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ABSTRACT 

 
Myeloproliferative neoplasms (MPN) and myelodysplastic syndromes (MDS) are a 

heterogeneous group of clonal hematopoietic disorders whose etiology and molecular 

pathogenesis are poorly understood. During the past decade, enormous developments in 

microarray technology and bioinformatics methods have made it possible to mine novel 

molecular alterations in a large number of malignancies, including MPN and MDS, 

which has facilitated the detection of new prognostic, predictive and therapeutic 

biomarkers for disease stratification. 

By applying novel microarray techniques, we profiled copy number 

alterations and microRNA (miRNA) expression changes in bone marrow aspirate and 

blood samples. In addition, we set up and validated an miRNA expression test for bone 

marrow core biopsies in order to utilize the large archive material available in many 

laboratories. We also tested JAK2 mutation status and compare it with the in vitro growth 

pattern of hematologic progenitors cells. 

In the study focusing on 100 MPN cases, we detected a Janus kinase 2 (JAK2) 

mutation in 71 cases. We observed spontaneous erythroid colony growth in all mutation-

positive cases in addition to nine mutation negative cases. Interestingly, seven 

JAK2V167F negative ET cases showed spontaneous megakaryocyte colony formation, 

one case of which also harbored a myeloproliferative leukemia virus oncogene (MPL) 

mutation. 

We studied copy number alterations in 35 MPN and 37 MDS cases by using 

oligonucleotide-based array comparative hybridization (array CGH). Only one essential 

thrombocythemia (ET) case presented copy number alterations in chromosomes 1q and  
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13q. In contrast, MDS cases were characterized by numerous novel cryptic chromosomal 

aberrations with the most common copy number losses at 5q21.3q33.1 and 7q22.1q33, 

while the most common copy number gain was trisomy 8. 

As for the study of the bone marrow core biopsy samples, we showed that 

even though these samples were embedded in paraffin and underwent decalcification, 

they were reliable sources of miRNA and suitable for array expression analysis. 

Further, when studying the miRNA expression profiles of the 19 MDS cases, 

we found that, compared to controls, two miRNAs (one human Epstein-Barr virus (miR-

BART13) miRNA and one human (has-miR-671-5p) miRNA) were downregulated, 

whereas two other miRNAs (hsa-miR-720 and hsa-miR-21) were upregulated. However, 

we could find no correlation between copy number alterations and microRNA expression 

when integrating these two data. 

This thesis brings to light new information about genomic changes implicated 

in the development of MPN and MDS, and also underlines the power of applying 

genome-wide array screening techniques in neoplasias. Rapid advances in molecular 

techniques and the integration of different genomic data will enable the discovery of the 

biological contexts of many complex disorders, including myeloid neoplasias. 
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INTRODUCTION 
 

Myeloid neoplasias are defined as clonal hematological diseases with abnormal maturation 

and proliferation of myeloid cell lineages in bone marrow. Genomic aberrations are 

considered to be present in all myeloid neoplasms, and we now know that genetic changes 

are involved in leukemogenesis as well as in neoplastic progression. As for the diagnosis 

of hematological neoplasias, molecular genetics techniques are now routinely used in 

laboratories to reveal genetic alterations that have proved to be good biomarkers (Cotta & 

Tubbs 2008). 

Neoplasia is a complex phenomenon involving interaction between different 

genes and environmental factors. Although cytogenetic and molecular genetics techniques 

have revealed a considerable number of chromosomal and gene defects, the target genes 

for many malignancies, including many of the myeloid neoplasm, remain unknown. 

Microarray technology has recently yielded a detailed analysis of the entire 

genome in an experiment that sought copy number alterations (array comparative genomic 

hybridization) or expression profiling (gene or microRNA expression profiling). Collecting 

and combining data from cytogenetic and genome-wide molecular analyses provides a 

more detailed understanding of the pathogenesis and progression of a particular 

malignancy/disease. 

This thesis focused on the genetic analysis of two groups of myeloid neoplasms 

- myeloproliferative neoplasms (MPN) and myelodysplastic syndromes (MDS) – as well as 

on microRNA profiling (in MDS) by applying microarray techniques. The purpose of these 

techniques was not only to detect copy number alterations and miRNA expression profiling, 

but also to report the feasibility of the archival paraffin-embedded core biopsy samples for 

microRNA profiling. 
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REVIEW OF THE LITERATURE 
 

Normal hematopoiesis 
 

Hematopoiesis is the formation of blood cells where the bone marrow is the main organ 

(Hoffbrand et al. 2006). All blood cells derive from pluripotent hematopoietic stem cells 

that have the capacity to self-renew and also give rise to myeloid and lymphoid cell 

lineages (Figure 1). 

The proliferation, differentiation and maturation of hematopoietic progenitor 

cells are regulated by various hematopoietic growth factors, in addition to 

microenvironment and the interactions between the cells. Growth factors influence 

transcription factors and implicit associated genes that determine the differentiation and 

function of mature blood cells. 

The hematopoietic growth factors include a group of cytokines, which 

comprise colony stimulating factors (CSFs), hormones, interleukins (IL) and glycoproteins 

(Wadhwa & Thorpe 2008). Hematopoietic growth factors have been the subject of 

extensive study in the past two decades and the biological role of most of them has been 

elucidated. Some act on early progenitor cells and lead to multilineage differentiation, 

whereas others act on late differentiated cells; in addition, some factors are lineage specific, 

whereas others have a broad lineage action. 

Erythropoietin (EPO) is a hormone-like glycoprotein with the most lineage-

specific activity that promotes the maturation and proliferation of erythroid cell lineages 

(by interacting with the receptors on erythroid burst-forming units and erythroid colony-

forming units) (Bociek & Armitage 1996). 
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Thrombopoietin (TPO), known as megakaryocyte growth and development 

factor, specifically regulates the production and differentiation of megakaryocytes, which 

also produce platelets. Beside the primary action in megakaryocytopoiesis, TPO also plays 

an important role in the growth and survival of hematopoietic stem cells (Bociek & 

Armitage 1996). 

The CSFs include granulocyte-macrophage colony-stimulating factor (GM-

CSF), granulocyte colony-stimulating factor (G-CSF) and macrophage colony-

stimulating factor (M-CSF). GM-CSF stimulates the production of neutrophils, 

eosinophils, basophils, monocytes and their progenitor cells. G-CSF stimulates the 

production of granulocytes, and M-CSF stimulates the production of macrophages 

(Wadhwa & Thorpe 2008). 

Interleukins (IL) are secreted by different types of body cells, regulate the 

immune system and participate in the development and differentiation of hematopoietic 

cells. 
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Figure 1. Hematopoiesis (Figure 1 has been modified from Wadhwa & Thorpe 2008). 

 

Myeloid neoplasms 
 

Hematological malignancies stem from disordered maturation and often uncontrolled 

proliferation of hematopoietic cells due to dysregulation in their proliferation and life span. 

According to cell lineage, hematologic malignancies can be classified into two major 

groups: myeloid and lymphoid malignancies. Hematological malignancies represent 

approximately 9% of all new cancer diagnoses. 

In compliance with the 2008 World Health Organization (WHO) classification, 

myeloid neoplasms include: myeloproliferative neoplasms (MPN) (previously known as 
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myeloproliferative diseases, MPDs), myeloid and lymphoid neoplasms associated with 

eosinophilia and abnormalities of platelet-derived growth factor receptors alpha and beta 

(PDGFRA, PDGFRB) or fibroblast growth factor receptor (FGFR1), 

myelodysplastic/myeloproliferative neoplasms (MDS/MPN), myelodysplastic syndromes 

(MDS) and acute myeloid leukemia (AML), and related precursor neoplasms (Table 1). 

 

Table 1. The 2008 World Health Organization classification for myeloid neoplasms. Data 
modified from Tefferi & Vardiman (2008). 
 

1. Myeloproliferative neoplasms (MPN) 
1.1 Chronic myelogenous leukemia 
1.2 Polycythemia vera 
1.3 Essential thrombocythemia 
1.4 Primary myelofibrosis 
1.5 Chronic neutrophilic leukemia 
1.6 Chronic eosinophilic leukemia, not otherwise categorized 
1.7 Hypereosinophilic syndrome 
1.8 Mast cell disease 
1.9 MPN, unclassifiable 

2. Myeloid neoplasms associated with eosinophilia and abnormalities of PDGFRA, 
PDGFRB, or FGFR1 

2.1 Myeloid neoplasms associated with PDGFRA rearrangement 
2.2 Myeloid neoplasms associated with PDGFRB rearrangement 
2.3 Myeloid neoplasms associated with FGFR1 rearrangement 

3. Myelodysplastic/myeloproliferative neoplasms (MDS/MPN) 
3.1 Chronic myelomonocytic leukemia 
3.2 Juvenile myelomonocytic leukemia 
3.3 Atypical chronic myeloid leukemia 
3.4 MDS/MPN, unclassifiable  

4. Myelodysplastic syndromes (MDS) 
5. Acute myeloid leukemia (AML) 
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Myeloproliferative neoplasms 
 

Myeloproliferative neoplasms are characterized by the clonal expansion of one or more 

myeloid cell lineages (erythroid, granulocytic, megakaryocytic, monocyte/macrophage, or 

mast cell) (Verstovsek & Tefferi 2011). Polycythemia vera (PV), essential 

thrombocythemia (ET) and primary myelofibrosis (PMF), along with chronic myeloid 

leukemia (CML), belong to classic myeloproliferative neoplasms (MPN) (Table 2). 

 
Table 2. Classification of the classic MPN. 
 

1. BCR-ABL-positive  

2. BCR-ABL-negative 
Chronic myeloid leukemia (CML)  

a. Polycythemia vera (~90-95% JAK2V617F+) 
b. Essential thrombocythemia (~50% JAK2V617F+) 
c. Myelofibrosis (~50% JAK2V617F+) 

Data based on Tefferi (2006) and Klco et al. (2010). 
 

MPN affect adults in their fifth to seventh decade of life. The etiology of these 

diseases is incompletely known, and their diagnosis can be challenging and sometimes 

based on exclusion criteria. However, correct diagnosis and appropriate treatment are 

crucial for the clinical course of these diseases since, even if their onset is insidious, any 

MPN entity can progress to bone marrow failure and/or evolve into AML. 

A hallmark of the classic BCR-ABL-negative MPN is the in vitro formation of 

an endogenous colonies in the absence of exogenous hematopoietic growth factors (Prchal 

& Axelrad 1974). MPN are frequently characterized by dysregulated tyrosine kinases, 

within the BCR-ABL-negative group in particular the dysregulated Janus kinase 2 (JAK2) 

gene, which seems to indicate that kinase activation is involved in the etiology of these 

diseases. A typical example of this dysregulation is CML, where a unique chromosomal 

rearrangement (the Philadelphia chromosome resulting from a reciprocal translocation 

between chromosomes 9 and 22) leads to constitutive activation of BCR-ABL tyrosine 

kinase. 
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The key feature of PV is persistent erythrocytosis (Hoffbrand et al. 2006), often 

accompanied by the increased production of granulocytes and megakaryocytes. According 

to the 2008 WHO classification, the diagnosis of PV requires either two major criteria and 

one minor criterion or the first major criterion and 2 minor criteria (Table 3) (Thiele et al. 

2008a). The clinical picture of PV is a direct consequence of elevated number of red cell 

mass and is mostly characterized by hyperviscosity of the blood, thus predisposing patients 

to venous and arterial thrombosis. Patients may present with neurological symptoms such 

as headache, visual disturbances, paresthesias as well as pruritus after bathing. Physical 

examination reveals that as many as 70% of patients have an enlarged spleen, while 40% 

of patients present with hepatomegaly (Spivak 2002; McMullin et al. 2005). Sometimes, 

the disease is found after routine laboratory blood tests with an elevated hemoglobin and/or 

hematocrit levels. 

ET is characterized by a persistently elevated number of platelets. Most ET 

patients are asymptomatic, but a few clinically present with thrombosis or hemorrhage 

often with neurological symptoms. The diagnosis of ET requires meeting of all four criteria 

(Table 3) (Thiele et al. 2008b). 

As for PMF, abnormalities in blood cell production due to bone marrow 

fibrosis are typical. At diagnosis, most PMF patients are asymptomatic, but physical 

examination can reveal an enlarged spleen in 80% of patients. In addition, patients may 

present with some non-specific symptoms such as fatigue, weight loss and night sweats 

(Ansell 2008). PMF diagnosis requires meeting all three major and two minor criteria 

(Table 3) (Thiele et al. 2008c). 
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Table 3. WHO 2008 diagnosis criteria of PV, ET and PMF. 
 

 PV ET PMF 
Major 
criteria 

1. Hemoglobin values should 
be >18.5g/dL (men) and >16.5g/dL 
(women) or elevated red cell mass >25% 
above normal value. 
 

2. Presence of JAK2V617F mutation or 
other similar mutation. 

1. Platelet count ≥450x109/L. 
 

2. Bone marrow biopsy showing 
megakaryocyte proliferation with large 
and mature morphology. 
 

3. Not meeting WHO diagnostic 
criteria for PV, PMF, CML, MDS or 
other MPN. 
 

4. Presents of JAK2V617F mutation or 
other clonal marker, or no evidence of 
reactive thrombocytosis in the absence 
of JAK2V167F. 

1. Megakaryocyte proliferation and atypia 
associated either with reticulin and/or collagen 
fibrosis, or in the absence of reticulin fibrosis, 
the megakaryocyte changes must be associated 
with increased bone marrow cellularity, 
granulocytic proliferation and often decreased 
erythropoiesis (i.e., prefibrotic disease). 
 

2. Not meeting WHO diagnostic criteria for PV, 
CML, MDS or other MPN. 
 

3. Presents of JAK2V617For other clonal 
markers or in the absents of these no evidence of 
reactive bone marrow fibrosis. 

Minor 
criteria 

1. Hypercellular bone marrow with 
prominent erythroid, granulocytic and 
megakaryocytic proliferation. 
 

2. Serum erythropoietin below normal 
levels. 
 

3. In vitro erythroid colony formation. 

 1. Leukoerythroblastosis. 
 

2. Increased serum lactate dehydrogenase level. 
 

3. Anemia. 
 

4. Splenomegaly. 

Data has been modified from Tefferi et al. (2009c).
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Spontaneous colony formation (in the absence of added cytokines/growth 

factors) of hematopoietic progenitor cell cultures in vitro is a key feature of MPN. Almost 

three decades ago erythroid progenitor cells from PV patients, lacking erythropoietin in 

vitro, were observed to form endogenous erythroid colonies (EECs), unlike progenitor cells 

from secondary erythrocytosis patients or normal healthy controls (Zanjani et al. 1977). 

Erythroid and megakaryocyte colony formations have proven to be quite useful in 

diagnostics (Juvonen et al. 1993; Kralovics et al. 2005). Endogenous erythroid colony 

formation is currently a minor diagnostic criterion of PV according to the WHO 2008 

classification. Initially, EEC formation was considered an effective and specific diagnostic 

tool mainly for PV (Mossuz & Groupe d'Etudes Multicentriques des Syndrome 

MyeloProliferatifs 2006), but spontaneous EEC formation was later also observed in ET and 

PMF. Similarly, reports indicated that some PV patients also presented with endogenous 

megakaryocyte colony (EMC) formation in the absence of exogenous growth factors, even 

if this feature was thought to be specific to ET (Westwood & Pearson 1996). Hibbin et al. 

(1984) has found increased number of circulating BFU-E, granulocyte-macrophage 

progenitor (CFU-GM) and megakaryocyte progenitors cells (CFU-Meg) in PMF patients 

compared with controls. In the absence of specific diagnostic markers for MPN, the culture 

assay, although it is laborious and not widely accessible, has served for several decades, but 

has nowadays been largely replaced by the Janus kinase 2 (JAK2) mutation assay. 

The description of the JAK2 and myeloproliferative leukemia virus oncogene 

(MPL) mutations in these disorders opened a new chapter in our understanding of the 

pathogenesis and our search for diagnostic and prognostic markers of these disorders. Both 

JAK2 and MPL mutations confer hypersensitivity to cytokines and the independent in vitro 

colony formation of hematopoietic cells in cases of MPN (Bruchova et al. 2008; Passamonti 

et al. 2010; Rumi et al. 2010). 
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PV usually develops slowly; if left untreated, average survival is only 1.5 years, 

but current therapy strategies have extended it to over 10 years. However, it can progress to 

secondary myelofibrosis, or the abnormal clone may begin to grow uncontrollably, thus 

leading to AML. On the other hand, ET is more indolent, and the course of the disease is 

often more benign, but associated sometimes with thrombotic or hemorrhagic complications. 

Leukemic transformation occurs in less than 5% of cases and usually associated with 

previous cytotoxic treatment (Passamonti et al. 2008). PMF, however, has the worst 

prognosis among MPN (Mesa et al. 2006). The median survival time is approximately 3 to 7 

years in patients diagnosed in the fibrotic stage. 

In a minor fraction of MPN cases, cytogenetic abnormalities are found at 

diagnosis. With disease progression, an abnormal karyotype is more frequently detected 

(Heim & Mitelman 2010), even in the absence of disease-specific genetic defects. The most 

common chromosomal abnormalities detected in PV with conventional cytogenetic 

techniques are deletions located in the long arm of chromosomes 20 and 13, the duplication 

of 1q, and trisomies of chromosomes 8 and 9 (Bench & Pahl 2005). Thanks to high 

throughput and array technologies, researchers have identified new regions involved in 

disease progression and new candidate genes (Stegelmann et al. 2010; Thoennissen et al. 

2010). Chromosome aberrations are unusual findings in ET, but are still observed in 5-10% 

of these patients (Kralovics & Skoda 2005), while in PMF patients, deletions of 13q and 20q, 

+8 and chromosomal abnormalities of 1, 7 and 9 are present in 40-50% of cases (Reilly 

2002). 

JAK2 gene, which plays a major role in cytokine signal transduction and carries 

an activating point mutation (JAK2V617F), strongly correlates with MPN (Baxter et al. 

2005), although it can occur in other myeloid neoplasms as well (Webersinke & Rumpold 

2009). Actually, the JAK2V617F mutation is present in approximately 95% of PV patients 
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and half of ET and PMF cases (Bruchova et al. 2008; Passamonti et al. 2010; Rumi et al. 

2010). On the contrary, JAK2 exon 12 mutations, which seem to be specific to the 

JAK2V617F mutation-negative PV, are absent from other cases of MPN or from healthy 

individuals (Scott et al. 2007). The JAK2V617F allele burden (the ratio of JAK2V617F 

mutant to non-mutant alleles) influences disease progression and correlates with the clinical 

phenotype. Actually, the PV cases with high allele burden levels present more severe 

disease. By contrast, the allele burden role in ET is unknown, but the JAK2V617F mutation 

in a homozygous state is associated with a high risk for thrombosis in ET patients (Lussana 

et al. 2009). 

Additionally, MPLW515L/K mutations were reported in JAK2 wild-type ET 

cases (Pardanani et al. 2006) and in 5% of patients with PMF (Mesa et al. 2006). Several 

other mutations (in TET2, ASXL1, IDH, CBL, EZH2, NF1 and IKZF1 genes) have been 

described in MPN, but their importance in the pathogenesis of MPN remains unclear 

because they are present in other myeloid neoplasms as well (Tefferi 2010). Using X-

chromosome inactivation clonality analysis, Levine et al. (2006) showed, that development 

of a clonal MPN may precede acquisition of JAK2V617F and that there exist a subset of ET 

and PMF patients with JAK2V617F-negative clonal disease. All aforementioned mutations 

affect the hematopoietic stem cell and result in cytokine-independent activation of the JAK-

STAT signal transduction pathway. Interestingly, this pathway also appears to be 

hyperactive in patients with none of these mutations, which indicates that these mutation-

free cases may have hitherto unidentified mutation(s) functionally similar to a JAK2 

mutation. 

Similarly, chronic myelogenous leukemia (CML) is an MPN, characterized by 

the increased and uncontrolled growth of myeloid cells, mainly of the mature granulocytes 

(neutrophils, eosinophils, and basophils) and of their precursors in bone marrow and the 
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accumulation of these cells in the blood. The hallmark of CML is the Philadelphia 

chromosome. The disease affects the middle aged and elderly people, and is rare in children 

(Millot et al. 2005). Although the etiology of CML remains unknown, some studies have 

implicated radiation exposure (Vardiman et al. 2008). 

CML is usually detected when an elevated white blood cell count is observed 

during a routine laboratory examination. An enlarged spleen, weight loss and fatigue may 

also be present. The natural course of the untreated disease includes three phases: an 

indolent phase followed by an accelerated phase and a blast phase. At diagnosis, 

approximately 90-95% of CML cases have a standard Philadelphia translocation 

(9;22)(q34;q11.2) (Vardiman et al. 2008), while 5-10% of CML cases have some variant 

translocation and a small number of patients have a cryptic translocation (Huret 1990). 

However the Philadelphia chromosome does not occur exclusively in CML; it has also been 

observed in B-cell acute lymphoblastic leukemia (Gleissner et al. 2002). 

The BCR-ABL1 fusion gene, which arises from the Philadelphia translocation, 

encodes an aberrant tyrosine kinase which is constitutively activated and favors cell 

proliferation. This can, however, be inhibited by imatinib (a selective inhibitor of ABL1 

kinase) (Capdeville et al. 2002; De Keersmaecker et al. 2005). Actually, 70-90% of patients 

treated with imatinib achieve a complete cytogenetic response (Vardiman et al. 2008). 

Lately, the second generation of BCR-ABL kinase inhibitors have been introduced being 

more potent and providing a complete response even more rapidly than does imatinib 

(Kantarjian et al. 2010; Saglio et al. 2010). 
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Myelodysplastic syndromes 
 

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal stem cell diseases 

characterized by peripheral blood cytopenias, bone marrow dysplasia and by a strong 

predisposition to become acute myeloid leukemia (AML); for this reason, MDS were 

previously considered to be preleukemias (Silverman 2003). The bone marrow is usually 

normo- or hypercellular but sometimes hypocellular. Peripheral blood cytopenias appear as 

a results of ineffective hematopoiesis, different degrees of maturation disturbances and 

apoptosis. 

MDS affect mainly the elderly, the median age at diagnosis being 70 years 

(Jadersten & Hellstrom-Lindberg 2010). The clinical features of MDS are non-specific; 

rather, patients present general symptoms stemming from their cytopenias, such as pallor 

and weakness, infections, bruises, bleeding and petechiae. Many patients are asymptomatic, 

and routine blood counts identify anemia, neutropenia and/or thrombocytopenia. 

The etiology of MDS is poorly understood, but has in some primary, de novo 

MDS cases been associated with exposure to certain chemicals (benzene, pesticides, 

solvents, etc), infections, and a family history of primary disease. Similarly, the etiology can 

be associated with previous chemo/radiotherapy in cases of secondary (therapy-related) 

MDS (Brunning et al. 2008). 

Several classifications exist for MDS. In 1982, a French-American-British (FAB) 

consensus classified MDS into five entities based on bone marrow morphology: refractory 

anemia (RA), refractory anemia with ring sideroblasts (RARS), refractory anemia with 

excess blasts (RAEB), refractory anemia with excess blasts in transformation (RAEB-T), 

and chronic myelomonocytic leukemia (CMML) (Bennett et al. 1982). The World Health 

Organization, in turn, modified and complemented the FAB classification in 2001 and  
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updated this classification in 2008 (Brunning et al. 2008) (see Table 4). The WHO 2008 

classification, which is, currently, the most widely used classification of MDS, considers the 

blast levels of 20% to be the line separating myelodysplasia from AML. 

 
Table 4. The 2008 WHO classification of MDS. 

 

Refractory cytopenia with unilineage dysplasia (RCUD) (Refractory anemia, Refractory 
neutropenia, and Refractory thrombocytopenia) 

Refractory anemia with ring sideroblasts (RARS) 

Refractory cytopenia with multilineage dysplasia (RCMD), which includes the subset 
Refractory cytopenia with multilineage dysplasia and ring sideroblasts (RCMD-RS). RCMD 
includes patients with pathological changes not limited to red cells (i.e., prominent white cell 
precursor and platelet precursor (megakaryocyte) dysplasia. 

Refractory anemia with excess blasts 1 and 2. RAEB was divided into RAEB-1 (5-9% blasts) 
and RAEB-2 (10-19% blasts), which has a poorer prognosis than RAEB-1. Auer rods may appear 
in RAEB-2, which may be difficult to distinguish from acute myeloid leukemia. 

Myelodysplastic syndrome – unclassifiable (MDS-U) (observed in cases of megakaryocyte 
dysplasia with fibrosis and others) 

Myelodysplastic syndrome with isolated del(5q) 

Childhood myelodysplastic syndrome(dysplasia in childhood) 
Refractory anemia with ring sideroblasts - thrombocytosis (RARS-T), which is in essence a 
MDS/MPN disorder and usually has a JAK2 mutation. 
CMML was removed from the MDS and placed in a separate category of MDS/MPN. 
 

In MDS, prognosis varies considerably; the propensity for leukemic 

transformation is almost absent in some categories and very high in others. The International 

Prognostic Scoring System (Greenberg et al. 1997) evaluates survival and risk of 

progression to leukemia based on the percentage of blasts in the marrow, cytogenetic 

aberrations, and the number of cytopenias (Table 5). Based on these four risk groups are 

recognized: low, 0; intermediate-1 (INT-1), 0.5-1.0; intermediate-2 (INT-2), 1.5-2; and high 

≥2.5. The median survival in time and the evolution to AML of MDS patients is shown in 

Table 6 (Greenberg et al. 1997). 

 

 

http://en.wikipedia.org/wiki/Cytopenia
http://en.wikipedia.org/wiki/Refractory_neutropenia
http://en.wikipedia.org/wiki/Refractory_neutropenia
http://en.wikipedia.org/wiki/Refractory_thrombocytopenia
http://en.wikipedia.org/wiki/Refractory_cytopenia_with_multilineage_dysplasia
http://en.wikipedia.org/wiki/Auer_rods
http://en.wikipedia.org/wiki/5q-_syndrome
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Table 5. The International Prognostic Scoring System in MDS. 
 

Score 0 0,5 1 1,5 2 
Prognostic variables      
Bone marrow blasts (%) < 5% 5-10%  11-19% 20-30% 
Karyotype a Good Intermediate Poor   
Cytopenias b 0-1 2-3    

aGood: normal,-Y, deletion of chromosomes 5q and 20q; Poor: complex karyotype (≥3 
chromosomal aberrations) or chromosome 7 abnormalities; Intermediate: other abnormalities. 
bHemoglobin <10g/dl; Neutrophils <1.8x109/L, Platelets <100x109/L. 
Data retrieved from Brunning et al. (2008). 
 

Table 6. Evolution to AML and median survival in time of MDS patients in each IPSS group. 
 

Age ≤ 60 > 60 > 70 
Median survival 
(years) 
low 
INT-1 
INT-2 
high 

 
 
11.8 
5.2 
1.8 
0.3 

 
 
4.8 
2.7 
1.1 
0.5 

 
 
3.9 
2.4 
1.2 
0.4 

25% AML  
evolution (years) 
low 
INT-1 
INT-2 
high 

 
 
> 9.4  
6.9 
0.7 
0.2 

 
 
> 9.4  
2.7 
1.3 
0.2 

 
 
> 5.8  
2.2 
1.4 
0.4 

Data obtained from Greenberg et al. (1997). 
 

Cyto- and molecular genetics greatly impact the pathogenesis, diagnosis and 

evaluation of the prognosis as well as the treatment of MDS patients. A wide range of 

cytogenetic aberrations occur in 20-70% of patients, varying according to MDS type 

(Tefferi & Vardiman 2009). The loss of chromosomal material is the most common 

cytogenetic alteration found in these disorders, especially the loss of the whole/long arm of 

chromosomes 5 or 7, or partial deletions of the long arm of chromosome 20; in contrast, 

gained material frequently manifests as trisomy 8. Similarly, aberrations of the short arm of 

chromosomes 17 and 12, as well deletion in 11q23 and the loss of chromosome Y also occur 

(Nimer 2008; Bejar & Ebert 2010). As for prognosis, cases with more than three 
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chromosomal aberrations often have a poor prognosis, whereas a normal karyotype is 

associated with a more favorable prognosis, similar to that of 5q- syndrome, the loss of 20q 

or Y. Translocations are rare and non-specific to MDS. 

Recently, several mutations have been detected in MDS, among them a point 

mutation of the TET2 (Ten-Eleven Translocation 2) gene; but it is not limited only to MDS, 

however, and also occur in other myeloid malignances (Tefferi et al. 2009a). Similarly, the 

activating JAK2V617F mutation can occur in 5% of MDS, even if it is characteristic of 

MPN. Other mutated genes which have also been involved in MDS and other myeloid 

malignances include: ASXL1, CBL, RAS family of genes, TP53, RUNX1, and IDH 

(Heinrichs et al. 2009; Jadersten & Hellstrom-Lindberg 2010). 

Epigenetic events greatly impact the pathogenesis and treatment of MDS. CpG 

island aberrant methylation is the most common, and was observed to be a progressive 

process in MDS (Jiang et al. 2009). All in all, the hypermethylation of genes involved in 

apoptosis, cell cycle regulation and histone deacethylation is frequently observed in these 

disorders. Nowadays, both hypermethylation and deacethylation are targets for MDS 

treatment. The first agent in MDS to prolong survival is the hypomethylating pyrimidine 

analogue azacitidine (Fenaux et al. 2009). 

The application of genome-wide array technologies has described various 

cryptic genomic changes (Gondek et al. 2008; Starczynowski et al. 2008; Heinrichs et al. 

2009). In recent years, however, research has added new insight into the pathogenesis and 

progression of MDS by finding new mutations (Tefferi et al. 2009a; Tefferi 2010), 

deregulated miRNAs, however, the primary genetic events involved in MDS are still 

unidentified. The lack of biological and clinical markers as well as of a specific targeted 

therapy makes MDS a target for intense study. 
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Methods for studying genetic alteration in hematological malignancies 
 

Many efforts sought to identify the molecular basis and the importance of chromosomal 

imbalances in the pathogenesis of various malignancies (Mitelman 2000). Cytogenetic and 

molecular genetics analyses have become an important tool in the diagnosis, prognosis 

evaluation, and monitoring of the residual disease in hematologic neoplasms, and are 

essential component of the latest WHO classification of hematologic malignancies 

(Swerdlow et al. 2008). 

The great diversity of myeloid malignancies implies the use of various 

techniques (Table 7). The most frequently used cytogenetic technique in routine clinical 

practice is standard karyotype analysis (“G banding”) (Speicher & Carter 2005), which 

easily detects gross chromosomal deletions, inversions, insertions, translocations and other 

complex chromosomal rearrangements. However, karyotype analyses require actively 

dividing cells and have relatively low resolution. These limitations were overcome in part 

by the development of fluorescent in situ hybridization (FISH) (van Prooijen-Knegt et al. 

1982), polymerase chain reaction (PCR) (Bartlett & Stirling 2003) and comparative 

genomic hybridization (CGH) (Kallioniemi et al. 1992), thereby revealing many previously 

unknown chromosomal rearrangements. 

 

Table 7. Comparison of various cytogenetic and molecular techniques comparison. 
 

Method Resolution Tissue  
Karyotype 5-10 Mb at 550-850 band bone marrow, blood 

FISH 5Mb–10 Kb bone marrow, blood, FFPE 
PCR several Kb bone marrow, blood, FFPE 

conventional CGH 3-5 Mb bone marrow, blood, FFPE 
array CGH > 1Mb–a few Kb bone marrow, blood, FFPE 

 

The FISH technique is rapid, provides targeted analysis, and is suitable for non-

dividing cells also. This technique can reveal chromosomal aberrations undetectable by 
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conventional cytogenetic methods and is especially appropriate for diverse sample types and 

for the detection of smaller clones, evaluation of for instance prognostically significant 

known aberrations and monitoring of treatment response. The chromosomal regions 

evaluated by FISH are usually larger than those studied with PCR, which, in turn, is used in 

diagnostics and monitoring of minimal residual disease. The PCR method may be used to 

detect mutations as well as very small malignant clones in the patient sample, permits 

quantification of the transcript, and assesses disease status. Over time, different variations of 

the basic PCR method have been developed and have become the method of choice for gene 

copy number quantification, gene expression analysis, and the detection of single nucleotide 

polymorphisms (SNPs) and mutations in the test samples. 

CGH detects copy number changes (gains/losses) in the test DNA (often in a 

tumor test sample), but the balanced structural changes (balanced translocation, inversions) 

cannot be detected. In short, the DNA from a test sample and from a control (normal tissue) 

is labeled with different fluorescent dyes. The equal amounts of labeled test (red) and 

reference sample (green) DNA are combined and hybridized to normal metaphase 

chromosomes (Figure 2). CGH radically changed the cytogenetic field, even though the 

resolution was still too low and the normal cell contamination of the sample influenced the 

results. To overcome these limitations, metaphase preparates, such as the hybridization 

targets, have been replaced with genomic DNA clones spotted onto microscope slides 

(microarray) (Solinas-Toldo et al. 1997; Pinkel et al. 1998). For this fluorescent labeled test 

and reference DNA samples are hybridized against the array slide, which contains DNA 

oligonucleotide probes (Figure 2). During hybridization, the samples compete for 

complementary regions on the array slide, and the binding ratio of the probes will depend on 

the genetic material in the test sample compared with the control sample. After 

hybridization, the array slides are washed to remove any unbound DNA, and then scanned. 
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The image obtained is further processed and the ratios of both dyes are calculated for each 

probe to determine the chromosomal aberrations in the test sample. A gained or amplified 

chromosomal region in the test sample will have an increased fluorescence ratio (appearing 

in red), whereas a loss/deleted region has a reduced ratio (appearing in green). The array 

CGH can be applied in cases where the amount of DNA is very small, (e.g. analysis of a 

single cell) (Gangnus et al. 2004). 

 
 

Figure 2. Schematic overview of the metaphase CGH and array CGH. 
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Knowledge of the human genome sequence (Lander et al. 2001) has enhanced 

the development of different high throughput techniques to map defective genes and to 

identify single nucleotide alterations, thereby increasing the resolution from megabase to 

kilobase levels (Vissers et al. 2005). 

 

MicroRNA expression profiling 
 

In the past few years, even smaller genomic units, such as microRNAs (miRNA), have been 

extensively studied in human cancers. MiRNAs are small non-coding, phylogenetically well 

conserved RNA molecules (20-25 nt in length) that regulate gene expression by degrading 

or repressing target messenger RNA (mRNA) (Calin & Croce 2006). Some miRNA genes 

are located in exons and others in non-coding regions of the genome (Negrini et al. 2009). 

Thus, over 700 miRNAs have been identified in the human genome (Zhang et al. 2011). The 

abundance of studies has pointed out that miRNAs greatly impact not only normal cell and 

tissue development, but different pathological states as well (e.g. cancers, diabetes, heart 

disease) (Zhang 2009; Santarpia et al. 2010). 

The biogenesis of miRNA originates in the nucleus by the transcription of DNA 

to long transcripts known as primary miRNA (can be several thousand nucleotides long), 

which is cleaved by Drosha endonuclease into pre-miRNA (double stranded RNA of about 

70 nt in length). The pre-miRNA is transferred to the cytoplasm, where it is cleaved by 

Dicer ribonuclease into 20 to 25 nucleotide long, double-stranded RNA, and is then 

separated into one mature strand (miRNA) and one passenger strand (miRNA*). The mature 

strand is incorporated into the RNA-induced silencing complex (RISC), and the passenger 

strand is preferentially destroyed. Because miRNAs require no perfect complementarity for 

their target mRNA, one miRNA can target multiple genes and, many miRNA can regulate 

one gene. 



30 

 

 
Figure 3. MicroRNA biosynthesis (Figure 3 has been modified from Santarpia et al. 2010). 

 

Recent studies have revealed that the aberrant expression of miRNAs is 

involved in many diseases, including malignancies. Also, some studies reported that 

miRNAs can function as an oncogene or as a tumor suppressor gene (Chen 2005; Hammond 

2007; Wang et al. 2010), and their expression profiling can serve to classify human cancers 

more accurately than gene expression does (Lu et al. 2005). In cancer, the dysregulated 

miRNAs are evidently located in or near altered chromosomal regions breaking points 

(gains, deletions or translocations). Promisingly, altered miRNA expression (disease-, 

tissue- and cell-specific expression) can serve in the future in diagnostics and as potential 

therapeutic targets. 
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AIMS OF THE STUDY  
 
The aim of the study was to identify genomic imbalances in MPN and MDS using the latest 

microarray techniques (array CGH and miRNA) in order to identify the clinically relevant 

genes involved in these disorders. 

 

The specific aims were: 

● To screen the JAK2 gene point mutation status of the clinical samples and to 

compare it to the in vitro growth pattern of hematologic progenitor cells in MPN. 

● To screen for novel/cryptic copy number alterations and to identify clinically 

relevant genes in MPN and MDS. 

● To show the feasibility of miRNA array profiling of formalin-fixed, paraffin-

embedded (FFPE) and decalcified bone marrow core biopsy specimens. 

● To integrate array CGH and miRNA expression data and to identify molecular 

markers to aid in the diagnosis and prognosis of MDS. 
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MATERIALS  
 

Patients 
 
For the present study, we selected 155 bone marrow and blood samples from MPN, MDS 

and leukemia patients. The patients were diagnosed and treated at the Helsinki University 

Central Hospital between 1998 and 2007. Information about the sample and methods used 

for this study appear summarized in Table 8. 

 

Table 8. Overview of the sample material and methods. 
 

Study Disease Number of 
patients 

Focus of genetic 
changes 

Method Sample 
material 

I 
II 

ET/ PV 
ET/PV 

100 (58/42) 
35 (14/21) 

Mutation 
CNA 

PCR 
array CGH 

FF BM, B 
FF BM, B, C 

III ALL/CML 18 (9/9) Gene Expression miRNA array FFPE 
IV MDS 37 CNA array CGH FF BM, B 
V MDS 19 Gene Expression miRNA array BM smears 
Abbreviations: CNA, copy number alterations; FF, fresh frozen; BM, bone marrow; B, blood; C, 
colonies of hematopoietic progenitors; FFPE, formalin-fixed paraffin embedded. 
 

Sample preparation 
 

Bone marrow aspirates and peripheral blood samples 
 
Bone marrow aspirates were taken at the time of diagnosis at the Helsinki University 

Central Hospital. About two to three millilitres of bone marrow aspirate or five milliliters of 

peripheral blood were collected in heparin tubes and stored at -70°C. 
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Bone marrow smear samples 
 

According to standard procedures, two representative smears from aspirated bone marrow 

were stained with May-Grünwald-Giemsa staining and air dried, and cover slides with 

Permount® mounting medium (Fisher Scientific, Fair Lawn, NJ, USA) were then applied. 

 

Core biopsy preparations 
 

Bone marrow core biopsies were fixed in formalin at the Central Laboratory of Pathology, 

Helsinki University Central Hospital for at least 24 hours before decalcification in a neutral 

solution. Following standard protocols, the sample was also embedded in paraffin. 

 

In vitro cultures of hematopoietic progenitors  
 

As a part of routine diagnostic work, erythroid (BFU-E) and megakaryocytic (CFU-Meg) 

progenitors from BM aspirates were cultured as previously described (Juvonen et al. 1993). 

The cultures of BFU-E and CFU-Meg were counted on the 14th day of culture. 

 

Myeloproliferative neoplasms (I-II) 
 

Bone marrow, blood, BM mononucleated cells and hematopoietic progenitor colony cells 

from ET/PV patient were collected during diagnosis in the Helsinki University Central 

Hospital and stored at the Pathology Department, Helsinki University Central Hospital. The 

samples were mainly fresh and fresh frozen, but 9 were collected and kept in stabilization 

liquid. 
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Leukemia samples (III) 
 

ALL and CML formalin-fixed paraffin-embedded (FFPE) bone marrow core biopsies and 

frozen bone marrow aspirates were retrieved from the archives of the Pathology Department, 

Helsinki University Central Hospital. Karyotype analyses were available for all leukemia 

samples, as were array CGH data for ALL cases. 

 

Myelodysplastic syndromes (IV, V) 
 

Frozen bone marrow aspirates samples from MDS patients (Study IV) were retrieved from 

the archives of the Pathology Department, Helsinki University Central Hospital. Bone 

marrow smears from diagnosis were obtained from the Medicine Department, Helsinki 

University Central Hospital (Study V). 

 

Ethical Permission 
 

The patients provided their informed consent before collection of the samples. The Ethical 

Review Board of the Helsinki University Central Hospital (§303/2006) had approved the 

study protocols. 
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METHODS 
 

Nucleic acid extraction 
 

Studies I, II, and IV used standard methods for DNA extraction (Lahiri & Nurnberger 1991) 

from fresh frozen BM and blood, whereas a Puregene DNA purification kit was used for 

mononucleated cells and for the hematopoietic progenitor colony cells (Studies I and II). As 

for the samples in stabilization liquid, a Boehringer Mannheim DNA extraction kit 

(Promega, Madison, USA) was applied (Study I). DNA from pooled healthy male and 

female peripheral blood samples served as references in the array CGH experiments. Total 

RNA was extracted from the bone marrow samples in Studies III and V using the Qiagen 

miRNeasy FFPE Kit and miRNeasy Mini Kit (Qiagen, CA, USA) protocols in accordance 

with the sample types. RNAs from eight healthy donors were used as control samples in the 

miRNA expression experiments. 

 

Mutation analysis (I, II) 
 

For the ET and PV samples, we determined JAK2 (Studies I and II) and MPLW515L 

(Study I only) point mutations status. For the JAK2V617F was used an allele-specific PCR 

method as described Baxter et al. 2005. Exon 12 mutations of the Janus kinase 2 gene were 

screened with allele-specific PCR using forward primer 5´CTC CTC TTT GGA GCA ATT 

CA3´ and reverse primer 5´GAG AAC TTG GGA GTT ATA3´. Genotyping of the 

MPLW515L allele was performed on a LighCycler (Roche Applied Biosience, Indianapolis, 

IN, USA) and verified using direct DNA sequencing. 
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Methylation-specific PCR (IV) 
 

We used three different primer sets to check the methylation status of the RPS14 gene 

(Tasheva & Roufa 1995). The DNA was treated with sodium bisulfide using an Imprint 

DNA Modification Kit (Sigma-Aldrich, MO, USA) prior to amplification. Positive control 

DNA was selected from the CpGenome universal methylated DNA (Milipore, MA, USA), 

and negative control DNA from the pooled peripheral blood of healthy individuals. 

 

In vitro cultures of hematopoietic progenitors (I, II) 
 

The hematopoietic progenitor cells were cultured as a part of the routine diagnostic work 

previously described (Juvonen et al. 1993). Briefly, for the cultures of megakaryocytic 

(CFU-Meg) and erythroid (BFU-E) progenitors, mononuclear cells from bone marrow or 

blood were separated using Ficoll gradient centrifugation and cultured in a methyl 

cellulose-containing medium. Growth of CFU-Meg was considered spontaneous when 10 

colonies/1 x 105 mononuclear cells were present. BFU-E progenitors were cultured with the 

addition of erythropoietin (EPO 2 U/ml, Janssen-Cilag AG, Schaffhausen, Switzerland) or 

without EPO (spontaneous growth). The cultures were scored on day 14, and BFU-E, CFU-

Meg and granulocyte-macrophage colonies were then collected from selected cases (2 

patients). 

 

Oligonucleotide-based array comparative genomic hybridization (II, IV) 
 

Chromosomal copy number alterations were studied in ET, PV (Study II) and MDS (Study 

IV) using 44K (containing 44 000 probes) and 244K arrays (with 236 000 probes) from 

Agilent (Agilent Technologies, Santa Clara, CA, USA). As a reference, pooled DNA from 
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healthy donors was sex matched with the samples. Test and reference samples were digested, 

then labeled and hybridized in conformance with Agilent`s protocol (v2.0 for Study II and 

v4.0 for Study IV). After 40 hours, the arrays were washed and scanned with an Agilent 

microarray scanner (G265BA in Study II and G2505B in Study IV). Output images were 

processed with Feature extraction (v8.1 and v9.5) and analyzed with Agilent CGH analytics 

software (v3.2 and v3.5) (Agilent Technologies). The chromosomal aberrations were scored 

using the Z-score (Study II) and the ADM-1 (Study IV) algorithms (Feature extraction 

reference guide) with threshold set at 2.5 and 6.0, respectively; in addition, an aberration 

filter was set to minimize small aberrations/variations and to show only regions with a 

minimum of five aberrant probes. Polymorphic variations, according to the Database of 

Genomic Variants (Iafrate et al. 2004), were excluded from the analysis. 

 

MicroRNA array (III, V) 
 

MicroRNA expression profiling was studied using an Human miRNA Microarray Kit V2 

(representing 723 human and 76 human viral miRNAs from Sanger miRBase release 10.1) 

in ALL and CML (Study III), and an Human miRNA Microarray Kit V3 (representing 886 

human and 89 human viral miRNAs from Sanger miRBase release 12.0) in MDS (Study V) 

(Agilent Technologies). The RNA was dephosphorylated, labeled and hybridized according 

to the miRNA complete labeling and hyb kit protocol v2.1. The arrays were washed after 20 

hours and scanned with a high resolution Agilent scanner (G2505B, Agilent Technologies); 

the images were then processed with Feature extraction software (v9.5, Agilent 

Technologies). Data and statistical analyses were carried out with Chipster software 

(http://chipster.csc.fi/) (Studies III and V) using default settings for the Agilent miRNA 

array and with SPSS v16.0 (Study III). 
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The poor-quality arrays were excluded from further analysis. The log2 

transformed data were normalized using the default setting for the Agilent miRNA array 

platform V2 (Study III) and quantile normalized with no background subtraction (Study V) 

using Chipster software. We summarized the multiple probes of miRNA into a single value 

with a robust multichip average (RMA) algorithm. To identify significantly differentially 

expressed miRNA, we used an empirical Bayes procedure and the Benjamini-Hochberg 

method (Benjamini & Hochberg 1995) as multiple corrected testings with a p-value under 

0.05 and a more than two-fold change. For Study V, we used Chipster annotation tools to 

identify the target genes of the altered miRNA and to further pathway analysis using a gene 

ontology enrichment statistical test. 
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RESULTS AND DISCUSSION 
 

Association of the JAK2V617F mutation status and the in vitro growth of 
hematopoietic progenitors (I) 
 

To find a possible correlation between the spontaneous megakaryocytic and erythroid 

colony formation of hematopoietic progenitor cells and the JAK2V617F mutation status, we 

analyzed samples from 100 patients: 42 PV and 58 ET (Study I). The JAK2V617F mutation 

was detected in 38 (91%) of the PV and 33 (57%) of the ET patients. Spontaneous colony 

growth was observed in 85% of all the MPN patient samples. All JAK2V617F mutation-

positive patients had spontaneous erythroid growth, with one exception: an ET patient 

whose apparent diagnosis was RARS-T. The 2008 WHO classification proposed RARS-T 

(previously described as ET with ring sideroblasts) as unclassified MDS/MPN, which may 

explain the different behaviours regarding the in vitro culture of the hematopoietic 

progenitors. We detected spontaneous BFU-E growth as well in nine patients (4 PV, 5 ET) 

with JAK2V617F wild-type. Six patients (2 PV, 4 ET) from these cases were tested for the 

JAK2 exon 12 mutation; none of them tested positive for this mutation. Overall, we can 

conclude that the presence of a JAK2 mutation was associated with spontaneous erythroid 

colony formation in both PV and ET patients, but in ET patients was associated with 

spontaneous CFU-Meg also (Table 9). 

Similarly, Boissinot et al. (2006) found that the JAK2V617F mutation was 

present in megakaryocytes as well. In our study, all patients with spontaneous CFU-Meg 

growth, but without spontaneous BFU-E growth, were diagnosed as ET with wild-type 

JAK2. Therefore, we looked for a MPLW515L mutation in seven of these cases, but only 

one case was found to have this mutation. These results suggest that other pathogenetic 

events may be implicated in the spontaneous growth of hematopoietic progenitors in MPN. 
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Table 9. Associations between the presence of the JAK2V617F mutation and spontaneous colony 
formation assays in samples from 42 PV and 58 ET patients. 
 

 PV patients  ET patients 
 JAK2V1617F JAK2WT JAK2V1617F JAK2WT 
Spontaneous CFU-Mega 22 (52%) 4 (10%) 23 (40%) 8 (14%) 
No spontaneous CFU-Meg 13 (31%) 2 (5%) 10 (17%) 17 (29% 
Spontaneous BFU-E 42 (100%) 4 (10%) 32 (55%) 5 (9%) 
No spontaneous BFU-E 0 (0%) 2 (5%) 1 (2%) 20 (34%) 
Peripheral blood countsb     
Haemoglobin(g/L) 173 155 149 136 
Hematocrit (%) 52 48 44 41 
Leukocytes (109/L) 11,6 10,7 8,6 6,9 
Erythrocytes (1012/L) 6,1 5,33 5 4,5 

a Presents of colonies are showed in case numbers and (percentage); b peripheral blood counts are 
showed as mean values. Abbreviations: spont, spontaneous; JAK2WT, JAK2 wild-type. 

 

The presence of the spontaneous colony growth, which is an attribute of 

abnormal cytokine signaling transmission, and the mutated JAK2 gene may not be the only 

elements implicated in the pathogenesis and proliferative features of these diseases. During 

the past two years (i.e. after publication of our manuscripts), other studies have described 

additional mutations in MPN that involve MPL and other genes (e.g. TET2 and c-CBL) as 

well (Rumi et al. 2010). 

The latest WHO classification system included JAK2 and MPL mutations as 

major diagnostic criteria for MPN, and colony-forming assays are included only as minor 

diagnostic criteria for PV. Therefore, the in vitro colony-forming assay might be regarded as 

a more general, “functional” method for facilitating diagnosis of JAK2 wild-type MPN. 

 

Copy number alterations in ET and PV (II) 
 

To detect copy number alterations by oligonucleotide-based array CGH (44K and 244K) we 

selected 10 JAK2V617F mutation-positive PV patients and 4 JAK2 wild-type PV patients as 

well as 21 ET patients of which 10 were JAK2V617F mutation-positive and 11 wild-type. 
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The analysis revealed copy number alterations in chromosomes 1q (1q21.1q32.1 duplication) 

and 13q (13q12.3q21.32 deletion) in one patient (diagnosed as ET with JAK2V617F wild-

type) (Figure 4). Both the 1q partial duplication and the 13q deletion (Pastore et al. 1995; 

Kawamata et al. 2008) have been described in MPN, but no specific cytogenetic 

abnormalities have been reported to date. Although the deletion of 13q can occur in ET, it is 

more frequent in PV (Panani 2007). We found no deletion leading to a loss of genetic 

material at the 9p loss of heterozygosity (LOH) locus/JAK2 locus. The 9pLOH has been 

found to be present in 30% of the PV patients (Kralovics & Skoda 2005). 

 
 
 
 
 
 
 
 
 
 
 
Figure 4. Aberration summary of  
chromosomes 1 and 13 in the ET case  
(Duplication is indicated in red and  
deletion in green).  

 

Due to limited quantity of DNA we performed high resolution (244K) array for 

five samples that included two hematopoietic progenitor cell colony samples: one BFU-E 

and one CFU-Meg sample. Overall, 244K array CGH served to verify the results obtained 

with 44K array CGH. The normal results from progenitor cells were in agreement with the 

results obtained from whole bone marrow cells from the same patients. 

No previous reports were available on array CGH using high-density 

oligonucleotide-based microarrays, but previous results with array CGH on BAC (bacterial 

artificial chromosome) platforms had indicated no chromosomal imbalances in MPN 

(Espinet et al. 2006). After our study, one report showed that array CGH revealed copy 
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number alterations in 35% of PV and 15% of ET cases in their study (Tefferi et al. 2009b). 

About half of the patients in this study had undergone myelosuppressive treatment, and the 

sample material included purified granulocytes, which could account for the discrepancies 

between their and our study (Study II). 

Our results suggest that copy number changes are rare in PV or ET; even though 

we used sensitive high resolution microarray analysis to unearth submicroscopic genomic 

imbalances. The frequency of CNA in MPN will probably increase with the development of 

more sensitive and higher density arrays. 

 

Core biopsy paraffin-embedded core bone marrow biopsy samples as a 
reliable source of miRNA (III) 
 

Formalin-fixed and paraffin-embedded (FFPE) is the standard method for 

preserving and storing biopsies and surgical specimens; it is the most abundant archival 

material in the world and is available in many pathology laboratories. Although FFPE 

specimens are widely available, their use in molecular profiling experiments is significantly 

limited due to formalin fixation, which causes crosslinkage between proteins and nucleic 

acids, and partial degradation of RNA and DNA (Srinivasan et al. 2002). Consequently, 

microarray expression analysis using these specimens is challenging (Farragher et al. 2008). 

MiRNAs are, however, more stable in the samples due to their integration into the RNA-

induced silencing complex (in which miRNA are incorporated after synthesis). 

In our study (Study III), besides the formalin fixation, bone marrow core 

biopsies had been exposed to decalcification, which also affects the integrity of the nucleic 

acids, and especially that of RNA (Liu et al. 2002). In Study III, 18 matched (9 ALL, 9 

CML) core biopsy (CB) and bone marrow aspirate (BA) samples were investigated using 

miRNA array V2 (Agilent Technologies). 
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RNA quantification permitted us to continue with the hybridizations. First, we 

performed technical replicates (duplicates) of three samples to evaluate their reproducibility. 

The average Pearson correlation between replicates was higher (coefficient above 0.94 in all 

cases) than between unrelated samples, and the number of probes detected (present 

according to the Feature extraction analysis algorithm) in the CB samples was comparable 

to that in the matched BAs, but on average fewer in CB. Technical replicates generally 

grouped together when unsupervised hierarchical clustering was used (Figure 5). All these 

facts suggest that core biopsies are suitable for the microarray profiling of miRNA. Even 

though the number of expressed miRNAs between the CB and BA samples differed slightly, 

this result can be attributed to the sample contents and their cellularity as well as additional 

bone and connective tissues. 

 
Figure 5. Hierarchical clustering of the technical replicates. Abbreviations: Dup, duplication; CB, 
core biopsy; BA, bone marrow aspirate; 2, 4,9,10 represent the patient number. 
 

We separately profiled the two leukemia types against the controls. We 

detected differentially expressed miRNAs, common between CBs and BAs, for each 

leukemia type: 43 in CML and 21 in ALL. Among these, miR-142-3p and miR-15b were 

present in both leukemias; the only difference was that miR-142-3p was upregulated in ALL 

and downregulated in CML, but miR-15b was downregulated in both leukemia types. In 
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agreement with other ALL reports (Zanette et al. 2007; Fulci et al. 2009; Ju et al. 2009; 

Schotte et al. 2009), miR-222 and miR-181b were also upregulated in our study. After 

combining the all BAs and CBs for each leukemia type using an unsupervised clustering 

method, we obtained two separate/different groups of miRNAs, which actually 

corresponded to the two leukemia types. 

The inconsistency, in CML, of the miRNA profiles of miR-15, miR-16, miR-

221, miR-155, miR-10a, miR-150 and miR-96 (reported previously) (Ramkissoon et al. 

2006; Agirre et al. 2008) as well as those obtained by our studies was probably due to the 

types of sample used (we used FFPE samples and in the other studies used hematopoietic 

cell lines, mononuclear and CD34+ cells).  

Our results, like those of others, indicated that miRNAs are stable in FFPE (Li 

et al. 2007; Doleshal et al. 2008) samples, even if the samples used in our study (Study III) 

were additionally subjected to decalcification. In conclusion, bone marrow core biopsy is a 

reliable starting material for miRNA expression profiling. 

 

Copy number alterations in MDS (IV) 
 

In our aCGH analysis numerous submicroscopic copy number alterations were observed in 

the bone marrow samples taken at diagnosis from 37 de novo MDS patients, but none 

correlated with the MDS entities or stages (the cohort comprised of 2 RAEB-1, 7 RAEB-2, 

17 RCMD, 2 CMML, 5 RARS and 4 cases of 5q– syndrome). Karyotype analysis revealed 

that 18 of the 37 samples had chromosomal aberrations, while array CGH analysis refined 

the breakpoint of known aberrations and revealed new ones. Overall, these sizes ranged 

from a few kb (> 65 kb) to the loss/gain of a whole chromosome (Table 10). 
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Table 10. Summary of array CGH results on 37 MDS cases. 
Number of patients/ 

Diagnosis 
Array CGH results (number of cases/ %)  

a1 b2 c3  
17  RCMD 
5    RARS 
2    RAEB 1 
7    RAEB 2 
2    CMML* 
4    5q– syndrome 

6 (35%) 
4 (80%) 
1 (50%) 
4 (57%) 
1 (50%) 
– 

9 (53%) 
– 
1 (50%) 
1 (14%) 
1 (50%) 
4 (100%) 

2 (12%) 
1 (20%) 
– 
2 (29%) 
– 
– 

1No copy number changes; 2 with one or two copy number changes, and 3 with complex copy 
number alterations. *The 2008 WHO classification place CMML as a mixed 
myelodysplastic/myeloproliferative neoplasms. 
 

Due to the genetic heterogeneity of MDS, we detected small aberrations in 

nearly all chromosomes; deletions were observed more frequently than gains. The most 

frequently observed aberrations were deletions at 5q and 7q with a common region at 

5q21.3q32 and 7q22.1q33, respectively, as well as trisomy 8. In addition, losses commonly 

recurred at 11q, 12p, 17p, 18q and 20q, as did gains at 8p; we detected no high-level 

amplifications (Figure 6). 
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Figure 6. The most frequent copy number alteration in 37 de novo MDS cases. The image, generated with DNA analytics software (Agilent 
Technologies), shows along the X axis the percentage of each chromosome aberration across all samples (green indicates losses, and red indicates 
gains).
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The commonly deleted region in MDS, 5q, contains about 40 genes, but neither 

tumor suppressor genes nor mutations were reported in this region until Ebert et al. (2008) 

showed the haploinsufficiency of the RPS14 gene. They proposed RPS14 as a candidate 

gene for MDS 5q– syndrome. However, this gene has been shown not to be responsible for 

all clinical characteristics in MDS 5q– syndrome, which indicates that one or more genes 

are implicated in the pathogenesis and progression of MDS to leukemia (Ebert 2009). To 

determine whether epigenetic mechanisms inactivate, in addition to deletion, the RPS14 

gene, we tested its methylation status in 24 MDS patient samples, including four patients 

with 5q– syndrome. Our results provided no evidence of hypermethylation of this gene, 

which is in concordance with results of a previous report (Valencia et al. 2008). 

Alongside RSP14 gene in the 5q deleted region, SPARC tumor suppressor gene 

was reported to show haploinsufficiency also and may be implicated in pathogenesis of 

MDS (Boultwood et al. 2007). SPARC gene was deleted in all our cases showing 5q 

deletion. In addition, at chromosome 5q31.2 region, haploinsufficiency of CTNNA1, HSPA9, 

CTNNA1 and EGR1 genes, have been previously described and together, greatly impact the 

pathogenesis of the disease, but individually, these genes cannot account for the clinical 

features of MDS (Graubert et al. 2009). 

Most of the previous studies have shown that in MDS, the 7q deletion has 

several breakpoints. Although these studies have postulated that the breakpoints may 

implicate some tumor suppressor genes, they reported no evident target genes (Wong et al. 

2008). 

Some of the drawbacks of array CGH include its inability to detect balanced 

translocations, inversions or mosaicism, and besides, to be detectable, a malignant clone 

should be present as an aberration in at least 35% of the cells (Evers et al. 2007). In our 

study (IV) however, one patient, with mosaic monosomy 7 detected with array CGH 
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analysis, was not observed with karyotype analysis. After re-examination of the metaphases, 

we noticed that the patient actually had one subline with der(1;7)(q10;p10) and another with 

monosomy 7. These may stem from the fact that the in vitro proliferation of the der(1;7) 

clone was superior to the monosomic clone (Knuutila et al. 1981). 

Also, possibly due to the high sample heterogeneity and lesser content in 

malignant cells in the samples from four patients, the array CGH was unable to detect the 

copy number alteration already observed with karyotype analysis. Two of these samples 

contained many clones with complex karyotype changes, and for the other two, the 

proportion of cells containing aberrations was probably below the detection limits of array 

CGH (~35%). 

Previous studies report inconsistent results for copy number alterations with 

microarray CGH due to the great heterogeneity of MDS (between subtypes, group risk or 

categories) as well as to the array technologies applied (array CGH or SNP). In Study IV, 

57% of cases showed CNA, which is in agreement with the 41% reported by Heinrichs et al. 

(2009), although other report indicated CNA up to 80% (Slovak et al. 2010). 

The losses at 12p (TEL discussed target gene), 17p (TP53 discussed target gene) 

and 20q (no target gene known) that we detected with our sensitive array CGH may be more 

frequent in MDS than previously thought; and identifying the target genes will require 

further study. 

 

MicroRNA expression profiling in MDS (V) 
 

To assess whether miRNAs are involved in the pathogenesis of MDS, we first compared 

miRNA expression profiles from both MDS and healthy bone marrow samples and, 

secondly, we integrated the array CGH with miRNA expression profiling data. 
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Three human miRNAs and one human viral miRNA (annoted according to 

Sanger miRBase release 12.0) were the most significant differentially expressed miRNAs in 

all MDS cases versus normal healthy individuals: miR-21 and miR-720 were upregulated, 

miR-671-5p and ebv-miR-BART13 were downregulated (Table 11). Epstein-Barr virus 

(EBV) is implicated in the pathogenesis of several human cancers (Pfeffer & Voinnet 2006; 

Seto et al. 2010), but no evidence regarding its role in the pathogenesis of MDS is yet 

available (Raza 1998; Raza 2000; Kerbauy & Deeg 2007; Selcuklu et al. 2009). 

 
Table 11. Differentially expressed miRNA in 19 MDS cases. 
 

Differentially expressed 
miRNA 

miRNA FC* 

MDS cases vs. Controls hsa-miR-720 1.06026 
hsa-miR-21 1.00507 
hsa-miR-671-5p -1.0706 
ebv-miR-BART13 -1.0596 

RCMD vs. Controls hsa-miR-720 1.17 
hsa-miR-1260 1.00357 
ebv-miR-BART13 -1.1575 
kshv-miR-K12-12 1.56375 

CMML vs. Controls hsa-miR-1260 1.33 
hsa-miR-720 1.3275 
hsa-miR-21 1.21875 

RAEB vs. Controls hsa-miR-1260 1.05375 
hsa-miR-199a-3p 1.08375 
hsa-miR-574-5p -1.1688 
hsa-miR-575 -1.025 
hsa-miR-1268 -1.1475 

*FC, fold change (represents the ratio between the average expression value of an miRNA over all 
test samples divided by the average value over all control samples). 
 

Despite numerous reports about the role of miRNA in myeloid neoplasia, studies 

about miRNA expression profiling are in their infancy, and no validated miRNA has yet 

been established. It is therefore unsurprising that discrepancies have been reported in results 

on miRNA expression profiling. In MDS and CMML (now considered as a MDS/MPN), the 

differences between results can also be attributed to the different methods applied (diverse 

PCR-based methods or array platforms) as well as to different sources for the material 
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(CD34+ cells, bone marrow or blood mononuclear cells, bone marrow smears, FFPE 

trephine biopsies); the type of controls used also varies (CD34+ cells, bone marrow or bone 

marrow smears from healthy individuals, peripheral blood total nucleated cells) (Bousquet 

et al. 2008; Gaken et al. 2008; Kumar et al. 2009; Pons et al. 2009; Dickstein et al. 2010; 

Dostalova Merkerova et al. 2010; Hussein et al. 2010a; Hussein et al. 2010b; Nassiri et al. 

2010; Starczynowski et al. 2010; Hussein et al. 2011). 

Has been shown that miR-145 and miR-146 are correlate with 5q- syndrome 

(Starczynowski et al. 2010). However Hussein et al. (2010a; 2010b) could not see the 

deletion of these two miRNAs. Dostalova Merkerova et al. (2010) reported normal 

expression levels of miR-145 and miR-146 in 5q- cases. In our study (Study V) we could 

not see any of these miRNAs to have significantly differentiated expression in MDS 

samples comparing with controls. 

Apoptosis is predominant in the early stages of MDS, and proliferation in the 

advanced stages, when leukemic transformation occurs. MiR-34b*, one of the upregulated 

(but not significantly) miRNAs in our MDS 5q- cases, is one of the regulators of apoptosis; 

it may therefore play a crucial role in preventing the evolution of the disease and leukemic 

transformation. In contrast, miR-21, known to be implicated in cell proliferation, was 

upregulated in RAEB, which has a strong tendency to develop AML. Both miR-21 and 

miR-34 are known to have altered expression in many cancers (Kerbauy & Deeg 2007; 

Cazzola 2008; Hermeking 2010). 

The predicted target genes for the four most differentially expressed miRNAs 

were fetched using two databases (in order to minimize the false positive results) (Krek et al. 

2005; Lewis et al. 2005), which enumerated 86 common genes. Pathway analysis was 

applied to see the biological and functional networks for these genes. The results showed 

that miR-21 is involved in the processes which regulate myeloid and lymphoid cell 
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differentiation into particular kinds of cells, maturation and specific cell fate. Is well 

established that miR-21 modulates cell proliferation and is high expressed in different 

cancers. In fact in MDS the balance between apoptosis and cell proliferation have a great 

impact during leukemic transformation and disease evolution; therefore miR-21 may have a 

central role in MDS. Even though miR-21 is one of the most studied miRNA its functions 

are still not well understood. 

Combining the array CGH and miRNA expression data, we were unable to 

detect whether copy number alterations influenced miRNA expression in our MDS cases. 

Various reports demonstrate that copy number alterations do in fact correlate with miRNA 

gene expression (Bray et al. 2009), but on the other hand, other reports could not 

demonstrate this (Lamy et al. 2006). The discrepancy may stem from the differences 

between the sample types used in the two studies, or from the obscure correlation between 

copy numbers and miRNA, unlike copy numbers and mRNA expression. The miRNAs 

regulate more than one mRNA target (Pillai 2005), which can be found in several different 

genomic regions and can be associated with several copy number alterations. 

Although our study contributes new information about miRNA expression in 

MDS. We can conclude that in the future, the analysis of different genome-wide data sets 

and different sample types should be integrated in order to obtain reliable results and to 

provide a deeper understanding of the molecular defects and pathogenesis not only of MDS, 

but also of other myeloid neoplasms. 
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CONCLUSIONS 
 
The genome-wide screening of copy number alterations using microarray-based 

technologies has proved to be an efficient tool for detecting de novo cryptic chromosome 

imbalances in many myeloid malignancies. Thus far, the majority of these aberrations 

appear as single submicroscopic microdeletions or duplications. In this thesis, we applied a 

microarray technique in a subset of patients diagnosed with PV, ET and MDS, and also 

studied the JAK2V617F mutation as well as the in vitro colony formation of hematopoietic 

progenitors and their importance in the diagnosis of PV and ET. 

The discovery of the involvement of JAK2 mutation in MPN has revolutionized 

our understanding of these diseases. We studied 100 patients (58 ET/42 PV) to determine 

whether any correlation exists between JAK2 gene mutation status and the in vitro growth 

pattern of hematologic progenitor cells. Of all patients, 71% had the JAK2V617F mutation, 

while 56% showed spontaneous megakaryocyte colony growth (CFU-Meg) and 79%, 

spontaneous erythroid colony growth (BFU-E). All patients with the JAK2V617F mutation 

exhibited BFU-E spontaneous growth, but nine patients with JAK2 wild-type also showed 

BFU-E spontaneous growth. Eight patients (6 ET and 2 PV) with JAK2 wild-type presented 

only CFU-Meg spontaneous growth. Therefore in vitro culture assay showed to be a good 

and useful diagnostic tool, in particularly for the JAK2 wild-type MPN cases showing only 

spontaneous CFU-Meg growth. 

In addition, we analyzed DNA copy number alterations in 14 ET and 21 PV 

cases, but only one ET case had a partial deletion of the long arm of chromosome 13 and a 

partial duplication of 1q. The importance of these array-based technologies are currently 

being recognized in the detection and characterization of altered gene expression profiles 
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and copy number alterations with an essential role in the pathogenesis of MPN alongside 

searching for new gene mutation analysis. 

In MDS, 57% (21/37) of the cases showed chromosome alterations. The most 

frequent copy number alterations were deletions at 5q21.3q32 and 7q22.1q33, as well as 

trisomy 8. Overall, copy number deletions were more common than copy number gains. We 

detected some recurrent deletions at 11q, 12p, 17p, 18q and 20q, and gains at 8p. Besides 

these copy number alteration findings, we aimed to identify MDS subtype-specific 

differentially expressed miRNAs (Study V) by profiling 19 MDS cases using microarray 

technology, which resulted in the detection of four differentially expressed miRNAs (ebv-

miR-BART13, hsa-miR-720, hsa-miR-21, hsa-miR-671-5p), as compared to normal 

individuals. By integrating the array CGH and miRNA expression data, we could not 

observe the influence of copy number alterations on the miRNA expression pattern. 

Nevertheless, we contributed new information about the involvement of miRNAs in MDS, 

especially that of human Epstein-Barr virus miRNA (ebv-miR-BART13). To understand the 

biological processes behind these alterations, we carried out pathway analysis; some of 

these pathways were related to apoptosis, cell fate and myeloid cell differentiation. 

Formalin-fixed paraffin-embedded tissue (FFPE) samples are widely available, 

however, performing gene expression and even array CGH from FFPE samples is 

challenging due to nucleic acid fragmentation/degradation. In Study III, we performed 

microarray-based profiles for 19 FFPE leukemia samples and compared them to fresh frozen 

bone marrow aspirate samples, which revealed that FFPE bone marrow biopsies (formalin-

fixed paraffin-embedded and decalcified specimens) are reliable sources of miRNA, and 

that these samples are suitable for miRNA array profiling. 

In the future, using the latest chip techniques and integrating various kinds of 

genomic profiling data will confidently reveal more detailed information about the 
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pathogenesis of MPN and MDS. Observed genetic and epigenetic changes or an miRNA can 

serve as biomarkers or targets for new drugs. It is important to identify clinically relevant 

genes and, thus, more accurate diagnostic subgroups to be able to treat diseases more 

effectively and to develop targeted therapies. In this way, the effectiveness of the treatments 

can be improved considerably, and drug-related side effects as well as unnecessary medical 

costs can be avoided. 
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