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ANALISIS ABERASI GEN DAN PEMETILAN PADA ISYARAT 

HILIRAN JAK/STAT DAN RESEPTOR TOLL-LIKE DALAM BCR-ABL-

NEGATIVE MYELOPROLIFERATIVE NEOPLASMS DAN 

MYELODYSPLASTIC SYNDROME/MYELOPROLIFERATIVE 

NEOPLASMS OVERLAP SYNDROMES 

ABSTRAK 

BCR-ABL-negative myeloproliferative neoplasms (MPN) dan myelodysplastic 

syndrome/myeloproliferative neoplasms overlap syndromes (MDS/MPN) adalah 

kemalignanan myeloid hasil daripada kejadian mutasi dalam genetik, epigenetik dan 

kromosom, terutamanya dalam isyarat hiliran janus kinase/signal transducers dan 

activators of transcription (JAK/STAT) dan reseptor toll-like (TLR). Kajian ini adalah 

untuk mengenal pasti prevalens, status mutasi gen JAK2, TET2 dan MyD88 dan profil 

pemetilan gen SOCS3 dan INPP5D dalam kedua-dua penyakit tersebut. Mutasi dalam 

gen TET2 dalam BCR-ABL-negative MPN telah dipilih untuk menjalankan analisis 

meta. Arkib sampel DNA pesakit telah digunakan untuk kajian mutasi dan kajian 

pemetilan. Status mutasi untuk gen JAK2, TET2 dan MyD88 dalam BCR-ABL-negative 

MPN dan MDS/MPN telah dikaji dengan penjujukan langsung. Profil pemetilan untuk 

kawasan promoter gen SOCS3 dan INPP5D telah dikaji dengan menggunakan 

pyrosequencing dan exon 26 gen INPP5D telah dianalisis dengan menggunakan PCR 

pemetilan spesifik. Kawalan normal telah digunakan. Dianggarkan prevalens mutasi 

gen TET2 dalam BCR-ABL-negative MPN adalah 15.5%. Mutasi JAK2 V617F, lima 

varian missense (M532I, M535R, V536G, R541K dan D544N), satu polimorfisme 

nukleotida tunggal (SNP) intronik yang baru (c.1194+12G>A) dan dua deletan 

(c.1157delT dan c.1160delT) dalam exon 12 JAK2 serta satu SNP intronik (rs4988457) 
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dalam MyD88 berjaya dikesan. Mutasi JAK2 V617F kerap dikesan dalam BCR-ABL-

negative MPN (85.4%) dan MDS/MPN (50.0%). Varian missense dalam exon 12 

JAK2 (27.1%) dan MyD88 (7.3%) hanya dikesan dalam BCR-ABL-negative MPN. 

Status pemetilan kawasan promoter bagi SOCS3, INPP5D dan exon 26 INPP5D tidak 

menunjukkan perbezaan yang ketara berbanding dengan kawalan normal. Mutasi 

dalam gen TET2 didapati menyumbang kepada permulaan dan perkembangan BCR-

ABL-negative MPN. Mutasi dalam gen tersebut dipercayai berkaitan dengan 

trombosis, transformasi leukemia dan mutasi gen lain yang dikenal pasti dalam 

penyakit yang disebutkan. Namun begitu, lebih banyak kajian diperlukan. JAK2 

V617F sangat berkaitan dengan BCR-ABL-negative MPN dan MDS/MPN. Mutasi 

dalam exon 12 JAK2 pula lebih spesifik kepada BCR-ABL-negative MPN dan 

dicadangkan untuk dibuat dalam granulosit kerana mutasi nampaknya berkumpul 

dalam granulosit. Kajian ekspresi untuk gen MyD88 yang menunjukkan rs4988457 

dalam kemalignanan darah juga disyorkan. Analisis status pemetilan dalam kawasan 

promoter gen SOCS3 yang berhampiran dengan tempat permulaan transkripsi 

dicadangkan dalam BCR-ABL-negative MPN. 
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GENE ABERRATIONS AND METHYLATION ANALYSIS OF 

JAK/STAT AND TOLL-LIKE RECEPTOR DOWNSTREAM SIGNALLING 

IN BCR-ABL-NEGATIVE MYELOPROLIFERATIVE NEOPLASMS AND 

MYELODYSPLASTIC SYNDROME/MYELOPROLIFERATIVE 

NEOPLASMS OVERLAP SYNDROMES  

ABSTRACT 

BCR-ABL-negative myeloproliferative neoplasms (MPN) and myelodysplastic 

syndrome/myeloproliferative neoplasms (MDS/MPN) overlap syndromes are myeloid 

malignancies result from genetics, epigenetics and chromosomal mutational events, 

particularly in janus kinase/signal transducers and activators of transcription 

(JAK/STAT) and toll-like receptor (TLR) signalling pathway. This study was to 

estimate the prevalence, identify the mutational status of JAK2, TET2 and MyD88 

genes, and methylation status of SOCS3 and INPP5D genes in these diseases. TET2 

gene mutations in BCR-ABL-negative MPN was selected for a meta-analysis. The 

same archived DNA samples were used for mutational and methylation analysis. The 

mutational status of JAK2, TET2 and MyD88 genes in BCR-ABL-negative MPN and 

MDS/MPN were studied through direct sequencing. The methylation status of the 

promoter region for SOCS3 and INPP5D genes were studied using pyrosequencing. 

For exon 26 of the INPP5D gene was analysed using methylation-specific PCR. 

Normal controls were included. It was estimated that the overall pooled prevalence of 

TET2 gene mutations in BCR-ABL-negative MPN was 15.5%. JAK2 V617F, five 

missense variants (M532I, M535R, V536G, R541K and D544N), one novel intronic 

single nucleotide polymorphisms (SNP) (c.1194+12G>A) and two novel deletions 

(c.1157delT and c.1160delT) in JAK2 exon 12 and an intronic SNP in MyD88 
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(rs4988457) were detected. JAK2 V617F was frequently found in BCR-ABL-negative 

MPN (85.4%) and MDS/MPN (50.0%). The missense variants in JAK2 exon 12 

(27.1%) and MyD88 (7.3%) were detected in BCR-ABL-negative MPN only. The 

methylation level of SOCS3 promoter, INPP5D promoter and INPP5D exon 26 

showed no significant difference with normal controls. TET2 gene mutations could 

contribute to the initiation and development of BCR-ABL-negative MPN. The 

mutations were also believed to be related to thrombosis, leukaemic transformation 

and had a close relationship with other gene mutations found in the disease. However, 

more studies were needed. JAK2 V617F was highly associated with BCR-ABL-

negative MPN and MDS/MPN. Mutations in JAK2 exon 12 seemed to be specific to 

BCR-ABL-negative MPN and were suggested to be studied in granulocytes since the 

mutations were found in granulocytes. A study on the expression of the MyD88 gene 

with rs4988457 in blood malignancies is recommended in the future. The methylation 

status of the SOCS3 promoter near the transcription start site can also be analysed in 

BCR-ABL-negative MPN. 
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CHAPTER 1  
 

INTRODUCTION 

1.1 Introduction to the study 

World Health Organization (WHO) and Polycythemia Vera Study Group 

(PVSG) classify myeloproliferative neoplasms (MPN) as Philadelphia chromosome 

(BCR-ABL)-negative polycythaemia vera (PV), essential thrombocythaemia (ET) and 

primary myelofibrosis (PMF) distinguish from BCR-ABL-positive chronic 

myelogenous leukaemia (CML) (Barbui et al., 2018; Michiels et al., 2015). BCR-ABL-

negative MPN is a group of rare blood cancers characterized by the overproduction of 

erythroid, granulocytic or megakaryocytic cells. This group of blood disorders are 

often accompanied by thromboembolic events and transformation to acute 

myelogenous leukaemia (AML) or overt myelofibrosis (MF), which in turn be the 

major causes of death of the diseases (Skoda et al., 2015). 

The first discovery of a somatic mutation in the janus kinase 2 domain (JAK2 

V617F) of erythropoietin (EPO) receptor over a decade ago provides an insight into 

the pathogenesis, pathophysiology and molecular biology of BCR-ABL-negative MPN. 

JAK2 V617F mutation is found in >95% in PV, 50% to 75% in ET, and 40% to 75% 

in PMF (Cristina et al., 2018; Skoda et al., 2015). JAK2 exon 12 mutations are found 

to be exclusively present in PV without JAK2 V617F mutation (Scott et al., 2007). The 

recent identification of thrombopoietin receptor (MPL) and calreticulin (CALR) 

mutations bring a sense of completeness to the biological basis for BCR-ABL-negative 

MPN (Nangalia and Green, 2017). Nevertheless, despite the discovery of the three 

main driver mutations (JAK2, MPL and CALR), some patients do not demonstrate 

these mentioned mutations, so-called “triple-negative” BCR-ABL-negative MPN, 
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indicating that BCR-ABL-negative MPN is still not thoroughly understood (Spivak, 

2017). 

In adults, the acquisition of somatic JAK2, CALR and MPL mutations are 

normally sporadic, and only about 7% of the cases are familial BCR-ABL-negative 

MPN (Landgren et al., 2008). An acquisition of any of the BCR-ABL-negative MPN 

driver mutations does not necessarily indicate the expansion of the mutated clonal to 

the unaffected stem cells (Hinds et al., 2016). Generally, the mutations are age- and 

sex-dependent (Spivak et al., 2014; Stein et al., 2010). For instance, JAK2 V617F 

mutation can occur at any age, but BCR-ABL-negative MPN with JAK2 V617F is more 

common in those who are over 50 years old. The incidence of BCR-ABL-negative 

MPN also increases exponentially with age along with the higher frequency of JAK2 

V617F, ten-eleven translocation 2 (TET2), additional sex combs like-1 (ASXL1), DNA 

methyltransferase 3 alpha (DNMT3A) and tumour protein 53 (TP53) mutations 

(Spivak, 2017; Xie et al., 2014). As for sex-dependent, there is a higher prevalence of 

females with JAK2 V617F than males in PV and ET, and more males with JAK2 

V617F than females in PMF (Moliterno et al., 2006). Besides, another gene myeloid 

differentiation primary response 88 (MyD88) is overexpressed in myeloid 

malignancies (Dimicoli et al., 2013) and mutation is also detected in the gene in one 

ET patient with concomitant Waldenström Macroglobulinaemia (WM) (Lu et al., 

2020). 

Aside from the three main driver mutations, another feature of BCR-ABL-

negative MPN is aberrant DNA methylation that could contribute to the diseases 

(Pérez et al., 2013). Abnormal DNA methylation can be caused by occurrences of gene 

mutations in genes that are involved in methylation. Both TET2 and DNMT3A genes 
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encode proteins that regulate the methylation and demethylation of DNA (Mahfoudhi 

et al., 2016; Ren et al., 2018) and these genes are somehow associated with the 

phenotypes of BCR-ABL-negative MPN (Saeidi, 2016). Other than gene mutations, 

abnormal DNA methylation is related to ageing as well (De and Michor, 2011). 

Telomere shortening is one of the causes of ageing and this phenomenon is also found 

to be related to BCR-ABL-negative MPN, but its underlying mechanisms are undefined 

(Ruella et al., 2013). 

WHO announced Myelodysplastic syndrome/myeloproliferative neoplasms 

(MDS/MPN) overlap syndromes as a new category of myeloid neoplasms and acute 

leukaemia to include chronic clonal myeloid malignancies that display both 

proliferative and dysplastic features but are not grouped as myelodysplastic syndrome 

(MDS) or MPN (Orazi and Germing, 2008). Different from BCR-ABL-negative MPN, 

the reasons giving rise to MDS/MPN can be divided into cytogenetic abnormalities 

and somatic mutations (Pati and Veetil, 2019). About 70% of MDS/MPN patients are 

detected with an abnormal karyotype (Tiu et al., 2011). The common chromosomal 

abnormalities are aneuploidies (monosomy 7, trisomy 8 and trisomy 9), chromosomal 

deletions (del7q, del13q and del20q) (Delhommeau et al., 2006; Foucar, 2009) and 

reciprocal translocation involving tyrosine kinases (fibroblast growth factor receptor 1 

(FGFR1), platelet-derived growth factor receptor alpha (PDGFRA) and platelet-

derived growth factor receptor beta (PDFRB)) (Chase et al., 2013a; Chase et al., 2013b; 

Cools et al., 2003; James et al., 2005; Lierman et al., 2012). The somatic mutations in 

MDS/MPN occur in genes that play roles in several important cellular activities, such 

as signal transduction, RNA splicing, DNA transcription and translation and DNA 

damage response (Pati and Veetil, 2019). 
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Besides gene mutations, the initiation and development of BCR-ABL-negative 

MPN and MDS/MPN are somehow associated with the abnormal epigenetic 

modifications that remodel chromatin and eventually alter the gene expression (Chim 

et al., 2010; Zhang et al., 2013). The mechanisms for epigenetic modifications include 

DNA methylation that covalently adds a methyl group (-CH3) to cytosine-rich 

cytosine-phosphate guanine (CpG) site (Métivier et al., 2008; Pérez et al., 2013), post-

translational modifications of histones by methylation, acetylation, ubiquitination, 

phosphorylation and ADP-ribosylation of glycosylation (Huang et al., 2013; Zee et al., 

2010), and transcriptional or post-transcriptional regulation of gene expression by non-

coding RNA (ncRNA). The involved ncRNA are short interfering RNA (siRNA), 

microRNA, long non-coding RNA (lncRNA) and piwi-interacting RNA (piRNA) 

(Berdasco and Esteller, 2010). Non-coding RNA can repress the translation of protein 

from messenger RNA (mRNA) and degrade mRNA to halt the activities of cells 

(Ambros, 2004). 

There are two different categories of epigenetic dysregulations in BCR-ABL-

negative MPN. The first category is the presence of somatic mutations in genes that 

are involved in regulating the chromatin structure. The genes involved are JAK2 

(Dawson et al., 2009; Nischal et al., 2010), ASXL1, TET2 (Hussein et al., 2010; Schaub 

et al., 2010; Tefferi et al., 2009c), DNMT3A (Ren et al., 2018), enhancer of zeste 

homolog 2 (EZH2) (Ernst et al., 2010), isocitrate dehydrogenase 1 (IDH1), isocitrate 

dehydrogenase 2 (IDH2) (Green and Beer, 2010; Pardanani et al., 2010b; Tefferi et al., 

2010), IKAROS (IKZF1) (Jäger et al., 2010) and protein arginine methyltransferase 5 

(PRMT5) (Liu et al., 2011). The second category involves the different methylation 

levels at the promoter sites of genes that regulate cellular activities like cell 

proliferation, cell differentiation and apoptosis. The genes involved are ABL proto-
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oncogene 1 (ABL1) (Aviram et al., 2003), calcitonin related polypeptide alpha 

(CALCA), C-X-C motif chemokine receptor 4 (CXCR4) (Bogani et al., 2008), 

polycythaemia rubra vera 1 (PRV1) (Jelinek et al., 2007), retinoic acid receptor beta 2 

(RARβ2) (Jones et al., 2004), secreted frizzled-related protein 2 (SFRP2) (Bennemann 

et al., 2010; Mascarenhas et al., 2011), suppressor of cytokine signalling 1 (SOCS1) 

(Capello et al., 2008; Fernández-Mercado et al., 2008), suppressor of cytokine 

signalling 3 (SOCS3) (Capello et al., 2008; Fernández-Mercado et al., 2008; 

Fourouclas et al., 2008) and WNT inhibitory factor 1 (WIF1) (Suzuki et al., 2007). 

In BCR-ABL-negative MPN, abnormal DNA methylation may lead to defective 

functioning of negative regulators. SOCS3, a negative regulator from the suppressor 

of cytokine signalling proteins (SOCS) family, possess suppressive ability against 

normal and mutated JAK2 proteins. The suppression helps to control the proliferation 

of cells and inhibits tumourigenesis (Funakoshi-Tago et al., 2019). SOCS3 induces 

ubiquitination on JAK2 and stops the activity of the mutated JAK2 (Kershaw et al., 

2014). The promoter region of the SOCS3 gene is hypermethylated in BCR-ABL-

negative MPN (Fourouclas et al., 2008; Torun et al., 2013), implying the contribution 

of the epigenetic down-regulation of this crucial tumour suppressor in the pathogenesis 

of BCR-ABL-negative MPN (Quentmeier et al., 2008). Another negative regulator 

encoded by the (inositol polyphosphate-5-phosphatase D) INPP5D gene from the TLR 

signalling pathway also plays role in the pathogenesis of BCR-ABL-negative MPN. 

Deficiency in the negative regulators causes dysregulated BM haematopoiesis in BCR-

ABL-negative MPN (Helgason et al., 1998). 

Thus, the causes of BCR-ABL-negative MPN and MDS/MPN are closely 

associated with the abnormality in genetics and epigenetics. Five genes (JAK2, TET2, 

MyD88, SOCS3 and INPP5D) are selected for this study. The first aim of the study is 
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to identify the prevalence of TET2 gene mutations in BCR-ABL-negative MPN by 

meta-analysis. Prevalence studies on another gene (JAK2, MyD88, SOCS3 and 

INPP5D) are not done because the number of existing studies for the JAK2 gene is too 

large and impossible to be done in a two-year study duration with works to be 

completed. As for the MyD88, SOCS3 and INPP5D genes, only very few studies are 

available and are not enough for a meta-analysis study. The other two aims are to 

determine the mutational status of JAK2, TET2 and MyD88 gene in BCR-ABL-negative 

MPN and MDS/MPN patients and to investigate the methylation status of important 

negative regulators (SOCS3 and INPP5D) in the janus kinase/signal transducers and 

activators of transcription (JAK/STAT) and toll-like receptors (TLR) signalling 

pathway among patients with BCR-ABL-negative MPN and patients with MDS/MPN. 

1.2 Statement of the problem 

It is suggested that the main cause of BCR-ABL-negative MPN is somatic 

mutations. Around 90% of BCR-ABL-negative MPN patients are found to carry at least 

one somatic mutation, which includes JAK2 V617F (69%), CALR (15%), TET2 (12%), 

ASXL1 (5%), and DNMT3A (5%) (Lundberg et al., 2014). Recently, defective toll-like 

receptors (TLR) signalling pathway that lead to prolonged TLR signalling is 

demonstrated as a potential predisposition to acquire BCR-ABL-negative MPN and 

could contribute to the chronic inflammatory state of BCR-ABL-negative MPN (Lai et 

al., 2019; Marín Oyarzún et al., 2020). Mutations in the same genes are associated 

with MDS/MPN as well (Pati and Veetil, 2019). The association of JAK2, CALR and 

MPL with BCR-ABL-negative MPN are confirmed and included in the diagnosis of 

BCR-ABL-negative by WHO (Barbui et al., 2018), but not the other genes. Therefore, 

a meta-analysis on the prevalence of TET2 gene mutation is believed can help to reveal 
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the connection between TET2 gene mutations and BCR-ABL-negative MPN. All 

currently available data are mainly from the Caucasian population, with only a few 

from Asian countries. So, a better understanding of the genetic changes among patients 

with BCR-ABL-negative MPN and MDS/MPN from Asian countries such as Malaysia 

may help to gain a more thorough insight into the prevalence, diagnosis and 

surveillance of BCR-ABL-negative MPN as well as MDS/MPN. 

Epigenetic mechanisms have roles in the pathogenesis of BCR-ABL-negative 

MPN (McPherson et al., 2017) and MDS/MPN (Deininger et al., 2017). Aberrant 

DNA methylation is frequently found in MDS/MPN, such as modified epigenetic 

landscape in chronic myelomonocytic leukaemia (CMML) (Perez et al., 2012; 

Yamazaki et al., 2012) and hypermethylation of several genes in juvenile 

myelomonocytic leukaemia (JMML) (Fluhr et al., 2016; Olk-Batz et al., 2011; 

Wilhelm et al., 2016). In BCR-ABL-negative MPN, important negative regulators are 

studied for their methylation status. SOCS family, protein tyrosine phosphatase non-

receptor type 6 (PTPN6) and TET2 gene are found to be methylated in the diseases 

(Chim et al., 2010; Zhang et al., 2013). There are methylation studies done on BCR-

ABL-negative MPN and MDS/MPN, however, the number was small, with only a few 

studies on JAK/STAT signalling pathway and no studies on the TLR signalling 

pathway were available. It is believed that a better understanding of the epigenetic 

landscape in BCR-ABL-negative MPN and MDS/MPN can provide a clear picture of 

the role of epigenetics in the pathogenesis of diseases since the epigenetic landscape 

shapes the biological and clinical expression which contribute to the development of 

the diseases. 
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1.3 Research question 

1. What are the DNA mutational status and methylation patterns in patients with 

BCR-ABL-negative MPN and patients with MDS/MPN? 

2. What is the prevalence of JAK/STAT associated gene (TET2) gene mutations 

in patients with BCR-ABL-negative MPN? 

3. What are the mutational status of JAK/STAT associated genes (JAK2 V617F, 

JAK2 exon 12 and TET2) and TLR adaptor gene (MyD88) in patients with 

BCR-ABL-negative MPN and patients with MDS/MPN? 

4. What are the methylation status of negative regulators to JAK/STAT (SOCS3) 

and TLR downstream signalling (INPP5D) in patients with BCR-ABL-negative 

MPN and patients with MDS/MPN?  

1.4 Justification of the study 

Besides the main driver mutations, TET2 gene mutation appears to be related 

to BCR-ABL-negative MPN based on the findings of previous studies, however, there 

is no precise answer on how common is TET2 gene mutation in BCR-ABL-negative 

MPN. Thus, this study is expected to gather all the data of TET2 gene mutations in 

BCR-ABL-negative MPN and analyse the data to learn about the commonness of TET2 

gene mutations in BCR-ABL-negative MPN. 

The genomics era has brought with it plenty of dramatic advances in our 

understanding of the molecular basis of diseases. Many studies have been carried out 

to study different kinds of diseases, but only a very small number of studies are related 

to BCR-ABL-negative MPN and MDS/MPN as compared to other myeloid 

malignancies. Thus, this study is expected to collect more genetic (JAK2, TET2 and 

MyD88) and epigenetic information (SOCS3 and INPP5D) on patients with BCR-ABL-
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negative MPN and patients with MDS/MPN. The data collected can be used for future 

reference such as in assisting to find more strategic approaches to treat BCR-ABL-

negative MPN and MDS/MPN, identifying any novel molecular prognostic marker or 

searching for some good candidates for gene therapy. 

1.5 Hypothesis 

1. There are presence of gene mutations and abnormal methylation patterns in 

patients with BCR-ABL-negative MPN and patients with MDS/MPN patients. 

2. TET2 gene mutation is prevalent in patients with BCR-ABL-negative MPN. 

3. There are the presence of gene mutations and/or gene polymorphisms in JAK2, 

TET2 and MyD88 genes in patients with BCR-ABL-negative MPN and patients 

with MDS/MPN patients. 

4. There are presence of abnormal methylation patterns in SOCS3 and INPP5D 

genes in patients with BCR-ABL-negative MPN and patients with MDS/MPN 

patients. 

1.6 Objective of the study 

1.6.1 General objective 

To study the DNA mutation and methylation of JAK/STAT and TLR 

downstream signalling genes in patients with BCR-ABL-negative MPN and patients 

with MDS/MPN. 

1.6.2 Specific objectives 

1. To estimate the prevalence of JAK/STAT associated gene (TET2) in patients 

with BCR-ABL-negative through meta-analysis. 
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2. To determine the mutational status of JAK/STAT associated genes (JAK2 

V617F, JAK2 exon 12 and TET2) and TLR adaptor gene (MyD88) in patients 

with BCR-ABL-negative MPN and patients with MDS/MPN patients using 

direct DNA sequencing. 

3. To determine the methylation status of negative regulators of JAK/STAT 

(SOCS3) and TLR downstream signalling (INPP5D) in patients with BCR-

ABL-negative MPN and patients with MDS/MPN using pyrosequencing and/or 

methylation-specific polymerase chain reaction (MS-PCR). 
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CHAPTER 2  
 

LITERATURE REVIEW 

2.1 Myeloproliferative neoplasms (MPN) 

MPN are clonal bone marrow stem cells disorders characterised by the 

overproduction of erythroid, myeloid and megakaryocytic lineages (Campbell and 

Green, 2006). MPN consists of two categories, the BCR-ABL-positive CML and the 

BCR-ABL-negative MPN (Kiladjian, 2012). 

2.1.1 BCR-ABL-negative MPN 

BCR-ABL-negative MPN is a condition in which the Philadelphia chromosome 

involving a translocation from chromosome 22 to chromosome 9 is absent and no 

BCR-ABL fusion gene is formed (Chopra et al., 1999). The three classical BCR-ABL-

negative MPN include PV, ET and PMF (Elf, 2020). PV is defined by an increased red 

blood cell (RBC) mass and occasion raise in white blood cell (WBC) counts. ET is 

characterised by a rise in platelet counts but with normal RBC mass. PMF manifests a 

fibrosis condition in bone marrow (BM) (Yow et al., 2020). These BCR-ABL-negative 

MPN share common features, including an increased risk of thrombosis, 

hypercellularity in BM, haemorrhages, and transformation to AML (Marchetti and 

Falanga, 2007). Patients with PV and ET have chances to develop secondary 

myelofibrosis (SMF) by transforming to post-PV myelofibrosis or post-ET 

myelofibrosis. Besides, patients with ET can subsequently develop erythrocytosis and 

have overlap PV and ET at the same time (Meyer and Levine, 2014). 

BCR-ABL-negative MPN is closely associated with gene mutations. There are 

three somatic driver gene mutations (JAK2, CALR, MPL) in BCR-ABL-negative MPN. 

All three main driver mutations are involved in JAK/STAT signalling pathway. JAK2 

mutations are mostly found in PV, whereas CALR and MPL gene mutations are almost 
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exclusively present in ET and PMF. Majority of the patients with BCR-ABL-negative 

MPN carry at least one of the three driver mutations, and sometimes they can carry 

two of the mutations at the same time (Nangalia and Green, 2017; Tefferi and 

Pardanani, 2015; Ye et al., 2020).  

2.1.1(a) Polycythaemia vera (PV) 

PV is the most common type of the three classical BCR-ABL-negative MPN 

and is characterised by the overproduction of red blood cells in the BM. The cause of 

PV is unclear but JAK2 mutations are found to be associated with the disease. JAK2 

mutations lead to an excess number of RBC in patients with PV. Increased RBC causes 

symptoms like headache, migraine, dizziness, visual disturbances, burning pains in the 

extremities and weakness in limbs or face. An elevated platelet count may result in 

nose bleeds and easy bruising. A high WBC number tends to induce gout in patients. 

Occasionally, patients may suffer from the inability to eat a full meal, abdominal pain 

and abdominal fullness due to splenomegaly (Spivak, 2013). 

For testing of PV, patients show erythrocytosis, leukocytosis, thrombocytosis 

and are often accompanied by splenomegaly. PV patients may experience expanded 

RBC numbers alone or with combinations of increased RBC, WBC or platelet 

numbers. Since there is a high prevalence of JAK2 mutations in PV (95%), JAK2 

mutational test is included as a diagnostic criterion for PV. However, JAK2 mutations 

are present in both ET and PMF (50%), PV can be distinguished from them by 

referring to the elevated RBC count in patients (Spivak, 2013). 

According to the 2016 WHO classification and diagnostic criteria, patients who 

fulfil either all three major criteria or the first two major criteria and the minor criterion 

are diagnosed as PV (Table 2.1) (Passamonti and Maffioli, 2016). 
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Table 2.1 2016 WHO diagnostic criteria for PV (Passamonti and Maffioli, 2016).  

 

2.1.1(b) Essential thrombocythaemia (ET) 

ET is a type of rare blood cancer in which the body produces too many 

platelets. The prevalence of ET is around two per 100,000 people and is more common 

in the aged (>60 years old). Patients with ET have chances to transform into post-ET 

myelofibrosis when the BM is replaced by scarred tissues and develop into a form of 

leukaemia. One of the factors leading to ET is the presence of genetic changes in genes 

that are responsible for blood cells production. About 90% of the patients with ET are 

found to carry gene mutations in JAK2, CALR or MPL (Double and Harrison, 2015).  
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Around half of the patients with ET are asymptomatic. For those patients who 

show symptoms, the symptoms can be varied in a wide range and often include 

headache and fatigue. Inappropriate formation of blood clots due to an elevated 

number of platelets is the main problem faced by the patients. The blood clots can 

block arteries and veins in the body and causing thrombosis, heart attacks, stroke and 

pulmonary embolism. Also, a great number of platelets can introduce a ‘thick blood’ 

condition and affect the smoothness of blood flow. This causes headache, tiredness, 

night sweat, splenomegaly, visual disturbances, bone pain and burning or itching 

feeling in the four limbs. Bleeding problems may also occur since the clotting factors 

accumulate to the platelet and do not function properly. ET is more common in the 

aged (>60 years old), and those who have a previous history of arterial or venous 

thrombosis, high platelet counts and presence of cardiovascular risk factors (Double 

and Harrison, 2015). 

According to the 2016 WHO classification and diagnostic criteria, patients who 

fulfil either all four major criteria or the first three major criteria and the minor criterion 

are diagnosed as ET (Table 2.2) (Passamonti and Maffioli, 2016). 
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Table 2.2 2016 WHO diagnostic criteria for ET (Passamonti and Maffioli, 2016). 

 

 

2.1.1(c) Myelofibrosis 

Myelofibrosis is very rare and occurs in one out of 100,000 people and is more 

common in the aged (>60 years old). Myelofibrosis is a type of rare blood cancer in 

which the spongy tissue in BM is replaced by fibrous scar tissues through a process 

called fibrosis. Fibrosis disrupts the normal function of BM and affects the ability of 

the body to produce normal blood cells. Since the BM is affected by myelofibrosis, 

the blood cells are made in other organs, for example, the spleen and liver. This causes 
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spleen enlargement by 10 to 20 folds. There are two types of myelofibrosis, primary 

myelofibrosis (PMF) and secondary myelofibrosis (SMF). PMF occurs in patients 

without any previous history of BM problem, whereas SMF is another type of 

myelofibrosis that occur after a prior diagnosis of other blood disorders. For the 

myelofibrosis that develops in patients diagnosed with PV and ET, they are called 

post-PV myelofibrosis and post-ET myelofibrosis respectively. About 50% of 

myelofibrosis patients have a mutation in the JAK2 gene. Although the rest 50% of 

patients show no mutation in the JAK2 gene, their activity of normal JAK2 gene also 

shows increment as in JAK2 gene mutated patients. Apart from that, other gene 

mutations are detected in patients with myelofibrosis as well (Harrison and McLornan, 

2014). 

For myelofibrosis patients, they may be asymptomatic during diagnosis. 

However, symptoms and signs can develop over time. As the disease progresses, 

patients with myelofibrosis may experience fever, fatigue, bleeding complications, 

loss of weight, sweating at night, poor appetite and bone pain. If splenomegaly 

develops, the patients may suffer discomfort in the abdomen or pain under the ribs at 

the left, particularly after meals. Sometimes, anaemia, painful joints and gout may 

occur (Harrison and McLornan, 2014). 

According to the 2016 WHO classification and diagnostic criteria, patients who 

fulfil either all three major criteria and at least one minor criterion are diagnosed as 

PMF (Table 2.3) (Passamonti and Maffioli, 2016). 
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Table 2.3 2016 WHO diagnostic criteria for PMF (Passamonti and Maffioli, 

2016). 
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2.2 Myelodysplastic syndrome/myeloproliferative neoplasms (MDS/MPN) 

overlap syndromes 

A new MDS/MPN category was introduced in the 3rd edition of the WHO 

classification of myeloid neoplasms and acute leukaemia to include myeloid disorders 

that overlap between MDS and MPN (Orazi and Germing, 2008). In the latest 2016 

version, MDS/MPN category consists of atypical chronic myeloid leukaemia (aCML), 

CMML, myelodysplastic/myeloproliferative neoplasms with ring sideroblasts and 

thrombocytosis (MDS/MPN-RS-T), JMML and MDS/MPN-unclassifiable 

(MDS/MPN-U) (Arber et al., 2016). MDS/MPN are different from pure MDS or MPN 

and have their features. For example, a high percentage of monocytes in CMML, 

severe granulocytic dysplasia in aCML and high platelet count in MDS/MPN-RS-T. 

Nowadays, advanced genomic and molecular studies have improved our 

understanding of the pathogenesis of MDS/MPN, but there is still a lack of specific 

treatments for MDS/MPN. More studies and efforts are needed (Thota and Gerds, 

2018). 
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2.2.1 Chronic myelomonocytic leukaemia (CMML) 

The most common type of MDS/MPN is CMML (Srour et al., 2016). CMML 

is commonly seen in older individuals, shows higher prevalence in males, presents 

with monocytosis, hepatosplenomegaly, dysplastic changes in BM, cytopenia and risk 

of transformation into AML (Arber et al., 2016; Saarni and Linman, 1971). Mutations 

in five categories are associated with CMML: epigenetic regulators, chromatin 

modification, DNA repair, signalling transduction and spliceosome (Gur et al., 2018; 

Thota and Gerds, 2018). CMML can be classified into three different groups, CMML-

0 (peripheral blood: <2% blasts, BM: <5% blasts), CMML-1 (peripheral blood: 2% to 

4% blasts, BM: 5% to 9%) and CMML-2 (peripheral blood: 5% to 19% blasts, BM: 

10% to 19% blasts) (Thota and Gerds, 2018). 

The diagnosis criteria for CMML based on the 2016 WHO classification and 

diagnostic criteria of myeloid neoplasms are as shown in Table 2.4 (Arber et al., 2016). 
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Table 2.4 2016 WHO diagnostic criteria for CMML (Arber et al., 2016). 
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2.2.2 Atypical chronic myeloid leukaemia (aCML) 

aCML is a rare subtype of MDS/MPN (Arber et al., 2016) and is not related to 

CML but it shares some characteristics with CML. Patients with aCML are older,  

present with splenomegaly, granulocytosis and circulating myeloid precursors 

(Hernandez et al., 2000; Kurzrock et al., 2001; Kurzrock et al., 1990; Wang et al., 

2014). In separating aCML from CML, a lack of BCR-ABL fusion gene, presence of 

dysgranulopoiesis and BM dysplasia can be referred (Arber et al., 2016; Hernandez et 

al., 2000; Kurzrock et al., 2001; Kurzrock et al., 1990; Wang et al., 2014). The clinical 

features of aCML include organomegaly, BM failure and increased leukaemic burden 

(Hernandez et al., 2000). 

Patients with aCML tend to present with a trisomy chromosomal condition, 

such as trisomy 8, trisomy 13 and trisomy 21. Other than that, deletion in chromosome 

20 (del(20q)) and isochromosome 17q (i(17q)) are also found in patients with aCML. 

Somatic mutations in SET binding protein 1 (SETBP1), ethanolamine kinase 1 

(ETNK1), colony-stimulating factor 3 receptor (CSF3R) and ras-GTPase (RAS) are 

seen in aCML (Thota and Gerds, 2018). The three driver mutations for MPN (JAK2, 

CALR and MPL) are not found in aCML (Arber et al., 2016). 

The diagnosis criteria for aCML based on the 2016 WHO classification and 

diagnostic criteria of myeloid neoplasms are as shown in Table 2.5 (Arber et al., 2016). 
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Table 2.5 2016 WHO diagnostic criteria for aCML (Arber et al., 2016). 
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2.2.3 Myelodysplastic/myeloproliferative neoplasms with ring sideroblasts 

and thrombocytosis (MDS/MPN-RS-T) 

MDS/MPN-RS-T was formerly known as refractory anaemia with ring 

sideroblasts associated with marked thrombocytosis (RARS-T). Ring sideroblasts are 

erythroblasts in which perinuclear mitochondrion iron abnormally accumulates on the 

nuclear circumference of the cells (Cazzola and Invernizzi, 2011). In the 2016 revised 

4th edition WHO classification, MDS/MPN-RS-T is officially listed as a new entity in 

MDS/MPN (Thompson et al., 2021). Patients with MDS/MPN-RS-T have features of 

MDS with ring sideroblasts and also show persistent thrombocytosis associated with 

abnormal megakaryocytes resembling MPN (Patnaik and Tefferi, 2017). MDS/MPN-

RS-T is found in older people, equally distributed among males and females, and 

present with higher haemoglobin (Hb) and high platelet counts (Broseus et al., 2012; 

Jeromin et al., 2015). 

At the genetic and molecular level, a high frequency of splicing factor 3b 

(SF3B1) mutations is found in MDS/MPN-RS-T and induces abnormal erythropoiesis 

and the formation of ring sideroblasts. Similar to BCR-ABL-negative MPN, JAK2 

V617F is detected in MDS/MPN-RS-T and causes the proliferation of different 

lineages of blood cells in patients (Norris and Stone, 2008; Wardrop and Steensma, 

2009). Both JAK2 and SF3B1 mutations usually co-exist at the same time (Arber et 

al., 2016). Besides, TET2, ASXL1, DNMT3A and MPL genes are also found to be 

mutated in MDS/MPN-RS-T (Broseus et al., 2012; Jeromin et al., 2015). 

The diagnosis criteria for MDS-RS-T based on the 2016 WHO classification 

and diagnostic criteria of myeloid neoplasms are as shown in Table 2.6 (Arber et al., 

2016). 
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Table 2.6 2016 WHO diagnostic criteria for MDS/MPN-RS-T (Arber et al., 

2016). 

 

  


