysis to 

demonstrate the effect of inflammatory cytokines in enhancing clonal expansion of murine Tet2 

deficient haematopoietic progenitors. The fact that these mutant cells do not show this 

paradoxical growth enhancement in the primary plating with TNF-α suggests that an intrinsic 

alteration may have been acquired in the mutant cells following prolonged exposure to this 

inflammatory cytokine that render them hypersensitive to inflammatory cytokines. Nevertheless, 

the mutant progenitors displayed superior colony forming capacity in the presence of IFN-γ in 

both primary and secondary plating, giving the notion that this intrinsic defect may have been 

there even before the suspected clonal evolution. The significance of TNFα or IFN-γ as an 

important regulator of clonal haematopoiesis has a precedent in the bone marrow failure 

syndrome FA and JAK2V617F positive MPN. Patients with FA or JAKV617F positive MPN are 

hypersensitive to and have elevated levels of TNFα, which promotes clonal evolution and 

leukemogenesis. In the face of the above findings, the effects of inflammatory cytokines on Tet2 

regulation of clonal haematopoiesis was further assessed in long term cell culture assays, 

interestingly too, Tet2 mutant progenitors displayed relatively increased resistance to growth 

suppressive action of the inflammatory cytokines in long term cell culture assays (3.2.3 A & B), 

further supporting the notion that inflammatory cytokines enhances clonal dominance in Tet2 

deficient progenitors. 

The second crucial effect of the inflammatory cytokines (TNFα and IFN-γ) on Tet2 regulation of 

hematopoiesis was seen in the phenotype of the resultant in vitro-expanded Tet2 -/- HSPC 
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colonies. It was shown by morphological analysis of the colonies that Tet2 loss led to relatively 

increased number of mixed colony units of granulocyte, erythroid, monocyte and megakaryocyte 

populations (GEMM) and Burst forming unit of erythroid cells (BFU-E) in absence of 

inflammatory cytokines, and that prolonged exposure of Tet2 -/- progenitors to inflammatory 

cytokines, further enhances their ability to form GEMM and GM colonies (Fig. 3.2.4A). 

Furthermore, flow cytometry immune-phenotyping analysis revealed increased number of Sca+ 

c-Kit+ and Mac1+Gr1+ cells in the mutant, compared to the wild type progenitors in presence of 

inflammatory cytokines. These findings were in keeping with previous findings which concluded 

that Tet2 loss may lead to hematopoietic stem cell self- renewal/expansion and myelo-

proliferation in-vivo and in-vitro. (Figueroa et al., 2010; Ko et al., 2010; Moran Crusio et al 

2011). Moving forward, this current study demonstrated for the first time the effects of 

inflammatory cytokines on Tet2 regulation of HSPC expansion and differentiation. It showed 

that ‘myeloid transformation and HSC expansion’ effects of Tet2 loss maybe potentiated by 

inflammatory cytokines such as TNFα and IFN-γ. More importantly, these data also suggest that 

Tet2 mutation may maintain hematopoietic stem cell phenotype with associated myeloid bias 

under inflammatory stress of cytokines. However, subsequent studies will have to functionally 

investigate which downstream targets of Tet2 loss are required to confer enhanced self-renewal 

on stem/progenitor cells under inflammatory stress of cytokines.  

Analysis was shifted to blocking the effects of TNF-α on clonal growth of Tet2 mutant and wild 

type progenitors, by using anti-TNF antibody. A robust increase in colony count of Tet2 wild 

type progenitor was detected following TNF-blockade, without any appreciable increase in the 

mutant colonies. The addition of anti-TNF –antibody into the culture system dramatically 

reversed the growth inhibitory effect of TNFα on Tet2 wild type progenitors, but not in the 
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mutant cells. These findings further support the observation that Tet2 mutant cells may require 

an inflammatory environment to thrive and that Tet2 progenitors expand more robustly in 

presence of TNFα. Although a slight but insignificant increase in the number of Tet2 mutant 

colonies was observed under anti-TNF-antibody challenge, a reasonable explanation for this is 

that there may be probably some endogenous generation of TNF-α in the mutant cells that further 

counteract the effects of Anti-TNF antibody. This explanation was later demonstrated to be true, 

during the course of further investigations to address the mechanistic role of TNFα in Tet2 

mutant progenitors (chapter 4). A recent study which focused on the effect of Tet2 loss on 

inflammation, reported that loss of Tet2 leads to upregulation of several inflammatory mediators, 

including IL-6,193 however the effect of inflammatory micro-environment on Tet2 loss is 

unknown. Nevertheless, current data emerging from our study suggests that not only does Tet2 

loss promotes inflammation, but that inflammatory environment itself may promote the 

emergence of TNF-α resistant Tet2 mutant clones with more potentiating effects on clonal 

haematopoiesis.  The implication of TNFα as an important driver of hematological cancer had 

precedent in the bone marrow failure syndrome FA as earlier mentioned193-196. According to this 

notion, the combined effect of genetic instability and cytokine hypersensitivity creates an 

environment that supports the selection of leukemic over non-leukemic stem cells. Malignant 

clones that arise are not only TNFα-resistant, but give rise to progeny that over-produce TNFα, 

further augmenting the selective pressure for expansion of the malignant clone over the 

hypersensitive parental stem cell pool. A similar paradigm was also demonstrated to apply to 

MPN pathogenesis, in which TNFα suppresses the pre-neoplastic pool, while JAK2V617F 

expressing cells are protected from or even stimulated by TNFα. A recent report by Raza et al161 

indicates that hematopoiesis in patients with MDS can be improved by treatment with modalities 
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aimed at TNF-α blockade. The present study provides phenotypic and functional in-vitro data 

which are in support of those findings, and suggest that manipulations which interfere with the 

function of negative regulators may favour normal rather than aberrant haematopoiesis. 

Given that Tet2 mutant progenitors have increased resistant to or paradoxical capacity to 

proliferate in presence of TNFα, the susceptibility of both mutant and wild type progenitors to 

apoptosis was determined using annexin v assay. Interestingly, TNF-α resistant Tet2 mutant 

progenitors also displayed increased resistant to apoptosis under stress of increasing TNFα. (Fig 

3.3). The cellular response to TNF-α, represents a balance between apoptotic responses and anti-

apoptotic responses. Prior to this study there are no documented reports linking Tet2 mutation to 

apoptosis in murine MDS models. However recent studies involving human MDS patients 

suggest that there is increased rate of intramedullary apoptosis in MDS and this is the main cause 

of the cytopenias observed in this disease. Co-existing with this apoptosis is the frequent 

paradoxical occurrence of hyper-cellularity in MDS BM which is currently believed to be 

mediated by increased cellular proliferation that occur in parallel with  the apoptosis. This 

current murine study suggests that Tet2 mutation in addition to promoting HSC self-renewal and 

proliferation, may also indirectly promote the establishment of clonal dominance by inducing 

differential cellular response to TNF-α induced apoptosis in mutant haematopoietic progenitors. 

This may provide a possible explanation for establishment of paradoxical hyper-cellularity that 

have been observed in murine MDS models in which TNFα-susceptible mutant progenitors are 

purged by the hostile inflammatory milieu, while TNF-α resistant mutant clones are favoured. 

However, whether this phenomenon holds true for human MDS remain a question to be 

answered. It would be interesting for future studies to examine marrow cellularity and apoptosis 

status of human TET2 normal and mutant MDS BM.  
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CHAPTER FOUR-RESULTS: 

MECHANISTIC ROLE OF TET2 MUTATION IN CONFERING TNFα 

RESISTANCE TO MURINE MDS PROGENITOR CELLS. 

4.1.  INTRODUCTION.  

Previous studies as well as studies conducted in Chapter 3 suggested that Tet2 loss in the 

haematopoietic compartment is associated with enhanced re-plating and re-populating capacity 

of haematopoietic progenitors110-112. Furthermore, studies conducted in chapter 3 also suggests 

that Tet2 -/- BM progenitors demonstrate enhanced resistance to TNFα or IFN-γ induced growth 

suppression or are paradoxically enhanced by TNFα or IFN-γ in-vitro. These resistant Tet2 -/- 

BM progenitors were also demonstrated to have increased resistant to TNFα – induced apoptosis. 

Moreover, both morphologic and flow-cytometry immunophenotyping showed the predominant 

cell-types that account for this resistant are mainly CFU-GM progenitors and to a lesser extent 

CFU-GEMM progenitors.   These data suggest that resistant to immune cytokines induced 

apoptosis may be one way in which Tet2 mutant HSPCs establish clonal dominance and myeloid 

transformation, reported in previous studies.  To further decipher the molecular mechanisms 

underlying this enhanced resistance to TNF-induced growth inhibition, mRNA expression levels 

of pro-apoptotic and anti-apoptotic molecules in the TNF-signalling pathway was examined. As 

will later become evident, TNFα – resistant Tet2 -/- progenitors displayed weak expression of 

apoptotic and strong expression of anti-apoptotic signals under inflammatory stress of TNF-α. In 

fact it became clear that Tet2 may repress TNF-α expression and that under condition of 

inflammatory stress, Tet2 mutant progenitors may down-regulate their response to the death 

signals. 

4.2. RESULTS. 
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4.2.1.  TNF-α resistant Tet2 mutant progenitors display low transcriptional expression of 

pro-apoptotic genes under inflammatory stress of cytokine, compared to wild type 

progenitors. 

The observation that Tet2 -/- progenitors are resistant to apoptosis, prompted further 

investigation into the possible underlying mechanisms, with attention on the components 

of the TNFα signaling pathway that might have been altered in resistant Tet2 -/- clones. In 

order to assess the effect of TNF-α on the expression of apoptotic and anti-apoptotic signals 

in both mutant and wild type progenitors, key components of this pathway that are known 

to have apoptotic and anti-apoptotic functions were investigated. Specifically, the SYBR 

green qRT – PCR technique was adopted to measure  the fold change in mRNA expression 

levels of some pro-apoptotic (Tnfr1/2, Fas-R, Caspase 3 &8) and anti-apoptotic genes 

(Bcl-2, Bcl-xl, Iap1/2) in both  +/+ and -/- progenitor cells at base line and after a 12-day 

re-plating culture in absence and presence of TNF-α. Interestingly, Tnfr1, Fas and Tnfr2 

were observed to be weakly expressed at baseline in both Tet2 mutant and wild type 

progenitors, however when these cells were re-plated in the presence of inflammatory 

cytokine (TNF-α), Tet2 -/- progenitors that emerged displayed significantly low expression 

of Tnfr1, Tnfr2, Fas receptors and Caspase 8 compared to wild type (P<0.05 at 1ng/mL 

TNFα concentration).These results suggest that Tet2 mutation maintain low expression of 

up and down-stream apoptotic signals under inflammatory stress of TNFα. (Fig. 4.2.1A–

D).  
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Fig.4.2.1. The effect of TNF-α on the mRNA expression levels of some pro-apoptotic molecules in Tet2 

deficient and wild type bone marrow-progenitors cultured ± TNFα. (A) Real-time PCR analyses showed that re-

plated Tet2 -/-BM progenitors maintained low expression of pro-apoptotic receptor Tnfr1 at baseline and in presence 

of TNFα. (B) Tet2 mutant progenitors also maintained low transcriptional expression of Tnfr2 in presence of TNFα., 

compared to wild type. (C) & (D) Real-time PCR analyses showed that Tet2 mutant progenitors maintained 

relatively low levels of Fas and Caspase respectively at baseline and in presence of TNFα. compared to wild type.  

Data represent the mean values of all triplicate experiments. * = P<0.05 and error bars show the SEM.   
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4.2.2. TNF-α resistant Tet2 mutant progenitors display high expression of anti-apoptotic 

genes under inflammatory stress of cytokine, compare to wild type progenitors. In 

contrast to the above findings on pro-apoptotic genes, It was observed that the mRNA 

levels of anti-apoptotic genes (Bcl2 and Iap1) were significantly increased from baseline 

levels in re-plated Tet2 -/- compared to +/+ under prolonged inflammatory stress of TNF-

α (P<0.05 at 1ng/mL TNFα concentrations). (Fig. 4.2.2A & B). Put together, these results 

suggest that Tet2 mutation may confer TNF-α resistance to mutant progenitors by 

suppressing pro-apoptotic signals, while also inducing expression of anti-apoptotic 

molecules. 

      

Fig.4.2.2. The effect of TNF-α on the mRNA expression levels of some anti-apoptotic molecules in 

Tet2 deficient and wild type bone marrow-progenitors cultured ± TNFα. (A) Real-time PCR analyses 

showed that transcriptions of Bcl-2 in re-plated Tet2 -/-BM progenitors was significantly induced in 

presence of TNFα compared to baseline value. (B) Real-time PCR analyses showed that the transcription 

level of Iap-1 in Tet2 mutant cells was also slightly induced in presence of TNFα, although not 
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statistically significant (P>0.05).  Data represent the mean values of all triplicate experiments. Error bars 

show the SEM.                                                                          

4.2.3.  Tet 2 -/- hematopoietic progenitors displayed increased expression level of 

endogenous TNF-α. 

TNFα mRNA expression levels were also measured in at least two separate triplicate 

experiments. These data showed significantly strong expression (8 fold increase) of TNF α 

mRNA in Tet2 -/-, compared to +/+ at baseline in absence of TNF-α. (P<0.05), however 

endogenous TNF expression was reduced following prolonged exposure of the Tet2 mutant 

progenitors to exogenous TNF. Taken together these findings suggest that Tet2 mutant HPCs 

may propagate their own survival by generating a TNF-rich environment. Furthermore, these 

data also suggests that there may be some form of feedback mechanism between intrinsic TNF-α 

generation in Tet2 mutant progenitors and the extrinsic TNF-α concentration of the surrounding 

micro-environment. (Fig.4.2.3). 

 

Fig 4.2.3. Differential effect of TNF-α on the mRNA expression levels of  endogenous TNF-α in Tet2 

deficient and wild type bone marrow-progenitors cultured ± TNFα. Real-time PCR analyses showed 

that transcriptions of endogenous TNF-α in Tet2 -/-BM progenitors was significantly higher(P<0.05)  at 

baseline, but repressed after prolonged exposure to exogenous TNFα. In contrast, Tet2 wild type HPCs 
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have low endogenous TNFα expression at baseline, and increased expression in presence of TNFα. Data 

represent the mean values of all triplicate experiments. Error bars show the SEM.     

                                                                      

4.2.4.  TET2 mutant human MDS BMMNCs displayed superior colony forming ability 

over normal TET2 MDS BMMNCs under stress of increasing TNF-α 

concentrations. 

Molecular processes leading to hematological malignancies in human patients with TET2 

mutation are considered to be quite similar to those in Tet2 mutant mice, as most TET2 

mutations in human disease are of the loss-of-function type, as described in chapter one. 

In fact, recent reports demonstrate that hematopoietic progenitor cells or CD34+ from 

patients with TET2 mutation showed expansion when transplanted into immune-deficient 

mice and knockdown of TET2 in cord blood HPCs led to aberrant myeloid differentiation 

117. To elucidate the role of TET2 and immune cytokine environment in human MDS BM 

haematopoiesis, frozen BMMNCs samples from a cohort of MDS patients whose TET2 

mutation status have been pre-determined were cultured in colony growth assay with and 

without inflammatory stress of TNF α. TET2 wild type and mutant MDS BMMNCs were 

plated at equal densities in methylcellulose colony formation assay under stress of 

increasing TNF-α concentrations and colony counts of BFU-E and GM colonies were 

assessed by means of an inverted microscope on day 9 and 16 of culture respectively (see 

Fig 4.2.5). Colony formation at 0.0 ng/ml TNF is normalised to 100%.   The results 

revealed increased resistance of BFU-E in TET2 mutant MDS to TNF-α, compared to 

wild type, while CFU-GM colony formation by TET2 mutant MDS was enhanced by low 

TNFα concentrations (P< 0.05) (Fig. 4.2.4). These findings suggest that TET2 mutant 

MDS progenitors are also resistant to growth suppressive effects of TNFα. Secondly, 
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despite the possibility of other co-existing mutations in both TET2 mutant and wild type 

BM MDS cells, the effect of Tet2 mutation in promoting myeloid differentiation was still 

remain unmasked, although one cannot rule out the possible contributory effects of these 

co-existing mutations. More importantly these findings also suggest the ability of TNF-α 

to influence human HSPCs growth and differentiation. 

         

Fig. 4.2.4 Human colony growth assay demonstrated that TET2 mutant MDS progenitors are 

resistant to growth suppressive effects of inflammatory cytokine, TNFα. (A) BFU-E formed byTET2 

mutant MDS BMMNCs are relatively resistant to the growth suppressive effect of TNF-α. (B) Low 

concentrations of TNF-α significantly enhanced the formation of CFU-GM Colonies by Tet2 -/- cells 

(P<0.05). . Data represent the mean values of at least three separate triplicate experiments. Error bars show 

the SEM.     

                                                                     

4.2.5. Photomicrographs showing the different Haematopoietic colonies formed from 

normal and mutant TET2 MDS BMMNCs in the Human Colony Growth Assays. 

BFU-E (Burst-forming unit-erythroid): BFU-E colonies consist of erythroid clusters. Each 

cluster contains a group of cells that are tiny, irregular in shape, difficult to distinguish and 
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appear fused together. The colonies have a reddish or brownish appearance on microscopic 

examination due to the hemoglobinization of the cells in both mutant and wild type (Fig 4.2.5A – 

B). CFU-GM: Colony-forming unit-granulocyte, macrophage, including colony-forming unit-

granulocyte (CFU-G) and colony-forming unit-macrophage (CFU-M). These colonies contain 

both granulocyte and, macrophage precursors.  Multiple cell clusters with dense cores were seen 

within the colonies on microscopic examination. The monocytic lineage cells appeared as large 

oval shaped cells with a grey center. The granulocytic lineage cells are round, bright, and are 

much smaller and more uniform in size than macrophage cells. These cells can be easily 

visualized microscopically, especially in the periphery of the colonies.  

              

     

 Fig 4.2.5 Microscopic examination showing BM colonies formed by mutant and normal TET2 human MDS 

progenitors at 1.0ng/ml TNF-α Concentrations. (A) TET2 mutant BFU-E colonies at low power on day 9 of cell 

culture (B) TET2 wild type BFU-E colony at low power, (C ) TET2 mutant CFU-GM colony at high power on day 

C 
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15 of cell culture(D) TET2 mutant CFU-GM colonies at low power (E) TET2 wild type CFU-GM colonies seen at 

low magnification. 

4.3. DISCUSSION.  

The data presented in this chapter suggest the possible mechanisms by which clonal dominance 

is established by Tet2 mutation in an inflammatory micro-environment. More importantly the 

data depicts how Tet2 mutations generate a TNF-α rich environment, while conferring TNFα 

resistance to TNFα sensitive progenitors under inflammatory stress of TNFα. In support of this, 

it was shown that Tet2 mutations induce the repression of two major up-stream apoptotic signals 

-Tnfr1 and Fas R under inflammatory stress of TNFα (Fig. 4.2.1A& B). Recent studies suggest 

that exposure of BM CD34+ progenitors to inflammatory cytokines such as TNFα and IFN-γ 

may induce Fas expression in these cells 164, 165. In agreement with these reports, Fas expression 

was observed to be low in both mutant and wild type progenitors cultured without TNFα. In the 

presence of TNF-α, Tet2 mutant maintained the low expression of Fas, while Fas expression was 

up-regulated in the wild type.  

Apart from inducing the expression of Fas, TNF-α is known to selectively bind two receptors, 

TNF receptor Tnfr1- a major pro-apoptotic receptor and Tnfr2 which is primarily anti-apoptotic, 

but may exhibit pro-apoptotic activity under certain condition146-151. Accordingly, the current 

data show differential expression of Tnfr1 and Tnfr2 in TNF-resistant Tet2 mutant and wild type 

under inflammatory stress of cytokines. More importantly it was shown that in presence of 

inflammatory cytokine, Tet2 mutation represses the expression of Tnfr1, and Tnfr2. However in 

absence of TNF-α, the expression levels of Tnf1 appear to be low in both mutant and wild type 

progenitors. These findings demonstrate the adaptive responses put up by resistant -Tet2 mutant 

progenitors in order to survive in an inflammatory micro-environment. These data also support 
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previous in-vivo studies which reported that a switch in TNFR expression maybe associated with 

changes in apoptotic rates in MDS BM cells198 . While the current study showed differential 

expression of Tnfr2 in wild type and mutant, it fails to address the differential function of Tnfr2 

in both mutant and wild type progenitors. This can probably be achieved by using specific 

blocking antibodies directed against TnfrI or Tnfr2 in both mutant and wild type progenitors.   

In addition to repressing up-stream pro-apoptotic receptors, it was further shown that Tet2 

mutations may also repress downstream pro-apoptotic molecules under inflammatory stress. 

Specifically caspase 8 was also shown to be repressed in TNF-α resistant Tet2 -/- cells, compared 

to wild type under stress of inflammatory TNF-α (Fig. 4.2.1C). Similar patterns were noted with 

caspase 3 expression. (Figure not shown). Deregulation of both the intrinsic and the extrinsic 

pathways of apoptosis have been reported in MDS cells 202-203, but not in the context of Tet2. 

Taken together, the current mechanistic data demonstrates that decreased expression of pro-

apoptotic signals in TNF-α resistant Tet2 mutant HPCs may account for the observed resistance 

to apoptosis reported in chapter 3. While, this is in agreement with previous mechanistic studies 

in human MDS which reported aberrant expression of apoptotic molecules such as caspases 3, 7, 

8 and Granzyme B in de novo MDS patients and early stage MDS 202. 203, it is contrast with 

another previous study which reported a normal TNFR1 expression in early stage MDS.204. 

Previous mechanistic studies suggest that caspase 8 maybe a key regulator of pro-survival NF-

κB activity and is also critical for apoptosis triggered via the extrinsic pathway downstream of 

TNFα. Indeed, cancer patients whose tumors expressed low levels of Caspase 8 were observed to 

have shorter overall survival compared to those with higher Caspase 8 expression 204 -208. 

Caspase 8 activity could be compromised in Tet2 mutant clones due to promoter hyper-

methylation. The absence or reduced activity of Caspase 8 has been demonstrated to stabilize 
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RIPK1, a protein required for formation of the necrosome complex, in combination with RIPK3 

and MLKL.203, 204 Stabilization of this complex predisposes cells to necroptotic cell death. The 

loss of both IAPs and Caspase 8, in cells where RIPK1 is stabilized, could tip the balance 

towards necroptosis. Therefore these observations may form a rationale for further mechanistic 

studies to determine the contributions of downstream pro-apoptotic molecules such as caspase 8 

in TET2 mutant and normal TET2 MDS and their potential clinical implication.  

Another crucial mechanistic role identified in this study, by which Tet2 mutation confers TNF-α 

resistant to mutant progenitors and in so doing promotes clonal dominance, is induced expression 

of some anti-apoptotic genes. In this study it was shown that the expression of anti-apoptotic 

molecules (Bcl2 and Iap1) are increased 3-4 folds in re-plated Tet2 -/- compared to baseline 

primarily plated Tet2-/- and re-plated +/+ under prolonged TNF-α challenge. (Fig. 4.2.2 A & B). 

Although there is currently paucity of reports on the link between Tet2 and BCL expression in 

murine and human MDS models, however the above data is in agreement with a recent study209 

of high risk MDS patients that suggests increased expression of BCL-2 in MDS BM and 

demonstrated that blockade of BCL-2 proteins efficiently induces apoptosis in progenitor cells of 

high-risk MDS patients. The current findings therefore open up an intriguing possibility that 

induction of anti-apoptotic molecule BCL-2 in Tet2 mutant progenitors may be one of the 

mechanisms by which clonal dominance is achieved. This effect may have notable therapeutic 

implications. The intrinsic cellular apoptotic pathway is controlled by the BCL-2 family of 

proteins comprising pro-apoptotic and anti-apoptotic proteins 210, 211.  In low-risk MDS, 

intramedullary apoptosis is increased. In high-risk MDS and secondary AML, there is an 

acquired resistance to apoptosis associated with a balance shift towards an increased expression 

of anti-apoptotic BCL-2 proteins. It has been shown that inhibition of the anti-apoptotic proteins 
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by ABT-737 or ABT-199 targeted hematopoietic stem and progenitor cells in high-risk MDS and 

secondary AML samples 209-213. Although BCL-2 inhibition has previously been shown to be 

effective in killing MDS cells, the level of sensitivity varies greatly between patients, and 

specific mutations that determine sensitivity have not been previously identified. These results 

suggests that Tet2 mutation status is one factor that affects BCL-2 expression and therefore 

ABT-199 sensitivity and may be useful in identifying patients that are likely to respond to 

pharmacologic BCL-2 inhibition. In addition, these findings may form the rational basis for 

combining DNA hypomethylating agents with ABT-199 to target resistant MDS cells and 

maximize the clinical utility of this promising drug.  

Moreover, it was shown that Tet2 mutation induces increased production of endogenous TNF-α, 

so as to create an inflammatory milieu and that Tet2 mutant progenitors protect themselves by 

down regulating its endogenous TNFα production and TNFR expression under inflammatory 

stress of cytokines. These findings are in agreement with previous studies which demonstrated 

increased levels of TNFα in MDS BM . Going further this study suggests that TNFα production 

in murine MDS progenitors may be regulated by Tet2. The consequence is a high TNFα 

environment that perturbs physiologic TNFα regulation of hematopoiesis. The implication of 

TNFα as an important driver of hematologic malignancies has a precedent in the bone marrow 

failure syndrome FA 194-196. The combination of genetic instability and cytokine hypersensitivity 

may establish an environment that favors the selection of leukemic over non-leukemic stem cells. 

Malignant clones that arise are not only TNFα-resistant, but give rise to progeny that over-

produce TNFα, further augmenting the selective pressure for expansion of the malignant clone 

over the hypersensitive parental stem cell pool. While, the current data support the possibility of 
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a similar paradigm in the murine MDS model, however it opens up the need for further studies in 

human MDS. 

Finally this study showed that Tet2 mutant MDS progenitors are also resistant to growth 

suppressive effects of TNFα and also confirms the effect of Tet2 mutation in promoting myeloid 

differentiation as have been previously reported. Although one cannot rule out the possible 

contributory effects of co-existing mutations, more importantly these findings suggest the 

inflammatory cytokine environment may act in concert with TET2 mutation to influence human 

HSPCs growth and differentiation.  The unique vulnerability of hematopoietic cells is likely 

reflective of key tumor suppressive and protective roles of the Tet2 proteins in hematopoietic 

cells. For example, while it is known that Tet2 proteins function to negatively regulate stem cell 

self -renewal and proliferation, while promoting differentiation, it may also protect 

hematopoietic cells, in part by repressing inflammation, particularly IL-6 192. This study further 

provide a mechanistic evidence of how Tet2 proteins regulate HSC self-renewal and 

differentiation via regulation of differential expression of apoptotic and anti-apoptotic genes. 

Although Tet2 proteins may epigenetically regulate gene expression, there is no evidence that the 

mechanisms by which they may regulate hematopoietic stem cells functions are precisely the 

same. For example, while primary Tet2 mutant cells were initially hypersensitive to TNF, 

prolonged exposure to TNFα facilitated the emergence of TNF-resistant mutant clones. 

Therefore, it is quite possible that specific molecular leukemogenic events in Tet2 mutant cells 

may differ from one patients to another because of genetic and marrow heterogeneity and subtle 

differences in their adaptive responses. Alternatively, the leukemogenic events might function to 

suppress a signaling bottleneck for more than one apoptotic pathway, in which case the adaptive 

adjustment may be in a common effector pathway. 
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Tet2 mutant MDS progenitors seem to be more resistant to precisely the same cytokines to which 

their wild type counterparts were hypersensitive. Therefore, one may propose that repeated 

cytokine release responses throughout the life of MDS patients provides recrudescent selective 

sweeps that purge hematopoietic tissues of all but the selected or adapted neoplastic stem cells. 

One of the key non-stochastic targets is the hematopoietic organ system that in Tet2–/– cells is 

inherently hypersensitive to the apoptotic effects of TNF-α. To gain a competitive advantage, 

clonal neoplasms must overcome any apoptotic hypersensitivities. Indeed, TNF-α resistance was 

seen in clonal murine Tet2 mutant cells. That these TNF-resistant mutant cells showed increased 

resistant to apoptosis on the one hand and have a suppressed cytokine-dependent apoptotic 

response on the other favors rapid clonal evolution and also suggests that the key adaptive 

response in leukemogenesis may involve TNF resistance.  
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CHAPTER FIVE- SUMMARY AND PERSPECTIVES. 

Tet2 is a hematopoietic-tumor suppressor gene that plays a vital role in epigenetic regulation of 

gene expression. The protein initiates the DNA demethylation process by catalyzing the 

oxidation of 5-methylcytosine to 5-hydroxylmethyl-cytosine 110-112. By virtue of its ability to de-

methylate DNA, Tet2 has been demonstrated to be a master negative regulator of hematopoietic 

stem cell self-renewal, proliferation and differentiation. Targeted disruption of Tet2 in mice 

results in a HSPC expansion and enhanced numbers of granulocyte-macrophage (GM) 

progenitors110-115. At the commencement of this thesis, the effect of Tet2 mutation and immune 

micro-environment interaction on HSC development and function remained to be fully 

elucidated. The Tet2 -/- mouse model provided a unique opportunity for the study. In chapter 3, 

the effects of inflammatory cytokines on clonal growth, differentiation and apoptosis of Tet2 

mutant and wild type HSPCs was examined. Consequently, it was demonstrated that Sca-1+Lin- 

bone marrow progenitors from Tet2 -/- mice displayed re-plating advantage and have superior 

resistance to cytokine –induced growth suppression in the presence of inflammatory cytokines, 

TNFα and IFN-γ. Similar results were obtained for Tet2 +/- suggesting a role for haplo-

insufficiency in the initiation of clonal dominance. Secondly, TNF-α selectively enhanced 

GEMM and GM colonies in murine Tet2 -/- BM. Thirdly, it was demonstrated that introduction 

of anti-TNF –antibody into the colony formation assay effectively reversed the growth inhibitory 

effect of the cytokine in the wild type progenitors, but not in the mutant cells. Furthermore, TNF-

α resistant Tet2 -/- progenitors displayed enhanced resistance to apoptosis. These findings 

suggest that in the presence of inflammatory stress of immune cytokines, Tet2 mutation is able to 

maintain the HSC phenotype with associated myeloid bias and more importantly that the 
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inflammatory micro-environment may provide a permissive environment for the growth of Tet2 

mutant progenitors. 

In chapter 4, the mechanisms by which Tet2 mutation confers TNF-α resistance to HPCs was 

investigated. Specifically, it was demonstrated that Tet2 -/- progenitors display low expression of 

pro-apoptotic (Tnfr1, Fas-R & Caspase 8) and high expression of anti-apoptotic (Bcl-2, Iap-1) 

genes in the presence of TNF-α. Moreover chapter 4 also demonstrated that Tet2 mutation may 

induce expression of endogenous TNFα, and by so doing self-promote clonal dominance. 

Mutations that promote resistance to environmental stem cell stressors are a known mechanism 

of clonal selection in aplastic anaemia and JAK2-mutant MPN and our findings suggest that this 

mechanism may be critical to clonal selection and dominance in MDS.  In the light of the above 

findings, confirming the results of transcriptional data should be our next major focus. This can 

be achieved by performing protein analysis of these genes in mutant and wild type progenitors 

using flow cytometry, Western blot technique or ELISA. Given that hematopoiesis is a dynamic 

process that is most accurately studied in vivo, future studies would also need to test the ability 

of Tet2−/− cells to compete directly against wild-type counterparts under inflammatory stress of 

cytokines using murine in vivo transplantation models.  

Finally, chapter four also demonstrated GM and BFU-E progenitors that emerged from TET2 

mutant MDS BMMNCs are also resistant to growth suppression by TNFα, in vitro. These 

findings suggest the ability of both murine and human Tet2 mutant BM progenitors to initiate 

similar adaptive responses under inflammatory stress of cytokines.   A major limitation 

encountered in the human colony formation assays is the inability to rule out the possible 

contributory effects of other co-existing mutations in both human mutant and wild type MDS 

BMMNC that were cultured. Gene expression profiling (GEP) is a powerful technology that 
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enables simultaneous determination of the expression levels of many genes. This technique has 

been employed to generate validated prognostic expression signatures in other malignancies such 

as breast and colon cancers 223-225. It allows the assessment of the downstream effects of many 

genetic and epigenetic alterations that affect expression of relevant prognostic genes. Given the 

potential utility of GEP, further work to identify the inflammatory gene signature of prognostic 

relevance in Tet2 mutant human MDS using this technique will be critical. Of note, while 

increased levels of inflammatory cytokines such as TNFα and IFN-γ have been observed in MDS 

BM, how these inflammatory niche play a role in disease evolution is poorly defined, but the 

delineation of the hematopoietic stem cell niche and the ability to interrogate its role in 

hematopoietic disease in animal models have furthered our insights in recent years. The current 

data providing further rationale to explore therapeutic targeting of immune micro-environment–

hematopoietic interactions in human MDS disease. Our findings open up an intriguing possibility 

that Tet2 mutations may contribute to clonal dominance through induction of BCL-2 expression 

and this effect may have notable therapeutic implications.  Although BCL-2 inhibition has 

previously been shown to be effective in killing MDS cells, the level of sensitivity varies greatly 

between patients, and specific mutations that determine sensitivity have not been previously 

identified. These results suggests that Tet2 mutation status is one factor that affects BCL-2 

expression and therefore ABT-199 sensitivity and may be useful in identifying patients that are 

likely to respond to pharmacologic BCL-2 inhibition. In addition, these findings may form the 

rational basis for combining DNA hypomethylating agents with ABT-199 to target resistant 

MDS cells and maximize the clinical utility of this promising drug. The anti-apoptotic BCL-2 

family of proteins modulates the anti-leukemic effects of azacitidine, and profiling of these 

proteins might predict response to azacitidine. However whether BCL-2 expression is increased 
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in TET2 mutant MDS and CMML patients remains to be fully elucidated and therefore constitute 

an interesting area for future studies. If this relationship between TET2 and BCL-2 holds true, 

then targeting of the BCL-2 family of proteins may enhance azacitidine effectiveness in human 

Tet2 mutant MDS subtypes and CMML patients, so that a combination of BCL-2 inhibitors with 

HMAs may be an attractive option, particularly in cases of failing azacitidine treatment.  

In conclusion, this study begins to unravel the mechanistic role of inflammation in facilitating 

clonal dominance of Tet2 mutant MDS progenitors. It appears TNF-α provides two functions of 

relevance to clonal evolution in vitro. First, it suppresses the survival of constitutionally unfit 

cells, and secondly, the cytokine facilitates a genetic instability that may enhance the likelihood 

of adaptive mutations in vitro.  This study therefore introduces a model (Fig.5) where Tet2 

mutation promotes clonal dominance by generating a TNFα rich environment that is selectively 

advantageous to mutant HSPC. Finally this study reveals potential new areas for therapeutic 

targeting of TET2 mutant MDS and CMML. 
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Fig. 5: Model of TNFα-induced Tet2 Mutation clonal evolution in MDS BM. In a TNFα-sensitive stem cell pool, 

Tet2 mutation induced TNF resistance provides a strong selective advantage, allowing for the expansion of the 

mutant clone and development of clinical disease. Maintenance of a high TNFα environment by Tet2 mutant cells 

further enhance the selective advantage for the mutant clone. 
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APPENDIX 1 

Photomicrographs showing murine Tet2 wild (f/f) and mutant (-/-) type hematopoietic colonies 

observed under low magnification in the Colony Formation Assay with and without TNFα added  
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