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Abstract 
 

Background: Mutations on Tet2 gene are common in MDS, AML and CMLL. Tet2 is an important 
enzyme that converts 5-methylcytosine into 5-hydroxymethylcytosine. 5-hydroxy-methylcytosine acts as a 
demethylation signal and Tet2 has emerged as an oncogene in the recent years. Inhibition of Tet2 gene leads to 
increased self-renewal of the HSC LSK compartment, promoting the differentiation of monocyte/granulocyte 
progenitors to monocytes in expense of the granulocytic development/differentiation. 

 

Aim: Based on our preliminary experiments on 7 patients, we found Tet2 SNP rs62621450 with increased 
frequency in Cretan CIN patients (7%) slightly more frequent, than that reported in the literature. Aim of this 
study is to investigate whether rs62621450 is a possible biomarker for CIN patients, by evaluating its 
existence in a larger group of patients, and by evaluating Tet2 mRNA levels in CIN and normal PBMCs and 
granulocytes in order to correlate the observed neutrophil depletion with a possible  Tet2 gene downregulation. 

 

Methods: Identification of rs62621450: Peripheral blood granulocytes were isolated from 42 CIN patients 
and 30 normal subjects and DNA was isolated. The TaqMan Genotyping kit was used to identify the 
polymorphism. Evaluation of Tet2 mRNA levels: PBMCs and granulocytes were isolated from 16 patients and 
16 normal subjects. Total RNA was isolated, reverse transcription performed and Tet2 mRNA levels were 
measured by the use of real-time PCR. The values were normalized versus GAPDH housekeeping gene and 
expression level were expressed as 2^-ΔCt values. 

 

Results: 1/42 CIN patients was heterozygous for rs62621450 (frequency 1.2%), while 3/30 healthy subjects 
were heterozygotes for the SNP (5%). Frequencies in our cohort study do not differ from the reported SNP 
frequency in literature (5%), as defined by Fisher’s exact Test (P= 0.3).  Moreover, we found that Tet2 mRNA 
levels were significantly increased in patient PBMCs (P=0.0094), and in patient neutrophils (P=0.7), 
compared to controls.  

 

Summary/Conclusions: In our cohort study, Tet2 SNP rs6262145 does not correlate with CIN. 
Nevertheless a moderate but significant increase in Tet2 mRNA levels was observed in patient PBMCs 
compared to healthy subjects. This might result as a compensatory mechanism to neutrophil loss in patient 
blood, where secreted signaling may act upon progenitor cells to increase Tet2 expression, hence promoting 
their survival/differentiation towards granulocytes. 
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1. Introduction 
 

1.1 Chronic Idiopathic Neutropenia  
Chronic idiopathic neutropenia (CIN) is a syndrome characterized by the unexplained reduction of the number 

of circulating neutrophils, below the lower limit of the normal distribution for a given ethnic population for a 

prolonged time, namely more than three months (Padaki et al, 2003; Pavlaki et al, 2012). This condition is 

distinguished among the other kinds of neutropenia by its acquired nature, the absence of phasic variations in 

neutrophil count, lack of clinical and laboratory evidence for underlying systemic disease to which neutropenia 

could be attributed and absence of any drug relationship, as well as lack of history of exposure to ionizing 

radiation (Papadaki et al, 2003). CIN can be further divided into two categories: immune-mediated CIN and 

non-immune CIN. On immune-mediated CIN the pathology lies in the existence of anti-neutrophil antibodies, 

neutrophil-associated immunoglobulin, circulating immune complexes, antibodies against myeloid precursors 

or cell mediated suppression of myelopoiesis. Non-immune CIN is mediated by pro-inflammatory cytokines 

and chemokines and there is a low-grade chronic inflammatory process involved in the disease pathogenesis 

(Papadaki et al, 2001). In order for a patient to be diagnosed with non-immune CIN, except for the criteria 

above, that patient should also lack chromosomal abnormalities and should be negative on tests for anti-

neutrophil antibodies. 

CIN is an acquired failure of granulopoiesis and should be considered as a bone marrow failure condition 

much like myelodysplastic syndromes (MDS) (Papadaki et al, 2001; Psyllaki et al, 2006; Pavlaki et al, 2012). 

Patient stromal cells produce adequate or increased amounts of hematopoietic growth factors such as IL-6, IL-

3, G-CSF and GM-CSF, which support the proliferation of primitive stem cells and the myelopoiesis. 

However, CIN stroma fail to sustain efficient myelopoiesis in vitro. This might be the effect of the production 

of IL-1β, IL-8 and RANTES in CIN stroma, indicating an underlying low-grade chronic inflammation in the 

bone marrow of CIN patients. Normal myelopoiesis is the result of the constituent action of negative and 

positive stimuli/cytokines. The low-grade inflammatory microenvironment in the bone marrow of non-

immune CIN results also in the production of TGF-β1. This molecule is an inhibitor of myelopoiesis, 

downregulating the expression of GM-CSF, G-CSF, IL-3 and IL-1β receptors on the plasma membrane of 

myeloid progenitor cells. So the observed high levels of TGF-1β in the bone marrow of patients could 

suppress myelopoiesis and could contribute at least in part to the pathogenesis of neutropenia in CIN patients 

(Papadaki et al, 1999). Impaired granulopoiesis in CIN patients is associated with low frequency of 

granulocyte progenitor CD34+/CD33+ cells and granulocyte colony forming units (CFU-G) due to Fas-
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mediated apoptosis which is induced by tumor necrosis factor alpha (TNF-a). CIN patients seem to display 

immune deregulation in the bone marrow, as proved by the aberrant pro-inflammatory cytokine production 

such as INFγ, TNF-α and Fas-ligand (FasL). This could be a partial explanation for elevated Fas levels and the 

apoptotic depletion of patient progenitor cells. Also on CIN patients T lymphocytes display a preference of 

accumulation in the bone marrow. Those T lymphocytes seem to be activated. The expansion of T cells in 

patients’ bone marrow correlates with overproduction of INFγ and FasL. It is proven that bone marrow-

derived T cells from patients suppress the myeloid progenitor growth in vitro. This hypoplastic features 

displayed in CIN patient bone marrow presents overlapping pathophysiology with other bone marrow failure 

syndromes in which depletion of hematopoietic progenitor cells rose up as a central pathogenetic mechanism 

(Papadaki et al, 2005). 

 

1.2  Myelodysplastic syndromes 

Myelodysplastic syndromes (MDS) are acquired clonal BM disorders characterized by ineffective 

hematopoiesis and increased risk of progression to acute myeloid leukemia (AML). MDS is believed to be 

caused by the repeated addition of DNA lesions/mutations to a hematopoietic progenitor/stem cell (HSC), 

followed by clonal expansion and progress towards disease. On the primary stages, arrest in HSC 

differentiation is observed, as well as high apoptosis rate. On the contrary, on more advanced stages of the 

disease low apoptosis rate and increased cell survival are observed. Those latter conditions combined with 

additional mutations lead to AML. However, the exact mechanism of pathogenesis remains to be elucidated. 

There seems to be an endogenous predisposition towards genomic instability and the accumulation of 

aberrations on genomic material. This seems to play a predominant role in MDS. Still, there is another 

constituent to this equation, defective support of hematopoiesis due to abnormal bone marrow niche. The 

stromal cells consisting bone marrow (adipocytes, osteoblasts and fibroblast-like cells) derive also from a 

common progenitor cell, the mesenchymal stem cell (MSC). Thus, it is only rational to reckon the possibility 

that a primary MSC defect might also exist in MDS, which might as well act in concert with the HSC genomic 

aberration accumulation in those patients (Kastrinaki and Pontikoglou et al, 2011). 

Patients afflicted with MDS often display refractory neutropenia, before they undergo chemotherapy (Kako et 

al, 2012). The pathophysiologic mechanisms involved are increased apoptosis of granulocytic progenitor cells 

due to intrinsic defects or due to the inhibitory effect of the bone marrow microenvironment, inhibition of the 

expression of G-CSF receptors on the surface of granulocytic progenitor cells, as well as GM-CSF receptor on 

mature neutrophils. Another possible mechanism implicates T-cell mediated immune mechanisms. 
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Tet2 represents the most frequently mutated gene in MDS. Mutations on Tet2 are acquired mutations and are 

restricted to myeloid lineage cells (Langmeijer et al, 2009). 

 

1.3 Ten eleven translocation 2 gene (Tet2) 

Epigenetic regulation can modify gene expression without changing the primary sequence of DNA of cells. 

There are many forms of epigenetic regulation in eukaryotic cells. DNA methylation on CpG islands to 

suppress the expression of certain genes, chromatin remodeling via histone acetylation to activate the 

transcription of a certain locus by loosening chromatin conformation, are examples of such regulation which is 

also inheritable (Hartwell et al, 2008). CpG island methylation is the most common enzymatic modification on 

eukaryotic cells. However, methylation is not restricted only to CpG islands, but it also occurs on cytosine that 

is not incorporated in those regions. This was discovered on induced pluripotent stem cells derived from lung 

fibroblasts (Lister et al, 2009). 5-hydroxymethyl-cytosine is an epigenetic marker identified in embryonic stem 

cells and mouse purkinje neurons (Tahiliani et al, 2009).  

Tet protein catalyzes the conversion of 5-methylcytosine to 5-hydroxymethylcytosine, playing an important 

role regulating embryonic stem cells, myelopoiesis and zygote development. 5-hydroxymethylcytosine can be 

further oxidized to 5-formylcytosine and 5-carboxycytosine by Tet proteins. 5-hydroxymethylcytosine tends to 

be traced in human embryonic stem cells gene bodies, promoters as well as enhancers (Ito et al, 2010).  

There are 2 models of action proposed for the function of Tet proteins. The first claims that 5-

hydroxymethylcytosine serves as DNA demethylation signal. This modification might create an intermediate 

molecule that enables demethylation either passively or actively by serving as an oxidation substrate for 

further oxidation towards 5-formylcytosine and 5-carboxycytosine. The second model proposes that 5-

methylcytosine might be recognized by chromatin factors and its diversified stereochemistry might reduce the 

affinity or hamper the binging of certain methyl-CpG-binding proteins (Yu et al, 2012). Tet1 is highly 

expressed in murine inner cell mass and it interacts directly with Nanog promoter preventing its 

hypermethylation (Mohr et al, 2011).  
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Figure 1: Cytosine modifications. TET: Tet family enzymes; AID/APOBEC: AID/APOBEC enzyme family 

catalyzing the deamination of 5-hydroxymethylcytosine to 5-hydroxymethylurasil; TGD/SMUG1: DNA 

glycosylases; AP: abasic purynic/pyrimidinic site; 5mC: 5-methylcytosine; 5hmC: 5-hydroxymethylcytosine; 

5fC: 5-formylcytosine; 5caC: 5-carboxycytosine; 5hmU: 5-hydroxymethyluracil (Mercher et al, 2012) 

 

 

Tet2 is located on chromosome 4q24, expanding on 96 Kb. The produced mRNA has a length of 9.7 Kb and 

the coding sequence consists of 6 Kb. The resulting protein consists of 2002 aminoacid residues. Tet2 gene 

consists of 11 exons (Figure 2) and the produced mRNA can be subjected to alternate splicing generating 3 

different protein isoforms. The three isoforms display different expression patterns to different tissues (Mohr 

et al, 2011).  

 

 

Figure 2: Schematic illustration of Tet2 gene. DSBH: double stranded  β- helix-2-oxoglutarate-Fe(II)-

dependent dioxygenase domain (Mercher et al, 2012) 
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Tet2 is a member of a family of deoxygenases, whose catalytic activity depends on Fe2+ and 2-oxoglutarate (α-

ketoglutarate) (Ito et al, 2010). There seems to be some level conservation between the members of the Tet 

family of proteins.  Tet1 and Tet2 share 3 conserved regions: the Cys-rich domain and the DSBH domain 

(double stranded  β-helix-2-oxoglutarate-Fe(II)-dependent dioxygenase domain) and the distal parts of DSBH 

domains (Figure 3) (Mohr  et al, 2011). 

 

 

 

Figure 3: Tet1 and Tet2 gene alignment and homology of the proteins. There are three peaks of homology 

identified, which are indicated by red boxes. CD: Cys-rich domain, DSBH: double stranded β-helix-2-

oxoglutarate-Fe(II)-dependent dioxygenase domain (Mohr et al, 2011) 

 

 

The bioinformatic study of Tet1 revealed the presence of a functional binuclear CXXC domain located 

upstream DSBH domain. This domain is common to many chromatin binding proteins, like DNA 

methyltransferase 1 (DNMT1) and DNA binding protein 1 (MBD1). This domain seems absent from Tet2. 

However, a bioinformatic investigation on the 4q chromosomal region identified CXXC4. CXXC4 might have 

resulted from a chromosomal inversion and subsequent translocation (Tahiliani et al, 2009 and Iyer et al, 

2009). The interaction of Tet2 and CXXC4 is necessary for proper function of Tet2 (Mohr et al, 2011) (Figure 

4).  

Tet2 mutations are common in many hematopoietic malignancies, myelodysplastic syndromes (MDS), Acute 

Myeloplastic Leukemia (AML) and Myeloproliferative Neoplasms (MPN) (Delhommeau et al, 2009 and 

Tefferi et al, 2009).  
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Figure 4: Tet1 and Tet2 proteins.  

 

 

Tet2 is expressed in the hematopoietic stem cell LSK (Lin-/Sca-1+/c-Kithigh) compartment and its expression is 

downregulated, as LSK further differentiate to progenitors (Ko et al, 2010). Tet2 knockdown via shRNA 

seems to promote the formation of granulomonocytic colonies versus erythroid colonies, although it seems 

that compared to control cells, Tet2 knockdowned colonies contain less granulocytes. This means that the 

inhibition of Tet2 skews hematopoietic stem cells towards the myeloid lineage, favoring monocytic 

differentiation and hindering granulocytic differentiation in vitro in long term cultures (Pronier et al, 2011). A 

similar result was observed, when human cord blood CD34+ progenitor cells were Tet2 depleted. In that 

experiment the CD34+ progenitor cells displayed impaired lymphoid and erythroid differentiation, but 

promoted monocyte differentiation at the expense of granulocytic development (Ko et al, 2011).  

Tet2 controls the expansion, proliferation and differentiation of hematopoietic progenitors in a cell 

autonomous manner. Mutations of Tet2 often represent an early event during the development of a wide 

variety of human myeloid malignancies. Tet2 deficient mice (Tet2-/Tet2-) display pleiotropic alterations of the 

immature and mature hematopoietic compartments including both lymphoid and myeloid lineages. In those 

mice a phenotype similar to human chronic myelomonocytic leukemia (CMML) is developed. CD34+ cells 

from those mice were able to reconstitute the normal hematopoiesis in lethally irradiated mice in which they 

were transplanted (Quivoron et al, 2011). Tet2 deficient mice displayed an increase in total cell numbers in the 

bone marrow and the spleen. There was no significant difference observed in lymphoid, myeloid and erythroid 

cell lineages, as well as T cell development. However, in their bone marrow the frequency of hematopoietic 

stem cells belonging to the LSK compartment was significantly increased. Also the absolute number of 

myeloid LK compartment was greater than that of control mice. On competitive repopulation assays Tet2 

deficient HSCs displayed greater degree of chimerism than normal HSCs. This means that Tet2 deficiency 
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increases the stemness of HSCs without disrupting their differentiation potential. It seems that Tet2 is a 

negative regulator of HSC differentiation in vitro and also that it functions as a switch to avoid the premature 

initiation of the monocyte/macrophage program in progenitor cells (Ko et al, 2011).  

Mutations on Tet2 account approximately for 26% of the MDS cases, de novo AML 12%, MPN 14.1% , 

secondary AML following MPN 34.5%, at systemic mastocytosis 17%,  and the staggering frequency of 51% 

in CMLL. The overall mutation rate for myeloid malignancies concerning TET2 is almost 20%. These facts 

highlight a significant biological role and the importance of Tet2 in the progress of myeloid malignancies (Ko 

et al, 2011; Mohr et al, 2011).  

Given the fact that CIN shares some common pathophysiologic mechanisms with MDS it is only rational to 

investigate if the disruption of Tet2 could be implicated in the pathophysiologic mechanism of CIN. Moreover 

based on our preliminary results, based on7 CIN patients, we identified Tet2 SNP rs62621450 in those patients 

with slightly elevated frequency (7%) compared to the reported one in literature, we investigated further the 

possible involvement of rs62621450 in CIN. 

 

1.4  Aim of the study 

Aim of this study was to investigate whether the Tet2 SNP rs62621450, is a possible biomarker for CIN. 

Furthermore, we aimed to evaluate the levels of Tet2 mRNA on neutrophils and peripheral blood mononuclear 

cells of CIN patients, to investigate the possibility that a downregulation of Tet2 expression may contribute in 

the neutrophil depletion in CIN patients. 
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2. Materials and methods 
 

2.1 Patients and Samples 
 

2.1.1  Study of Tet2 SNP rs62621450  

We acquired blood aspirates of 40 CIN patients and 30 healthy donors after written informed consent 
according to the Declaration of Helsinki from all subjects participating in this cohort. Healthy donors used as 
controls, were sex and age-matched with the participating patients. Patient characteristics are listed on 
Appendix (Table 7). 

2.1.2  Tet2 mRNA expression level measurement 

We acquired peripheral blood from 16 CIN patients and 16 healthy donors after written informed consent 
according to the Declaration of Helsinki from all subjects participating in this cohort. Healthy donors were sex 
and age-matched with the participating patients. Patient characteristics are listed on Appendix (Table 8). 

 

2.2  Isolation of peripheral blood cells, DNA and total RNA extraction 
PBMCs and granulocytes were isolated from blood samples with Dextran 5% and Ficoll Histopaque. Briefly, 
9ml of peripheral blood were mixed with 3ml of Dextran 5% and incubated at 37oC for 30min. PBMCs and 
granulocytes were isolated from dextran plasma by density gradient centrifugation using Ficoll Histopaque. 
The samples were centrifuged (Hermle Z320) at 1500rpm for 20min in room temperature.  

DNA was isolated from PBMCs and granulocytes by Mini-DNA kit (Qiagen) according to the manufacturer’s 
instruction. Total RNA was extracted from PBMCs and granulocytes using Trizol (Invitrogen) according to 
the manufacturer’s protocol. 

DNA and total RNA were quantified using Nanodrop 1000. 

 
2.3  Genotyping granulocytes for Tet2 SNP rs62621450 
  
In order to genotype patients and normal subjects for the presence of the polymporphism rs62621450, we used 
a specific TaqMan Genotyping Assay kit (Applied Biosystems), using ABI PRISM 7000 Sequence Detection 
System (Applied Biosystem) real-time PCR thermocycler, to perform both the PCR, as well as the Allelic 
discrimination assay according to manufacturer’s instructions.  

Briefly, this kit uses a pair of 20-nt primers specific for the region we want to genotype combined with 2 
TaqMan MGB probes (10-nucleotide-long primers that are conjugated with MGB molecule, one for each 
allele that is needed to be identified). The MGB molecule confers to the 10-nucleotide-long (probe) hybridized 
DNA better stability, much like the one it would have if it was 20-nucleotides long.  The primer is conjugated 
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also with a fluorescent dye and in its proximity there is also a quencher. Upon excitation from the instrument 
laser source the fluorescent dye emits light with wavelength between 500-600nm which is quenched by the 
quencher molecule. As soon as the probe is degraded by the 3’-5’ exonuclease activity of TaqMan DNA 
polymerase, the signal is not absorbed any more by the quencher due to their physical separation. There are 2 
different MGB probes used, one for the wild type allele and another for rs62621450. The wild type allele 
probe is conjugated with VIC dye and the SNP allele is conjugated with FAM dye. By using the ratio of the 
detected fluorescence of the reporter dye versus that of the passive reference dye ROX we get the Rn value, 
Rn = Reporter Intensity / ROX intensity. The software graphs the results of the allelic discrimination run on a 
scatter plot of allele X Rn vs allele Y Rn. 

 

2.4  PCR and Sequencing experiments for Tet2 gene  
 

In order to verify the genotyping results granulocyte DNA samples derived from 3 CIN patients and 3 normal 
subjects were subjected to genomic PCR, in order to amplify the genomic region containing the SNP, and the 
resulting amplicons were further sequenced. For the PCR we used the high fidelity Kapa HiFi DNA 
polymerase (Kapa Biosystems). The thermocycler protocol and primer sequences are described below on 
tables 1 and 2. 

 

Table 1 

Primers and their respective sequences for TET2 exon 11 region 

Primer name Sequence 

Tet2 ex11-3 F 
 

5’- CAGGGAGATGGTTTCAGCAG -3’ 

Tet2 ex11-3 R 
 

5’- AGAAAGCTCTGCTCGCTGTC -3’ 
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Table 2 

Optimal thermocycler program as defined by gradient PCR 

Initial 
Denaturation 

Denaturation Annealing  Extension Final  

extension 

95oC 98oC 66oC 72oC 72oC 

4min 20sec 15sec 30sec 4min 

 

2.5  Tet2 mRNA levels on granulocytes and PBMCs 
 

100ng of total RNA from PBMCs or granulocytes, were subjected to reverse transcription using Superscript II 
(Invitrogen) according to manufacturer’s protocol. The reverse transcription was performed on DNAEngine 
(BIO-RAD) thermocycler. Real time PCR was performed on Corbett 6000 (QIAGEN) using Kapa SYBR 
FAST Universal qPCR kit (Kapa Biosystems). Details on primer sequence and thremocycler programs are 
given on tables 3-5. The values were normalized against GAPDH housekeeping gene and the expression was 
measured as 2-ΔCt. 

Table 3 

Reverse transcription thermocycler program 

 

 

 

 

 

 

Step 1 Step2 

Denaturation Incubation Annealing Reverse transcription Reverse Transcriptase Inactivation

5min 5min 10min 50min 10min 

65oC On ice (4oC) 25oC 42oC 72oC 
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Table 4 

Primers and their respective sequences for amplification of all three TET2 isoforms 

Primer name Sequence 

Tet2 ex10/11 F 
 

5’- AAGCCAGGCTAAACAGTTGG-3’ 

Tet2 ex10/11  RN 
 

5’-GGCCGTCTCATGTATGGATT -3’ 

 

Table 5 

Real time PCR for all three Tet2 isoforms thermocycler program 

 
Hold Cycling Melting/Dissociation 

 Denaturation Annealing/ extension Ramping (1 degree per step) 

3 min 3 sec 30 sec 62-95oC 

95oC 95oC 60oC  
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3. Results 
 

3.1 Genotyping SNP rs62621450 
 

Granulocytes from patients (n=30) and healthy controls (n=42) were genotyped for SNP rs62621450. We 
found that 3/30 normal subjects (5%) and 1/42 patients (1.2%) were heterozygotes for the SNP tested. 
Langmeijer et al, reported that the frequency of this specific SNP in general population is around 5%. 

  

Normal 39

Normal 26

Normal 56

CIN 37

 

Figure 5: Graphical representation of SNP rs62621450 (Rn FAM) versus the wild type allele (Rn VIC). 
Circle: homozygotes for wild type allele, triangle: heterozygotes for polymorphism rs62621450. Only patient 
CIN 37 and normal subjects 39, 26 and 56 were heterozygotes for the SNP. 

 

Cumulative results of allelic discrimination are plotted on a graph RnSNP Vs RnWT in Figure 5. The circular 
dots represent homozygotes for the wild type allele A in both normal subjects and CIN patients (bearing the 
genotype A/A). The triangle represents heterozygotes, bearing the genotype A/G. The statistical analysis of the 
allelic discrimination is presented on table 6 
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Table 6 

Statistical analysis of allelic discrimination on the presence of the SNP rs62621450 in our patient cohort 

 Normal CIN 

Wild Type Homozygotes 27 41 

SNP Heterozygotes 3 1 

Total 30 42 

Percentage of heterozygotes (%) 5 1.2 

Fisher’s exact test 

p  0.3 
 

After revising the statistical data presented on table 6, we conclude that the presence of the polymorphism 
rs62621450 is not connected with developing or suffering from CIN. 

SNP genotyping was further verified by direct sequencing of 6 samples, 5 homozygotes and 1 heterozygote. 

On table 6.1 a summary of the contingency table from which the Fishers exact test is presented 

 

Table 6.1 

Contingency table derived from Table 6 

 Homozygous for wild 
type allele 

Heterozygous for the 
SNP 

Total 

Normal subjects 27 3 30 

CIN patients 41 1 42 

Total 68 4 72 
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3.2  Tet2 mRNA levels on granulocytes and PBMCs  
 

Cumulative results on Tet2 expression levels in 16 CIN patient and 16 normal PBMCs and neutrophils are presented in 
figure 6. Tet2 was expressed significantly higher in CIN PBMCs (meanCIN=1.503±0.28) compared to normal contol 
subjects PBMCs (meanNormal=1.016±0.338; t test, P= 0.0094). In patient neutrophils we observed the same tendency, 
however statistically non significant (P= 0.707).  

Although we do not know the exact mechanism, we may speculate that this tendency of Tet2 overexpression in patient 
PBMCs and neutrophils, could possibly result in an attempt of CIN periphery to compensate for neutrophil loss. 
Signaling aiming to promote progenitor cell survival/differentiation towards granulocytes may develop, and Tet2 
expression may be part of such mechanisms. 

 

 

Figure 6: Evaluation of Tet2 mRNA levels by real-time RT-PCR. (A) Cumulative results of Tet2 
expression levels in PBMCs (t test, P=0.0094, meanNormal=1.016±0.338, meanCIN=1.503±0.28). (B) 
Cumulative results of Tet2 expression levels in neutrophils (t test, P=0.707, meanNormal=1.727±0.181, 
meanCIN=2.131±0.372). The expression is quantified as 2-ΔCt. The values were normalized against GAPDH 
housekeeping gene. 
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4. Discussion 
 

Tet2 in the recent years has emerged as tumor suppressor gene in myeloid malignancies such as MDS, AML 
and CMLL (Mercher et al, 2012). Tet2 catalyzes the transformation of 5-methylcytosine into 5-
hydroxymethylcytosine. This modification is very important because it functions as a demethylating signal for 
the cell, either by reducing the affinity for methylcytosine of chromatin binding factors that modulate 
chromatin and suppress gene expression or by creating an alternative base which upon the next synthesis phase 
of the cell cycle is subjected to substitution via base excision repair system (BER) thus rendering that genomic 
region transcriptionally active once the daughter cells reenter G1 phase of the next cell cycle (Mohr et al, 
2011; Mercher et al, 2012). 

CIN shares common features with myelodysplastic syndromes, increased granulocytic progenitor death due to 
intrinsic defects, hostile/inhibitory bone marrow microenvironment, suppression of the expression GM-CSF 
receptor on cell surface on myeloid progenitors as well as mature granulocytes and T cell mediated immune 
responses that deplete the neutrophil population in the periphery. It is proven that mutations that render Tet2 
inactive result in normal hematopoiesis in which the monocytic development is favored in the expense of 
granulocytic development (Quivoron et al, 2011; Moran-Crucio et al, 2011; Ko et al, 2011). Since Tet2 is 
important for normal granulopoiesis it is only rational to investigate it in CIN where bone marrow failure and 
loss of granulocyte is observed. 

On 2009 the Jansen group identified the Tet2 SNP rs62621450 (resulting in the aminoacid substitution 
H1778R), with a frequency in the Caucasian population of 5%. Our preliminary sequencing experiments 
(undertaken to 9 patients) showed that the rs62621450 polymorphism was more frequent in our CIN patients 
(7.1 %) thus leading us to form a larger cohort of patients to study the SNP significance as a biomarker for 
CIN. 

We have genotyped 30 CIN patients and 42 normal subjects for the Tet2 SNP rs62621450. Our investigation 
resulted with a SNP frequency of 1.2% in CIN patients and 5% in normal subjects, showing no significant 
connection between the specific Tet2 SNP and CIN as defined by Fisher’s exact test. We thus assume that our 
initial finding was gained due to the small number of subjects in the preliminary study. 

Further aiming to evaluate the expression levels of Tet2 in CIN patients, we show a statistically significant 
overexpression of Tet2 in patient peripheral blood mononuclear cells. In addition we show a moderate, 
although non significant, overexpression of Tet2 in patient neutrophils. These findings might be indicative for 
a compensatory mechanism for the loss of neutrophils in the periphery. Possibly, in response to neutrophil 
loss, an upregulation of Tet2 could trigger bone marrow to produce more granulocyte progenitors. 

Still this does not mean that Tet2 dysfunction is completely unrelated with CIN. It is interesting to take a look 
at mutations in the metabolic enzymes IDH1 and IDH2 that are mutually exclusive with Tet2 mutations and 
are rarely identified to be concurrent. IDH1/2 catalyze the interconversion of isocitrate to α-ketoglutarate. 
Gain-of-function mutation of IDH1/2 that confer a neomorphic enzymatic activity that catalyzes the reduction 
of α-ketoglutarate to R(-)-2-hydroxyglutarate, which is an inhibitor of Tet2. The epigenetic pattern of 
methylation on both the gain-of-function mutants of IDH1/2 and loss-of-function mutations of Tet2 is similar. 
Such mutations on IDH1/2 enzymes are also proved to be causes of malignant transformation in AML and 
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MDS in 23% of cases studied (Figueroa et al, 2010). Those facts make make IDH1 and IDH2 future targets of 
research in the efforts of elucidating the mechanism underlying neutropenia in CIN. However, there are no 
data concerning the effect of the mutations of IDH1/2 on hematopoiesis and more research need to be done on 
that aspect as well. 

For future perspectives, a large cohort of patients should be made to study the pattern of 5-hydroxymethyl 
cytosine in their granulocytes. If this pattern is different than that observed in healthy subjects it will be 
indicative of a defect in the pathway of 5-hydroxymethyl cytosine. More specifically a Tet2 SNP microarray 
should be used to study the SNPs associated with CIN. Also IDH1 / IDH2 mutations should be studied by the 
same method. There might be 2 different hypotheses on what mechanisms participate in the neutropenia 
phenotype of CIN. One could be the mutation of Tet2 might partially lead to depletion of granulocyte 
progenitors skewing them towards monocytic differentiation, which could also explain our observed results of 
higher Tet2 mRNA levels in patients samples. The second one could be that the aberrant function of IDH1 and 
IDH2 which leads to the production of R(-)-2-hydroxyglutarate inhibits the function of Tet2 and has in effect 
the same result as Tet2 loss of function mutations. Those two mechanisms might act in concert with the 
reduced G-CSF receptor displayed on CIN patient granulocytes and thus contributing to the neutropenic 
phenotype. Also one might investigate the role for CXXC4, a protein required for proper Tet2 function 
(Tahiliani et al, 2009). Possible CXXC4 defects (either downregulation or loss-of-function mutations) might 
lead to aberrant hydroxymethylation pattern in granulocyte progenitors leading to a phenotype similar to Tet2 
loss-of-function mutations. 
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Appendix 
 
 

Table 7 
Characteristics of TET2 patients that participated in SNP rs62621450 identification cohort 

 
Code Name Date of Birth Gender WBC PMN Ly Hct Hgb 

CIN1 1952 F 4100 1790 1900 40,6 13,9 
CIN3   F 3000 1100 1500 40,2 13,4 
CIN4 1959 F 2000 500 1300 36,9 12,6 
CIN5 1952 F 2800 1500 1100 39,8 13,4 
CIN6 1950 F 4200 1600 2200 39,3 12,7 
CIN7 1970 F 3000 1400 1200 38,5 12,8 
CIN8 1960 F 4000 1760 1760 36,9 12,4 
CIN9 1979 F 2560 800 1460 35,9 12,4 

CIN10 1979 F 3000 1700 1000 40,3 12,7 
CIN11 1969 F 3200 1600 1200 34,8 11,9 
CIN12 1994 F 3700 600 2400 36,9 12,6 
CIN13 1958 F 3100 1300 1300 37,3 12,4 
CIN14 1987 F 3900 800 2200 38,8 13,2 
CIN15 1935 F 3200 1100 1600 40,2 13,7 
CIN16 1973 F 3300 1500 1500 37 12,9 
CIN17 1942 F 3000 1400 1300 41,2 13,6 
CIN18 1950 F 4700 1800 2300 38,6 13,4 
CIN19 1969 F 3300 1100 1600 40 13,3 
CIN20 1945 F 3000 1700 1100 36,4 12,6 
CIN21 1951 F 3700 1300 1900 34,8 10,9 
CIN22 1938 F 4100 1700 1900 39,5 13,4 
CIN23 1979 F 3300 1200 1600 36,9 12,7 
CIN24 1946 F 3500 1700 1400 37,1 12,7 
CIN25 1940 F 3200 1600 1400 38,8 12,7 
CIN26 1945 F 3710 1720 1520 38,0 12,4 
CIN27   M 5900 1593 3422 42,3 14,3 
CIN28 1957 F 3700 1628 1739 42,5 13,9 
CIN29 1961 F 2400 1030 960 36,7 12 
CIN30 1961 F 2500 1575 750 32,7 10,9 
CIN31   M 5500 1800 3100 44,7 15 
CIN32 1954 F 3500 1645 1715 36,7 11,7 
CIN33 1945 F 3000 1700 1100 36,4 12,6 
CIN34 1956 F 2900 1500 1100 40 13,9 
CIN35 1974 F 3200 1400 1400 37,1 12,9 
CIN36 1965 F 3400 1792 1381 33,7 11,4 
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CIN37 1968 F 2560 800 1460 35,9 12,4 
CIN38 1973 M 2922 304 1924 43,2 14,5 
CIN39   F 4200 1600 2100 40,5 13,9 
CIN41 1960 F 3800 1800 1400 38,3 12,7 
CIN42 1980 F 3500 1750 1470 42,9 14,4 
CIN43 1951 F 2914 664 1746 42,3 14,1 
CIN44 1962 F 3500 1225 1715 37,3 12,1 

 
 

  
 Table 8 

Characteristics of TET2 patients that participated in Tet2 mRNA level measurement cohort 
 
 

Code Name Date of Birth Gender WBC PMN Ly Hct Hgb 
CIN TET2 19N 1953 F 3780 1540 1730 43,1 13,9 
CIN TET2 29N 1965 F 3900 1755 1950 35,5 12,7 
CIN TET2 30N 1950 F 3700 1800 1600 42,0 14,1 
CIN TET2 31N 1958 F 3100 1300 1300 37,3 12,4 
CIN TET2 32N 1955 F 4500 1710 2340 35,2 11,8 
CIN TET2 39N 1965 F 4100 1700 1900 39,5 13,4 
CIN TET2 41N 1989 F 4060 1400 2000 40,5 12,9 
CIN TET2 42N 1965 F 3900 800 2200 38,8 13,2 
CIN TET2 44N 1954 F 3600 1800 1620 39,9 13,3 
CIN TET2 45N 1977 M 3500 1600 1400 46,6 15,2 

CIN TET2 35NN 1945 F 3950 1900 1160 39 11,6 
CIN TET2 36NN 1959 F 3000 1700 1000 40,3 12,7 
CIN TET2 37NN 1945 F 2800 1700 800 35,6 12,4 
CIN TET2 38NN   F 3700 1700 1630 33,7 11,0 
CIN TET2 39NN   F 3500 1600 1400 37,2 12,6 
CIN TET2 4ONN   F 3300 1320 1518 37,6 12,4 
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Περίληψη 
 

Εισαγωγή:  Οι μεταλλαγές στο γονίδιο Τet2 είναι συχνές στα μυελοδυσπλαστικά σύνδρομα , την οξεία 
μυελογενή λευχαιμία και την χρόνια μυελομονοκυτταρική λευχαιμία. Το Tet2 είναι ένα σημαντικό ένζυμο που 
καταλύει τη μετατροπή της 5-μέθυλοκυτοσίνης σε 5-υδροξυμέθυλοκυτοσίνη. Η 5-υδροξυμέθυλοκυτοσίνη δρα 
ως σήμα απομεθυλίωσης και το Tet2 αναδείχθηκε ως ένα σημαντικό ογκογονίδιο στους αιματολογικούς 
καρκίνους τα τελευταία χρόνια. Η απώλεια του Τet2 οδηγεί τα αιμοποιητικά προγονικά κύτταρα που ανήκουν 
στο διαμέρισμα LSK να αυξήσουν την βλαστικότητά τους και ευνοούν την διαφοροποίηση των 
μονοπυρινικών/κοκκιοκυτταρικών προγονικών κυττάρων προς την μονοκυτταρική σειρά, εις βάρος της 
κοκκιώδους σειράς. 

Στόχος: Σε κάποια πρώιμα πειράματα αλληλούχισης σε δείγματα DNA 7 ασθενών με Χρόνια Ιδιοπαθή 
Ουδετροπενία βρήκαμε τον πολυμορφισμό μονού νουκλεοτιδίου (SNP) rs62621450 σε συχνότητα 7%, στους 
ασθενείς της Κρήτης, σε σχέση με την αναφερόμενη στην βιβλιογραφία (5%). Θελήσαμε να αξιολογήσουμε 
τον πολυμορφισμό αυτόν ως βιολογικό μάρτυρα της Χρόνιας Ιδιοπαθούς Ουδετεροπενίας.  

Επίσης θελήσαμε να μετρήσουμε τα επίπεδα έκφρασης του mRNA του Tet2 σε λευκομονοπύρηνα και 
κοκκιοκύτταρα και να αξιολογίσουμε εάν η ουδετεροπενία μπορεί να οφείλεται στην μικρότερη έκφραση του 
mRNA του Tet2. 

Μέθοδοι: Εκτίμηση του πολυμορφισμού του Τet2 rs62621450 στους ασθενείς με CIN: 42 ασθενείς με 
Χρόνια Ιδιοπαθή ουδετεροπενία και 30 υγιής μάρτυρες έλαβαν μέρος σε αυτήν την κοωρτή. Ελήφθησαν 
δείγματα περιφερικού αίματος και απομονώθηκαν κοκκιοκύτταρα. Από τα τελευταία απομονώθηκε DNA. Για 
την ανίχνευση του γονότυπου των ατόμων χρησιμοποιήθηκε το κιτ γονοτύπισης TaqMan Genotyping Kit. 

Εκτίμηση των επιπέδων του mRNA του Tet2: Λευκομονοπύρηνα και κοκκιοκύτταρα/ουδετερόφιλα 
απομονώθηκαν από δείγματα περιφερικού αίματος από 16 ασθενείς και 16 υγιής μάρτυρες και απομονώθηκε 
το ολικό RNA τους. Έγινε αντίστροφη μεταγραφή και στη συνέχεια τα επίπεδα του mRNA του Tet2 
μετρήθηκαν με την μέθοδο της Αλυσιδωτής Αντίδρασης Πολυμεράσης σε πραγματικό χρόνο (real time PCR). 
Οι τιμές κανονικοποιήθηκαν ως προς το γονίδιο οικιακής οικονομίας GAPDH και τα επίπεδα έκφρασης 
ποσοτικοποιήθηκαν ως τιμή 2^-DCt. 

Αποτελέσματα:  1 από τους 42 ασθενείς ήταν ετερόζυγοι ως προς το αγρίου τύπου αλληλόμορφο και 
τον πολυμορφισμό (1,2%), ενώ 3 από τους 30 υγιής μάρτυρες ήταν ετερόζυγοι για τον πολυμορφισμό (5%)  
(σύμφωνα με το Fisher’s exact test P=0.3). Αυτό σημαίνει ότι η συχνότητα του πολυμορφισμού δεν διαφέρει 
μεταξύ της κοωρτής μας και  της αναφερόμενης από την βιβλιογραφία. 

Τα επίπεδα του mRNA του Tet2 και για τις 3 ισομορφές είναι κατά 0.5 φορές αυξημένα στα 
λευκομονοπύρηνα των ασθενών με (P=0.0094), την ίδια τάση φαίνεται να έχουν και τα κοκκιοκύτταρα των 
ασθενών (P=0.7). 

Συμπεράσματα: Στην κοωρτή μας, η Χρόνια Ιδιοπαθής Ουδετεροπενία δεν φαίνεται να σχετίζεται με 
τον πολυμορφισμό του Tet2 rs62621450. Παρόλα αυτά φαίνεται να υπάρχει μια μέτρια μεν, σημαντική δε 
αύξηση των επιπέδων του mRNA του Tet2 στα λευκομονοπύρηνα των ασθενών σε σχέση με τους υγιείς 
μάρτυρες. Μπορεί να παρατηρούμε αυτό το φαινόμενο ως αποτέλεσμα ενός αντισταθμιστικού μηχανισμού 
στην απώλεια των ουδετεροφίλων στην περιφερικό αίμα των ασθενών, μέσω κάποιου είδους σηματοδότηση 
μέσω έκκρισης ή απελευθέρωσης κάποιου διαλυτού παράγοντα/μορίου μπορεί να λαμβάνει χώρα. Η 
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τελευταία αυξάνει την έκφραση του Tet2 στα προγονικά κύτταρα της μυελικής και κοκκιοκυτταρικής σειράς 
για να προωθήσει την επιβίωσή τους και την διαφοροποίησή τους προς την κοκκιοκυτταρική/μονοκυτταρική 
σειρά. 


