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ABSTRACT 

Myeloproliferative neoplasms (MPNs) manifest as a group of haematological malig-

nancies characterised by a somatic mutation (JAK2 V617F) that causes the bone mar-

row to produce too many blood cells. This mutation is found in polycythaemia vera 

(~95%), essential thrombocythaemia and primary myelofibrosis (both ~50%) and is 

considered as a major genetic factor contributing to the development of these MPNs. 

Within my study period, there is no genetic association study of MPN in the Hong 

Kong population. In this study, I aimed at investigating the relationship between 

germline JAK2 polymorphisms and MPNs in Hong Kong Chinese to find causal var-

iants that contribute to MPNs. 

 

In part I of this thesis, 19 tag single nucleotide polymorphisms (SNPs) within the 

JAK2 locus were analysed in 172 MPN patients and 470 healthy controls. Three of 

these 19 SNPs defined the reported JAK2 46/1 haplotype: rs10974944, rs12343867 

and rs12340895. Allele and haplotype frequencies were compared between the pa-

tients and controls by logistic regression with adjustment for sex and age. Permuta-

tion test was used to correct for multiple comparisons. With significant findings from 

the 19 SNPs, I then examined 76 additional SNPs across the 148.7-kb region of 

JAK2 via imputation with the SNP data from the 1000 Genomes Project. This is the 

first MPN study that employed SNP imputation in the data analysis. 

 

In single-marker analysis, 15 SNPs showed association with JAK2 V617F-positive 

MPNs (n=128). Exhaustive variable-sized sliding-window haplotype analysis identi-

fied 184 haplotypes showing significant differences (P<0.05) in frequencies between 
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patients and controls even after multiple-testing correction. However, single-marker 

alleles exhibited the strongest association with V617F-positive MPNs and among all 

MPNs. In local Hong Kong Chinese, the strongest signal came from rs12342421: 

asymptotic P=3.76×10
-15

, empirical P=2.00×10
-5

 for 50,000 permutations, OR=3.55 

for the minor allele C, and 95% CI, 2.59-4.87. This SNP was also found by condi-

tional logistic regression to contribute an independent effect in significant haplotype 

windows, and its role was not changed even with the imputation of additional 76 

SNPs. In silico analysis suggested that several transcription factors might bind to 

rs12342421. Further functional validation is necessary to prove its involvement in 

the pathogenesis of MPNs. 

 

Part II of this study is the first meta-analysis assessing the relationship between JAK2 

polymorphism and the risk of MPNs, within my study period. Significant association 

was observed between JAK2 risk alleles and MPNs particularly the V617F-positive 

cohort, and to a lesser extent the V617F-negative MPNs but the exact mechanism of 

how the JAK2 polymorphisms affect MPNs was not explored and thus is still un-

known. Further research looking for the true causal variants between JAK2 polymor-

phisms and MPNs is demanded. Large sample clinical studies should be carried out 

to verify more risk factors in order to make early detection and prevention at the gene 

level possible. However, sample recruitment was beyond the control of the study. 

International collaboration may increase the power to study and detect rare variants if 

any. 

 

Based on the results generated from part I and II of this study, we hypothesised that 

there are JAK2 disease-causing variants that may remain untyped in the current geno-
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typing approach. Based on our association results from case-control study, Lo-

cusZoom software identified two recombination hotspots covering a region of 330kb 

(including 142kb of JAK2). Therefore, finer scale deep sequencing analysis was per-

formed to explore the undiscovered variants which may be the real causal variants. 

The 330kb of JAK2 gene and the coding exons (all isoforms) of eight MPN-

associated genes including 50bp upstream and downstream of the regions were tar-

geted by a custom SeqCap EZ Choice Library from Roche NimbleGen. In total, 121 

regions were targeted comprising 401.324 kb of target sequence. Samples from 48 

MPN patients and 48 sex- and age-matched controls were sequenced on the Illumi-

na’s MiSeq benchtop sequencer. QC filters were applied to remove poor sequencing 

reads using Illumina internal platforms and GATK. A total of 532 variants were 

found. NGS and genotyping together with imputation (part I & II of this project) de-

tected strong signal from intronic SNPs within the recombination hotspots. Con-

sistent results from these studies further strengthen our hypothesis that rs12342421 

(S8) and other strongly associated polymorphisms, are in strong LD with some un-

typed causal variants that are predisposing to MPN. Further functional validation is 

necessary to prove the involvement of such variants in the pathogenesis of MPN. In 

the long run, future studies on larger sample cohort may give further insight on the 

pathogenesis of V617F-positive and -negative MPNs. 
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CHAPTER 1 Introduction 

1.1 Normal haematopoiesis 

Haematopoiesis is the formation, development, and differentiation of a variety of dis-

tinct blood cellular components. It comprises multiple stages, originating from plu-

ripotent stem cells with self-renewal capacity through intermediate progenitors to 

mature differentiated cells (Shochat et al., 2002; Morrison et al., 1995). All cellular 

blood components are derived from the earliest blood precursors, called haematopoi-

etic stem cells (HSC) (Borthwick, 2008) which reside in the medulla of the bone 

marrow. Normal stem cells can divide asymmetrically beside symmetric division un-

der homeostatic pressure to committed progenitor cells with some daughter cells re-

maining as long-term HSCs to prevent stem cells from depleting (Johnsen et al., 

2009; Clarkson et al., 2003). Uniquely, these long-term HSCs produce short-term 

HSCs and short-term HSCs then develop into two separate lineages, namely the mye-

loid and lymphoid lineages. Progenitor cells from both lineages can each differenti-

ate into any type of functional mature cells (blood cells) with different functions 

ranging from immunity to the transportation of oxygen depending on the differentia-

tion pathways undertaken (Schmerer & Evans, 2001). The myeloid lineage produces 

morphologically and functionally distinct cell types and the lymphoid lineage pro-

duces cell types that are responsible for adaptive immunity (Katja Fiedler & Brunner, 

2012). This process is balanced against the rate of apoptosis (programmed cell death) 

and cell cycle time with some progenitor cells eventually become terminally differ-

entiated and stop dividing (Clarkson et al., 2003; Johnsen et al., 2009) (Figure 1.1). 

Biological stresses including bleeding or infection are also known to regulate the 

haematopoietic system (Vardiman et al., 2009). 
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There are different sites where haematopoiesis occurs: in adults, the major site of 

haematopoiesis is bone marrow whereas in the embryo before bone marrow develops, 

haematopoiesis happens in yolk sac during early embryonic life and; in the foetal liv-

er during the second trimester of pregnancy. Figure 1.2 depicts the model of haema-

topoiesis where HSC makes an early decision to commit to either one major pathway, 

myeloid or lymphoid (Jones, 2010; Katja Fiedler & Brunner, 2012). The progenitor 

cell then starts the progressive differentiation process to develop the characteristics 

of its chosen lineage and loses its capability to proliferate and self-renew (Shochat et 

al., 2002; Jones, 2010; Borthwick, 2008; Katja Fiedler & Brunner, 2012). Mature 

cells arising from the myeloid lineage include erythrocytes, neutrophils, mono-

cytes/macrophages, eosinophils, basophils, and megakaryocytes/platelets, whereas 

mature cells arising from lymphoid lineage become either B cells, T cells or natural 

killer cells (Katja Fiedler & Brunner, 2012). New blood cells will be constantly pro-

duced to replace the mature blood cells when they die being too old or damaged. 

Generally, the lifespans for mature blood cells in the blood circulation are short rang-

ing from few hours to few weeks for white blood cells, 10 days for platelets, and ap-

proximately 120 days for erythrocytes (Shah & Zuckerman, 2011; Perry et al., 1959; 

Katja Fiedler & Brunner, 2012). 

 

Regulation of haematopoiesis is complex and involves internal and external stimuli, 

which is crucial in balancing the production of a variety of blood cells in need. Inter-

nally, transcription factors act as an early intrinsic determinants in programming the 

fate or lineage of haematopoietic progenitor cells (Orkin & Zon, 2008). Specific in-

teraction between transcription factors and regulatory region of genes define the tran-
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scription network of haematopoiesis. Disruption in the network leads to haematopoi-

etic malignancies (Shah & Zuckerman, 2011). In addition, lineage commitment is 

also programmed by a series of soluble haematopoietic growth factors secreted by 

stromal cells (e.g. the bone marrow) called cytokines. Cytokines include interleukins, 

interferons, lymphokines, chemokines, colony-stimulating factors and other haema-

topoietic hormones. They work as signalling molecules to initiate regulatory path-

ways by binding to specific cell surface receptors on the progenitor (Shah & 

Zuckerman, 2011). Cytokines may stimulate distinct biological responses such as 

proliferation, growth, and differentiation depending on the cell type that it binds. Cy-

tokine-receptor interactions are specific and very much transcriptional and genomic 

dependent. Cytokine receptors can be classified into specific families according to 

their signal transduction subunits. The 3 main signalling pathways that regulate tran-

scription of haematopoiesis are the JAK-STAT (Janus kinase-signal transducer and 

activator of transcription) pathway, the MAPK (mitogen-activated protein kinase) 

pathway, and the P13 (phosphatidylinositol-3 kinase)/AKT pathway (Shah & 

Zuckerman, 2011). Other signalling molecules such as Ras, Raf/MEK/ERK, protein 

kinase C, Src family kinases, TGF-β /SMAD may also act in the regulation of haem-

atopoiesis (Miranda & Johnson, 2007). 

 

MicroRNAs (miRNAs) are important regulators of haematopoiesis. They control 

gene expression of transcription factors essential for haematopoietic commitment, 

proliferation, differentiation, and cell death. These small non-coding RNAs can bind 

to the 3’- or, less commonly 5’-untranslated region or the open reading frame (ORF) 

of messenger RNAs (mRNAs) resulting in mRNAs degradation or miRNA-mediated 

translation inhibition (Undi et al., 2013; Shah & Zuckerman, 2011). Overexpression 
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of miRNAs was associated with haematological malignancies for instance chronic 

lymphocytic leukaemia (CLL) and MPNs (Undi et al., 2013; Hussein et al., 2009). 

 

Externally, the haematopoietic system is capable of sensing and responding to the 

changing environmental conditions such as hypoxia (low oxygen concentration from 

blood loss, high altitudes, and etc) (Kumar & Evans, 2001). The lack of oxygen will 

trigger haematopoietic system for additional generation of erythrocytes to compen-

sate for the increased respiratory needs. 

 

Haematopoiesis is a regulated ongoing process throughout the lifetime. Failure in its 

regulation can lead to some common yet severe diseases including leukaemia when 

the blood cell proliferation is beyond control, or anaemia when there is insufficient 

of blood cells are made (Schmerer & Evans, 2001). 
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Figure 1. 1 Possible controllable parameters regulating blood cell production. 

Adapted from Clarkson et al., 2003. 
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Figure 1. 2 Haematopoiesis. 

Every mature blood cell is derived from a multipotent haematopoietic stem cell (HSC). CFU-GEMM; colony forming unit granulocyte erythroid megakaryocyte/ 

macrophage, MEP; megakaryocyte erythroid progenitor, GMP; granulocyte macrophage progenitor, BFU-E; burst forming unit-erythroid, CFU-E; colony forming 

unit erythroid, CFU-M; colony forming unit macrophage, CFU-G; colony forming unit granulocyte, CFU-Baso; colony forming unit basophil. Adapted from Jones, 

A (2010). 
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1.2 Haematologic malignancies 

Haematological malignancies are clonal diseases originated from single cell in the 

bone marrow and lymph nodes that has undergone disruption in the balance between 

proliferation, survival, and differentiation. Haematological malignancies are compli-

cated. They account for approximately 7% of all malignancies (Hoffbrand & Moss, 

2011a). Haematological malignancies occur due to accumulated genetic alterations 

or changes that can further activate the (proto) oncogenes (proto-oncogenes are nor-

mal genes that can convert into oncogenes if being expressed at higher-than-normal 

level and under mutation, that can promote uncontrolled growth of cancer) or deacti-

vate the tumour suppresser genes (Figure 1.3). Genetic alterations such as chromo-

somal translocation, chromosomal deletion, or mutations in the DNA sequence can 

initiate autonomous, proliferating stem cell clone (Kralovics, 2012; Jones, 2010). 

These alterations are the circumstances resulting from defects in DNA repair and in-

creased production of reactive oxygen species (ROS) (Sallmyr et al., 2008). 

 

Phenotypes of haematological malignancies are related to the genetic alterations en-

countered. Mainly, they can be classified by the predominant type of blood cells af-

fected - myeloid or lymphoid, and the tissue where the mutated cells arise also de-

termines their disease phenotype (Jones, 2010). For instance, leukaemia (both chron-

ic and acute) involves white blood cells; lymphomas (Hodgkin’s and non-Hodgkin’s) 

involve lymphatic system; myeloma involves plasma cells. Their phenotypic traits 

can also be determined by the cellular pathways (cell growth and survival) they sabo-

tage in a multistep approach with acquisition of more mutations that lead to excess 

proliferation, and dysregulation of apoptosis (Lichtman, 2008; Hoffbrand & Moss, 
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2011a). These pathways are deregulated by diverse stimuli both intrinsically and ex-

trinsically (Shah & Zuckerman, 2011). 

 

No single clonal proliferation event is sufficient to cause genetic instability that leads 

to disease progression but rather the accumulation of clonal events that mess the con-

trol of cell cycle, self-renewal, and cell death (Krakow, 2012; Clarkson et al., 2003). 

The expansion of a stem cell clone will create competition between its progeny and 

healthy cells for “habitat” in the bone marrow microenvironment. After the first mu-

tation, more mutagenesis occurs in subsequent clonal expansion with selective 

growth advantage that shapes the cancer genome of an individual resulting in each 

unique phenotype (Figure 1.4). (Kralovics, 2012). Nevertheless, the cancer genome 

will be constantly reshaped due to genetic instability as the disease progresses 

(Landau et al., 2014). Clonal expansion of abnormal blood cells derived from a sin-

gle ancestral cell within the bone marrow not only causes blood cells to accumulate 

in major organs such as liver and spleen, but also disrupts normal haematopoiesis. 

These cause abnormal haematopoietic situation for instance anaemia and thrombocy-

topenia (Jones, 2010). 

 

Today, the aetiology of most haematological malignancies is still unknown consider-

ing that most diseases involve cross talk between inheritance and environmental fac-

tors. Inherited factors such as genetic predisposition or genetic diseases such as 

Down’s syndrome are greatly associated with acute leukaemia, one of the malignan-

cies. Subtle familial predisposition was also observed in diseases such as acute mye-

loid leukaemia (AML) and CLL. Environmental factors such as ionising radiation, 

exposure to chemicals and drugs, infection (during pregnancy, viral and bacterial) 
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were also reported to increase the risk of developing one or several of these diseases 

(Hoffbrand & Moss, 2011a). 

 

In this thesis, I will focus on the genetics of myeloproliferative neoplasms (MPNs), 

one of the phenotypically diverse groups of myeloid malignancies.  
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Figure 1. 3 Accumulated genetic alterations lead to haematological 

malignancies. 

Haematological malignancies occur due to proliferation of normal cells depends on a 

balance between the action of proto-oncogenes and tumour-suppressor genes. In a 

malignant cell this balance is disturbed leading to uncontrolled cell division. Adapted 

from Hoffbrand & Moss (2011a). 
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Figure 1. 4 Clonal proliferation in haematological malignancies. 

The evolution starts with the acquisition of an advantageous mutation (filled star) 

that confers survival and growth advantage (e.g., resistance to apoptosis) in one cell 

(green) during normal haematopoiesis (light blue cells) and forms a local clone. Sub-

sequently, the progeny of this cell (blue, peach, and orange) acquire additional muta-

tions in a linear trend of successive clonal expansions that may lead to the formation 

of subclones with further aggressive phenotype, or mutations that may be deleterious 

and cause the clone to die out (blue). The clonal haematological malignancy is char-

acterised by the co-existence of a heterogeneous group of subclones (green and 

peach) plus a dominant clone (red) that harbour driver mutation to compete for as-

cendency. All neoplastic cells in the clonal population share overlapping yet distinct 

sets of mutations (Landau et al., 2014). Adapted and modified from Campbell et al 

(2007). 
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1.3 Myeloproliferative Neoplasms (MPNs) 

The term myeloproliferative disorders (MPDs) was first described by an American 

haematologist, William Dameshek in 1951 to represent a group of disorders charac-

terised by pan-myeloid proliferative potential : uncontrolled proliferation and expan-

sion of one or more myeloid cell types with unknown stimulus (Bueso-Ramos & 

Vardiman, 2011; Kilpivaara & Levine, 2008). William Dameshek grouped chronic 

myeloid leukaemia (CML), polycythaemia vera (PV), essential thrombocythaemia 

(ET), and primary myelofibrosis (PMF), and erythroleukaemia into MPDs (Wadleigh 

& Tefferi, 2010) noting that they share similarities in histology and clinical presenta-

tion (Abdel-Wahab & Levine, 2011). Erythroleukaemia and its subtypes were later 

removed from MPDs to join erythroid leukaemia. In 2001, the myeloid neoplasms 

classification of World Health Organisation (WHO) group the remaining classic 

MPDs under the umbrella of chronic myeloproliferative diseases (CMPDs) alongside 

with chronic neutrophilic leukaemia (CNL), chronic eosinophilic leukae-

mia/hypereosinophilic syndrome (CEL/HES), and unclassified CMPD (Wadleigh & 

Tefferi, 2010). 

 

CMPDs comprised few disorders that are individually distinct but biologically simi-

lar. Pathologists and scientists have shown that certain genetic alterations targeting 

related molecules and tyrosine kinases, are the causes to constitutive activation of 

signalling pathways that leads to the abnormal proliferation of myeloid cell 

(Wadleigh & Tefferi, 2010). For instance, CML shares pathogenic similarities with 

some of the MPNs, but it has then evolved to be independent of MPNs and has been 

studied separately ever since the discovery of BCR-ABL fusion gene or the so-called 

Philadelphia (Ph) chromosome (Rowley, 1973; Campbell & Green, 2010). The sec-
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ond most commonly recognised mutation that shed light on BCR-ABL-negative 

MPDs is the mutation (JAK2 V617F) found in JAK2 kinase discovered in 2005 

(Levine et al., 2005; Jones et al., 2005; Baxter et al., 2005; Kralovics et al., 2005b). 

This JAK2 V617F mutation was reported to be detected in most of the BCR-ABL-

negative MPDs patients. Throughout the years, additional clinical and histologic dis-

coveries have contributed to the research of these diseases. These discoveries marked 

the revision of 2008 WHO classification and diagnosis algorithms of CMPDs with 

the incorporation of additional molecular information (Wadleigh & Tefferi, 2010).  

 

1.3.1 Classification of MPNs 

CMPDs are clonal haematopoietic disorders originating from the bone marrow with 

similar biology (Wadleigh & Tefferi, 2010). Genetic abnormalities and histologic 

features of CMPDs, such as the use of BCR-ABL fusion gene in the diagnosis of 

CML and the most prevalent mutation (JAK2 V617F) in the diagnosis of BCR-ABL-

negative MPDs, have taken a big stride in distinguishing BCR-ABL-negative MPDs 

from other disorders because other reactive granulocytic,
 
erythroid, and megakaryo-

cytic hyperplasia always resemble them. To incorporate this new clinical and scien-

tific information into the diagnostic criteria, a revision of WHO classification was 

made in 2008. As revised, the nomenclature “chronic myeloproliferative disorders” 

(CMPDs) was changed to “myeloproliferative neoplasms” (MPNs) to better reflect 

their neoplastic nature rather than reactive (Wadleigh & Tefferi, 2010; Vardiman et 

al., 2009). MPNs were redefined as a general diagnostic category encompassing a 

number of phenotypically distinct disorders with a common stem cell-derived clonal 

heritage attributed by abnormal signal transduction brought about by a range of mu-

tations affecting protein tyrosine kinase or related molecules (Vardiman et al., 2009). 
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The re-termed MPNs now include BCR-ABL1–positive CML, PV, ET, PMF, CNL, 

CEL/not otherwise specified mastocytosis (SM) and unclassifiable MPNs (uMPN) 

(Vardiman et al., 2009). 

 

Under MPNs, disorders can be grouped into ‘classic’ and ‘non-classic’ subtypes as 

depicted in Figure 1.5. These disorders often involve genetic alterations targeting 

tyrosine kinases and related molecules. This thesis focuses on the classical MPNs, 

namely PV, ET, and PMF, three disorders that are clinically and biologically related. 

They share the JAK2 V617F mutation in addition to their distinct set of genetic ab-

normalities and have the potential to transform from one entity into another as the 

disease progresses (Figure 1.6) (Hoffbrand & Moss, 2011b). However, each subtype 

can still be distinguished among the three if the 2008 WHO diagnostic criteria were 

followed based on their histologic and molecular characterisation (Table 1.1) 

(Tefferi et al., 2009). 

 

Most of the MPNs cases are asymptomatic and incidentally diagnosed during routine 

blood tests which reveal an abnormally increased levels of myeloid cells (erythro-

cytes, granulocytes, and/or platelets), especially in the case of ET and, PV to a lesser 

degree (Bueso-Ramos & Vardiman, 2011; Cervantes & Hernández-Boluda, 2012). 

While for the case of PMF, patients are more often diagnosed accompanied by symp-

toms such as enlarged spleen during routine physical examination or blood test 

(Barosi, 2011). MPNs have a tendency for transformation but at low and different 

frequencies to acute myeloid leukaemia (AML) (Figure 1.6) (Bueso-Ramos & 

Vardiman, 2011). 
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MPNs can be categorised into non-classic and classic.subtypes Non-classic subtypes 

include Chronic Neutrophilic Leukaemia (CNL), Chronic Eosinophilic Leukaemia 

(CEL), Systemic Mastocytosis (SM), and unclassifiable MPNs (uMPN). Classic Sub-

types Include Chronic Myeloid Leukaemia (CML), Polycythaemia Vera (PV), Essen-

tial Thrombocythaemia (ET), and Primary Myelofibrosis (PMF). The key genetic 

abnormalities of the diseases are represented in oval. Modified from Vakil and 

Tefferi (2011). 
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Figure 1. 5 The 2008 World Health Organisation (WHO) classification of MPNs. 
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They are phenotypically distinct disorders derived from a common stem cell heritage 

attributed by abnormal signal transduction brought about by a range of mutations af-

fecting protein tyrosine kinase or related molecules. In some cases, phenotypes of 2 

disorders might affect the same patient simultaneously; in other cases, the disease 

transforms from one entity to another during its course, or to the more severe acute 

myeloid leukaemia. The three diseases, PV, ET, and PMF, can be characterised by 

their variable proportions of V617F (see text). Modified from Hoffbrand & Moss 

Hoffbrand and Moss (2011b). 
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Figure 1. 6 Relationship among the three classical MPNs. 
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Table 1.1 The 2008 WHO diagnostic criteria for PV, ET, and PMF 

Adapted from Tefferi et al. (2009) 
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1.3.2 Atypical/unclassified MPNs 

Non-classical or atypical MPN such as chronic eosinophilic
 
leukaemia (CEL), hy-

pereosinophilic syndrome (HES), chronic neutrophilic
 
leukaemia or unclassifiable 

MPNs (uMPN) may
 
overlap with MDS/MPN, in which

 
proliferation is accompanied 

by dysplastic features or ineffective
 
haematopoiesis in other lineages (Orazi & 

Germing, 2008; Ernst et al.). 

 

The molecular pathogenesis of atypical MPN and MDS/MPN is only
 
partially under-

stood. In many patients, aberrant activation
 
of tyrosine kinase signaling has been 

found as a consequence
 
of four principal mechanisms: (i) activating tyrosine kinase

 

mutations, e.g. FMS-like tyrosine kinase-3 (FLT3) and JAK2 (Jones et al., 2005), (ii) 

mutations in downstream
 
signaling components, e.g. RAS (Tyner et al., 2009), (iii) 

mutations in negative
 
regulators, e.g. Casitas B-lineage lymphoma proto-oncogene 

(CBL) (Dunbar et al., 2008; Grand et al., 2009; Sanada et al., 2009) and (iv) constitu-

tively active
 
tyrosine kinase fusion genes arising as a consequence of genomic

 
rear-

rangements (Ernst et al., 2010a). Collectively, however, these abnormalities
 
account 

for less than 50% of cases.
 
Thus, many other possible abnormalities remain to be dis-

covered. 

 

1.3.3 Classic BCR-ABL-positive CML 

CML is a rare disease with its constant incidence worldwide, affecting approximately 

0.6-2/100,000 of the population annually in all countries where statistics are adequate 

(Rohrbacher & Hasford, 2009). CML is rare below the age of 20 years but occurs at 

all decades of life, with a median age of onset around 50-60 years. The incidence is 
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slightly higher in males than in females. Patients are usually in the chronic phase 

when CML is diagnosed, this chronic phase lasts typically 2-7 years but it may, in 

rare cases, last more than 15 or even 20 years (Jones, 2010). Most CML cases occur 

sporadically. The initiating event or events are unknown: there are no known heredi-

tary, familial, geographic, ethnic or economic associations. There may be an in-

creased risk after exposure to the atomic bombs dropped on Hiroshima and Nagasaki 

but not with lower levels of radiation (Kamada, 2001; Tomonaga, 2001; Goldman, 

1997). However, CML can be characterised by a consistent cytogenetic abnormality 

– a reciprocal translocation between the long arms of chromosomes 22 in the BCR 

gene and 9 in the abl oncogene, t (9; 22). The result is a shortened chromosome 22, 

known as the Philadelphia (Ph) chromosome (Figure 1.7) (Silver, 2000; Druker, 

2008). The BCR-ABL fusion gene encodes a chimeric protein with strong tyrosine 

kinase activity. This constitutively active BCR-ABL tyrosine kinase causes CML but 

how the presence of this oncoprotein leads to the CML phenotype is not fully under-

stood. 
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Figure 1. 7 Diagrammatic schema of Ph Chromosome translocation. 

Adapted from Silver (2000)  
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1.3.4 Classic BCR-ABL-negative MPNs 

In the past, the Philadelphia (Ph)
 
chromosome or BCR-ABL1 fusion gene was used as 

a marker to detect and confirm the
 
diagnosis of CML, whereas the prediction and di-

agnosis of BCR-ABL-negative MPNs subtypes
 
were based on their clinical and labor-

atory features
 
supported by minor contributions from histopathology together with 

some genetic abnormality (Vardiman et al., 2009). Most Ph negative MPN patients 

carry an acquired mutation in the Janus Kinase 2 gene in their tumours. Polycythae-

mia vera (PV), essential thrombocythaemia (ET), and primary myelofibrosis (PMF) 

form the 3 classic MPNs that possess the same JAK2 V617F mutation. This shared 

mutation has conferred some common features to the 3 disorders as listed in Table 

1.2 (Zhan & Spivak, 2009; Campbell & Green, 2006). The dysregulated signal trans-

duction has also made the 3 distinguishable with their primary clinical features: in-

creased red-cell mass (PV), high platelet count (ET), and bone marrow fibrosis (PMF) 

(Figure 1.6) (Tefferi & Gilliland, 2007). All the three disorders originated from mul-

tipotent haematopoietic progenitor cells, undergo relatively normal cellular matura-

tion, and have overlaps in their phenotype and genotype presentations (Spivak & 

Silver, 2008).  

 

This mutation was first discovered in 2005 by five research groups (Baxter et al., 

2005; James et al., 2005b; Levine et al., 2005; Kralovics et al., 2005b; Zhao et al., 

2005). It was reported in nearly all the patients with PV and in around 50% of those 

with ET or PMF (Figure 1.6) (Tefferi & Gilliland, 2007; Vannucchi et al., 2009a; 

Olcaydu et al., 2009a; Baxter et al., 2005; Tiedt et al., 2008; Xiao et al., 2008; Chen 

et al., 2007; Saxena R & SK., 2008). The mutation was also reported in Chinese 

populations with remotely different rates due to the differences in diagnostic criteria 
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and assay sensitivity (Lieu et al., 2008; Zhang et al., 2008; Xiao et al., 2008). This 

mutation is a single point mutation of the JAK2 kinase gene (1849G>T) on chromo-

some 9 which results in a valine-to-phenylalanine substitution in codon 617 (encod-

ing JAK2 V617F, hereafter V617F). This acquired gain of function mutation consti-

tutively activates the proliferation of myeloid cells (Tefferi & Gilliland, 2007; Jones 

et al., 2009). Comparing with other less frequent JAK2 abnormalities found in MPNs 

(Table 1.3), only PV, ET, PMF show significant levels of V617F mutation (Table 

1.4) (Tefferi & Gilliland, 2007). 

 

MPNs are rare disorders with an incidence rate ranging from approximately 0.3 to 

2.8 per 100,000 individuals depending on the subtype and geographical area (Jensen 

et al., 2000). However based on a survey from the North American Association of 

Central Cancer Registries, MPNs are among the most frequent haematologic neo-

plasms (Rollison et al., 2008). They estimated an average annual age-adjusted inci-

dence rate of 2.1 per 100, 000 MPNs cases during the period from 2001 to 2003 

(Vannucchi et al., 2009b). It is similar to the estimated annual incidence rate of 2.3 

cases per 100, 000 in the United States (Goldin et al., 2009). MPNs mainly affecting 

older adults and modestly reduce patients’ lifespan compared with the general popu-

lation; however these disorders usually directly cause severe and potentially fatal 

complications to the patients such as blood clots in the arteries or veins and re-

sistance to therapy (Jager et al., 2010; Passamonti et al., 2004; Vannucchi et al., 

2009a). Results from a large Swedish study (Landgren et al., 2008) claimed a higher 

risk of 5.7, 7.4 and 7.5 for MPNs (PV, ET, and unclassified MPNs respectively) in 

the people of having family history of MPNs. The familial clustering as demonstrat-

ed by the Swedish study is in consistent with the hypothesis of the predisposition al-
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lele (Vannucchi et al., 2009b). The genetic risk factors underlying these three MPNs 

will be discussed in the following sections. 
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Table 1.2 Common features of MPNs 

Common features of PV, ET, and PMF  

Involvement of a multipotent haematopoietic progenitor cell 

Relatively normal cellular maturation 

Dominance of the abnormal clone over normal clones 

Abnormalities of chromosomes 1, 8, 9, 13 and 20 

Marrow hypercellularity and megakaryocyte dysplasia 

Haematopoietic growth factor hypersensitivity 

Resistance to apoptosis 

Growth factor-independent (endogenous) colony formation 

Altered production of one or more of the formed elements of the blood 

Thrombosis and haemorrhage 

Myelofibrosis 

Extramedullary haematopoiesis 

Transformation but at low and differing frequencies to acute myeloid leukaemia 

Expression of JAK2 V617F, over-expression of PRV-1 mRNA and impaired 

expression or mutation of MPL but not in all patients 

Abbreviations: PV, polycythaemia vera; ET, essential thrombocythaemia; PMF, pri-

mary myelofibrosis; PRV-1: polycythaemia rubra vera-1; MPL: Myeloproliferative 

Leukaemia Virus 
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Table 1.3 Prevalence of JAK2 abnormalities in haematologic neoplasms 

Other JAK2 mutations 

Haematologic neoplasm Mutation  Reference 

PV 

JAK2 exon 12 mutations 

    F537- K539delinsL 

    H538QK539L 

    K539L 

    N542-E543del 

Hellstrom-Lindberg and 

Cazzola (2008) 

Alabdulaali. (2009) 

McLornan et al. (2006) 

Steven et al. (2008) 

AML 

UMPD 

ETV6-JAK2 

    t(9;12)(p24;p13) 

AML 

UMPD 

PCM1-JAK2 

    t(8;9)(p22;p24) 

UMPD 
BCR-JAK2 

    t(9;22)(p24;q11.2) 

AML JAK2 T875N 

ALL 

JAK2 rearrangement 

    t(8;9) 

    t(9;12) 

    JAK2 R683G and less fre-

quently other R683 point 

mutations 

Novel rare JAK2 mutations (Yoo et al., 2009) 

Haematologic neoplasm Mutation  Reference 

PV V536-I546dup11 Pietra et at. (2008) 

PV F537-I546dup10/F547L Pietra et at. (2008) 

PV F537-K539delinsL 

Scott et al. (2007) 

Pardanani et al. (2007) 

Pietra et at. (2008) 

PV H538Q/K539L Scott et al. (2007) 

PV 

IE 
H538-K539delinsL 

Williams et al. (2007) 

Martinez-Aviles et al. 

(2007) 

Pietra et at. (2008) 

PV 

IE 
K539L 

Scott et al. (2007) 

Martinez-Aviles et al. 

(2007) 

Kouroupi et al. (2008) 

PV I540-E543delinsMK 
Butcher et al. (2008) 

Pietra et at. (2008) 
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Table 1. 3 Prevalence of JAK2 abnormalities in haematologic neoplasms (Continued) 

Novel rare JAK2 mutations (Yoo et al., 2009) 

Haematologic neoplasm Mutation  Reference 

PV 

IE 
R541-E543delinsK 

Williams et al. (2007) 

Butcher et al. (2008) 

Pietra et at. (2008) 

PV 

IE 
N542-E543del 

Martinez-Aviles et al. 

(2007) 

Scott et al. (2007) 

Williams et al. (2007) 

Pardanani et al. (2007) 

Colaizzo et al. (2007)  

Percy et al. (2007)  

Kouroupi et al. (2008) 

Pietra et at. (2008) 

PV 

IE 
E543-D544del 

Wang et al. (2008) 

Percy et al. (2007) 

Pietra et at. (2008) 

AML without maturation K607N Lee et al. (2006) 

ALL L611S Kratz et al. (2006) 

PV C616Y/V617F Zhang et al. (2007) 

PV V617F/C618R 
Karow et al. (2008) 

Yoo et al. (2009) 

PV V617F/D620E Grünebach et al. (2006) 

MPS unclassifiable D620E Schnittger et al. (2006) 

BCR/ABL-negative MPS E627E Schnittger et al. (2006) 

B cell precursor ALL ΔIREED Malinge et al. (2007) 

AMKL T875N Mercher et al. (2006) 

 

Abbreviations: PV, polycythaemia vera; AML, acute myelogenous leukaemia; 

UMPD, Unclassified myeloproliferative disorders, ALL, acute lymphoblastic leu-

kaemia; IE, idiopathic erythrocytosis; MPS, myeloproliferative syndrome; AMKL, 

acute megakaryoblastic leukaemia. 
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Table 1.4 Worldwide prevalence of V617F in PV, ET, and PMF 

Study Population Method PV, n (%) ET, n (%) PMF, n (%) 

Baxter et al. (2005) Caucasian 
AS-PCR 

DNA seq 
71/73 (97) 29/51 (57) 8/16 (50) 

James et al. (2005b) Caucasian  DNA seq 40/45 (89) 9/21 (43) 3/7 (43) 

Jelinek et al. (2005) Caucasian   25/29 (86) 3/10 (30) 18/19 (95) 

Jones et al. (2005) Caucasian  ARMS 58/72 (81) 24/59 (41) 15/35 (43) 

Kralovics et al. (2005b) Caucasian  DNA seq 83/128 (65) 21/93 (23) 13/23 (57) 

Levine et al. (2005) 
Caucasian  

MS, 

DNA seq 

121/164 

(74) 
37/115 (32) 16/46 (35) 

Zhao et al. (2005) Caucasian DNA seq 20/24 (83)     

Tefferi et al. (2006) Caucasian  58/63 (92)     

Lippert et al. (2006) France  
AS-PCR, 

RT-PCR 
60/62 (97) 45/60 (75)  

Chen et al. (2007) 
Chinese  

(China) 
 42/57 (74) 40/68 (59) 8/12 (67) 

Wong et al. (2008) 
Chinese 

(Hong Kong) 
   60/95 (63)   

Lieu et al. (2008) 
Chinese  

(Taiwan) 
 28/33 (85) 29/49 (59) 2/6 (33) 

Xiao et al. (2008) 
Chinese  

(China) 
 

109/116 

(94) 

122/153 

(79) 

111/142 

(78) 

Zhang et al. (2008) 
Chinese  

(China) 
 16/23 (70) 21/45 (47) 3/8 (38) 

Basquiera et al. (2009) Argentine AS-PCR 40/45 (89) 30/43 (69) 7/15 (47) 

Ruiz-Arguelles et al. 

(2009) 
Mexican  ARMS 5/8 (63) 6/17 (35) 1/4 (25) 

Shen et al. (2009) 
Chinese  

(China) 
 35/35 (100) 53/85 (62) 2/3 (66) 

Kim et al. (2010) Korean AS-PCR 22/24 (92) 12/26 (46) 47/89 (53) 

Sazawal et al. (2010) Indian PCR-RFLP 28/34 (82) 7/10 (70) 16/31 (52) 

Trifa et al. (2010) Caucasian  61/69  (88) 37/64 (57) 9/15 (60) 

Zhang et al. (2010) 
Chinese  

(China) 

AS-PCR, 

DNA seq, MS 
73/89 (82) 52/142 (36) 24/47 (51) 

Ayad and Nafea (2011) Egyptian ARMS 44/54 (81) 15/30 (50) 18/39 (46) 

Mahfouz et al. (2011) Lebanon RT-PCR 13/13 (100) 28/41 (68)  

Wong et al. (2011) 
Chinese  

(Singapore) 
  35/102 (34)   

Da Silva et al. (2012) Brazilian PCR-RFLP 46/52 (88) 39/81 (47) 8/11 (77) 

Karkucak et al. (2012) Turkish ARMS 56/70 (80) 33/78 (42)  

Suksomyos et al. (2012) Thais 
AS-PCR, 

PCR-RFLP 
25/31 (81) 29/49 (59) 7/10 (70) 

This study 
Chinese 

(Hong Kong) 
ARMS 53/61 (87) 63/93 (68) 11/17 (65) 

Abbreviations: PV, polycythaemia vera; ET, essential thrombocythaemia; PMF, primary myelofibro-

sis; AS-PCR, allele-specific polymerase chain reaction; DNA seq, DNA sequencing; ARMS, amplifi-

cation-refractory mutation sequencing PCR; MS, mass spectrometry-based method; RT-PCR, real-

time polymerase chain reaction; PCR-RFLP, polymerase chain reaction -restriction fragment length 

polymorphism. 
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1.3.4.1 Polycythaemia vera (PV) 

Polycythaemia vera (PV) is the second most common phenotype among the 3 MPNs 

subtypes. The worldwide incidence of PV varied ranging from 0.7 to 2.8 cases per 

100 000 individuals, with a slight male predominance (M: F, 1-2:1) and a median age 

of 55-60 years (Swerdlow et al., 2008; Johansson, 2006; Publicover & Medd, 2013). 

PV is recognised by its primary feature: an increased production of red blood cells in 

addition to its general distinctive features such as increased white cells and platelets 

(McLornan et al., 2006; Zhao et al., 2005). On top of that, itchiness and splenomeg-

aly are other features of PV. PV is always complicated by thromboembolic phenom-

ena and haemorrhage with the risk of developing myelofibrosis and acute leukaemia 

(McLornan et al., 2006). PV mainly affects older adults (uncommon in children) be-

tween 40 and 60 years old and the patients with this disorder have very sensitive re-

sponses in their haematopoietic progenitors to many growth factors and also cyto-

kines (Zhao et al., 2005). PV is relatively indolent, resulting in a moderate reduction 

of lifespan (Vannucchi et al., 2009a) (median survival exceeds 15 years) (Tefferi, 

2008) with increasing mortality rate in PV patients in an age-dependent manner 

(Cervantes et al., 2008). Criteria for PV classification based on the 2008 revision of 

the World Health Organization (WHO) are listed in Table 1.1. 

 

1.3.4.2 Essential thrombocythaemia (ET) 

Among the 3 MPN disorders, essential thrombocythaemia (ET) is the most common-

ly observed subtype with an annual incidence of 0.6-2.5 per 100,000 individuals. 

Most cases of ET occurred in patients aged 50-70 years, with both genders nearly 

equally affected (Johansson, 2006; Mesa et al., 1999; Jensen et al., 2000; Cervantes, 
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2011; Publicover & Medd, 2013). It is an indolent disorder like PV, normally recog-

nised by a significant increased platelet count but it is clinically asymptomatic with 

normal life expectancy in most of the ET patients (Vannucchi et al., 2009a). Less 

than 10% of the patients were observed to transform into myelofibrosis at 10 years 

(Passamonti et al., 2004; Cervantes et al., 2002). Therefore, normal life expectancy 

decreases moderately after 10-15 years from diagnosis (McLornan et al., 2006; 

Vannucchi, 2009; Cervantes et al., 2008). However, detection of this disorder is pos-

sible with the thromboembolic events. Reported by McLornan et al. (2006), treat-

ment modalities used can give a small tendency to ET to transform into myelofibro-

sis and acute leukaemia. Criteria for ET classification based on the 2008 revision of 

the World Health Organization (WHO) classification of myeloid neoplasms and 

acute leukaemia (Vardiman et al., 2009) are listed in Table 1.1. 

 

1.3.4.3 Primary myelofibrosis (PMF) 

Primary myelofibrosis (PMF) is the least common subtype of MPNs with annual in-

cidence estimated at 0.4-1.5 per 100, 000 persons. It is the most severe and also the 

most difficult to diagnose MPN. PMF cases were often reported nearly equally in 

both genders aged between 50-70 years (Kutti & Ridell, 2001; Publicover & Medd, 

2013; Swerdlow et al., 2008). Bone marrow fibrosis is the primary distinguishing 

feature of PMF in addition to cytopenia, and splenomegaly (Baxter et al., 2005). 

PMF has the worst prognosis with a median survival of 5 years. Being the most se-

vere type of MPNs, patients with PV and ET can develop secondary myelofibrosis 

and eventually transform into acute myeloid leukaemia in their late stage of PMF 

(McLornan et al., 2006; Vannucchi et al., 2009a). The 2008 revision of the World 

Health Organization (WHO) classification of myeloid neoplasms and acute leukae-
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mia was used as the reference for PMF classification in this study (Vardiman et al., 

2009) (Table 1.1). 

 

1.3 The aetiology of MPNs 

A hallmark of the classic MPNs is the overproduction of various mature functional 

blood cells. Despite knowing that MPNs are often associated with a range of muta-

tions remarkably the V617F mutation, JAK2 exon 12 mutations, and the aetiology of 

MPNs remains obscure. 

 

In 2012, there was a critical review investigating environmental, lifestyle, and famil-

ial factors associated with MPNs (Anderson et al., 2012). They concluded that Jew-

ish descent and also family with history of MPNs have strongest correlation with 

MPNs. Najean (1998) and Chaiter (1992) both identified a higher portion of MPNs 

patients to be Jewish decent compared with reference population in the 1990s. Indi-

viduals with familial history of MPNs were announced to have increased risk of de-

veloping MPNs compared with those without familial history (Landgren et al., 2008).  

 

Autoimmune conditions particularly the non-malignant Crohn’s disease (Barrett et 

al., 2008) was found to co-exist with MPNs. However, their relationship requires in-

vestigation to identify if there are both shared risk genes linking MPNs to Crohn’s 

disease. Surprisingly, a higher incidence of PV was detected among blood donors 

compared with general population (Kristinsson et al., 2010; Merk et al., 1990). 

Health-conscious behaviour and cancer screening among blood donors might explain 
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the increased PV diagnosis among donor population (Merk et al., 1990; Vahidnia et 

al., 2013). 

 

They also summarized that, higher mortality rates were recorded among poultry 

workers (Johnson et al., 2010), commercial pressmen (Zoloth et al., 1986), and petro-

leum refinery workers (Kaplan, 1986) compared with their reference populations. 

Workers exposed to metals/chemical were more common occupations among MPN 

patients (Giles et al., 1984; Terreros et al., 1997). Interestingly, occupation such as 

professional, administrative clerical, sales, transportation/communication, service 

industries, food and beverage workers, and hairdressers were not correlated with 

MPNs (Giles et al., 1984).  

 

To date, despite the identification of somatic and germline mutations surrounding 

JAK2, and possibly some potential environmental risk factors, the aetiology of MPNs 

is still not clear. Larger scale studies may possibly explore more information under-

lying MPNs. 

 

1.4 Targeted treatment of MPNs 

For decades, there have been treatments developed for MPNs patients. However, 

many new drugs still remain investigational and the safety demonstration has to be 

ensured in patients to avoid any substantial toxicities induced by JAK2 inhibition in 

the treated patients (Kilpivaara & Levine, 2008). Though the considerable devotion 

to JAK2 inhibitor development of MPNs (Verstovsek, 2009) has been on its way to-

gether with clinical studies, the possible JAK2 inhibitors resistance in some patients 
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must not be ignored. Moreover, it was reported that JAK2 inhibitor therapy in 

V617F-positive patients might increase their risk of leukaemic transformation 

(V617F-negative) (Kilpivaara & Levine, 2008; Kralovics et al., 2005b). To date, in 

vitro studies and also murine models of V617F-induced MPNs suggests that small 

molecular inhibitors might be useful in blocking JAK2 kinase activity yet reduce the 

complications of these disorders (Skoda, 2008). This can be achieved by reducing the 

cellular mass responsible for the typical clinical complications. However, consider-

ing the long life expectancy of MPN patients (Skoda, 2008), more in vivo studies 

should be performed to improve the therapy or treatment without complications and 

also to avoid any transformation to more seriously diseases. 

 

As reviewed by Zhan and Spivak (2009), overall survival in the 3 MPNs ranges from 

a normal life expectancy in ET patients to a median of less than 6 years in many pa-

tients with PMF.  Disease transformation among the 3 MPNs is another major com-

plication in addition to transformation from MPN to other less common MPNs such 

as acute myeloid leukaemia/myelodysplastic syndromes as a side effect of frequent 

use of the drugs that are themselves leukaemogenic in nature as reported (Clark et al., 

2007; Najean & Rain, 1997; Berk et al., 1981). 

 

More studies in the development of therapeutic treatments should be carried out to 

significantly reduce MPNs with the exclusion of unwanted complications. Therapeu-

tic treatment of MPNs is not the focus of this project, therefore this topic will not be 

discussed into details. 
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1.5 The Janus Kinase (JAK2) gene  

JAK2 is a member of the intracellular non-receptor tyrosine kinases consisting of 

four members, namely Janus kinases (JAKs) 1, 2, 3 and tyrosine kinase 2 (TYK2). 

They have seven domains and are located beneath cellular receptors, as the controller 

of signal transmission downstream (Alabdulaali, 2009).  

 

In mammals, JAKs not only mediate normal functions but also play key role in signal 

transduction pathways. They are mainly involved in the Janus kinases and signal 

transducers and activators of transcription (JAK-STAT), phosphatidylinositol 3 ki-

nase (PI3K), and RAS and mitogen-activated protein kinase (RAS-MAPK) by asso-

ciating with cytokine, growth factor, and interferon (Neubauer et al., 1998; Rane & 

Reddy, 2000). JAKs are therefore crucial components in cell growth, survival, prolif-

eration, differentiation, and apoptosis (Rane & Reddy, 2000). In mammals, despite 

the fact that JAK3 is primarily expressed in haematopoietic cells, all the other JAKs 

are ubiquitously expressed (Rane & Reddy, 1994; Witthuhn et al., 1994; Schindler et 

al., 2007). Although not specifically restricted to haematopoietic tissue, the other 

members of JAKs are also indispensable in the development, function, survival, and 

differentiation of haematopoietic system (Jones, 2010). Disruption in the activity of 

JAK kinase may lead to abnormal cellular response and diseases (Rane & Reddy, 

2000). Experiments showed that loss of JAK1, JAK3, or TYK2 destructed lymphoie-

sis while loss of JAK2 results in embryonic lethality. Cells cannot survive without 

definitive erythropoiesis (Neubauer et al., 1998). 

 

JAK2 was first cloned in 1989 (Wilks, 1989) and originally named ‘just another ki-

nase’ and was later renamed Janus kinases after the two-faced Roman God of gates 
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and passages. It was named so because of its ‘active’ and ‘inactive’ domains (JH1 

and JH2) that resembles each other, reflecting the ability of the God Janus to look in 

two directions at once (McLornan et al., 2006). The structure of JAK2 is made up of 

JAK homology 1 (JH1) which has a tyrosine kinase catalytic activity (Ihle & 

Gilliland, 2007b), the JAK homology 2 (JH2), a catalytically inactive pseudokinase 

domain which has similar amino acid sequence to JH1 that exerts an inhibitory effect 

on basal JAK activity by directly inhibiting JH1, a SRC homology 2 domain (SH2), 

and an amino terminal (NH-2) FERM (4-point-1, Erzin, Radixin, Moesin) homology 

domain (Figure 1.8) (McLornan et al., 2006; Ihle & Gilliland, 2007b; Vainchenker 

et al., 2008). In 1992, Pritchard and his colleagues successfully mapped the gene on 

the short arm of chromosome 9p24 (Pritchard et al., 1992). It consists of 140 kb 

DNA spanning 25 exons and encodes 1132 amino acid-long JAK2 protein (Saltzman 

et al., 1998). Summarised from previous studies by Alabdulaali (2009), JAK2 works 

as a signalling molecule for many cytokines and STAT5 is one of the most important 

pathways activated by JAK2 in addition to the activation of BCL-XL and up-

regulation of BCL2 for cell survival. 

 

JAKs are important because they transmit signals in the inactive cytokine receptors 

that lack intrinsic catalytic activity. JAK2, as an indispensable signal transductor, 

mediates tyrosine phosphorylation by associating with cytokine receptors. Binding to 

specific domains of receptors, suppression of activation by pseudokinase (JH2) do-

main, and phosphorylation within the activation loop are prerequisite interactions to 

regulate kinase activity. These interactions activate some downstream signalling 

pathways by associating with cytokine receptors mediated by JH6 and JH7 domain 

(Saharinen et al., 2003; Ihle & Gilliland, 2007b). The NH-2 terminal FERM domain 
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is employed for the interaction and binding of cytokine receptors in addition to its 

role in trafficking of the cytokine receptor, such as erythropoietin receptor (EPOR) 

cytoplasmic domain, to the cell surface (McLornan et al., 2006; Constantinescu et al., 

2008) (Figure 1.9). The inactive JH2 domain is unique to this JAK family and func-

tions by negatively regulating the cytokine receptors in the absence of ligand binding 

but constitutively activating the kinase in the absence of ligand binding (Baker et al., 

2007). Maximal JAK2 activity can only be achieved with its intact structure 

(McLornan et al., 2006). Deletion of pseudokinase domain (the JH2) in JAK2 and 

JAK3 has been reported to increase phosphorylation and co-expression of STAT5 

(Saharinen & Silvennoinen, 2002). The critical regulatory function of this domain 

was further demonstrated when majority of patients with PV and approximately half 

of ET and PMF patients were detected to harbour the V617F activating mutation in 

the JH2 domain, despite the underlying mechanism being unknown (Silvennoinen et 

al., 2013). 
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JAK2   (A)

TEL-JAK2 in CML  (B) 

TEL-JAK2 in ALL   (C)

TEL-JAK2 in ALL   (D)

PCM1-JAK2 in CML/ALL/MPD  (F)

BCR-JAK2 in aCML (G)  

Major mutations in MPNs

PCM1-JAK2 in T-cell lymphoma   (E)

BCR-JAK2 in AML   (H)  

COOHH2N

Exon 12
Exon 14

V617F

 

Figure 1. 8 Schematic representation of JAK2 protein, with its mutations and JAKs fusion proteins reported in myeloproliferative disorders. 

JAK tyrosine kinase is composed of seven JAK homology (JH) domains, JH1 to JH7 (panel A). The common MPN-associated V617F mutation is located in exon 14 within 

the JH2 domain. A small percentage of V617F-negative PV patients was documented to harbour exon 12 mutation, which lies within the JH2 and SH2 domain (Pietra et al., 

2008; Scott et al., 2007). The TEL-JAK2 fusion proteins reported in CML (panel B) and ALL (panel C and D) contain the intact JH1 domain, but different portions of JH2 

(Peeters et al., 1997; Lacronique et al., 1997). The PCM1-JAK2 fusion proteins contain the entire JH1 and JH2 domains with parts of the SH2 domain  reported in cases with 

T-cell lymphoma (Adelaide et al., 2006) (panel E); not more than JH2 domain in cases of  aCML/ALL/MPD (Andreas et al., 2005; Murati et al., 2005; Bousquet et al., 2005) 

(panel F). The fusion BCR-JAK2 was identified in a case with aCML (Griesinger et al., 2005) and also AML (Cirmena et al., 2008) (panel I and J). Adopted and modified 

from Vainchenker et al. (2008)  
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Binding of EPO cross-links 

adjacent receptors and JAKs 
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tyrosines
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Figure 1. 9 An overview of JAK2 signalling pathway with the example of growth 

hormone erythropoietin (EPO). 

The EPO receptor is present at the cell surface and forms homodimer in the presence 

of EPO (ligand) (McLornan et al., 2006; O'Sullivan et al., 2007). Ligand/cytokine 

(e.g. erythropoietin, thrombopoietin) binding triggers auto (trans)-phosphorylation of 

JAKs bound to the extracellular domain of the cytokine receptors, and activates the 

JAK kinase activity with a conformational change. The activated JAKs in turn phos-

phorylate the cytokine receptors on tyrosines and causes the docking of numerous 

downstream signalling proteins (McLornan et al., 2006) such as STATs (signal 

transducer and activator of transcription), MAPK (mitogen-activated protein kinase) 

and PI3K (phosphatidylinositol 3-kinase) molecules on specific phosphotyrosines. 

They are then activated. Once activated, these proteins dissociate from receptor, di-

merise via their SH2 domains and migrate to nucleus as transcription factors in the 

modulation of target gene expression. The most right part of the figure shows the hy-

per-activation of JAK2-induced pathway independent of ligand binding. Modified 

from James et al. (2005a) and Campbell and Green (2006) 
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1.5.1 The JAK2 V617F mutation 

The history of MPNs dates back actually when an American haematologist, William 

Dameshek recognised that PV, ET, and PMF might share a pathogenic mechanism 

(Pesu et al., 2005). The aetiology of MPN is largely unknown, except that radiation 

and toxic chemicals like benzene were reported to be associated with a higher risk of 

leukaemia. Almost half of the PMF patients were reported to have non-specific 

chromosomal abnormalities; while among patients with PV, cytogenetic abnormali-

ties are relatively rare and random but the incidence increases as the disease pro-

gresses. In the later stage of PV, patients may eventually develop MDS or acute leu-

kaemia (Rodriguez-Abreu et al., 2007; Hemminki et al., 2009). 

 

In 2005, V617F activating point mutation was postulated to be involved in the aeti-

ology of MPN (Kralovics et al., 2005b; James et al., 2005b; Levine et al., 2005; 

Baxter et al., 2005; Kilpivaara & Levine, 2008). Kralovics et al. (2005b) concentrat-

ed on JAK2 study based on the loss of heterozygosity (LOH) on JAK2 gene. James et 

al. (2005b) investigated the effect of JAK2 siRNA on endogenous erythroid colony 

(EEC) formation whereas the Boston group (Levine et al., 2005) studied the structure 

of tyrosine kinases using high-throughput DNA sequencing approach. On the other 

hand, Baxter et al. (2005) and Zhao et al. (2005) had the same idea: JAK2 is a candi-

date gene in the pathogenesis of PV, ET, and PMF given its pivotal role in haemato-

poiesis. Consistently, the same conclusion was drawn: V617F mutation was detected 

in almost all PV patients and nearly 50% of patients with ET and PMF, in their JH2 

domain of JAK2. Strikingly, the presence of V617F was completely undetected in 

normal control samples (Pesu et al., 2005). It was exclusively present in only mye-

loid lineages with a high frequency in PV, ET, PMF (Alabdulaali, 2009) (likely to 
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arise in the haematopoietic stem cell compartment) (Levine & Wernig, 2006) but not 

in T cells, buccal cells or hair-follicle cells (Kralovics et al., 2005b; Baxter et al., 

2005; McLornan et al., 2006) and has the ability to constitutively activate down-

stream STAT, ERK/MAP kinase and P13K/AKT pathways in the absence of lig-

ands/cytokines. It was rarely reported in CML and other rare MPNs. 

 

V617F is a somatically acquired G to T transversion at nucleotide position 1849 on 

exon 14 which results in a substitution of valine for phenylalanine at codon 617 with-

in the JH2 domain of JAK2 (Figure 1.8). The JH2 domain is believed to be auto-

inhibitory. Thus, the valine to phenylalanine substitution at codon 617 disrupts the 

auto-inhibitory control of JAK2. Consequently, JAK2 gene is constitutively being 

activated (phosphorylated) even in the absence of haematopoietic growth factors, re-

sulting in a gain-of-function mutation (Ihle & Gilliland, 2007b; Kralovics et al., 

2005b; James et al., 2005b). This acquired mutation has conferred some shared fea-

tures (Table 1.2) and distinguishable phenotypic characteristics to the 3 disorders 

due to the dysregulated signal transduction (Tefferi & Gilliland, 2007) in addition to 

their primary clinical features: increased red-cell mass (PV), high platelet count (ET), 

and bone marrow fibrosis (PMF). 

 

Wild-type JAK2 allele (heterozygous V617F) is often reduced to homozygosity in 

PV and PMF cases but this is rare in ET. This is resulted from mitotic recombination 

(generally referred to acquired uniparental disomy; UPD) at chromosome 9 (Scott et 

al., 2007). Patients with the loss of wild-type JAK2 allele at this region are always 

homozygous for the V617F mutation. They carry only one single parental haplotype 

from one parent that acquired the mutation. This difference suggested that mitotic 
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recombination that causes V617F homozygosity could be an early genetic event un-

derlying the development of PV among the MPN subtypes. In addition to V617F 

somatic mutation, inherited MPN predisposition loci were suggested from previous 

familial clustering studies (Kralovics et al., 2005b; Kilpivaara et al., 2009; Campbell, 

2009; Olcaydu et al., 2009a; Jones et al., 2009). In humans, V617F mutation occurs 

at the stem cell level and is present in haematopoietic stem cell progenitors (Baxter et 

al., 2005). 

 

To date, in vivo and in vitro assays have been performed to study the relation be-

tween V617F and MPNs. In vivo assays of V617F expression in murine bone mar-

row transplantation assay is by far the most contributing type of study in validating 

V617F as an oncogene (Kilpivaara & Levine, 2008). The association between the 

mutation and MPNs has been observed in murine models (Levine & Wernig, 2006). 

The studies using murine
 
models were in parallel with other human clinical studies, 

supporting the non-redundant central role of V617F in the pathogenesis
 
of myelopro-

liferative diseases. It was noted that after V617F expression through a bone marrow 

transplantation assay, the recipient mice developed PV and eventually myelofibrosis 

(Levine & Wernig, 2006). Afterwards, Tiedt et al (2008) reported that phenotypic 

manifestation of MPNs can be determined by V617F allele burden: transgenic mice 

with low levels of V617F developed an ET-like phenotype while transgenic mice 

with higher levels of V617F developed a PV-like phenotype. On the whole, V617F 

mutation was sufficient to cause MPN-like phenotype and the V617F allele burden 

impacts the phenotype manifestation of MPN subtypes, as suggested by transgenic 

mice studies. 
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1.5.1.2 Effect of V617F mutation on patient survival 

The acquired somatic mutation V617F is associated with PV, ET, and PMF. At the 

cellular level, the mutation confers proliferative and survival advantage by making 

the cells more sensitive to incoming stimuli (Speletas et al., 2007). The haematopoi-

etic progenitor cells thus proliferate under clonal expansion with selective growth 

advantage that shapes the cancer genome of an individual resulting in each unique 

phenotype (Kralovics, 2012). 

 

Clinically, V617F-positive patients were generally older individuals displaying high-

er levels of haematocrit (Ht) and haemoglobin (Hb), high white blood cell count 

(WBC); low erythropoietin (EPO) levels and low platelet (PLT) count (Speletas et al., 

2007; James et al., 2005b; Kittur et al., 2007; Palandri et al., 2009; Campbell et al., 

2006). It was also reported that V617F-positive patients encounter more complica-

tions, they are more vulnerable to leucocytosis, splenomegaly, and thrombotic events 

compared with those without the mutation (Speletas et al., 2007; Campbell et al., 

2005). 

 

Phenotypically, Kralovics et al (2005b) observed that patients who are homozygous 

for V617F mutation had a longer disease duration compared with those who are het-

erozygous. These patients were also had higher incidence rate of developing second-

ary myelofibrosis which is the most severe disorder among the three. Likewise, Tef-

feri et al (2006) demonstrated that PV patients with homozygous V617F displayed 

more advanced clinical presentation or complications such as higher rates for pruritus 

and also a higher degree of fibrosis. The latter was also noted among PMF cases with 

V617F compared with cases without mutation (Santos et al., 2011). It was just re-
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ported this year in a study investigating PV and ET that thrombosis was correlated 

with V617F mutation (Payzin et al., 2014). All evidence reinforces the idea that 

V617F-homozygosity might cause a longer duration and more advanced disease than 

V617F-heterozygosity. In spite of this, studies of relevant murine models (Shide et 

al., 2008; Tiedt et al., 2008; Tefferi et al., 2010b) also showed that V617F allele bur-

den might be important in disease phenotype specification. However, the results are 

as inconsistent as that from human studies. 

 

Disease transformation to myelofibrosis (MF), MDS, or most critically AML, is 

known to be the long term complications of PV and ET (Campbell & Green, 2006). 

Campbell et al. (2005) observed six transformation events from V617F-positive ET 

to PV. Separately, Wolanskyj et al. (2005) showed that ET-to-PV transformation was 

more likely to happen in patients with V617F mutation. Because of this, ET and PV 

are being hypothesized a continuum of disease. This also marked the possibility that 

V617F might serve as a possible factor governing the transformation event of differ-

ent MPNs alongside with other potential influential factors. Statistically, Passamonti 

et al. (2010) reported a progression risk from PV to MF in patients with more than 

50% of V617F allele burden. These findings affirmed previous observations that in-

creasing V617F allele burden increases the risk of disease progression to MF; how-

ever it remains unexplained for the transformation to MDS/AML. 

 

The possible relationship between V617F and overall survival of MPNs patients 

were controversial. As a case in point, Campbell et al. (2006) reported based on their 

study consisting of 152 patients that, V617F-positive PMF patients had poorer sur-

vival. On the other hand, Tefferi et al. (2005) and Cervantes et al. (2009) found no 
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prognostic impact of V617F. On top of that, Cervantes et al. (2009) pointed out that 

the presence of V617F was not associated with survival among the 345 patients. 

Similarly, Barosi et al. (2007), in their study of 174 patients, found no correlation 

between V617F mutation and survival but reported V617F as a predictive factor for 

splenomegaly, need of splenectomy, and leukaemic transformation. While this may 

be true, leukaemic transformation or patients’ overall survival do not seem to be as-

sociated with V617F mutant allele (Kittur et al., 2007; Tefferi et al., 2008; 

Wolanskyj et al., 2005). However, lower V617F allele burden was found to shorten 

the survival in PMF patients (Guglielmelli et al., 2009). 

 

Adding to the idea, JAK2 mutational status also affects treatment responses 

(Campbell et al., 2005). It was observed that V617F-positive ET patients are more 

sensitive to hydroxyurea (Hydroxycarbamide; HU), an inexpensive drug widely used 

in treating MPNs to control splenomegaly, leucocytosis, and thrombocytosis but not 

anagrelide, compared with V617F-negative patients. A low dose of HU can reduce 

their platelet counts, WBC counts, and haemoglobin concentration in a great extent 

compared with V617F-negaive patients. Their prevalence of arterial thrombosis was 

reduced after the treatment without having to receive heavy dose of drugs (Campbell 

et al., 2005). Moreover, V617F-positive ET patients showed better therapeutic re-

sponse to HU (Martinez-Trillos et al., 2010). However, documented by Skoda (2008) 

in a study focusing on JAK2 inhibitors, cells carrying V617F mutation were more 

sensitive to the inhibition by lestaurtinib than cells without mutation. Strikingly, cells 

from V617F-negative MPN patients showed response to lestaurtinib as well. This 

aroused the curiosity that V617F may not directly cause the constitutive activation of 

JAK2 signalling pathway but this hyper active pathway is a rather common event in 

the pathogenesis in MPN (Skoda, 2008). 
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Despite the above findings, the conclusion is inconsistent and could not explain the 

effects of V617F mutation on patients’ overall survival. 

 

1.5.2 Additional mutations in MPNs leading to JAK2 activation 

MPNs manifest as a group of blood disorders with complex genetic background. 

Markedly, the V617F mutation was found in almost all patients with PV but only 

nearly half of the patients with ET and PMF (Oh et al., 2010a). Adding to the idea, 

the leukaemic clones of some V617F-positive MPN patients who transformed into 

AML were found to be V617F-negative (Theocharides et al., 2007). In 2007, Scott 

and colleagues identified a set of JAK2 exon 12 mutations in V617F-negative pa-

tients with PV (Scott et al., 2007). Various exon 12 mutant alleles induced cytokine-

independent/hypersensitive proliferation in erythropoietin receptor-expressing cell 

lines and constitutively activated the JAK-STAT signaling. Unlike V617F, JAK2 ex-

on 12 mutations are only observed in V617F-negative PV (Scott et al., 2007; Butcher 

et al., 2008). This led to more studies on MPNs and the identification of additional 

signaling mutations as listed below: 

 MPL Mutations: activating mutations in the thrombopoietic receptor gene 

MPL, which is JAK2-mediated, in 5-10% of patients with V617F-negative ET 

and PMF (Pikman et al., 2006; Rumi et al., 2013); 

 

 CBL Mutations: rare mutations in E3 ubiquitin ligase Casitas B-lineage lym-

phoma proto-oncogene (CBL) that are mainly associated with myelofibrosis 

and indicate a poor prognosis (Velazquez et al., 2002; Grand et al., 2009); 
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 SH2B3 Mutations: loss-of-function mutation in the JAK-STAT inhibitory 

adaptor protein SH2B3 (LNK) with a low frequency (3%) (Oh et al., 2010b); 

 

 Coding Calreticulin Mutations: recent exome sequencing identified recurrent 

Calreticulin (CARL) mutations in 60-84% of MPN patients with wild type 

JAK2 and MPL. The mutant proteins result in an activated JAK/STAT path-

way (Nangalia et al., 2013; Klampfl et al., 2013). 

 

1.5.3 Aditional mutations in other pathways in MPNs 

Mutations affecting the epigenome and spliceosome were also reported in MPN pa-

tients (Martinez-Aviles et al., 2012). These mutations were suggested to be the pri-

mary events leading to MPN or they can be acquired as secondary events causing a 

leukemic transformation. The fact that these mutations were primarily found in 

myelofibrosis, has suggested that myelofibrosis is a rapidly progressive type of MPN. 

The most frequent mutations include: 

 TET2 Mutations: being the most prevalent epigenetic mutation in MPNs, 

loss-of-function mutations in Ten-Eleven Translocation-2 (TET2) was found 

in 4% of ET, 10-16 % of PV, and 8-15% of PMF. Mutations in TET 2 affect 

its active DNA demethylation (Delhommeau et al., 2009);  

 

 DNMT3A mutations: mutations in DNA (cytosine-5-)-methyltransferase 3 al-

pha (DNMT3A), methyltransferase that adds methyl groups to cytosine in 

CpG island to effect gene expression, affect the state of DNA methylation 

(Abdel-Wahab et al., 2011b); 
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 ASXL1 mutations: heterozygous, loss of function mutations in the polycomb 

associated protein Additional Sex Combs-Like 1 (ASXL1), a tumour suppres-

sor gene, lead to ASXL1 haploinsufficiency and promote progression to 

myelofibrosis or a leukemic transformation (Gelsi-Boyer et al., 2009); 

 

 IDH-1/2 Mutations: gain-of-functions mutations in Isocitrate dehydrogenase 

1 and 2 (IDH1 and IDH2) produce 2-hydroxyglutarate which in turn inhibits 

TET2 (2-oxyglutarate dependent enzyme) and lead to the progression to 

myelofibrosis or a leukemic transformation (Figueroa et al., 2010);  

 

 EZH2 mutations: loss-of-function mutations in Enhancer Of Zeste Homolog 

2 (EZH2), proven and putative chromatin modifiers, promote progression to 

myelofibrosis or a leukemic transformation; they are also associated with a 

poor prognosis in PMF (Guglielmelli et al., 2011). 

 

1.6 Approaches used to study the germline polymorphisms underly-

ing MPNs 

The mechanism of the identical somatic mutation in the JAK2 tyrosine kinase gene 

(V617F) observed in the three phenotypically distinct disorders, namely PV, ET, and 

PMF, remains a major hurdle in the pathogenesis of MPNs. In 2008, World Health 

Organisation included V617F as one of the diagnostic criteria for this group of MPNs 

(Tefferi & Vardiman, 2008). Subsequently, it was demonstrated by the Swedish fa-

milial clustering study that, there is a higher risk of developing MPNs among the 

first-degree relatives of MPN patients (Landgren et al., 2008). These epidemiologic 
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data led to the hypothesis that additional genetic events might contribute to the un-

derlying pathogenesis of MPNs  

 

In 2009, the JAK2 germline haplotype block (or ‘46/1’) was reported to be associated 

with the predisposition of the development of V617F-positive MPNs almost simulta-

neously by three independent groups (Jones et al., 2009; Olcaydu et al., 2009a; 

Kilpivaara et al., 2009). This MPN-specific haplotype block is intronic and located 

between exons 12 and 13 of JAK2 and can be tagged by single nucleotide polymor-

phisms (SNP) for instance rs10974944, rs12343868, and rs12340895 (Olcaydu et al., 

2009a; Jones et al., 2009; Kilpivaara et al., 2009). The three studies all demonstrated 

that the GG/GC genotypes with the dominant G allele are predisposing factors to a 

threefold to four-fold increased risk of developing clinical MPN disease (Olcaydu et 

al., 2009a; Abdel-Wahab; Jones et al., 2009; Trifa et al.). The haplotype tagging SNP 

(tSNP) rs10974944 resides in the same haplotype block with V617F mutation. It 

means that the risk allele might act on disease predisposition along the same strand 

of DNA with the V617F mutation. It was confirmed by allele-specific PCR that the 

V617F mutation was acquired in cis with the risk allele which concluded that the 

JAK2 haplotype block increases the risk of developing V617F mutation in the same 

chromosome (Kilpivaara et al., 2009).  

 

Despite knowing their location is distinct from JAK2 promoter and 5’ exons, the 

mechanism or interaction between this JAK2 haplotype block and the V617F muta-

tion leading to MPNs remains another hurdle. There are currently two most possible 

mechanisms (Abdel-Wahab; Olcaydu et al., 2009b; Kilpivaara et al., 2009):  
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1) The “hyper-mutability” hypothesis. The haplotype confers increased chances 

of acquiring mutations at the JAK2 locus, and those mutations have selective 

growth advantage specifically for V617F, ultimately leading to clonal disor-

der. Evidence fortifying this hypothesis is the preferential acquisition of JAK2 

mutation in independent clones of 46/1 allele among MPN patients. However, 

no mechanism has been proposed to explain the genetic instability at JAK2 

locus which the haplotype offers essential features favouring mutations even 

at a genetic distance (Campbell, 2009). Moreover, the haplotype was recently 

also detected not only in some V617F-negative MPNs (Tefferi et al., 2010b; 

Pardanani et al., 2010) but also the non-malignant Crohn’s disease (Barrett et 

al., 2008). 

 

2) The second hypothesis is the “fertile ground” hypothesis. This hypothesis 

suggests the haplotype might offer a selective growth advantage to the cells 

where mutations such as V617F and exon 12 preferentially occur albeit these 

mutations can arise freely on different haplotypes. Similarly, this hypothesis 

is also not proven. Even without proposed mechanism, the increased risk of 

JAK2 exon 12 and MPL mutations by the haplotype favour the fertile ground 

hypothesis over the hypermutability hypothesis (Olcaydu et al., 2009b). Nev-

ertheless, there might be additional disease-associated functional variants that 

are linked with the haplotype that are yet to be identified. 

 

As mentioned, environmental factors including ionising radiation, exposure to chem-

icals and drugs, infection (during pregnancy, viral and bacterial) increased the risk of 

developing haematologic malignancy (Hoffbrand & Moss, 2011a). Adding to the 
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findings of germline genetic underlying the pathogenesis of MPNs, there might be 

other potential environmental factors or unidentified genetic events that makes the 

carriers more vulnerable to V617F mutation (Abdel-Wahab & Levine, 2011). Recent 

epidemiologic data from three counties in eastern Pennsylvania where concerns have 

been expressed in the exposure to hazardous material has suggested a link between 

environmental factors and MPNs V617F analysis helped to identify a cluster of PV 

cases not identified by traditional clinical testing. The incidence of PV is significant-

ly higher in these hazardous sites than the other areas in the United States (Seaman et 

al., 2009). On top of that, five patients from Denmark were diagnosed with both 

MPNs and multiple sclerosis (MS). This unusual connection between the 2 diseases 

has also brought attention to the possibility of yet identified predisposing factors es-

pecially environmental factors or genetic alterations (Thorsteinsdottir et al., 2013). 

 

Nevertheless, there is currently no identification of the involvement of aetiologic en-

vironmental factor. The initiating genetic/environmental events responsible for the 

development of MPNs are still not totally understood. 

 

1.6.1 Case-control association study 

Traditionally, identification of disease genes that are transmitted within the families 

begins with linkage analysis. Linkage analysis aims to identity the genomic region of 

the disease genes and to establish a linkage between the genes, chiefly in simple 

Mendelian inheritance (single gene inheritance) (Silverman & Palmer, 2000). This 

can best be illustrated with the identification of cystic fibrosis gene in the late 1980s 

(Rommens et al., 1989). However, this powerful method has its own limitations. One 

major limitation is the difficulty in fine mapping of disease genes underlying a com-
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plex disorder. The main limitation of linkage analysis, however, is solvable with as-

sociation studies. 

 

Association analysis is more powerful than linkage analysis when it comes to localiz-

ing the disease genes or genetic determinants of complex disorders and those with 

weak effect. The smaller sample size required also makes it a better method to detect 

association than to detect linkage (Risch & Merikangas, 1996). They also pointed out 

that, by using candidate gene approach in association study even at whole genome 

scale, association study is still a more powerful method in the analysis of complex 

disorders. 

 

Case-control association study or population candidate gene association study is ge-

netic association study that aims to identify association between genetic determinants 

and a trait. Genetic polymorphism is the most commonly used genetic determinant 

(Silverman & Palmer, 2000). The trait can be a disease (MPNs in this case), a quanti-

tative characteristic (e.g., height and weight) or a discrete attribute. The usual way of 

performing case-control study is to compare possible risk factors between a group of 

unrelated affected individual (cases) and a group of unrelated unaffected individuals 

(controls) (Silverman & Palmer, 2000). 

 

Genetic polymorphisms examined in such study are usually selected from candidate 

genes that are usually reported to be associated with the disease. Then any difference 

in the allele or genotype frequencies between cases and controls will be analysed 

with proper statistics. Statistical significant differences in allele or genotype frequen-

cies between the two groups suggest either that (1) the polymorphism is the causal 
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variant that directly affects the phenotype of the trait; (2) the polymorphism is not 

directly involved in the trait, it is in linkage disequilibrium (LD; the degree of an al-

lele of one SNP on the same chromosome that is co-inherited with another allele of 

another SNP within a population) with the real causal variant or a disease susceptibil-

ity gene, or (3) the finding could be an artefact due to confounding factors for in-

stance population stratification, selection bias or genotyping errors (Silverman & 

Palmer, 2000).  

 

However, no single analysis is perfect, so as association studies. To ensure the detec-

tion of a genuine association, few factors should be carefully taken when performing 

case–control association studies. Potential factors such as selection criteria of case 

and controls, selection of candidate genes, functional significance of polymorphisms 

chosen for study, and statistical analysis will be discussed in the next session. 

 

Following experiments, appropriate statistical tests should be used to defend against 

spurious results in a case-control study. Stringency of the statistical test used should 

always be met before any significance can be concluded. Before a statistical test can 

be regarded a real significance, multiple comparisons must be corrected. There are 

no fixed methods to apply. The simplest and most conservative approach is the Bon-

ferroni correction which adjusts the alpha value from α = 0.05 to α = (0.05/k) where 

k is the number of tests being conducted. (Bush & Moore, 2012). A genome-wide 

association studies (GWAS) examines 500,000 to one million SNPs. Therefore, for a 

typical study investigating 500,000 SNPs, the significance threshold will be 1 × 

10
−7

(Bush & Moore, 2012). There thresholds vary among different studies, however 

P value around the 5 × 10
−7

 or 10
−8

 are usually used (Risch & Merikangas, 1996; 
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Dudbridge & Gusnanto, 2008). Another commonly used correction method is called 

permutation. It is more computationally intensive but straightforward method to gen-

erate the empirical distribution of test statistics from the input dataset when null hy-

pothesis holds true. Permutation breaks the genotype-phenotype relationship among 

the cases and controls, and randomly swaps the case and control status for a prede-

fined number of times (N) to produce an empirical distribution with N 

resolution(Bush & Moore, 2012). As an illustration, a permutation with N = 1500 

generates an empirical P value within 1/1500
th

 of a decimal place. 

 

Finally, a particular genetic association should be replicable in independent studies 

using independent samples. Replication following the study design in additional in-

dependent samples is the gold standard to validate any genetic association (Bush & 

Moore, 2012). Functional assessment is then the next step towards understanding the 

responsible mechanisms behind the observed associations. 

 

1.6.2 Amplification refractory mutation system (ARMS) 

Amplification refractory mutation system (ARMS)-PCR was used for V617F detec-

tion due to the limited restriction enzyme cutting sites for this mutation. ARMS-PCR 

detection of V617F provides an advantage to the small amounts of mutant DNA in a 

wild type background based on its high sensitivity. HotStarTaq Plus DNA polymer-

ases were used to reduce nonspecific primer annealing (Baxter et al., 2005; Steensma, 

2006).  
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First described by Newton et al. (Newton et al., 1989a) in his study of α-1 antitrypsin 

deficiency, amplification refractory mutation system (ARMS) successfully analysed 

the single nucleotide differences in patients’ DNA. Since then, ARMS has been 

widely applied in the diagnosis of many genetic disorders (Old, 1996; Old et al., 

1990; Newton et al., 1989b). It is a simple and rapid method of mutation detection. 

One prerequisite for successful ARMS is that, the system must be highly sensitive 

and specific so that during PCR, DNA polymerase extends these primers only when 

there is perfect annealing of oligonucleotide primers at their 3’ ends of the sequences 

(Newton et al., 1989a; Steensma, 2006). The special mechanism permits the detec-

tion of a single base change under optimised PCR conditions. ARMS can also detect 

point mutations, restriction fragment length polymorphisms, deletion or insertion of a 

sequence. Allele-specific priming of the PCR reaction is the principle underlying 

ARMS, taking advantage of the use of 4 primers (2 outer primers and 2 inner primers) 

to specifically amplify the wild type and mutant sequences including a positive con-

trol band in a single reaction mixture (Jones et al., 2005). 

 

This method has been applied in the detection of V617F mutation in MPNs. Several 

groups have generated different sets of ARMS primers for the detection of V617F 

(G>T conversion) mutation (Baxter et al., 2005; Jones et al., 2005; McClure et al., 

2006) based on the design of primers that match only a specific DNA point mutation 

(T) but do not match the wild type allele (G). Another set of primer is used for the 

matching of only wild type allele (G) so that polymorphic alleles can be distin-

guished by the specific primer sets (Steensma, 2006). The particular target nucleotide 

in the DNA sequence can be detected easily by electrophoresis with its compatible 

staining procedure. In the case of V617F mutation (GT) detection, the mutation-

specific primer is designed based on the point mutation (T) with its 3’ terminal nu-
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cleotide (A) complementary to the point mutation (T). The 3’ nucleotide of the muta-

tion specific-primer will form a mismatch (A-G) with the wild type DNA sequence, 

prevent the extension of the oligonucleotide primer and thus halt the amplification. 

However, not all 3’ terminal mismatches completely prevent the extension of the oli-

gonucleotide primer, therefore a deliberate mismatch is introduced in the 3
rd

 nucleo-

tide from the 3’ end to increase the allelic specificity with better allele discrimination 

(Ye et al., 2001). A second primer set or common primer set is required to generate 

the allele-specific product and also 2 control primers (outer primers). The outer pri-

mers are required to ensure the reaction is working correctly and is not affected PCR 

failure but absence of the point mutation that the probe is targeting at (Steensma, 

2006). 

 

1.6.3 Single Nucleotide Polymorphism (SNP) 

A single nucleotide polymorphism (SNP) is a DNA sequence variations most fre-

quently occurring in the human genome due to a change in a single base. SNPs are 

widely used as molecular markers to pinpoint a disease on the human genome be-

cause of their high frequency and binary variation pattern (Kim & Misra, 2007; Tang 

et al., 2008). It is found in more than 1% of the population and over 80% sequence 

variation in the 0.1% difference in 2 unrelated individuals. On average, SNPs can be 

found every 300bp throughout the human genome (Ke et al., 2008; Salisbury et al., 

2003; Nelson et al., 2004). SNPs do not necessary cause disease even though they 

may be associated with certain diseases. SNPs can be used to potentially predict an 

individual’s risk for certain diseases due to their genetic location near to a disease 

causal gene. SNPs residing on coding region or regulatory region of a gene may also 
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directly cause a disease by affecting certain genes from functioning properly 

(Bethesda, 2014). 

 

SNPs that are physically close to each other on the same chromosome are often 

linked. They have great probability of being transmitted together to the next genera-

tion as a block. The pattern of alleles on a block forms a haplotype. The SNPs in a 

block are said to be in linkage disequilibrium. It is the co-inheritance of particular 

combinations of two or more alleles on the same chromosome at frequencies differ-

ent than would be expected by chance in a population (Reich et al., 2001; 2003). The 

neighbouring loci within a haplotype block are unlikely to be separated by recombi-

nation due to their small genomic distance, unless in a disease setting where new mu-

tations arise or recombination events happen in subsequent generations (Gabriel et al., 

2002). Nevertheless, disease markers located close to the disease causal variant are 

less likely to be separated by a recombination event. Therefore, in a well-designed 

genetic association study, haplotypes can be used for disease marker mapping and for 

tracing human population history (Strachan & Read, 1999; Strachan & Read, 1999 ; 

Sabatine et al., 2006; Alberts et al., 2002). LD analyses are often performed with the 

Haploview software (Barrett et al., 2005).  

 

Previous studies suggested that inherited SNPs within JAK2 or some inherited factors 

predispose to MPNs and are in association with other MPN subtypes (Jones et al., 

2009). Methods such as restriction fragment length polymorphisms, denaturing high 

performance chromatography (Yip et al., 2003), allele-specific PCR (Wu et al., 2005) 

(depending on the logistic arrangement for instrument use and the cost) (Zha et al., 

2009) were widely used to determine the associated factors and to find out the actual 
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causative gene. However, it is still debatable whether it is the only causative linker to 

the pathogenesis or as observed, a predisposing mutation, or a genetic modifier in 

these disorders pathogenesis (Ihle & Gilliland, 2007b; Alabdulaali, 2009).  

 

1.6.4 SNP genotyping  

Molecular genetic-based methods are now an integral component of the diagnostic 

workup for haematological malignancies. Molecular genetics has moved from re-

search-based applications and the simple amplification and detection of an abnormal 

gene to highly sensitive and reproducible monitoring of minimal residual disease 

(Erber, 2010; Ward & Kinniburgh, 2000). 

 

Genotyping allows researchers to determine the genetic make-up of an individual, 

namely genotype (Kim & Misra, 2007). Case-control genetic studies utilising SNPs 

aim to identify SNPs that affect diseases by comparing the genotypes between pa-

tient group and control group. This is done by genotyping. Then, the statistically sig-

nificant difference in genotypes between the 2 groups can then be used to predict the 

disease risk associated with a particular genotype. Ultimately, this information is 

then used to find the related functional proteins for earlier prevention and better 

treatment (Kim & Misra, 2007). 

 

Genotyping is generally carried out in two steps. The first step is to generate DNA 

products with the specific allele for the SNPs under study. Allele is a nucleotide 

(which has alternative forms) residing at a specific location of a gene. The second 

step then detects the products to determine the genotype. Generally, polymerase 
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chain reaction (PCR) is the amplification step to generate thousands of copies of the 

same sequence encompassing the SNP-containing region (Kim & Misra, 2007). It 

utilises repeated cycles and heating and cooling as well as a thermostable DNA pol-

ymerase to replicate DNA. The heat physically separates the double strands of DNA 

and replication occurs at the cooler temperatures. The cycles of heating and cooling 

are repeated over and over, allowing primers to bind to the target DNA and to newly 

synthesized sequences.  

 

1.6.4.1 Restriction fragment length polymorphism (RFLP) 

Restriction fragment length polymorphism (RFLP) is the standard genotyping meth-

od used in this study. RFLP is a popular technique for genotyping (Rasmussen, 2012). 

It was first used as a tool for genetic analysis in 1974 (Botstein et al., 1980). RFLP 

refers to a difference in homologous DNA sequence based on the different lengths of 

DNA fragments after enzymatic digestion with specific restriction endonuclease. 

These enzymes are able to recognize specific sequences and structures of DNA and 

thus can cleave (digest) at a specific region of the sequence. RFLP genotyping meth-

od enables distinction between two or more DNA samples taking advantage of the 

different restriction endonuclease digestion sites.  

 

PCR-RFLP genotyping involves two steps. The first step is the amplification of DNA 

product of study subjects by PCR. The PCR-amplified product, the ‘target’ is then 

cut into fragments of defined lengths according to their specific endonuclease cutting 

sites by compatible restriction enzymes. The resulting fragments can then be separat-

ed and recognised by gel electrophoresis based on their defined lengths to reveal the 

genotypic differences among individuals. DNA restriction enzymes recognise specif-
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ic DNA sequences can catalyse endonucleotic cleavages or digestion. This creates 

fragments of different lengths. A RFLP is said to be existed when the length of en-

zymatic cut fragments varies among individuals resulting from different genetic 

makeup among individuals.(Botstein et al., 1980; Clark & Thein, 2004). 

 

This inexpensive and simple method appears to be superior in genotyping studies 

(Simsek et al., 2001) and have the ability to assay for individuals, thus facilitates 

large population studies (Botstein et al., 1980). The design of PCR-RFLP (primers 

and choice of enzymes) is not difficult and can be performed using public available 

programs such as SNP Cutter (http://bioapp.psych.uic.edu/SNP_cutter.htm) or com-

mercial software that is user-friendly such as OLIGO (Molecular Biology Insights, 

Inc., USA). The use of PCR-RFLP has also been demonstrated in haematological 

malignancies. For instance, the InVivoScribe Technologies (San Diego, CA) em-

ployed restriction enzyme digestion to produce its V617F Activating Mutation Assay 

kit marketed “for research use only”. Other than commercial kit, Baxter et al.(2005) 

and Antonioli et al. (2008) had successfully used BsaXI restriction enzyme for RFLP 

in their research studies of V617F. 

 

On the other hand, RFLP has a few disadvantages. Restriction enzymes require spe-

cific conditions to digest the specific recognition site. Besides that, there might be 

several restriction enzymes that can target on the same recognition site (Rasmussen, 

2012) and can affect the sensitivity of the assay. Hence, careful design and optimisa-

tion of the experimental conditions are critical for a success. To increase the specific-

ity of the primers, websites such as PrimerBlast 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) can be a useful tool to detect un-

http://bioapp.psych.uic.edu/SNP_cutter.htm
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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wanted mispriming events so that to improve primer design. In some instances, a 

single or two base mismatches are introduced in the amplification primer (short 

strand of nucleic acid which is complementary to the template strand that serves as a 

starting point for DNA replication) to introduce recognition site if the recognition 

sites are altered by nearby mutations. An internal digestion control site is also rec-

ommended to ensure the enzymatic digestion is optimal and complete. The internal 

digestion control site should be a non-polymorphic site, or otherwise manual altera-

tion of the sequence is a way to create an artificial recognition site (Rasmussen, 2012; 

Clark & Thein, 2004). Primer design is within user’s control; however optimisation 

of the experimental conditions is time-consuming. In fact, the complete enzymatic 

digestion itself can take 16 hours, after the PCR amplification of the products. On top 

of that, some restriction enzymes are expensive.  

 

Despite that PCR-RFLP is an easy-to-design analysis; it is technically demanding yet 

it cannot seem to fit the high-throughput platform. Other genotyping methods that 

can be amended for automation and high-throughput analysis, for instance, the next-

generation sequencing platforms, offer more for the field (Rasmussen, 2012). 

 

1.6.4.2 High-resolution melting curve analysis using unlabelled probe  

A less demanding high-resolution melting analysis using unlabelled probe is a good 

alternative to RFLP genotyping analysis. Compared with the expensive fluorescent 

labelled oligonucleotide probes, unlabelled probes are much cheaper and equally 

sensitive with the labelled probes (Erali et al., 2008; Montgomery et al., 2007). This 

is a rapid yet sensitive detection method of known sequence variations including 

SNPs, small insertions and deletions.  
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Key to the method is the use of asymmetric PCR (usually 1:5 to 1:10 primer ratio) to 

generate single-stranded DNA (ssDNA) of the target strand excessively so that the 

probe can hybridize to the target strands (Erali et al., 2008). Genotyping is accom-

plished by monitoring the melting of probe-target duplexes post-PCR. When the 

PCR is complete, the probe and a saturating dsDNA dye are added to the ssDNA tar-

get for high-resolution melting analysis. In addition to a pair of PCR primers, oligo-

nucleotides, a relatively short strand (13-25 nucleotides) of single-stranded DNA 

molecules (Dias & Stein, 2002), are required. For optimal reaction, oligonucleotides 

between 20 and 40bp with Tm from 50 to 85°C are designed to serve as hybridisation 

probes in the presence of double-stranded DNA (dsDNA) specific fluorescent dyes 

such as SYBR Green I, LCGreen, SYTO9 or EvaGreen. Specific design of the oligo-

nucleotides enables a significant shift in the melting temperature (Tm) of the probe-

amplicon duplex upon a single base variation within the probe. The visible shift of 

Tms is able to differentiate homozygous and heterozygous variants (Montgomery et 

al., 2007). Longer probes yield better signal intensity than shorter probes. In my 

work, Tms from 60 to 75°C have been successfully used as long as the probe Tm is 

lower than that of a PCR extension to avoid overlapping of the melting profiles. The 

signals for probe are stronger with shorter PCR amplicons ranging from 100bp to 

200bp(Erali et al., 2008). To prevent the probe from extending during asymmetric 

PCR, a phosphate group or a poly (A)/(T) tail is added to the 3’ end of the unlabelled 

probe.  

 

After the PCR amplification, melting curve analysis assesses the dissociation charac-

teristics of DNA as the strands convert from double-stranded DNA (dsDNA) into 

single-stranded DNA (ssDNA) with increasing temperature in the presence of dsD-

NA fluorescent dye (Smith et al., 2009; Ririe et al., 1997). When the temperature in-
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creases, the dsDNA denatures (melts) and releases fluorescent dye with a resultant 

decrease in the fluorescent signal. The temperature at which dsDNA melts is deter-

mined by factors such as nucleotide sequence, length and GC/AT ratio (Smith et al., 

2009).  

 

The reaction can be performed with LightCycler
®
 480 Real-time PCR System 

(Roche). Probe/ssDNA amplicon duplexes were generated by heating and cooling of 

the samples. Melting curves can then be analysed with LightCycler
®
 480 Software 

compatible with the platform used. The method is diagrammed in Figure 1.10.  
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Figure 1. 10 High-resolution melting curve analysis using unlabelled probe. 

In an asymmetric PCR, three oligonucleotides are needed: excess primer (red), limiting 

primer (blue), and unlabelled probe (green). Excess primer that is complimentary to 

strand A is used to produce strand B in excess. Limiting primer that is complimentary to 

strand B is used to produce limited copies of strand A. Excessive strand B increases the 

signal of the probe-amplicon duplex melting transition together with the amplicon melt-

ing transition on the same melting profile. This single profile enables variant scanning 

and genotyping concurrently Peaks displayed are the negative derivative of both melting 

transitions after background subtraction and normalisation of fluorescence with respect 

to temperature (-dF/dT) against temperature (Montgomery et al., 2007).  
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1.6.4.3 DNA Sequencing by Capillary Electrophoresis 

DNA sequencing techniques are widely used in many fields including genetics, bio-

technology, molecular technology, forensic sciences, archaeology, and others 

(Franca et al., 2002). Sequencing technology enables the capture of the most detailed 

information about any genomic locus. In 1975, (Sanger & Coulson) introduced dide-

oxynucleotide chain termination coupled with size separation by gel electrophoresis. 

It is a catalysed enzymatic reaction that polymerizes the DNA fragments comple-

mentary to the unknown template DNA of interest. 

 

To start synthesising material for sequencing, abundant copies of the targeted se-

quence are purified and amplified by PCR. Then to start sequencing DNA, a primer 

is designed to anneal to a specific known region on the template DNA that is com-

plementary to this primer. In the presence of DNA polymerases I and free nucleo-

tides, deoxynucleotide triphosphates (dNTP) polymerize onto the DNA to yield a 

growing chain. This catalytic polymerisation continues until a terminator or dideox-

ynucleotide triphosphate (ddNTP) is added into the growing chain. The ddNTPs are 

modified fluorescent nucleotide which do not poses the hydroxyl group that is re-

quired to terminate the chain elongation. There are four different terminators (A, C, 

G and T) each with a different fluophores. The reaction occurs in from the 5’ end to-

wards 3’, so all the growing chains/fragments have the same 5’-end but a different 

ddNTP-3’-end. The random and irreversible termination creates abundant fragments 

of different lengths. Once the reaction is complete, the mixture of fragments will be 

sorted and visualised by capillary electrophoresis, which is unlike the original way, it 

was sorted by molecular weight using gel electrophoresis. The unknown sequence 

can then be read by laser (Franca et al., 2002; Karger & Guttman, 2009). The sche-
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matic representation of DNA Sequencing by Capillary Electrophoresis is depicted in 

Figure 1.11. 

 

Over the years, the field of genomics is evolving rapidly from labour intensive slab 

gel electrophoresis to automated multicapillary electrophoresis systems. To better fit 

the high-throughput demands, sequencing platforms have evolved from being able to 

determine only a few hundred nucleotides to a few sequences at once, to 96-format 

capillary sequencer and more rarely the 384-format capillary sequencer or, to the 

‘next-generation’ sequencing platforms or nanopore and single molecule sequencing; 

the field has more to offer now. 
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Input DNA is PCR amplified into desired fragments for sequencing. Sequencing re-

action is performed in the presence of DNA polymerases I, free nucleotides, and a 

primer to yield a growing chain. The addition of dideoxynucleotide triphosphate 

(ddNTP) into the growing chain causes the extension to be irreversibly terminated. 

This creates abundant fragments of different lengths. Once the reaction is complete, 

the mixture of fragments will be sorted and visualised by capillary electrophoresis. 

Modified from Kircher and Kelso (2010). 

1. Amplification

Extract DNA

PCR Amplification

Prepare fragments for 

sequencing

2. Primer extension in presence of ddNTPs 3. Separation by capillary          

electrophoresis

 

Figure 1. 11 Schematic representation of DNA Sequencing by Capillary 

Electrophoresis. 
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1.6.5 Targeted Next Generation Sequencing (NGS)  

The technology is rapidly evolving that the multicapillary format has to be replaced 

to meet higher demands. The sequencing limit of single reaction of Sanger DNA se-

quencing coordinating with multicapillary electrophoresis is only 1000 nucleotides. 

Therefore, microchips have replaced capillary electrophoretic separation to offer 

higher-throughput sequencing in time-efficient and cost-effective way and possibly 

to offer multi-integrated pipelines (Hert et al., 2008). Massively parallel sequencing 

platforms have been widely used. Cyclic array sequencing, sequencing by hybridisa-

tion or ligation, bridge PCR-based sequencing, nanopore sequencing and the single 

molecular approach are all the accelerators behind biological and biomedical re-

search nowadays. Illumina, 454 Life Sciences, Applied Biosystems, Oxford Na-

nopore Technologies, Pacific Biosciences are among the major companies support-

ing these NGS platforms. They enable more comprehensive analysis of the omics 

studies such as genomics and transcriptomics to be more affordable and possibly a 

routine (Karger & Guttman, 2009).  

 

Despite the tremendous advances in NGS, the cost to sequence the whole genome is 

still significant (Metzker, 2010). Another concern arises from whole genome se-

quencing might be the massive data generated that can complicate data processing 

and analysis. In studies that are target-oriented, with limited budget and time, target-

ed sequencing seems to be a better alternative. Traditional genotyping methods such 

as RFLP and melting curve analysis seem to fit in these goals. However, they are 

useful in investigating known variants but not in discovering unknown genetic vari-

ants. Fine mapping or targeted NGS is able to zoom into the susceptibility region af-

ter an initial positive signal at higher quality and lower cost than whole genome se-
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quencing. Based on the positive signal from genetic association study and meta-

analysis, the whole JAK2 gene together with some other major MPN-associated 

genes were targeted for a refined investigation. Such targeted deep sequencing is rel-

atively less expensive and can serve as a discovery tool for novel variants underlying 

the disease. Oligonucleotide-selective sequencing, multiplex PCR amplification, se-

lective target circulation, and hybrid-capture are the current commonly used methods 

(Shen et al., 2013). 

 

The sequencing process can be generally grouped into 3 major parts: template prepa-

ration (library preparation), sequencing and imaging, and data analysis (Metzker, 

2010). In this study, targeted sequencing approach was applied. The SeqCap EZ cap-

ture method from Roche NimbleGen, Inc was used for targeted enrichment. This in-

solution target enrichment is a custom-capture technology that is compatible with 

Illumina MiSeq sequencing platform and has its standard protocol prepared for Illu-

mina library preparation. The workflow is diagrammed in Figure 1.12. All infor-

mation and illustrations are adapted from the illumina (http://www.illumina.com/) 

and Roche NimbleGen website 

(http://www.nimblegen.com/products/seqcap/ez/choice/). 

http://www.illumina.com/
http://www.nimblegen.com/products/seqcap/ez/choice/
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Figure 1.12 Schematic representation of the next generation sequencing 

workflow. 
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Figure 1.12 Schematic representation of the next generation sequencing 

workflow. 

(continued) 

 

 

Figure 1.13 Schematic representation of the next generation sequencing 

workflow. (continued) 
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1.6.5.1 Library preparation 

The general processing steps for NGS technologies are similar which includes frag-

mentation, modification, and quantification (Figure 1.12). The specific technical de-

tails especially the modification part (the most diverse part) are the distinguishing 

features among the protocols. Library preparation aims to prepare and amplify a set 

of nucleic acids (DNA in this study) for high throughput sequencing environment. 

 

Library preparation starts with fragmentation of the long-range genomic DNA. 

Fragmentation of genomic DNA is a crucial step in library preparation and can be 

performed by physical, enzymatic, and chemical approach (Knierim et al., 2011; 

Head et al., 2014). After fragmentation, samples are modified by ligating sequence 

specific adapters and indexes to the fragmented DNA. For this study, the NEBNext® 

dsDNA Fragmentase (New England Biolabs) was used to generate DNA fragments 

around 300bp length, with the recommended incubation time. NEBNext® dsDNA 

Fragmentase contains two enzymes to work in pair: one randomly generates nicks in 

the dsDNA while the other recognises the nicks and cuts the opposite strands to pro-

duce DNA fragments with short overhangs, 5′-phosphates and 3′-OH-groups that are 

ready for end repair and adapter ligation. DNA are repaired and converted to DNA 

having 3´ dA-tails by the NEBNext End Repair dA-tailing Module. Then, sequence 

specific adapters are ligated to the fragmented DNA to prime the amplification by 

generating template clusters that can bind to the flow cell of sequencer (Lynch, 2002; 

Lundin, 2012). 

 

Once constructed, multiplex PCR is performed using different barcoded PCR primers 

(index) to amplify different ligated products to produce sufficient starting material 
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for subsequent processes. The addition of index or barcode to the library template 

facilitates multiplexing of up to 96 samples per sequencing run and helps to identify 

the samples easily. Many indexed libraries with different number of regions can be 

combined in single run. The PCR products are then selected by the desired insert size 

(excluding the adapter sequences with constant length) depending on the NGS in-

strumentation and the sequencing application used. For this exome sequencing, I em-

ployed 2 × 150 paired-end reads. The insert sized approximately 350 bases in length 

so to avoid overlapping read during sequencing. In addition, this length enables the 

capture of most exons because more than 80% of human exomes size below 200 ba-

ses in length. The essence in controlling the desired length of the library insert is the 

time used for fragmentation reaction (Sakharkar et al., 2004). 

 

The pooled library can be targeted enriched for the region of interest. After the size 

selection, purification, quality check, and quantification, the pooled libraries are 

ready for sequencing on a MiSeq system (Grada & Weinbrecht, 2013; Lynch, 2002).
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1.6.5.2 Benchtop sequencing platform 

The Illumina MiSeq (San Diego, CA.) was used in this thesis. It is a revolution of 

benchtop sequencing platform. It uses a reversible sequencing by synthesis (SBS) 

approach for a high throughput of sequencing (Figure 1.12). The SBS approach uses 

bridge amplification technology to form template clusters for sequencing. Once bind-

ing to the flow cell, the library fragments undergo bridge amplification and form new 

template clusters on a flow cell for sequencing (Grada & Weinbrecht, 2013; Lynch, 

2002). Upon cluster formation, fluorescently labelled dideoxynucleotide triphosphate 

(ddNTP) is incorporated into the growing strand of DNA. The fluorescently labelled 

ddNTP terminates the polymerisation and the fluorescence emitted from parallel re-

actions is captured and imaged for base calling. Simultaneously, enzymatic cleavage 

allows incorporation of the next nucleotide. These processes repeat with the incorpo-

ration of known ddNTP in a sequential order. As the strand grows upon ddNTP in-

corporation, the digital images are recorded and ‘read’ as sequence (Grada & 

Weinbrecht, 2013; Lynch, 2002). A summary of key features of Illumina MiSeq is 

shown in Table 1.5. 

 

MiSeq’s integration of cluster generation and SBS technology enables the generation 

of highly accurate data up to 8 GB within days. It enables a very fast turnaround time 

of the process with exceptional data quality through a short and simple instrument 

workflow (Liu et al., 2012).  
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Table 1.5 Characteristics of MiSeq sequencing platform. 

Product name MiSeq 

Description 
Focused power, speed and simplicity for targeted and 

small-genome sequencing. 

Key applications 
Small genome, amplicon, and targeted gene panel se-

quencing. 

Flow cells processed per 

run 
1 

Output range 0.3-15 Gb 

Run time 5-55 hours 

Reads per flow cell* 25 Million† 

Maximum read length 2 × 300 bp 

* Clusters passing filter. 

† For MiSeq V3 Kits only. 

Adapted from http://systems.illumina.com/systems/miseq.ilmn 

 

http://systems.illumina.com/systems/miseq.ilmn
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1.6.5.3 Data analysis 

Once sequencing is complete, raw sequence data are processed following typical 

analysis stages. The general workflow for NGS data analysis starts with pre-

processing the raw data to remove adapters and low-quality reads. When the raw data 

are ‘clean’, the reads can be de novo assembled or mapped to a reference genome, 

and the compiled sequences can be analysed. Depending on one’s interest, different 

NGS data analyses can be performed using various bioinformatics pipelines. For in-

stance, genetic variant calling is used to detect SNPs or indels (i.e., insertion and de-

letion of bases). With special interest, this study aims to find novel or existing somat-

ic and germline mutations that may contribute to the development of MPNs among 

V617F-positive patients. Then, functional annotation and advanced analysis can be 

conducted to investigate the relationship between the variants and disease. Neverthe-

less, it is likely that the future will employ a combination of cytogenetics, expression, 

and oligonucleotide arrays for a full diagnostic picture and hence, our understanding 

of the pathogenesis of haematological malignancies will be enhanced (Kearney & 

Horsley, 2005). 
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1.7 Identification of research gap 

The JAK2 gene is the common susceptibility gene to MPN not only in germline but 

also in somatic cells of V617F-positive MPN patients (Kilpivaara et al., 2009; 

Olcaydu et al., 2009a; Jones et al., 2009). It was reported that disease susceptibility 

loci may harbour somatic mutations contributing to the disease pathogenesis. MPN 

genetic studies were all initially done in cohorts of Caucasians (Olcaydu et al., 2009a) 

until August 2009, one study on Chinese MPN patients was published. Nevertheless, 

Zhang et al. (2010) observed no significant genotype-phenotype association among 

the 3 MPNs subtypes in Chinese patients however concluded that V617F is still a 

major molecular factor in Chinese MPN patients. In 2011, it was finally reported as-

sociation between JAK2 haplotype and an increased risk of acquiring the V617F so-

matic mutation in Chinese Han (Hu et al., 2011). Until March 2012, Tian et al. (2012) 

investigated the relationship between V617F and JAK2 haplotype with their estab-

lishment of allele-specific multiplex PCR method. The haplotype was detected in 

V617F-positive and V617F-negative MPN with frequencies of 69.33% and 43.09% 

patients respectively. However, genotyping was not performed. Following the first 

genetic association study in Chinese population, second paper was published in Oc-

tober 2012, positing that JAK2 haplotype is a risk factor in Chinese patients with 

MPNs (Zhang et al., 2012a). Later on, Wang et al. (2013) reaffirmed this association 

by concluding that JAK2 haplotype predisposed to acquisition of V617F mutation in 

Chinese population. Apart from Chinese population, studies in Taiwanese and Japa-

nese also revealed specific alleles/additional locus predisposing to ET/MPNs respec-

tively. Nonetheless, these studies only focused on the V617F-positive group 

(Ohyashiki et al., 2012; Hsiao et al., 2011). 
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Other polymorphic loci might have to be included in the future studies on Chinese 

MPN patients in addition to those reported haplotypes. This is understood because 

different populations have different haplotype histories and thus different association 

with the disease. This group of hospital-based researchers showed more interest in 

the targeted therapy rather than the mechanism behind this mysterious disease. 

Therefore, there is a desire to study the genotype-phenotype association in MPN 

Chinese patients. 

 

The association signals arose from genetic association studies are inconsistent. The 

germline JAK2 haplotype (JAK2 46/1 or GGCC haplotype) was implicated to be as-

sociated with V617F-positive and/or in V617F negative MPNs, being the results re-

ported contradictory. Moreover, these studies were conducted mainly in Caucasians, 

only a few in Asians with small sample size. Therefore, meta-analysis was conducted 

to affirm the genetic association in MPNs, stratifying for V617F mutation status and 

also ethnicity. Nonetheless, the mechanism stays obscure. With my data from the as-

sociation study and meta-analysis, there might be some other causal variants that are 

not detected with conventional genotyping platforms such as RLFP and melting 

curve analysis. Therefore, targeted deep sequencing might serve as a useful tool to 

discover the causal variants that are in LD with the SNPs identified in this study. 
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1.8 Aims of this study 

The general aim of this study is to investigate the relationship between JAK2 

germline polymorphisms and MPNs in the Hong Kong Chinese population and to 

find the causal variants associated with MPNs. My research focused on: 

1. Detection of V617F in Hong Kong Chinese population with MPNs and also 

healthy control. 

2. Identification of risk alleles that predispose to MPNs in Hong Kong Chinese 

population. 

3. Meta-analysis of JAK2 SNPs to detect the association in V617F-negative MPNs 

patients.  

4. Targeted deep sequencing to examine any nucleotide variation on the whole 

JAK2 gene and also the exons of some MPN-associated genes. 
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CHAPTER 2 Materials and methods 

2.1 Chemicals and reagents 

All solutions and buffers used in subsequent experiments were prepared using re-

verse osmosis water (Millipore, Bedford, MA, USA) and sterilised by autoclaving at 

121
o
C for 15 minutes. UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen 

Life Technologies, Carlsbad, CA) was used for PCR, RFLP, unlabelled probe melt-

ing curve analysis, and sequencing reaction. 

 

2.1.1 DNA extraction  

FlexiGene DNA kit from Qiagen (Hilden, Germany) was used to extract nucleic acid 

from cases and controls. The solutions required to work with the extraction kit were 

listed as follows: 

 

Absolute ethanol 

70% ethanol was prepared from AnalaR-grade absolute ethanol (Riedel-de Haën, 

Seelze, Germany)  

 

Isopropanol 

AnalaR grade (Riedel-de Haën, Seelze, Germany)  
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2.1.2 Adjustment of DNA concentration 

I×TE buffer  

 10 mM Tris-hydrochloric acid (Tris-HCl) from Sigma (St. Louis, USA) 

 1 mM Na2EDTA from BDH (Poole, UK) 

 

2.1.3 Polymerase chain reaction (PCR) 

Unless otherwise stated, all PCR reactions were performed using HotStar Taq Plus, 

1×PCR buffer (which contains KCl and (NH4)2SO4), and magnesium chloride, 

(MgCl2) were purchased from Qiagen (Hilden, Germany). Deoxyribonucleoside tri-

phosphates (dNTPs): dATP, dGTP, dCTP and dTTP each at 100 mM were pur-

chased from GE Healthcare (Piscataway, USA). For stocking solution, 100 mM of all 

dNTPs were equally diluted to 20mM and for working solution; 20mM was further 

diluted to 2mM. Primers were ordered from Integrated DNA Technologies, Inc. 

(IDT, Commercial Park, Coralville, IA, Iowa United States). 

 

2.1.3 Electrophoresis reagents 

2.1.3.1 Agarose gel 

Agarose gel was prepared using either Seakem LE agarose (Cambrex Bio Science, 

Rockland, ME) or Biowest regular agarose G-10 (Biowest, Spain). Ethidium bro-

mide from Sigma (St. Louis, USA) was used as stain for visualisation. 1 kb Plus 

DNA Ladder from Invitrogen Life Technologies (Carlsbad, CA) was used as a ref-

erence for gel electrophoresis of PCR products. Loading gel and TBE buffer needed 

for electrophoresis were prepared as below: 
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6× loading dye 

 30% Glycerol from AFAX Chemicals (Auburn, Australia) 

 I× TE buffer  

 0.05% Bromophenol blue from Sigma (St. Louis, USA) 

 

10× Tris Borate Ethylenediaminetetraacetic acid (TBE) buffer 

 890 mM Tris base from Sigma (St. Louis, USA) 

 890 mM Boric Acid (Riedil-deHaën, Seelze, Germany) 

 25 mM disodium ethylenediaminetetraaceticacid, Na2EDTA, pH 8.3 (BDH, 

Poole, UK) 

It was then diluted to 0.5× solution for agarose gel electrophoresis. 

 

2.1.3.2 Polyacrylamide gel (PAGE) 

Polyacrylamide gel (PAGE) was prepared using 40% acrylamide-bis solution, 25% 

Ammonium persulphate (APS), 10× TBE (Tris Borate Ethylenediaminetetraaceticac-

id) buffer, and Tetramethvlethvlenediamine (TEMED). 

 

40% acrylamide-bis (19:1) solution 

One litre of the solution was prepared by mixing the reagents below and made up to 

1 litre with purifier water and filtered: 

 

 76g acrylamide from Acros Organic (Thermo Fisher Scientific, Geel, Belgium) 

 4g bis from Acros Organic (Thermo Fisher Scientific, Geel, Belgium) 
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10× Tris Borate Ethylenediaminetetraacetic acid (TBE) buffer 

 890 mM Tris base from Sigma (St. Louis, USA) 

 890 mM Boric Acid (Riedil-deHaën, Seelze, Germany) 

 25 mM disodium ethylenediaminetetraaceticacid, Na2EDTA, pH 8.3 (BDH, 

Poole, UK) 

 

Ammonium persulphate (APS) 

APS was purchased from Sigma (St. Louis, USA) 

 

Tetramethvlethvlenediamine (TEMED) 

TEMED was purchased from Bio-Rad (Hercules, CA, USA) 
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Coating solution for glass plate 

Glass plates were pre-coated with a salinizing solution from Sigma (St. Louis, 

USA).that contained γ-methacryloxypropyltrimethoxysilane (silane), 10% acetic acid, 

and absolute ethanol. 

 

SYBR® Green I Nucleic Acid Gel Stain 

It was obtained from Invitrogen Life Technologies (Carlsbad, CA) to visualize gel 

bands. 

 

2.1.4 Restriction fragment length polymorphism (RFLP) 

Restriction enzymes were purchased from either MBI Fermentas (Vilnius, Lithuania) 

or New England Biolabs (Beverly, MA, USA). 

 

2.1.5 High-resolution melting curve analysis 

All the 3’ blocked probes were ordered from Integrated DNA Technologies, Inc. 

(IDT). SYTO 9 green fluorescent nucleic acid saturated dye was purchased from 

Invitrogen Life Technologies (Carlsbad, CA). 
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2.1.6 DNA sequencing 

2.1.6.1 Purification of PCR products 

Exonuclease I (ExoI)  

New England Biolabs (Beverly, MA, USA) 

 

Shrimp alkaline phosphatase (SAP)  

SAP is supplied with 10× SAP dilution Buffer. from GE Healthcare (Piscataway, 

USA). 

 

2.1.6.2 Cycle sequencing reactions 

BigDye® Terminator Cycle Sequencing Kit (version 1.1) 

Applied Biosystems (Foster City, CA, USA) 

 

2.1.6.3 Precipitation of PCR products 

Sodium acetate 3M  

Sigma-Aldrich (St. Louis, USA) 

 

Absolute ethanol 

Preparation of 95% and 70% ethanol was done with AnalaR-grade absolute ethanol 

from Sigma-Aldrich (St. Louis, USA). 
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Hi-Di™ Formamide  

DNA template was re-suspended in Hi-Di™ Formamide from Applied Biosystems, 

(Foster City, CA, USA). 

 

2.2 Laboratory equipment 

Measurement of DNA concentration 

NanoDrop ND1000 UV/Vis spectrophotometer (Thermo Scientific, Wilmington, 

USA) 

 

PCR 

96-well GeneAmp 9700 PCR system from Applied Biosystems, (Foster City, CA, 

USA) 

 

Gel Visualisation  

Chemi Genius
2
 BIO imaging system (SYNGENE; Frederick, MD, USA) 

 

Melting curve analysis 

LightCycler
®
 480 (LC480) from Roche (Basel, Switzerland) 

 

Direct Sequencing 

ABI PRISM 3130 Genetic Analyser from Applied Biosystems, (Foster City, CA, 

USA) 
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Centrifugal vacuum concentrator 

Savant DNA 110 SpeedVac®concentrator centrifuge 

 

2.3 Methods 

Study workflow is summarised in Figure 2.1. 

 

2.3.1 Sample size and power calculation 

The sample size required was calculated using Genetic Power Calculator 

(http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html) (Purcell et al., 2003). It was 

estimated that a sample size of 128 cases and 460 controls would have 80% power, 

based on the data from previous studies: the average MPN prevalence of 0.00002, 

minor allele frequency (MAF) of 0.1, genotypic relative risk of 2.5 for Aa (heterozy-

gous) and 5.0 for AA (homozygous) (Table 2.1). 

http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html
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Table 2.1 Parameters used for sample size estimation 

Parameters Values 

High risk allele frequency (A) 0.1 

Prevalence of MPNs 2.2/100,000 =0.000022 

Genotype relative risk (Aa) 2.5 

Genotype relative risk (AA) 5.0 

D-prime 0.80 

Number of tag SNPs for this study 18 

Number of cases 150 

Control : case ratio 2:1 

Type 1 error 0.05/18= 0.002777 

User-defined Power 90% 

Sample size estimated for experimental: control  150:300 
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2.3.2 Subject recruitment 

MPN patients 

This study was approved by the Human Subjects Ethics Sub-Committee of the 

University (reference numbers: 20090801001 and 20111118001) and Research 

Ethics Committees of the hospitals, according to the guideline of the Declaration of 

Helsinki. The Research Ethics Committees of the hospitals under Hospital Authority 

included the following: Kowloon West Cluster Clinical Research Ethics Committee 

(reference number: KW/EX/09-076); Research Ethics Committee, Kowloon Central / 

Kowloon East Clusters (KC/KE-09-0120/FR-3); Joint The Chinese University of 

Hong Kong–New Territories East Cluster Clinical Research Ethics Committee 

(reference number: CRE-2009.423); and Ethics Committee, Hong Kong Easter 

Cluster (HKEC-2009-069).  One hundred ninety-two unrelated Hong Kong Chinese 

patients of MPNs were recruited as the cases between August 2010 and April 2011. 

The following patients were selected: follow-up MPNs patients with existing records 

kept track by collaborating hospitals (cases) and taken care of by co-investigators in 

hospitals. Patients were excluded if they did no fulfil the inclusion criteria based on 

WHO criteria (2008) (Vardiman et al., 2009). Clinical data of these patients were 

also gathered retrospectively. After the compliance with patients and a written 

informed consent obtained, blood and saliva were collected. 
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Control 

A corresponding group of anonymous Chinese blood donors were collected from the 

Hong Kong Red Cross Blood Transfusion Service as control subjects. They were 

matched for sex- and age (±1) as much as possible to exclude any potential con-

founding factor that might restrict the study of this multifactorial disease. Only blood 

samples were collected and processed appropriately for controls because of the low 

prevalence of MPNs and UPD in the population (Goldin et al., 2009). 
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Figure 2.1 The workflow of genetic association study in this project.
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2.3.3 DNA extraction from peripheral blood sample 

Patients’ peripheral blood samples (9mL) were drawn into ethylene diamine 

tetraacetic acid (EDTA)-anticoagulated tubes provided by hospitals. Complete blood 

count (CBC) was performed using the automated haematology analyser CELL-DYN 

3200 multi-parameter haematology analyser (Abbott Diagnostics) for the sake of 

consistency despite the CBC done in hospitals. The blood tubes were centrifuged at 

3500rpm for 15 minutes at 4
0
C. Plasma was aspirated from the aqueous layer and 

stored at -80
0
C while DNA was extracted from buffy coat using FlexiGene DNA ex-

traction kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions 

and quantified by NanoDrop ND1000 UV/Vis spectrophotometer (Thermo Scientific, 

Wilmington, USA).  

 

2.3.4 DNA extraction from saliva 

Saliva samples from cases were collected using the Oragene DNA self-collection kit 

(DNA Genotek) according to the manufacturer’s instructions and used for SNP geno-

typing. Approximately 2mL saliva was collected from each patient. Salivary DNA 

was then extracted following manufacturer’s instructions and quantified by 

NanoDrop ND1000 UV/Vis spectrophotometer (Thermo Scientific, Wilmington, 

USA). 

 

2.3.5 Selection of SNPs 

JAK2 germline variants and JAK2 risk haplotypes-tagging SNPs (tSNPs) that are as-

sociated with the development of MPNs were the selection pool. JAK2 tSNPs were 

selected from genotype data from International HapMap Project 

http://www.hapmap.org/
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(http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap24_B36/) using the Tagger 

software (de Bakker et al., 2005). Tag SNPs were selected from a 148.7-kb region 

encompassing the JAK2 locus and its potential regulatory regions (3 kb upstream and 

downstream of JAK2) with MAF≥ 0. 1 and pairwise tagging algorithm, r
2 

≥ 0.8, 

based on HapMap CHB database (release #24/phase II) (2003). In line with previous 

studies that have suggested the JAK2 46/1 haplotype as a strong predisposing risk 

factor for MPN development, the risk-haplotype tSNPs (rs10974944, rs12343867, 

and rs12340895; i.e. S9, S12 and S13) were force-included (Jones et al., 2009; 

Olcaydu et al., 2009a; Kilpivaara et al., 2009; Trifa et al., 2010). Nineteen SNPs were 

studied in this project. The SNPs were called S1, S2, …., and S19 in the sequential or-

der from the 5’ end to the 3’ end of the JAK2 sense strand for ease of discussion. 

 

2.3.6 Design of primers and probes 

Flanking sequence of selected tSNPs were obtained from the 1000 Genomes Project 

data (Genomes Project et al., 2012) for primer design. Primers for both RFLP and 

unlabelled probe melting curve analysis were designed using OLIGO version 6.62 

software (Molecular Biology Insights, Inc., USA) (Table 2.2-3). RFLP is the stand-

ard genotyping method used in this study. For its primer design, the polymorphic se-

quence or the SNP rs number was input into WatCut SNP-RFLP analysis 

(http://watcut.uwaterloo.ca/template.php?act=snp_new) to search for restriction en-

zyme cleavage sites. Upon knowing the available cleavage sites, the sequence was 

then input into NEBcutter V2.0 (http://tools.neb.com/NEBcutter2/index.php) for ap-

propriate restriction enzymes for RFLP. The expected cutting patterns were also rec-

orded from the website. Unlabelled probe melting curve analysis was the alternative 

to RFLP when genotyping could not be performed with RFLP under the circum-

http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap24_B36/
http://watcut.uwaterloo.ca/template.php?act=snp_new
http://tools.neb.com/NEBcutter2/index.php
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stances in which there was no restriction enzyme cutting site, or restriction enzyme 

was too costly. 

 

All primers were designed to have similar melting temperature (Tm, °C) while the 

formation of primer-dimer and hairpin structures were avoided. Tm of the primers 

was adjusted by manipulating the length and GC content of the primers, with the in-

spection by an in-house equation:  

69.3 + (0.41×GC %) ─ (650÷primer length in bp) 

While for melting curve analysis, Tm was predicted by the Tm Utility™ software 

(version 1.3, Idaho technology, Utah, USA). Tm was estimated for PCR primers to 

be a reference during PCR optimisation. While for the probes, Tm difference be-

tween the probes with perfectly matched allele and the mismatched allele must be 

greater than 4°C for clear genotype calling. Specificity of the primers was checked 

with PrimerBlast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) to detect un-

wanted mispriming events against the reference assembly sequence of the human ge-

nome. 

 

2.3.7 Polymerase chain reaction (PCR) 

Nineteen primer pairs (Table 2.2) were designed to amplify the 19 JAK2 tSNPs. 

These genetic markers are all intronic SNPs except rs3808850 (S1) which is 5’ up-

stream of the JAK2 gene. Conventional PCR was used to amplify target regions of 

SNPs genotyped by RFLP; asymmetric PCR was used to amplify target regions of 

SNPs genotyped by unlabelled probe melting curve analysis. 

 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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2.3.7.1 Conventional PCR 

The PCR reaction was performed separately for each primer pair in a reaction vol-

ume of 10µL containing the following: 

10 ng genomic DNA 

2.5 or 3.5 mM MgCl2 

1×PCR buffer 

0.3 µM of each primer 

0.2 mM of each dNTP 

0.3 unit of HotStarTaq Plus DNA polymerase 

 

Amplification was performed in 96-well plates with a GeneAmp 9700 PCR system 

or Veriti® Thermal Cycler both from Applied Biosystems, (Foster City, CA, USA). 

Typical cycling conditions for PCR with HotStarTaq Plus DNA polymerase were: 

 

Step Temp (°C) Time 

 1 Initialisation step 95 5 mins 

 2 Denaturation step 95 30 sec 

 3 Annealing step 60-63 30 sec 30 or 35 cycles 

4 Extension step 72 30 sec 

 5 Final extension step 72 5 mins  

6 Hold 15 ∞ 

  

Precise PCR conditions for each SNP can be found in Table 2.2. 

 

2.3.7.2 Asymmetric PCR 

The target regions of SNPs to be genotyped by unlabelled probe melting curve analy-

sis were amplified separately by asymmetric PCR. This method generate single-
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stranded DNA (ssDNA) product with the concentration of limiting and excess pri-

mers in the ratio of either 1:10 or 1:15. A phosphate group or a poly (A)/(T) tail was 

added to the 3’ end of the unlabelled probe to prevent probe from extending. Asym-

metric PCR was performed in a 10-μL reaction mixture containing the following: 

Amplification was performed in 96-well plates with a GeneAmp 9700 PCR system 

or Veriti® Thermal Cycler both from Applied Biosystems, (Foster City, CA, USA). 

The PCR reaction was performed separately for each primer pair in a reaction vol-

ume of 10µL containing the following: 

 

10 ng genomic DNA 

2.5 or 3.5 mM MgCl2 

0.2 μM excess primer with a limiting: excess primer ratio of 1:10 or 1:15 

0.2 mM of each dNTP 

1×PCR buffer 

0.3 unit of HotStarTaq Plus DNA polymerase 

Amplification was performed in 96-well plates with a GeneAmp 9700 PCR system 

or Veriti® Thermal Cycler both from Applied Biosystems, (Foster City, CA, USA). 

The cycling conditions for asymmetric PCR were: 

 

Step Temp (°C) Time 

 1 Initialisation step 95 5 mins 

 2 Denaturation step 95 30 sec 
 

3 Annealing step 50-56 20 sec 55 cycles 

4 Extension step 72 20 sec 

 5 Final extension step 72 5 mins  

6 Hold 15 ∞ 

  

Precise PCR conditions for each SNP can be found in Table 2.3.
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Table 2.2 PCR conditions for RFLP 

SNP 
a
 

Restriction 

enzyme 
Primer sequences (5’>3’) 

b
 

PCR conditions 

Mg2+ 

(mM) 

Primer 

(mM) 

Tm 

(°C) 
Cycles 

Size 

(bp) 

rs3808850 

(S1) 
XmnI 

F: (T)30 GAA TTC CTT CTT TCC TGC AAA CAA AAA 

CTG 

R: (T)32 CAC ATT TCC ATT TCC ACA GTT GTG AAG C 

2.5 0.3 62 35 201 

rs2149555 

(S4) 
BseGI 

F: ACA TGC TTT CAA AGA GAG GCC AG 

R: (T)20 ATT TTC CAT GCC GTA ATG TAT GCT AAT C 
2.5 0.3 62 35 273 

rs1536798 

(S5) 
XceI 

F: (T)9 ATG GGA CTG TAT TTG GAC TTG GCT 

R: (T)27 TGC ACA ATT CCA ACA ACA TGT CAG TAT AA 
2.5 0.3 60 35 251 

rs10815148 

(S6) 
SspI 

F: (T)16 GAT ACA TCA TGT TTC TTG CGG AAT ATT ATT 

CAT G 

R: TGA CAG TGA AAA CAA AAG GTT ACT AAC ACA 

TAA TAC 

2.5 0.3 60 35 204 

rs2149556 

(S7) 
BseLI 

F: (T)20 GTC TAA ATG GAA TGA TAC TGT ATG TAC 

TCT TTT A 

R: GTA AAT GTA TCC CTA TAA TCC CCA AAG TG 

2.5 0.3 60 35 237 

rs10974944 

(S9) 
BclI 

F: CTG TTC AAG GGT CAA CTG TAG TAC ATA AGA 

R: (T)30  CTG GTT TTG ATC AGG GAT AGT CTC ACT T 
2.5 0.3 63 30 208 

rs10119004 

(S10) 
HphI 

F: (A)12 AAG TAA ATA CAT CCT CAG TAA AAC AAC 

ATA TAG AA 

R: CAA GCA CCA CAC AAT ATT AGG AGA GTA 

2.5 0.3 60 35 244 

rs12343867 

(S12) 
TaiI 

F: (T)26 GGT TGA ACA TAA CGT TGG AAT AAC TG 

R: ATA CTT TTA GTA GTC TCT GTG AAC ACC T 
2.5 0.3 60 35 207 

rs12340895 

(S13) 
BslI 

F: (T)3 TCA TGA CTT GCC TTA TTA TGG TAG TCT 

R: (T)10 TAT ATA AAC AAT TTT CTT GAA TGT AAC 

CTT TGT G 

2.5 0.3 60 35 122 

rs12343065 

(S14) 
TasI 

F: (T)10 ACG ATA GTG GTA AGC TCT TTC TCG 

R: (T) AAA AAG GGC AAG CAA ACA AAA ACC AAG 
2.5 0.3 60 35 253 

rs3824432 

(S16) 
PagI 

F: GGT TCA TCA TTG TTA GTA TGT TTG TCG CAA 

R: (T)20 GAC TTA AGC CTA TTC ATG AGC CAA AAT 

CTA 

2.5 0.3 60 32 230 

rs7847294 

(S17) 
SspI 

F: (T)29 TCC CAA TAT TAT ACA CCC CTT TTC GTC CAA 

C 

R: GAG AGC ATC CCA AAG CCT GAT AGA ATA AG 

2.5 0.3 66 35 260 

rs3780378 

(S18) 
BseGI 

F: (T)20 GCC TGG GAG GAA CGT CGC A 

R: CAG GAG TCG GAA CGC CAA GAG 
2.5 0.3 60 35 386 

rs10815162 

(S19) 
Bst1107I 

F: (T)28 TCC ACT AAG CCA AAA CGT TCC CTT GTA TA 

R: (T)8 TTA AAG CTA TAA AAG AAA GAA CCT GTA 

TAC CAG AAG 

2.5 0.3 60 35 172 

Abbreviations: SNP, single nucleotide polymorphism; RFLP, restriction fragment length polymor-

phism; and Tm, annealing temperature for PCR. 
a
 The SNPs are shown in sequential order from the 5’ end to the 3’ end of the JAK2 gene (sense 

strand). 
b
 F indicate forward primers, R reverse primers. A few primers have a poly-T tail at the 5’ end to 

enhance the size difference of restricted fragments for easy calling of genotypes. 
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Table 2.3 PCR conditions for unlabelled probe melting curve analysis 

SNP a Primer sequences (5’>3’) b 

PCR conditions 

Mg2+ 

(mM) 

Primer 

(mM) 

Tm  

(°C) 
Cycles 

Size 

(bp) 

rs7849191 

(S2) 

F: GTT GTA TTA GTC ACT TCC TGG 

R: AAA TTA AGG GGT AGA AAA TGG TAA C 

rP: TTA AGG AGA TGA ACA GAA GTA GAA GCA-phos 

2.5 
0.2 

0.02 
55 55 115 

rs7046736 

(s3) 

F: AGC CAA TTC GAG TCA CTT ATT C 

R: CAG AAT TCC ATA GGC ACT CAG 

rP: TTA GAA AAT GCG TTG ATG CTT TGC TAC GAA AAA- phos 

3.5 
0.2 

0.013 
55 55 119 

rs12342421 

(S8) 

F: TAG ATC CTT ACT TCA ATA CTG GGT 

R: ATA TTA AGC ATA GAC TAA ATC AAC TCT TT 

fP: TCT CTT GGC TAG GAT GTG GTT TAT GTT GAC- phos 

2.5 
0.02 

0.2 
55 55 240 

rs10974947 

(S11) 

F: GAT TAA AAA AAT CAA TTC CAA ACT A 

R: AAA TGT AAT TGT AGA GGA GC 

fP: GTT TAG CAT TAT GTT AGG AGT GTT ATT ACT AAA AAA AT c 

3.5 
0.02 

0.2 
50 55 207 

rs7857730 

(S15) 

F: TTT TGA GAC ATA ATT TTA AGT GAA TAT AC 

R: ATT TTA AGC TCA CGG AAC TAT G 

fP: GTA ATT TTG AGT TAA TGT TCT TTT GCT TTT T- phos 

3.5 
0.013 

0.2 
56 55 130 

Abbreviations: SNP, single nucleotide polymorphism; UP, unlabelled probe (melting analysis); and Tm, 

annealing temperature for PCR. 

a
 The SNPs are shown in sequential order from the 5’ end to the 3’ end of the JAK2 gene (sense 

strand). 

b
 F indicate forward primers, R reverse primers, and fP / rP forward / reverse unlabelled probes. 

Note that all probes are phosphorylated (phos) at the 3’ end to prevent extension by DNA with one 

exception (Probe of rs10974947; see below). 

c
 A poly(A)/(T) tail is added to the 3’ end of the probe of rs10974947 to prevent extension by 

DNA. In fact, the addition of poly (A)/(T) tail was later adapted in our lab. 

 

 

 



98 

 

 

9
8
 

 

2.3.7.3 Amplification refractory mutation system (ARMS) 

Amplification refractory mutation system was used to detect V617F mutation in cas-

es and controls. In this project, the method from Jones et al. (2005) was adapted and 

modified. Amplification was performed in 96-well plates with a GeneAmp 9700 

PCR system or Veriti® Thermal Cycler both from Applied Biosystems, (Foster City, 

CA, USA). The PCR reaction was performed in a reaction volume of 15µL contain-

ing the following: 

30 ng genomic DNA 

3.5 mM MgCl2 

1× PCR buffer 

0.12 mM of each dNTP 

0.3 unit of HotStarTaq Plus DNA polymerase 

0.3 μM each of the forward and reverse outer primer  

0.5 μM of the forward wild type primer  

0.6 μM of the reverse mutant primers  

 

The primers were adapted from Jones et al. (2005) as shown below:  

 

PCR primers:  

forward outer (FO),5'-TCCTCAGAACGTTGATGGCAG-3';  

reverse outer (RO), 5'-ATTGCTTTCCTTTTTCACAAGAT-3'; 

forward wild-type-specific (Fwt), 5'-GCATTTGGTTTTAAATTATGGAGTATaTG-3'; 

reverse-mutant-specific (Rmt), 5'-GTTTTACTTACTCTCGTCTCCACAaAA-3'.  

 

These four primers can specifically amplify the sequences of wild type and mutant 

with Fwt or Rmt, and generate a positive control band with the FO and RO. The un-

derlined bases represent mutant/wild type-specific bases. Mismatches (lowercase) 

were introduced to maximize discrimination of the 2 alleles (wild type and mutant).
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Amplification was performed in 96-well plates with a GeneAmp 9700 PCR system 

or Veriti® Thermal Cycler both from Applied Biosystems, (Foster City, CA, USA). 

The cycling conditions were modified as follows: 

Step Temp (°C) Time 

 1 Initialisation step 95 5 mins 

 2 Denaturation step 95 30 sec 

 3 Annealing step 58 45 sec 40 cycles 

4 Extension step 72 35 sec 

 5 Final extension step 72 5 mins  

6 Hold 15 ∞ 

  

Positive, negative, and blank controls were included in each assay. PCR products 

were pre-stained with SYBR Green I and visualised by electrophoresis on 5% poly-

acrylamide gels at 130 V for 90 minutes. Sequencing was performed in representa-

tive samples to confirm the mutation status (BigDye® Terminator Cycle Sequencing 

Kit version 1.1).  
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2.3.8 Electrophoresis 

2.3.8.1 Agarose gel 

Agarose gel electrophoresis is the benchmark technique used to isolate DNA frag-

ments according to their sizes. It is also the standard visualisation method for RFLP. 

Based on the electric field used in this method, DNA molecules migrate according to 

their sizes which are reverse proportional to their molecular weights. The migration 

rate also depends on the electric field applied and the charges on the molecules 

(Westermeier, 2011). Upon gel migration, the bands are visualised with dyes that 

fluoresce under ultraviolet (UV) light, such as ethidium bromide, a DNA-

intercalating stain (McMurray & van Holde, 1986). 

 

Agarose gels were used to estimate the size and examine the specificity of PCR 

products prior to genotyping. Gel percentage was determined by the fragment sizes 

of nucleic acid. Gels containing 1.5 % (w/v) of agarose in 1x TBE buffer were used 

to separate nucleic acid. Prior to gel loading, DNA samples were mixed with 1/5 

volume of 6× loading dye. As a molecular weight standard, 1 kb Plus DNA Ladder 

from Invitrogen Life Technologies (Carlsbad, CA) was used. The electrophoresis 

was performed in 0.5× TBE (wells were ensured completely covered) at constant 

voltage adjusted according to sizes of the products and gels. Once the electrophoretic 

run is complete, gels were stained with ethidium bromide (Sigma, St. Louis, USA). 

The ethidium bromide -DNA complexes were then visualised by UV light using 

Chemi Genius
2
 BIO imaging system (SYNGENE; Frederick, MD, USA). 
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2.3.8.2 Polyacrylamide gel electrophoresis (PAGE) 

Non-denaturing polyacrylamide gels are used to separate and purify fragments of 

double-stranded DNA molecules according to their sizes. PAGE is formed by the 

chemical co-polymerisation of acrylamide monomers with a cross-linker, usually N, 

N’- methylenebisacrylamide (Bis). The chemical polymerisation occurs in the pres-

ence of free radicals provided by ammonium persulfate (APS) as catalyst. This pro-

cess is usually accelerated by a tertiary amino group such as tetramethvlethvlenedia-

mine (TEMED). The pore size is determined by %T, the total (w/v) concentration of 

acrylamide and cross-linker, and %C, the (w/w) percentage of cross-linker relative to 

the total amount of acrylamide included in %T. The pore size decreases with increas-

ing %T. When the cross-linking increases, the pore size follows a parabolic function: 

the pores are large at both high and low cross-linking. However, 4% cross-linking 

yields the minimum pore size (Westermeier, 2011). 

 

PAGE electrophoresis was used to separate DNA fragments after RFLP genotyping. 

Gel plates were washed thoroughly before cleaning with alcohol for twice and left 

air-dried. The plate facing gel matrix was equally treated with silane (Sigma, St. 

Louis, USA) and wiped dry. This step eased the removal of the gel from the custom-

made 96-well mould without tearing the gel. Gel solution with different concentra-

tions according to fragment sizes were prepared with the components listed in Sec-

tion 2.1.3.2. The gel solution was gently poured onto the custom-made 96-well 

mould and layered with the silanised glass plate for polymerisation. After polymeri-

sation, the glass plate was removed from the mould and secured into the electropho-

resis system containing 0.5× TBE buffer (wells were ensured completely covered). 

PAGE was generally performed in a volume of 20μl as follows: RFLP-digested 

products (15µL) were stained with a 5µL mixed solution (6× loading dye and 100× 
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SYBR® Green I Nucleic Acid Gel Stain prepared in 9:1 ratio) for 30 minutes. 1 kb 

Plus DNA Ladder from Invitrogen Life Technologies (Carlsbad, CA) was also pre-

stained similarly. PAGE was performed in 0.5× TBE buffer at constant voltage ad-

justed according to sizes of the DNA fragments. Once the electrophoretic run was 

complete, gels were visualised by UV transilluminator with short band pass filter 

form Chemi Genius
2
 BIO imaging system (SYNGENE; Frederick, MD, USA). 

 

2.3.9 DNA Sequencing by Capillary Electrophoresis  

To confirm the V617F mutation detected by ARMS and also genotypes obtained by 

RFLP and unlabelled probe melting analysis, direct DNA sequencing was carried out 

with ABI PRISM 3130 Genetic Analyser from Applied Biosystems, (Foster City, CA, 

USA). Representative dummy samples with different genotypes were sequenced to 

attest the genotypes obtained before genotyping real studied subjects. Direct se-

quencing was also the ultimate alternative when certain samples gave ambiguous 

genotypes with RFLP or melting curve analysis.  

 

The sequencing was performed on specific PCR products amplified with the same 

primer pairs for each SNP. The specificity of PCR products were examined by aga-

rose gel. The sequencing reaction was performed with BigDye® Terminator Cycle 

Sequencing Kit (version 1.1, Applied Biosystems) as described below. 

 

2.3.9.1 Enzymatic pre-treatment of PCR product 

To prepare PCR products for fluorescent-based sequencing, each product was first 

incubated with a combination of two hydrolytic enzymes: exonuclease I (Exo I, New 
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England Biolabs) which digests excess primers, and shrimp alkaline phosphatase 

(SAP, GE Healthcare) which removes 5’ phosphate group from nucleotides, thereby 

maintaining them as unincorporated nucleotides in PCR reactions to prepare tem-

plates for the sequencing reaction. 

 

First, a mixture of Exo I-SAP was prepared with 1 unit of Exo I (20U/ µl) and 1 unit 

of SAP (5U/ µl) and made up to 0.40µL. PCR product (6µL) was then added into the 

Exo I-SAP mixture (0.40µL) and made up to 7µL with 10× SAP buffer. This combi-

nation was incubated at 37°C for 30 minutes for purification, and heated to 80°C for 

20 minutes to inactivate the enzymes. The incubation was performed in GeneAmp 

9700 PCR system or Veriti® Thermal Cycler both from Applied Biosystems, (Foster 

City, CA, USA). The preparation was as follow: 

 

Exo I- shrimp alkaline phosphatase (SAP) mix*: 

Shrimp alkaline phosphatase (5U/ µl) 0.20µl 

Exo I (20U/ µl)      0.05µl 

Water         0.15µl 

0.40µl 

Specific PCR products     6µl 

10× SAP buffer     0.6µl 

Exo-AP mix*      0.4µl 

7µl 

PCR process 

Step Temp (°C) duration 

1 37°C 30min 

2 80°C 20min 

3 15°C  
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2.3.9.2 Cycle sequencing reaction 

After purification and enzyme inactivation, cycle sequencing was conducted. A reac-

tion mix containing of BigDye® Terminator v 1.1, single primer (forward or reverse) 

at a final concentration of 0.01µM, UltraPure™ DNase/RNase-Free Distilled Water 

(Invitrogen Life Technologies, Carlsbad, CA) was added separately to the PCR tem-

plate for cycle sequencing reaction. The reaction mix for typical cycle sequencing 

reaction was as follows: 

 

Cycle sequencing mix 

PCR template         6µl 

BigDye® Terminator v 1.1      2.0µl 

0.01µM primer (1/10 dilution)     1.6µl 

UltraPure™ DNase/RNase-Free Distilled Water 0.4µl 

1

0

µ

l 

 

Cycle sequencing conditions were as follows: 

Step Temp (°C) duration  

1 96°C 1min 1 cycle 

2 96°C 10s  

3 50°C (Tm) 30s 37 cycle 

4 60°C 6min  

5 15
o
C   

 

2.3.9.3 Removal of unincorporated dye terminators 

Ethanol/sodium acetate precipitation method was used to remove excess dye-

terminators. Products from cycle sequencing were transferred to microcentrifuge 

tube (600uL) containing a mixture of 95% ethanol (Sigma-Aldrich, St. Louis, USA), 
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3M sodium acetate (Sigma-Aldrich, St. Louis, USA), and UltraPure™ 

DNase/RNase-Free Distilled Water (Invitrogen Life Technologies, Carlsbad, CA). 

 

Precipitation mixture 

95% ethanol 62.5µl 

3M sodium acetate (pH 4.6) 3µl 

MilliQ 24.5µl 

DNA template 10µl 

Total  100µl 

 

The mixture was incubated in dark at -20°C for 15 minutes and centrifuged at 14000 

g (12000 rpm) at 4°C for 20 minutes. The samples were incubated not more than 15 

minutes to avoid very small fragments from going back into the solution because it 

may reduce signal strength at the start of the sequencing reaction. The supernatant 

was carefully discarded and 300µl of 70% ethanol was added immediately to the pel-

let to obviate salt and free nucleotides from sticking to the tube when ethanol evapo-

rates. The resultant mixture was centrifuged at 14000 g at 4°C for another 10 minutes. 

The supernatant was carefully discarded and any remaining liquid residue was dried 

using Savant DNA 110 SpeedVac®concentrator centrifuge at a medium drying rate 

for approximately 15 minutes. After drying, DNA pellet was re-suspended in 15µl of 

Hi-Di™ Formamide from Applied Biosystems, (Foster City, CA, USA) and incubat-

ed at 4°C for another 15 minutes. 
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2.3.9.4 Sequencing analysis 

The DNA sequences of the samples were read by capillary gel electrophoresis on 

ABI PRISM 3130 Genetic Analyser following the manufacturer’s instructions. DNA 

Sequencing Analysis Software (version 5.2 Patch 2) from Applied Biosystems was used 

to process and visualize the sequencing data. An example of a successful sequencing 

for a SNP genotyped is depicted in Figure 2.2. 
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Figure 2. 2 Validation of JAK2 1849 G>T variant by Sanger sequencing. 

Sequence chromatograms corresponding to the reverse strand of sequenced PCR 

products for the JAK2 1849 G>T mutation (A) Homozygous mutant genotype TT (B) 

Heterozygous genotype GT (C) Homozygous wild type genotype GG 

 

 

 

 

JAK2 V617F 

 

 

   

  

A 

B 

C 
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2.3.10 SNP genotyping 

As covered in Section 1.6.5, two common methods were used for genotyping: RFLP 

(Section 1.6.5.1) and unlabelled probe melting curve analysis (Section 1.6.5.2). 

 

2.3.10.1 Restriction fragment length polymorphism (RFLP)  

Fourteen SNPs were genotyped by RFLP analysis (Table 2.2). Prior to enzymatic 

digestion, DNA fragments containing the SNP site of interest and internal digestion 

control site (a non-polymorphic site) were amplified with primers designed with OL-

IGO version 6.62 software (Molecular Biology Insights, Inc., USA). PCR was per-

formed in a 10-μL reaction mixture (Section 2.2.7.1) in 96-well plates with a Gene-

Amp 9700 PCR system or Veriti® Thermal Cycler both from Applied Biosystems, 

following the conditions for each SNP (Table 2.2). Specific restriction enzymes were 

added to the PCR products according to the manufacturer’s recommendations. The 

reaction mixture of PCR products and restriction enzymes (MBI Fermentas or New 

England Biolabs) were incubated at different reaction temperatures as recommended 

by the manufacturer for 12 to 16 hrs. The reactions were stopped by inactivating at 

80°C for 20 minutes. Digested products were pre-stained with SYBR Green I and 

then separated by electrophoresis in polyacrylamide gels of appropriate concentration 

(Yiu et al., 2013; Zhou et al., 2004). In all cases, UltraPure™ DNase/RNase-Free 

Distilled Water (Invitrogen Life Technologies, Carlsbad, CA) was used in the reac-

tions. A gel picture of RFLP performed on one of the SNPs is shown in Figure 2.3. 



109 

 

 

1
0
9
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For illustration, rs10119004 (S10) is used as an example. A PCR fragment of 244 bp 

is amplified to encompass the SNP site (see Table 2.2). Upper panel: Restriction 

patterns for the two alleles of rs10119004 (S10) upon restriction digestion by the re-

striction enzyme HphI. Lower panel: Electrophoresis banding patterns on 8% poly-

acrylamide gel and stained with SYBR Green I. The DNA ladder is the 1 kb Plus 

DNA Ladder (lane M) from Invitrogen Life Technologies. 

 

 

 

Figure 2. 3 SNP genotyping by restriction fragment length polymorphism. 
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2.3.10.2 Unlabelled probe melting curve analysis (UPR) 

Unlabelled probe melting curve analysis was used to genotype the SNPs when RFLP 

failed to genotype the SNPs due to the following reasons: there was no restriction 

site in the sequence, or the restriction enzyme was too expensive. in this study, five 

SNPs were genotyped by UPR using the saturating dye SYTO 9 green fluorescent 

nucleic acid stain (final concentration of 2 μM; Invitrogen Life Technologies (Carls-

bad, CA) (Yiu et al., 2013; Zhou et al., 2004). This method uses asymmetric PCR to 

generate single-stranded DNA (ssDNA) product. A phosphate group or a poly (A)/ 

(T) tail is added to the 3’ end of the unlabelled probe to prevent probe extension. 

Asymmetric PCR was performed in a 10-μL reaction mixture (Section 2.2.7.2) in 96-

well plates with a GeneAmp 9700 PCR system or Veriti® Thermal Cycler both from 

Applied Biosystems, (Foster City, CA, USA) following the conditions for each SNP 

(Table 2.3).  

 

After PCR, the probe and a saturated dsDNA dye were added to the ssDNA target for 

high-resolution melting analysis. A final 10-μL reaction mixture containing 9.1 μl of 

PCR product, 0.6 μM 3’-blocked probe (synthesised by IDT) and 2 M SYTO 9 

green fluorescent nucleic acid stain (Invitrogen) was prepared in 96-well white plates, 

and subjected to melting in LightCycler
®

 480 Real-time PCR System (Roche). 

Probe/ssDNA amplicon duplexes were generated by heating samples to 95°C for 30 

seconds, then cooling to 50°C for 30 seconds. The melting data were collected be-

tween 50°C and 95°C with a slope of 0.11°C/s at 5 acquisitions per °C, using the 

“melting-curves” analysis mode. Samples were again cooled to 40°C for 10 seconds 

and the melting curves were analysed with LightCycler
®
 480 Software (version 1.5, 
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Roche). An example of the melting curve obtained for JAK2 rs7849191 (S2) is de-

picted in Figure 2.4. 
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Figure 2. 4 SNP genotyping by unlabelled probe melting analysis. 

For illustration, rs7849191 (S2) is used as an example. A PCR fragment of 115 bp 

(see Table 2.3) is amplified to encompass the SNP site. The unlabelled probe is de-

signed to match the C allele in this example. The probe-amplicon duplex of the ho-

mozygous genotype CC has a higher melting temperature than the probe-amplicon 

duplex of the homozygous genotype TT. Two peaks are obtained for the heterozygous 

genotype CT. 

 

 

 

 

Amplicon 

CC CT TT 
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2.4 Statistical analysis for genetic association study 

Prior to data analysis, genotypes were rested for Hardy-Weinberg equilibrium (HWE) 

by Fisher’s exact test using PLINK (version 1.07; 

http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml) (Purcell et al., 2007) for cas-

es and controls, separately. In large populations with random mating, the genotype 

distribution for an individual marker should abide the principle of HWE, assuming 

the absence of genetic drift, selection, migration, or mutation affecting allele fre-

quencies. Deviation from HWE among control subjects in genetic association study 

may suggest genotyping errors because there should be no bias of the control sub-

jects in a well-designed study population (Xu et al., 2002; Hosking et al., 2004; 

Zintzaras, 2010; Hardy, 1908). Therefore, a default P value of 0.001 (Purcell et al., 

2007) was used as the significance threshold to safeguard the validity of results gen-

erated in this study. 

 

PLINK (version.1.07; http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml) 

(Purcell et al., 2007) was used as the main toolset for statistical analysis of SNP data 

in this study. 

 

2.3.1 Gender and age adjustment 

Cases and controls were matched for sex and age as much as possible, however they 

were not perfectly matched. 

 

Therefore, single-marker analysis was conducted between cases and controls with 

logistic regression adjusted for sex and age (age at diagnosis for MPN patients) as 

http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml
http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml
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covariates to avoid any confounding factor. The respective asymptotic P value ad-

justed for age and sex was denoted as Pasym. 

 

Unpaired t-test was used to calculate the difference of age and sex distribution be-

tween cases and controls. 

 

2.3.2 Single marker analysis of JAK2 SNPs 

For single marker analysis, PLINK (version 1.07; 

http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml) (Purcell et al., 2007) was 

used for statistical analysis for all the 19 directly genotyped SNPs and the 76 imput-

ed SNPs, which were not directly genotyped in our initial study, and also the haplo-

type association tests.  

 

Cases and controls were compared for their allele and genotype frequencies to obtain 

the corresponding P values for each individual SNP. Association tests were per-

formed for five genetic models (allelic, genotypic, additive, dominant and recessive) 

via chi-square or trend tests provided by PLINK. Correction for multiple compari-

sons was done with a type of re-sampling randomisation method namely permutation. 

The correction was achieved by generating empirical P values (Pemp) based on 

50,000 permutations, i.e., randomly assigning the case/control status to each studied 

subject for 50,000 times. The Pemp from permutation test was generated based on the 

best result among allelic, dominant, and recessive models. In each permutation, the 

affection status (either cases or control) of the study subjects was randomly shuffled 

to remove any genotype/ phenotype association but retain the correlation among 

http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml
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genotypes and among phenotypes based on the LD information within each individu-

al. This process was done with the constraint that the total numbers of cases and con-

trols, and genotypes of each subject must remain unchanged for all the SNPs selected 

for correction. A test statistic was calculated for the permuted data based on the orig-

inal data set in which the original test was counted as one of the permuted tests, and 

recomputed on each permuted data. The Pemp is the fraction of the permuted data sets 

that give the minimum P value or of the permuted test statistic greater than or equal 

to (i.e. more significant than or as significant as) that obtained from the original data 

set association tests. According the PLINK, the empirical P value is calculated as 

(R+1)/ (N+1) where R is the number of times the distinct permuted test statistic is 

greater than observed value of the statistic; N is the total number of permutations (N 

= 50 000 in this study). Permutation test is widely considered the gold standard for 

accurately correcting multiple comparisons in GWAS because it provides unbiased 

type I error control and high power, and estimates the probability of the null hypoth-

esis. It is widely applied to genetic association studies because it is less conservative 

than the Bonferroni procedure, which assumes the markers to be independent of each 

other (Purcell et al., 2007; Lunetta, 2008). 

 

2.3.2 Haplotype analysis of JAK2 SNPs 

As in single marker analysis, PLINK (version 1.07; 

http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml) (Purcell et al., 2007) was 

used to search for MPN-associated haplotypes. Haplotype analysis was also conduct-

ed between cases and controls with logistic regression adjusted for sex and age (age 

at diagnosis for MPN patients) as covariates as mentioned above; the respective as-

ymptotic P value was denoted as Pasym. Haplotype frequencies were estimated using 

http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml


116 

 

 

1
1
6
 

 

the standard algorithm of expectation and maximisation (E-M algorithm). Logistic 

regression was performed for haplotype association analysis using the exhaustic var-

iable-sized sliding window method, in which a ‘window’ consisting of neighbouring 

SNPs are analysed together in a stepwise fashion across the target region (Li et al., 

2007). Sliding windows of all possible sizes (1 to n SNPs per window, where n is the 

number of JAK2 SNPs examined) were exhaustively examined to search for the 

MPN-associated haplotypes. For a given window size, the test was performed for the 

entire sliding windows by shifting one SNP at a time towards the 3’ end of the gene. 

For haplotype analysis in a case control association analysis, a single case-control 

omnibus test of (H -1) degree of freedom was executed to jointly evaluate the signif-

icance of the haplotypic effects at that position, with covariate adjustment of gender 

and age; where H is the number of haplotypes in the sliding window being examined. 

The odds ratio (OR) of a particular haplotype was calculated with respect to the ref-

erence haplotype, i.e. to all other haplotypes of the same haplotype window. The ref-

erence group of haplotypes was not fixed for different haplotypes being considered. 

 

Correction for multiple comparisons was achieved by generating empirical P values 

(Pemp) based on 50,000 permutations, i.e., swapping of the case-control status 50,000 

times. Haplotypes were defined by a variable-sized sliding-window approach based 

on all possible sizes of SNPs spanning the whole genomic region. This optimum 

marker combination showed no bias towards either single SNP or haplotype. Subse-

quently, the contribution of individual SNPs to a significant haplotype association 

with MPNs was examined by conditional logistic regression analysis. Haploview 

version 4.2 (Barrett et al., 2005) was used to generate the linkage disequilibrium (LD) 

map of the JAK2 gene based on an algorithm called solid spine of linkage disequilib-

rium (SSLD) (Barrett et al., 2005). SSLD defines a haplotype block upon discovering 
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a ‘spine’ of strong LD within a block: the first SNP and the last SNP of the block are 

in strong LD consisting all intermediate SNPs that are not necessarily in strong LD 

with each other (Barrett et al., 2005). 

 

2.3.3 Imputation 

SNPs imputation was performed using Beagle version 3.2 (Browning & Browning, 

2009). The genotype data of the 1000 Genomes Project (phase 1) based on 97 CHB 

subjects were used as the reference panel. A quality control check was manually 

done by removing some of the known genotypes of the 19 directly genotyped SNPs, 

followed by imputation process done with Beagle version 3.2. The post-imputation 

results were merged with the original data to check for the imputation accuracy based 

on the known missing genotypes. 

 

2.3.4 In silico analysis 

In silico analysis was performed to obtain information about the SNPs. Databases, 

programs and online tools used in this study are summarised in Table 2.4. 
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Table 2. 4 Programs and databases used in this study 

Program/ Database Application  Source /URL 

Genetic Power Calculator Sample size and power calculation http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html 

HapMap (phase II , release 24)  
Selection of tSNPs based on the interface with the 

Tagger package 

http://hapmap.ncbi.nlm.nih.gov/cgi-

perl/gbrowse/hapmap24_B36/ 

WatCut SNP-RFLP analysis 
Searching of restriction enzyme cleavage sites of 

SNPs for PCR-RFLP genotyping 
http://watcut.uwaterloo.ca/template.php?act=snp_new 

NEBcutter (version 2.0)  
Searching of appropriate restriction enzymes for 

PCR-RFLP 
http://tools.neb.com/NEBcutter2/ 

OLIGO version 6.62 For designing primers and probes Molecular Biology Insights, Inc., USA 

Tm Utility™ (version 1.3) Prediction of the Tm for unlabelled probes  From Idaho Technology’s Web site at www.idahotech.com 

Primer-BLAST  
Checking of the specificity of primers against the 

genome 
http://www.ncbi.nlm.nih.gov/tools/primer-blast/ 

Chemi Genius2 BIO imaging 

system 
Visualisation and image capture of gels SYNGENE; Frederick, MD, USA 

LightCycler® 480 Software  

(Version 1.5) 

Processing and analysing of melting curves generat-

ed by LightCycler® 480 
Roche, Basel, Switzerland 

DNA Sequencing Analysis Soft-

ware (version 5.2 Patch 2) 
Processing and visualisation of sequencing data  Applied Biosystems, Foster City, CA, USA  

PLINK (version 1.07)  

Statistical analysis for genetic association data: 

HWE testing and association testing (single marker 

and haplotype analysis) 

http://pngu.mgh.harvard.edu/~purcell/plink/ 

BEAGLE (version 3.2)  Imputation http://faculty.washington.edu/browning/beagle/beagle.html 

The 1000 Genomes Database Obtaining flanking sequence of SNPs http://www.1000genomes.org/ 

http://pngu.mgh.harvard.edu/~purcell/gpc/cc2.html
http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap24_B36/
http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap24_B36/
http://watcut.uwaterloo.ca/template.php?act=snp_new
http://tools.neb.com/NEBcutter2/
http://www.idahotech.com/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://pngu.mgh.harvard.edu/~purcell/plink/
http://faculty.washington.edu/browning/beagle/beagle.html
http://www.1000genomes.org/
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Table 2.4 Programs and databases used in this study (Continued) 

Program/ Database Application  Source/ URL 

The 1000 Genomes Database 

Downloading genotype data from the 1000 Genomes 

Project (phase 1) of 97 CHB individuals as the refer-

ence panel for imputation 

http://www.1000genomes.org/ 

Haploview (Version 4.2) LD maps construction 

http://www.broadinstitute.org/scientific-

community/science/programs/medical-and-population-

genetics/haploview/haploview 

SNPnexus  Functional annotation of SNPs http://snp-nexus.org/index.html 

SNP Function Prediction 

(FuncPred) 
Functional annotation of SNPs  http://manticore.niehs.nih.gov/snpfunc.htm 

F-SNP  Functional annotation of SNPs http://compbio.cs.queensu.ca/F-SNP/ 

eQTL resources @ the 

Pritchard lab  
Expression quantitative trait locus (eQTL) analysis http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/ 

seeQTL Expression quantitative trait locus (eQTL) analysis http://www.bios.unc.edu/research/genomic_software/seeQTL/ 

UCSC Genome Browser Expression quantitative trait locus (eQTL) analysis http://genome.ucsc.edu/cgi-bin/hgTracks?org=human 

MatInspector  
Prediction of putative transcription factor binding 

sites 
www.genomatix.de/matinspector.html 

Cochrane RevMan software 

(version 5.3.3) 
Meta-analysis http://tech.cochrane.org/revman/download 

Institute of Human Genetics-

Genetic statistics 
HWE testing http://ihg.gsf.de/cgi-bin/hw/hwa1.pl 

http://www.1000genomes.org/
http://www.broadinstitute.org/scientific-community/science/programs/medical-and-population-genetics/haploview/haploview
http://www.broadinstitute.org/scientific-community/science/programs/medical-and-population-genetics/haploview/haploview
http://www.broadinstitute.org/scientific-community/science/programs/medical-and-population-genetics/haploview/haploview
http://snp-nexus.org/index.html
http://manticore.niehs.nih.gov/snpfunc.htm
http://compbio.cs.queensu.ca/F-SNP/
http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/
http://www.bios.unc.edu/research/genomic_software/seeQTL/
http://genome.ucsc.edu/cgi-bin/hgTracks?org=human
http://www.genomatix.de/matinspector.html
http://tech.cochrane.org/revman/download
http://ihg.gsf.de/cgi-bin/hw/hwa1.pl
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Table 2.4 Programs and databases used in this study (Continued) 

Program/ Database Application  Source/ URL 

z to P Calculator  Calculation of P values from Z value for |z|≥5  http://vassarstats.net/tabs.html#z  

GraphPad Software - P value 

Calculator 
Calculation of P values from Z value http://graphpad.com/quickcalcs/PValue1.cfm 

LocusZoom - Plot with Your 

Data 

Regional visualisation of association signal rela-

tive to genomic position, local linkage disequilib-

rium (LD) and recombination patterns and the po-

sitions of genes in the region 

http://csg.sph.umich.edu/locuszoom/ 

ANNOVAR 
Functional annotation of genetic variants from 

high-throughput sequencing data 
http://www.openbioinformatics.org/annovar/  

False Discovery Rate  

Calculator for 2x2 Contingen-

cy Tables 

Estimating false discovery rates for contingency 

tables 

http://research.microsoft.com/en-

us/um/redmond/projects/MSCompBio/FalseDiscoveryRate/  

MutationTaster software  Variant detection for potential pathogenic effects http://www.mutationtaster.org/ChrPos.html  

 

 

http://vassarstats.net/tabs.html#z
http://csg.sph.umich.edu/locuszoom/
http://www.openbioinformatics.org/annovar/
http://research.microsoft.com/en-us/um/redmond/projects/MSCompBio/FalseDiscoveryRate/
http://research.microsoft.com/en-us/um/redmond/projects/MSCompBio/FalseDiscoveryRate/
http://www.mutationtaster.org/ChrPos.html
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CHAPTER 3 Detection of V617F in MPNs 

3.1 Introduction 

Most Ph- negative MPN patients carry an acquired mutation in the JAK2 gene in 

their tumours. It is believed that the acquired single point somatic gain-of-function 

mutation of the JAK2 kinase gene (1849G>T) on chromosome 9 (Tefferi & Gilliland, 

2007) (Jones et al., 2009), constitutively activates the proliferation of myeloid cells 

by a valine-to-phenylalanine substitution in codon 617 (encoding V617F). Compar-

ing with other mutations found in MPNs (Table 1.3), only PV, ET, PMF show sig-

nificant levels of V617F mutation (Tefferi & Gilliland, 2007). 

 

The V617F mutation was reported to occur in nearly all patients with PV and in 

around half of those with ET and PMF. Nonetheless, the worldwide prevalence of 

V617F mutation reported was different ranges from 63% to 100% for PV, 23% to 

79% for ET, and 25% to 95% for PMF (Lippert et al., 2006; Nelson & Steensma, 

2006; Sazawal et al., 2010; Jones et al., 2005; Suksomyos et al., 2012). The diagnos-

tic criteria and assay sensitivity applied in individual study, or inadequate sample 

size could be the reasons accounting for the different rates in each individual study. 

 

3.1.1 Research aim 

When this project started in 2009, there were only a few V617F detection studies 

done in Asian populations but none in Hong Kong Chinese population (Lieu et al., 

2008; Zhang et al., 2008; Xiao et al., 2008; Chen et al., 2007). Subsequently, more 

studies were done in Chinese populations. The trend of this V617F mutation occur-
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rence ratio was reported with slightly different rates (Table 2) due to the differences 

in diagnostic criteria and assay sensitivity (Wong et al., 2011; Shen et al., 2009). 

 

However, the same conclusion was drawn as in Caucasian population: V617F is in-

deed a major molecular pathogenesis in Chinese MPN patients. Still, little infor-

mation was available from Hong Kong population (Table 1.4). Therefore, the aim of 

this part of study was to: 

1. Investigate the involvement of V617F mutation in local Hong Kong Chinese 

population with MPNs and also healthy control 

2. Determine the prevalence of V617F mutation in local Hong Kong Chinese 

population with MPNs 

 

3.2 Methodology 

Peripheral blood samples were obtained from affected and unaffected individuals. To 

be consistent, all recruited MPNs cases were screened for V617F mutation by ampli-

fication refractory mutation system modified from Jones et al. (2005). ARMS prod-

ucts were analysed by electrophoresis on 5% polyacrylamide gels. Details are pro-

vided in Section 2.2.7.3. 

 

3.2.1 Patient samples 

DNA samples extracted from patients’ peripheral blood were used for V617F detec-

tion. DNA was extracted with FlexiGene DNA Kit (Qiagen) according to the manu-
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facturer’s instructions and quantified by NanoDrop ND1000 UV/Vis spectrophotom-

eter (Thermo Scientific, Wilmington, USA). 

 

3.2.2 Control samples 

DNA samples from controls were extracted from peripheral blood and were used for 

both V617F detection and genotyping. DNA extraction was performed with Flexi-

Gene DNA Kit (Qiagen) according to the manufacturer’s instructions and quantified 

by NanoDrop ND1000 UV/Vis spectrophotometer (Thermo Scientific, Wilmington, 

USA). 

 

3.2.3 V617F mutation detection by amplification refractory mutation 

system (ARMS) 

DNA samples were evaluated for the presence of guanine to thymine transversion in 

JAK2 exon 14 (encoding V617F) with the application of Amplification Refractory 

Mutation System (ARMS) modified from Jones et al. (2005). The PCR products –

control band (463bp) were directly sequenced in both directions on ABI PRISM 

3130 Genetic Analyzer with BigDye® Terminator Cycle Sequencing Kit (Applied 

Biosystems, Foster City, CA, USA) to make sure that the primers work correctly pri-

or to real sample screening. 

 



124 

 

 

1
2
4
 

 

3.3 Results  

3.3.1 Summary of MPNs patients in Hong Kong 

In this case-control studied cohort, participants were Chinese MPNs patients diag-

nosed according to WHO 2008 criteria recruited from seven local hospitals and 

healthy blood donors from Hong Kong Red Cross Blood Transfusion Service. With 

written informed consent, 192 MPNs patients were recruited from 7 local hospitals. 

Of these, 172 patients with clear diagnosis of MPNs were included in this project: 61 

with PV, 93 with ET, 17 with PMF, and 1 with unclassified MPN, and 86 males 

(50.0%) and 86 females (50.0%). Their mean age was 57 years (ranges: 15-88 years). 

For the control group, 470 healthy controls consisting of 236 males (50.2%) and 234 

females (49.8%) were recruited. The mean age of the control subjects was 51 years 

(ranges: 16-75 years). 

 

3.3.2 The distribution of V617F mutation in PV, ET, and PMF 

All cases and controls were screened for V617F mutation by ARMS adapted from 

Jones et al. (2005). Sequencing reaction was performed on representative samples to 

confirm the genotypes detected by ARMS. The results of ARMS were visualised by 

polyacrylamide gels as displayed in Figure 3.1. Overall, 128 (74.4%) MPN patients 

were positive and 44 (25.6%) negative for V617F. The prevalence of V617F in our 

cohort was 87% (53/61) in PV, 68% (63/93) in ET, 65% (11/17) in PMF, and 100% 

(1/1) in unclassified MPN (Table 3.1).  

 

Fisher’s exact test suggested no significant difference in sex ratio between the two 

groups (P>0.27). Age differed significantly between V617F-positive MPN cases and 
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healthy controls (P<0.0001) whereas there was no difference in age between V617F-

negative MPNs and controls (P=0.7342). However, there was still statistically signif-

icant difference in age between all MPN cases (both V617F-positive and -negative) 

and controls (P<0.0001). On the whole, the mutation frequency did not differ by sex 

and age in the patient group. 
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Figure 3.1 Representative results of V617F mutation by ARMS. 

(A) Schematic representation of ARMS assay. As control band for successful ampli-

fication of the sequence flanking V617F mutation, a pair of outer primers (FO and 

RO) should generate a 463-bp product in all samples. Primers Fwt and RO should 

generate a wild-type-specific product of 229-bp while primers FO and Rmt should 

generate a mutant-specific product of 279-bp. (B) Representative results of V617F 

detected by ARMS in this project as displayed on 5% polyacrylamide gel. Lanes 1-4 

show a normal genotype without the mutant band; track 5 show a mutant band for the 

V617F mutation; VF+ and VF- represent V617F-positive and negative control bands; 

Neg represents template free control; and M is the 1 kb Plus DNA Ladder from Invi-

trogen Life Technologies (Carlsbad, CA).(Jones et al., 2005) Sequencing results con-

firming the genotypes in ARMS can be found in Figure 2.2. 

Normal (G) allele: 229bp

G/T
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RO

Fwt

Rmt

Control band: 463bp

Mutant (T) allele: 279bp

A

Control

Mutant

Normal

100 bp

200 bp

300 bp

400 bp

VF+     VF- Neg        1         2         3         4         5           M
B

 

Fig. 3. 1 
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Table 3.1 Prevalence of V617F mutation in MPN patients and controls. 

MPN  

subtype 
N 

Age at di-

agnosis, 

Y
a 
(range) 

V617F-

positive 

N (%) 

V617F-positive 

N,Gender;  

Y
a 
(range) 

V617F-

negative 

N (%) 

V617F-negative 

N,Gender;  

Y
a 
(range) 

PV 61 56 (21-86) 53 (87) 
30M, 23F; 

57 (21-86) 
8 (13) 

8M, 0F; 

54 (41-69) 

ET 93 56 (15-88) 63 (68) 
24M, 39F; 

58 (25-88) 
30 (32) 

15M, 15F; 

52 (15-85) 

PMF 17 59 (31-79) 11 (65) 
5M, 6F; 

65 (48-79) 
6 (35) 

3M, 3F; 

48 (31-70) 

uMPN 1 62 1 (100) 62 - - 

Total 172 57 (15-88) 128 (74) 
60M, 68F; 

58 (21-88) 
44 (26) 

26M, 18F; 

51 (15-85) 

Control 470 51 (16-75)
b
 0 (0) - 470 (100) 

236M, 234F; 

51 (16-75) 

Abbreviations: V617F, JAK2 V617F mutation; MPN, myeloproliferative neoplasms; 

N, number; Y, years. 

a
 Median age in terms of years 

b
 Median age (years) of controls at the age of blood donation. Control subjects 

were matched for sex- and age (±1) as much as possible. 
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3.4 Discussion 

In 2005, identification of single recurrent MPN-associated dysregulation of JAK2 

kinase activity within the pseudokinase domain in a number of MPNs patients (Ihle 

& Gilliland, 2007a), has widened our understanding in the pathogenesis of BCR-

ABL-negative myeloproliferative neoplasms (MPNs), namely PV, ET, and PMF. 

 

The V617F mutation is highly associated with MPNs in addition to other less com-

mon JAK2 mutations. In 2008, this mutation was included as a standard diagnostic 

criterion for MPNs (Vannucchi et al., 2009a). Since the detection of V617F mutation 

indicates the diagnosis of these disorders, screening of V617F could be helpful in 

early detection of the disorders. Therefore, despite the V617F mutation screening 

done by hospitals, in house V617F screening with ARMS was still performed on 

MPN patients for the sake of consistency.  

 

The results from this project corroborate the worldwide prevalence of V617F muta-

tion in the majority of patients with PV and nearly half of the patients with ET and 

PMF. The prevalence of V617F mutation was higher in patients with PV than in pa-

tients with ET and PMF. Altogether, the data in our Hong Kong Chinese population 

suggested that both genders can be equally affected with MPNs in their late fifth 

decade of life, (Table 3.1). 
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3.4.1 V617F mutation is found in MPN patients but not in controls 

To study the association between JAK2 germline polymorphisms and MPNs in Hong 

Kong Chinese population, V617F mutation was first screened in MPN cases and 

healthy controls. 

 

In this project, the V617F mutation was detected in the majority of PV patients (87%) 

and approximately half of those with ET (68%) and PMF (65%). The prevalence of 

V617F mutation in this project agreed with previous reports although different re-

sults had been reported. The worldwide prevalence of V617F mutation reported for 

PV was the highest ranging from 63% to 100%; while the average prevalence of 

V617F in ET and PMF was approximately 50% ranging from 23-79% for ET; and 

25-95% for PMF (Table 1.4). The discrepancies in the reported findings of V617F 

mutation may be a consequence of the different diagnostic criteria and methods used 

to identify mutations in individual study (Shen et al., 2009). Over the years, various 

methodologies including direct DNA sequencing, pyrosequencing, allele-specific 

PCR, ARMS, and PCR-RFLP screening had been used to study the V617F mutation 

(Table 1.4) (Veneri et al., 2009; Steensma, 2006). These techniques differ in terms 

of sensitivity and performance characteristics and thus may lead to the discrepancies 

in V617F prevalence. The diagnostic criteria applied in individual study might also 

affect the discrepancies of V617F prevalence. Among others, small sample size 

could be another reason, such as that in a Mexican study with 4 PMF, 8 PV, and 17 

ET patients (Ruiz-Arguelles et al., 2009). Inadequate sample size can lead to unrelia-

ble evidence: false positive or false negative results (Lurati Buse et al., 2012; Hall, 

2011). 
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The low annual incidence of MPN (around 2 per 100,000 people) suggested that 

general population should be considerably healthy (Goldin et al., 2009; Vannucchi et 

al., 2009b). Among the MPN patients, V617F mutation was reported to attack major-

ity patients with PV and nearly half of ET and PMF. With these data in mind, V617F 

mutation was hypothesised to be absent in the control population. In this project, the 

mutation was not detected in the 470 healthy controls as hypothesised. Although the 

mutation does not affect all MPN patients, its occurrence among healthy individuals 

might mark an early molecular onset prior to the development of MPN (Kralovics et 

al., 2005b). Studies conducted by Sidon et al. (2006) and Xu et al. (2007), reported 

V617F mutation in a minority of the healthy individuals. In 2 larger studies conduct-

ed by Nielsen et al. (2011; 2014), 18 of 10507 (0.2%) and 63 of 49488 (0.1%) indi-

viduals without overt signs of MPNs were tested positive for V617F mutation. 

Among the V617F-positive healthy individuals, some were diagnosed with MPNs 

based on their haematological parameters together with an increase in their V617F 

mutation burden during a follow up several years later. This suggested that V617F 

mutation might happen prior to the occurrence of MPNs. The group also pointed out 

an association between V617F mutation burden level and development of MPNs. As 

examined in their study cohort, V617F mutation burden level was associated with 

MPN’s progression rate in the order of increasing severity of MPNs from MPN-free 

to ET to PV and lastly to PMF (Nielsen et al., 2014). Thus, if this mutation is detect-

ed at a higher sensitivity, it can aid the early detection of MPNs. Nonetheless, their 

interpretation was based only on Caucasian population hence studies in different rac-

es may reveal more information regarding the role of V617F in the development of 

MPNs. 

 



131 

 

 

1
3
1
 

 

Limitation of this project should be considered. The ARMS detection method used to 

study V617F mutation in this study is a highly sensitive qualitative detection method. 

However this method does not allow quantitative detection of the somatic mutation 

(Jones et al., 2005). Therefore, allelic burden of V617F mutation could not be quanti-

fied in this project. In addition to this, clinical status was not assessed and correlated 

with mutational status. Thus, clinical impact could not be assessed in this study. 

 

In summary, the distribution of V617F of our Hong Kong MPN patients (PV, ET and 

PMF) in this project is similar to those reported in other studies around the globe 

(Jones et al., 2005; Baxter et al., 2005; James et al., 2005b; Kralovics et al., 2005a). 

On the other hand, the diagnosis of V617F-negative MPNs has to be dependent on 

haematological parameters and other molecular criteria. Future studies on larger 

sample cohort may give further insight on the pathogenesis of V617F-positive and -

negative MPNs. Nonetheless, the results from my part I study corroborate previous 

reports on the prevalence of V617F in other populations and thus provide a justifica-

tion for my part II study. 



132 

 

1
3
2
 

 

CHAPTER 4 Genetic association study of germline 

polymorphisms in JAK2 gene 

4.1 Introduction  

4.1.1 Genetic association studies in MPNs  

It has been more than ten years since the first discovery of the key mutation in MPNs 

and that was when MPNs no longer orphan disorders. Despite updates from scientists, 

haematologists, and pathologists; there is still no answer to how one mutation can 

interact with JAK2 germline polymorphisms and lead to 3 related yet phenotypically 

distinct disorders. This intrigues our interest in finding the causal variant and under-

standing the mechanism underlying the three MPNs.  

 

In 2009, few germline polymorphisms and haplotypes have been identified to be as-

sociated with the pathogenesis of MPNs. Olcaydu et al. (2009a) hypothesised that a 

certain SNP combination may contribute to different haplotypes that are susceptible 

to somatic mutagenesis such as V617F mutation. These SNPs were speculated to 

predispose MPN patients to V617F mutation and were preferentially acquired in cis 

with the V617F allele. This was supported by a strong association found between the 

JAK2 mutated malignant clone and a particular haplotype defined by nearby single 

nucleotide polymorphisms (SNPs) in patients that were V617F-positive (Kilpivaara 

et al., 2009; Olcaydu et al., 2009a; Jones et al., 2009; Goldin et al., 2009). However, 

research is still ongoing to understand the interaction between this single point muta-

tion (single disease allele) and 3 phenotypically distinct MPNs, with the in vivo evi-

dence of V617F-induced haematopoiesis. 
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When this project started in 2009, there were only a few genetic association studies, 

all in Caucasian population (Pardanani et al., 2008; Jones et al., 2009; Kilpivaara et 

al., 2009; Olcaydu et al., 2009a). To date, most of the studies on the relationship be-

tween the germline polymorphisms and somatic mutations in the JAK2 locus (predis-

position alleles study) were still done in Caucasian population, only a few in the Chi-

nese population (Hsiao et al., 2011; Hu et al., 2011; Wang et al., 2013) reporting the 

same association. As a consequence, little information is available regarding the dis-

ease in Chinese population as well as other ethnic groups. Therefore, it is important 

to understand the correlation among/interrelationship between these predisposition 

alleles or V617F with the JAK2 haplotype(s) in other populations to understand the 

function underlying this mutation. 

 

4.1.2 Research aim 

The major aim of this part of my study was to investigate the association of the re-

ported JAK2 polymorphism in Hong Kong Chinese population. Based on this idea, 

the following parts were investigated: 

1. To identify whether this polymorphism predisposes to JAK2 mutation in 

MPN is restricted to Caucasian population or a general phenomenon in other 

populations. 

2. To analyse the possible association of other variants spanning the JAK2 gene 

including, but not limited to, the reported haplotype in the Chinese population 

of Hong Kong. 
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4.2 Methodology 

4.2.1 Patient samples 

To avoid the complication from loss of heterozygosity resulting from somatic iso-

disomy (UPD) in clonal myeloid cells, DNA from patients’ saliva samples was used 

for SNP genotyping (Ng et al., 2006). Saliva samples from cases were collected us-

ing the Oragene DNA self-collection kit (DNA Genotek) according to the manufac-

turer’s instructions (Section 2.2.4) and quantified by NanoDrop ND1000 UV/Vis 

spectrophotometer (Thermo Scientific, Wilmington, USA). 

 

4.2.2 Control samples 

The same peripheral blood DNA samples from controls used for V617F mutation 

detection were used for SNP genotyping. Controls used in this study were not per-

fectly paired with cases; however they were matched for sex and age as much as pos-

sible. 

 

4.2.3 SNP selection and genotyping 

In this study, I attempted to identify JAK2 germline variants that are associated with 

the development of MPNs in local Hong Kong Chinese population, in addition to the 

reported JAK2 risk haplotypes (rs10974944, rs12343867 and rs12340895, i.e. S9, 

S12 and S13). For ease of discussion, the SNPs were called S1, S2, …., and so on in 

the sequential order from the 5’ end to the 3’ end of the JAK2 sense strand. 
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Selection of tSNPs was done as described in Section 2.2.5. The tSNPs were selected 

based on the genotype data from HapMap CHB database (release #24/phase II) 

(http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap24_B36/) using the Tagger 

software (de Bakker et al., 2005). JAK2 region of 148.7kb including its potential reg-

ulatory regions was subjected to tSNP pick with parameters of minor allele frequen-

cy (MAF) ≥0. 1 and pairwise tagging algorithm, r
2
≥0.8. With evidence suggesting 

JAK2 haplotype to be a major risk factor for MPN development, I forced-included 

the risk-haplotype tSNPs (rs10974944, rs12343867, and rs12340895) (Jones et al., 

2009; Olcaydu et al., 2009a; Kilpivaara et al., 2009; Trifa et al., 2010). 

 

Two methods were used for genotyping the SNPs depending on the logistic arrange-

ment for instrument use and the cost (Section 2.2.10): 14 SNPs were genotyped by 

RFLP and 5 SNPs were genotyped by unlabelled probe melting analysis (Zhou et al., 

2004; Yiu et al., 2013). Primers were designed using OLIGO version 6.62 software 

(Molecular Biology Insights, Inc., USA). Details of primer sequences and reaction 

conditions are given in Table 2.2 and Table 2.3. PCR reactions were performed on 

the 96-well plates with a GeneAmp 9700 PCR system or Veriti® Thermal Cycler 

both from Applied Biosystems, (Foster City, CA, USA) following the conditions for 

each SNP (Table 2.2-3) with the in-house established protocol (Section 2.2.7). All 

reactions were subjected to optimisation and PCR products were sequenced to con-

firm the specially designed primers work correctly prior to real sample genotyping. 

 

4.2.3.1 Genotyping by RFLP 

Fourteen SNPs were genotyped by RFLP analysis (Table 2.2). Polymerase chain re-

action (PCR) was performed as described in Section 2.2.7. Following amplification, 

http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap24_B36/
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the PCR products were digested with specific restriction enzymes overnight accord-

ing to enzymes’ working temperatures. The digested RFLP-PCR products were pre-

stained with SYBR Green I and visualised on polyacrylamide gels of appropriate 

concentration to confirm the size of the digested fragments. 

 

4.2.3.2 Genotyping by unlabelled probe melting curve analysis 

The remaining five SNPs were genotyped by unlabelled probe melting analysis using 

the saturating dsDNA dye (Invitrogen) as described in Section 2.2.10.2. The asym-

metric PCR (Section 2.2.7.2) generated single-stranded DNA (ssDNA) product with 

a 3’ end blocked unlabelled probe (Table 2.3). After PCR, the probe and SYTO 9 

green fluorescent nucleic acid stain were added to the ssDNA target for high-

resolution melting analysis. The reaction was performed in 96-well white plates, and 

subjected to melting in LightCycler
®
 480 Real-time PCR System (Roche). 

 

4.2.3.3 Imputation of genotypes for 76 JAK2 SNPs 

Genotypes of 76 additional SNPs within the 148.7-kb region under study were im-

puted by Beagle version 3.2 (Browning & Browning, 2009). One of the imputed SNP 

rs4495487, was recently reported to contribute to MPN development in the Japanese 

population (Ohyashiki et al., 2012). The genotype data of the 1000 Genomes Project 

(phase 1) based on 97 CHB subjects were used as the reference panel. I manually 

conducted a quality control check by removing some of the known genotypes of the 

19 directly genotyped SNPs, and imputed them with Beagle version 3.2. The post-

imputation results were merged with the original data to check for the imputation ac-

curacy. 
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4.2.5 Statistical analysis 

Statistical analyses were conducted using the computer package PLINK (version 

1.07; http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml) (Purcell et al., 2007). 

Testing for deviation from Hardy-Weinberg equilibrium (HWE) was performed us-

ing Fisher’s exact test with PLINK (version 1.07; 

http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml) (Purcell et al., 2007) prior to 

data analysis. Single-marker and haplotype analyses were conducted between cases 

and controls with logistic regression adjusted for sex and age (age at diagnosis for 

MPN patients) as covariates; the respective asymptotic P value was denoted as Pasym. 

Correction for multiple comparisons was achieved by generating empirical P values 

(Pemp) after 50,000 permutations. Haplotypes were defined by variable-sized sliding-

window approach. This approach considers all possible sizes of SNPs from the input 

and thus shows no bias towards either single SNP or haplotype. Subsequently, I stud-

ied the contribution of individual SNPs to significant haplotype association with dis-

ease by conditional logistic regression analysis. Haploview version 4.2 (Barrett et al., 

2005) was used to generate the linkage disequilibrium (LD) map of the JAK2 gene 

based on an algorithm called solid spine of linkage disequilibrium (SSLD) (Barrett et 

al., 2005). 

 

The potential impact of these genetic markers was predicted using several web-based 

SNP prediction tools as listed in Table 2.4, such as SNPnexus (http://snp-

nexus.org/index.html) (Dayem Ullah et al., 2012), SNP Function Prediction 

(FuncPred) (http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm) (Xu & Taylor, 2009), 

F-SNP (http://compbio.cs.queensu.ca/F-SNP/) (Lee & Shatkay, 2008), and MatIn-

spector (www.genomatix.de/matinspector.html ) (Cartharius et al., 2005). These data-

bases integrate bioinformatics tools and are updated to be synchronised with data-

http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml
http://pngu.mgh.harvard.edu/,purcell/plink/index.shtml
http://snp-nexus.org/index.html
http://snp-nexus.org/index.html
http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm
http://compbio.cs.queensu.ca/F-SNP/
http://www.genomatix.de/matinspector.html
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bases to predict SNPs that may have biological function from regulatory potential to 

effect on protein function. 

 

To identify regulatory potential of these SNPs and to link them to any specific genes 

that may be causal in the pathogenesis of MPNs, analysis of expression quantitative 

trait loci (eQTL) was conducted across the JAK2 gene (142.8 kb) with several eQTL 

online tools as listed in Table 2.4 including eQTL resources @ the Pritchard lab 

(http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/) (Pritchard), seeQTL 

(http://www.bios.unc.edu/research/genomic_software/seeQTL/) (Xia et al., 2012), 

and UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgTracks?org=human) 

(Kent et al., 2002). 

 

Particularly interested in transcription factor binding sites, we inspected the 40 bases 

encompassing S8 (both major and minor alleles were considered) in the centre using 

the program MatInspector (www.genomatix.de/matinspector.html ) (Cartharius et al., 

2005). This software locates matches in the input DNA sequences for putative tran-

scription factor binding sites. The parameters were set to include only vertebrate as 

the source for transcription factor from both strands of the DNA. For the input, opti-

mised matrix similarity was selected as a threshold to minimize false positive while 

for the output, core similarity and matrix similarity below 0.80 were excluded. 

 

4.3 Results 

In total, 19 tSNPs were selected, capturing the genetic information of 95 SNPs in the 

study region (148.7 kb) with a mean r
2
 of 0.96. All of the SNPs are intronic except 

http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/
http://www.bios.unc.edu/research/genomic_software/seeQTL/
http://genome.ucsc.edu/cgi-bin/hgTracks?org=human
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rs3808850 (5’ upstream). As explained in the section of Methodology, JAK2 risk-

haplotype tSNPs (rs10974944, rs12343867 and rs12340895, i.e. S9, S12 and S13) 

were forced to be included. 

 

The genotype distribution of all SNPs in the control group was in HWE (Fisher’s ex-

act test greater than default P value of 0.001). In general, LD among the 19 SNPs in 

the combined group of V617F-positive MPN cases and healthy controls was not 

strong except for those tagging for the JAK2 risk-haplotype (Figure 4.1). The same 

applied to the LD measures (r
2
) for the combined group of V617F-negative MPN 

cases and healthy controls (Figure 4.2). 
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Figure 4.1 Linkage disequilibrium pattern for 19 JAK2 SNPs for V617F-positive 

MPN cases and healthy controls. 

Linkage disequilibrium plots were generated utilising the Haploview software. The values in 

the box indicate r
2 
between the pairs. Haplotype blocks were defined by solid spine of link-

age disequilibrium (SSLD). 
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Figure 4.2 Linkage disequilibrium pattern for 19 JAK2 SNPs for V617F-

negative MPN cases and healthy controls. 

Linkage disequilibrium plots were generated utilising the Haploview software. The 

values in the box indicate r2 between the pairs. Haplotype blocks were defined by sol-

id spine of linkage disequilibrium (SSLD). 
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4.3.1 Single marker analysis 

As mentioned in Section 3.3.2, age did not differ between V617F-negative MPNs 

and controls (P=0.7342). However, when being analysed separately, there was still a 

significant difference between the patient and the control groups in terms of age 

(P<0.0001). Therefore, age was adjusted by logistic regression to minimise its influ-

ence in the analysis. To be consistent with previous studies, gender was also adjusted 

in the analyses although the proportions of males and females did not differ signifi-

cantly between cases and controls. Among the five genetic models tested (genotypic, 

additive, allelic, dominant and recessive) for the 19 directly genotyped SNPs, data 

from the allelic model gave the most significant results. Therefore, I increased the 

stringency of allelic test by comparing the 19 SNPs between V617F-positive MPNs 

and controls with covariate adjustment for sex and age, and correction for multiple 

comparisons by 50,000 permutations. All of the 19 SNPs were associated with 

V617F-positive MPNs before permutation except rs1536798 (S5; Pasym=0.0765) and 

rs10974947 (S11; Pasym=0.1414) while 4 other SNPs did not survive after 50,000 

permutations with Pemp> 0.05 (Table 4.1). Similar findings to those reported in Eu-

ropean populations were detected: the minor alleles of the JAK2 risk-haplotype 

tSNPs (allele G of rs12340895 (S13), allele G of rs10974944 (S9) and allele C of 

rs12343867 (S12)) were strongly associated with V617F-positive MPNs with a de-

scending order of odds ratios (ORs; 3.27, 2.87, and 2.60, respectively, with 

Pasym3.8010
-9

). All 3 SNPs statistically survived the 50,000 permutations with 

Pemp=2.00×10
-5

; note that the lowest Pemp value achievable with 50,000 permutations 

is 2×10
-5

. These results suggested that S9, S12, and S13 were strongly associated 

with V617F-positive MPNs. JAK2 SNP rs12342421 (S8) was identified as the most 

significantly associated SNP (Pasym=3.76×10
-15

 and Pemp=2.00×10
-5

) among the 19 
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candidate SNPs in Hong Kong Chinese population. The corresponding OR for the 

minor allele C was 3.55 with 95% CI ranging from 2.59 to 4.87. 

 

Following the allelic association detected in the group of V617F-positive MPNs and 

healthy controls, V617F-negative MPN patients were also tested for the same 19 

SNPs. Overall, comparison of V617F-negative MPNs and controls generated insig-

nificant disease risk (0.01<Pasym<0.46) with ORs ranging from 0.63 to 1.78 (Table 

4.2). None of the SNPs survived after 50,000 permutations with rs12342421 (S8) still 

being the strongest SNP (Pemp=0.0832). Likewise, haplotype analysis of V617F-

negative MPNs yielded no significance (Pemp≥0.2298; data not shown). Interestingly, 

a comparison of the SNP allele frequencies between V617F-positive and V617F-

negative patients also did not reveal any significant difference except for rs12342421 

(S8; Pasym=0.0031 and Pemp=0.0303) and rs12340895 (S13; Pasym=0.0075 and 

Pemp=0.0380). 
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Table 4.1 Allelic association tests for 19 genotyped tag SNPs of the JAK2 gene in 

V617F-positive MPNs 

 
Alleles b 

Genotype Counts 

(11/12/22)c 
 Minor allele (1) freq. 

 
Allelic Test d 

SNP rs a 1 2 Cases Controls Cases Controls OR (95% CI) c    Pasym  Pemp 

rs3808850 (S1) T A 10/53/65 66/230/174 0.2852 0.3851 0.61 (0.45-0.84) 0.0022 0.0213 

rs7849191 (S2) T C 8/40/80 26/233/170 0.2188 0.3904 0.43 (0.30-0.60) 6.35  10-7 4.00  10-5 

rs7046736 (S3) A C 40/69/19 65/225/180 0.5820 0.3777 2.53 (1.85-3.46) 5.92  10-9 2.00  10-5 

rs2149555 (S4) T C 20/85/23 41/194/235 0.4883 0.2936 2.51 (1.82-3.48) 2.01  10-8 2.00  10-5 

rs1536798 (S5) A C 28/57/43 59/228/183 0.4414 0.3681 1.30 (0.97-1.74) 0.0765 0.4500 

rs10815148 (S6) A T 9/59/60 20/167/283 0.3008 0.2202 1.60 (1.15-2.23) 0.0057 0.0509 

rs2149556 (S7) C T 8/63/57 86/245/139 0.3086 0.4436 0.51 (0.37-0.71) 5.23  10-5 0.0005 

rs12342421 (S8) C G 52/54/22 43/197/230 0.6172 0.3011 3.55 (2.59-4.87) 3.76  10-15 2.00  10-5 

rs10974944 (S9) G C 29/76/23 40/198/232 0.5234 0.2957 2.87 (2.08-3.96) 1.50  10-10 2.00  10-5 

rs10119004 (S10) G A 10/71/47 121/248/101 0.3555 0.5213 0.46 (0.33-0.63) 1.65  10-6 4.00  10-5 

rs10974947 (S11) A G 1/31/96 15/129/326 0.1289 0.1691 0.73 (0.48-1.11) 0.1414 0.6676 

rs12343867 (S12) C T 22/80/23 39/186/245 0.4844 0.2809 2.60 (1.89-3.58) 3.80  10-9 2.00  10-5 

rs12340895 (S13) G C 40/65/23 41/200/229 0.5664 0.3000 3.27 (2.37-4.51) 4.68  10-13 2.00  10-5 

rs12343065 (S14) T C 28/77/23 41/201/228 0.5195 0.3011 2.80 (2.03-3.87) 3.80  10-10 2.00  10-5 

rs7857730 (S15) G T 10/61/57 89/245/136 0.3164 0.4500 0.53 (0.38-0.73) 0.0001 0.0012 

rs3824432 (S16) A G 1/37/90 26/148/296 0.1523 0.2128 0.67 (0.45-0.98) 0.0382 0.2711 

rs7847294 (S17) A C 2/55/71 63/240/167 0.2305 0.3894 0.39 (0.27-0.56) 3.74  10-7 2.00  10-5 

rs3780378 (S18) C T 8/58/62 84/239/147 0.2891 0.4330 0.49 (0.36-0.68) 2.25  10-5 0.0002 

rs10815162 (S19) C G 2/43/83 40/182/248 0.1836 0.2787 0.59 (0.41-0.84) 0.0037 0.0336 

Abbreviations: SNP, single nucleotide polymorphism; OR, odds ratio; Pasym, asymptotic P value; Pemp, 

empirical P value. 

a 
The SNPs are listed in sequential order from the 5’ end to the 3’ end of the sense strand of the 

JAK2 gene. They are also designated S1 to S19 for the sake of easy reference and discussion. 

b 
Alleles 1 and 2 represent the minor and major alleles of that SNP respectively. There are 128 cas-

es and 470 controls. 

c 
Calculated for minor allele (allele 1) with major allele (allele 2) as the reference allele. 

d 
Allele frequencies were compared by logistic regression with adjustment for sex and age to give 

the Pasym value. Multiple comparisons were corrected by 50,000 permutations to give the Pemp val-

ue. 
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Table 4.2 Allelic association tests for 19 genotyped tag SNPs of the JAK2 gene in 

V617F-negative MPNs 

 

Alleles b Genotype Counts (11/12/22)c  Minor allele (1) freq. 

 

Allelic Test d 

SNP rs a 1 2 Cases Controls Cases Controls OR (95% CI) c Pasym Pemp 

rs3808850 (S1) T A 3/21/20 66/230/174 0.3068 0.3851 0.68 (0.42-1.11) 0.1253 0.6068 

rs7849191 (S2) T C 3/20/21 67/233/170 0.2955 0.3904 0.63 (0.39-1.04) 0.0674 0.4081 

rs7046736 (S3) A C 6/31/7 65/225/180 0.4886 0.3777 1.60 (1.01-2.53) 0.0434 0.2935 

rs2149555 (S4) T C 5/27/12 41/194/235 0.4205 0.2936 1.75 (1.11-2.75) 0.0156 0.1267 

rs1536798 (S5) A C 5/27/12 59/228/183 0.4205 0.3681 1.27 (0.80-2.01) 0.2980 0.9225 

rs10815148 (S6) A T 0/22/22 20/167/283 0.2500 0.2202 1.17 (0.69-1.98) 0.5666 0.9981 

rs2149556 (S7) C T 2/26/16 86/245/139 0.3409 0.4436 0.63 (0.39-1.01) 0.0573 0.3565 

rs12342421 (S8) C G 7/25/12 43/197/230 0.4432 0.3011 1.85 (1.18-2.90) 0.0078 0.0621 

rs10974944 (S9) G C 5/27/12 40/198/232 0.4205 0.2957 1.74 (1.10-2.76) 0.0181 0.1328 

rs10119004 (S10) G A 13/26/5 101/248/121 0.5909 0.4787 1.62 (1.02-2.57) 0.0441 0.2812 

rs10974947 (S11) A G 0/15/29 15/129/326 0.1705 0.1691 1.02 (0.57-1.83) 0.9061 1.0000 

rs12343867 (S12) C T 4/27/13 39/186/245 0.3977 0.2809 1.69 (1.07-2.66) 0.0246 0.1822 

rs12340895 (S13) G C 4/29/11 41/200/229 0.4205 0.3000 1.72 (1.09-2.74) 0.0191 0.1560 

rs12343065 (S14) T C 5/27/12 41/201/228 0.4205 0.3011 1.71 (1.08-2.70) 0.0222 0.1737 

rs7857730 (S15) G T 1/29/14 89/245/136 0.3523 0.4500 0.64 (0.40-1.03) 0.0730 0.4060 

rs3824432 (S16) A G 0/15/29 26/148/296 0.1705 0.2128 0.78 (0.44-1.38) 0.4091 0.9731 

rs7847294 (S17) A C 1/26/17 63/240/167 0.3182 0.3894 0.70 (0.43-1.15) 0.1598 0.7130 

rs3780378 (S18) C T 2/27/15 84/239/147 0.3523 0.4330 0.69 (0.43-1.11) 0.1190 0.6211 

rs10815162 (S19) C G 1/18/25 40/182/248 0.2273 0.2787 0.78 (0.47-1.31) 0.3464 0.9494 

Abbreviation: SNP, single nucleotide polymorphism; OR, odds ratio; Pasym, asymptotic P value; Pemp, empirical 

P value. 

a The SNPs are listed in sequential order from the 5’ end to the 3’ end of the sense strand of the JAK2 gene. 

They are also designated S1 to S19 for the sake of easy reference and discussion. 

b Alleles 1 and 2 represent the minor and major alleles of that SNP respectively. There are 44 cases and 470 

controls. 

c Calculated for minor allele (allele 1) with major allele (allele 2) as the reference allele. 

d Allele frequencies were compared between cases and controls by logistic regression adjusted for sex and age 

to give the Pasym value. Multiple comparisons were corrected by 50,000 permutations to give the Pemp value. 
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4.3.2 Haplotype analysis 

Haplotype analysis was carried out to compare V617F-positive MPNs and controls 

with adjustment for sex and age. Exhaustive variable-sized sliding-window haplo-

type analysis was done on the 19 genotyped SNPs using PLINK (Purcell et al., 2007). 

One hundred ninety windows were examined with 1 to 19 SNPs per window. PLINK 

identified 184 haplotype windows (96.8%) showing significant differences 

(Pemp<0.05) in frequencies between patients and controls even after 50,000 permuta-

tions (Table 4.3). Third column from the right of Table 4.3 showed haplotype win-

dow with the most significant omnibus test among all the sliding haplotype windows 

of a given size. We examined such most significant haplotype windows for all possi-

ble window sizes, and noted that all these most significant haplotype windows al-

ways included rs12342421 (S8) as a constituent SNP. Above all, the 1-SNP window 

rs12342421 (S8) itself achieved the strongest association with V617F-positive MPNs 

(Pasym=3.76×10
-15

 and Pemp=2.00×10
-5

) (top row in Table 4.3). These results were 

similar to the haplotype blocks generated from Haploview (Figure 4.1). 

 

According to data obtained from the 1000 Genomes Project, SNP rs12342421 (S8) is 

in perfect LD (Figure 4.3) with JAK2 risk-haplotype tSNPs (rs10974944, 

rs12343867 and rs12340895, i.e. S9, S12 and S13) for the CHB population, and in 

very strong LD (r
2
≥0.94; Figure 4.3B) with these three SNPs in the European (CEU) 

population. The LD was moderately strong (r
2
≥0.75; Figure 4.1) for the correspond-

ing pairs of SNPs in my study cohort. However, on the basis of SSLD, rs12342421 

was not in the same LD block with JAK2 risk-haplotype tSNPs in the CEU popula-

tion (Figure 4.3B). Overall, a higher degree of correlation was observed among these 
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few SNP pairs in the 1000 Genomes Project data of CHB and CEU populations (Figure 

4.3A) when compared with study cohort in this project. 
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Table 4.3 Exhaustive haplotype analyses for variable-sized sliding windows 

across 19 genotyped JAK2 SNPs for V617F-positive MPNs 

  

SW with Omnibus Test Pemp < .05 Most Significant Omnibus Test 

SNPs, No. SWs, No. SWs, No. First SW Last SW SW Pasym Pemp 

1 19 14 
a
 S1 S18 S8 

c
 3.76 × 10

-15
 2.00 × 10

-5
 

2 18 17 
b
 S1…S2 S18…S19 S8…S9 2.13 × 10

-14
 2.00 × 10

-5
 

3 17 17 S1…S3 S17…S19 S8…S10 6.33 × 10
-14

 2.00 × 10
-5

 

4 16 16 S1…S4 S16…S19 S7…S10 8.25 × 10
-13

 2.00 × 10
-5

 

5 15 15 S1…S5 S15…S19 S8…S12 4.45 × 10
-12

 2.00 × 10
-5

 

6 14 14 S1…S6 S14…S19 S8…S13 2.75 × 10
-12

 2.00 × 10
-5

 

7 13 13 S1…S7 S13…S19 S8…S14 2.21 × 10
-12

 2.00 × 10
-5

 

8 12 12 S1…S8 S12…S19 S8…S15 9.00 × 10
-12

 2.00 × 10
-5

 

9 11 11 S1…S9 S11…S19 S6…S14 2.38 × 10
-11

 2.00 × 10
-5

 

10 10 10 S1…S10 S10…S19 S6…S15 9.09 × 10
-12

 2.00 × 10
-5

 

11 9 9 S1…S11 S9…S19 S6…S16 3.03 × 10
-11

 2.00 × 10
-5

 

12 8 8 S1…S12 S8…S19 S6…S17 6.69 × 10
-11

 2.00 × 10
-5

 

13 7 7 S1…S13 S7…S19 S6…S18 1.21 × 10
-10

 2.00 × 10
-5

 

14 6 6 S1…S14 S6…S19 S6…S19 2.60 × 10
-10

 2.00 × 10
-5

 

15 5 5 S1…S15 S5…S19 S4…S18 3.02 × 10
-9

 2.00 × 10
-5

 

16 4 4 S1…S16 S4…S19 S4…S19 1.97 × 10
-9

 2.00 × 10
-5

 

17 3 3 S1…S17 S3…S19 S3…S19 2.74 × 10
-9

 2.00 × 10
-5

 

18 2 2 S1…S18 S2…S19 S2…S19 2.96 × 10
-8

 2.00 × 10
-5

 

19 1 1 S1…S19 S1…S19 S1…S19 6.72 × 10
-8

 2.00 × 10
-5

 

Abbreviations: SNP, single nucleotide polymorphism; SW, sliding window; Pasym, asymptotic P value; 

Pemp, empirical P value. 

The SW is shown as Sx…Sy, where Sx is the first SNP and Sy is the last SNP of the SW for JAK2 

gene. Please refer to Table 1 for the identity of the SNP concerned. Each sliding window was tested 

by an omnibus test adjusted for sex and age (implemented in PLINK). Multiple comparisons were 

corrected by running 50,000 permutations to give the Pemp value. The smallest Pemp value generated 

after permutation is the same for all fixed-size SWs (2 × 10
-5

); note that the lowest Pemp value achiev-

able with 50,000 permutations is 2 × 10
-5

. The most significant results for each fixed-size SW is 

shown in the three rightmost columns. Note that, among all the 190 SWs tested, S8 always appears in 

the most significant SW. 

a
 Of the nineteen SNPs tested, five (S5, S6, S11, S16, and S19) did not give Pemp < 0.05. 

b 
 All the SWs gives Pemp < 0.05 except S5…S6. 

c
 Of all the 190 SWs tested, S8 (i.e. rs12342421) alone gives the most significant result for associa-

tion with V617F-positive MPNs. 
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Figure 4.3 Haploview-generated linkage disequilibrium (LD) map of 19 JAK2 

SNPs in Han Chinese in Beijing (A) and Caucasians of European ancestry (B) 

based on the 1000 Genomes Project data. 

LD plots were generated utilising the Haploview software. The values in the boxes indicate the r2 

values between the respective pairs of SNPs and the empty boxes represent those with r2=1.0. Haplo-

type blocks are defined by solid spine of linkage disequilibrium(Barrett et al., 2005). 
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4.3.3 Conditional logistic regression 

Based on the results from PLINK, I tested the individual effect of the strongest 

MPN-associated SNP (rs12342421, i.e. S8) and the risk-haplotype tSNPs 

(rs10974944, rs12343867 and rs12340895, i.e. S9, S12 and S13) in the correspond-

ing sliding window. The shortest and most significant sliding haplotype window con-

taining these four SNPs was the 6-SNP window S8…S13 (Pasym=2.75×10
-12

; Table 

4.3), which was therefore selected for conditional logistic regression analysis. Condi-

tional analysis testing for independent effect of one SNP at a time suggested that only 

rs12342421 (S8) contributed independently to the significant association between the 

6-SNP window and V617F-positive MPNs (P=0.0005 for omnibus test of independ-

ent effect, Table 4.4). Logically, controlling for all the single SNPs except 

rs12342421 (S8) yielded a reduced but still statistically significant P value of 

0.0072) while controlling for rs12342421 (S8) demolished the significance 

(P=0.4360) (Table 4.4). This means that when rs12342421 (S8) was combined with 

other SNPs, its effect become less significant. 

 

Our data suggested that JAK2 germline polymorphisms, especially rs12342421 (S8), 

are very significantly associated with V617F-positive MPNs in Hong Kong Chinese 

population.
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Table 4.4 Conditional haplotype-based test: independent effects of individual 

JAK2 SNPs on the 6-SNP sliding window S8…S13 
a
 

 
Conditional haplotype-based association test, P value 

Sx 
b
 Independent effect of Sx 

c
 Controlling for Sx 

d
 

rs12342421 (S8) 0.0005 0.4360 

rs10974944 (S9) – 
e
 0.0072 

rs10119004 (S10) 0.4700 2.84 × 10
-7

 

rs10974947 (S11) 0.2480 1.79 × 10
-14

 

rs12343867 (S12) 0.7970 0.0019 

rs12340895 (S13) – 
e
 0.0072 

a
 This table shows the individual effects of the constituent single nucleotide polymor-

phisms (SNPs) on the shortest and most significant sliding window that contains the 

most impressive SNP in our study (rs12342421, i.e. S8) and the risk-haplotype tSNPs 

(rs10974944, rs12343867 and rs12340895, i.e. S9, S12 and S13). Conditional logistic 

regression was performed with adjustment for sex and age. The shortest and most signif-

icant sliding window carrying these four SNPs is S8…S13 (see Table 2). The condition-

al omnibus test invoked by the “--chap” command of PLINK gives a P value of 1.34  

10
-14

 (based on likelihood ratio test). 

Note that this P value is similar, but not identical, to the P value of 2.75×10
-12

 (based on 

Wald test, Table 2) generated by the omnibus test of logistic regression invoked by the 

“--logistic” command of PLINK in the sliding-window approach. 

b
 Sx indicates the SNP tested for an independent effect one at a time by the conditional 

haplotype-based analysis of the sliding window S8…S13. Please refer to Table 1 for the 

identity of the SNPs concerned. 

c
 Omnibus P value for the effect of Sx that is independent of the other SNPs in the sliding 

window S8…S13. 

d
 Omnibus P value for the sliding window S8…S13 when Sx is controlled for. 

e
 Not a valid comparison due to identical alternate and null models. 
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4.3.4 Genetic association of genotyped and imputed SNPs 

With the significant findings achieved from the 19 SNPs, I further performed imputa-

tion with Beagle for 76 additional JAK2 SNPs (selected from Tagger with MAF 0.01) 

to better examine the 148.7-kb region encompassing JAK2 locus. Manual quality 

control check on Beagle indicated an accuracy of >95% in imputing the missing (re-

moved) genotypes. Consistent trends were identified when all 95 SNPs (19 directly 

genotyped and 76 imputed) were analysed together by logistic regression adjusted for 

sex and age: single-marker analysis gave the strongest association signal for 

rs12342421 (S8) as in my initial study with only 19 SNPs. Of these 95 SNPs, 67 

showed association exceeding the significance of 8×10
-8

 (Pasym). The strongest asso-

ciation was detected for rs12342421 (S8; Pasym=3.76×10
-15

, Pemp=2.00×10
-5

 and 

OR=3.55), while SNPs of high LD showed similar levels of association. Table 4.5 

lists the top 20 SNPs among the 95 JAK2 SNPs analysed. 

 

To have an overall picture, I examined the LD map (Figure 4.4) for all 95 SNPs (19 

directly genotyped and 76 imputed). Data showed that rs12342421 (SNP no. 43 in 

Figure 4.4) also tagged (r
2
=0.83) for rs4495487 (SNP no. 49 in Figure 4.4) that was 

reported to be the additional variant contributing to MPN predisposition in Japanese 

population (Ohyashiki et al., 2012). All the SNPs within this haplotype block showed 

very strong extent of LD (r
2 

close to 1; bottom panel of Figure 4.4). 

 

To narrow the disease-associated region and to identify MPN-predisposing variants 

or haplotypes unbiasedly, these 95 SNPs were examined in the same way as the 19 

genotyped SNPs using the exhaustive haplotype approach with age and sex adjusted 

as covariates (Table 4.6). Of the 1634 haplotype windows formed among these 95 
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SNPs after multiple comparison correction by 50,000 permutations, SNP rs12342421 

(S8) again survived as the most significantly associated 1-SNP window (S8 itself): 

Pasym=3.76×10
-15

 and Pemp=2.00×10
-5

 (Table 4.6). Similarly as in the sliding win-

dows for the 19 directly genotyped SNPs, the remaining most significantly associat-

ed haplotypes cantered in rs12342421 (S8), with its adjacent SNPs. The SNP 

rs12342421 (S8) was obviously important because almost all the statistically signifi-

cant haplotypes contained this SNP. 
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Figure 4.4 Linkage disequilibrium pattern for 95 JAK2 SNPs for V617F-positive 

MPN cases and healthy controls. 

Linkage disequilibrium plots were generated utilising the Haploview software. The 

values in the box indicate r
2 

between the pairs and the empty boxes represent those 

with r
2
=1.0. Haplotype blocks were defined by solid spine of linkage disequilibrium 

(SSLD). 
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Table 4.5 Logistic regression tests: Top 20 SNPs among 95 genotyped/imputed 

JAK2 SNPs in V617F-positive MPNs 

 Alleles 
b
 Minor Allele Freq. 

 

Allelic Test 
d
 

SNP 
a
 1 2 Cases  Controls OR (95% CI) 

c
 Pasym Pemp 

rs12342421 (S8)
 e
 C G 0.6172 0.3011 3.55 (2.59-4.87) 3.76  10

-15
 2.00 × 10

-5
  

rs12347727 G A 0.5508 0.2734 3.33 (2.43-4.56) 7.72  10
-14

 2.00 × 10
-5

 

rs2225125 G A 0.5508 0.2755 3.30 (2.41-4.53) 1.18  10
-13

 2.00 × 10
-5

 

rs1327494 G A 0.5508 0.2755 3.30 (2.41-4.53) 1.18  10
-13

 2.00 × 10
-5

 

rs11794778 T G 0.5508 0.2798 3.26 (2.38-4.47) 2.38  10
-13

 2.00 × 10
-5

 

rs12340895 (S13)
 e
 G C 0.5664 0.3000 3.27 (2.37-4.51) 4.68 × 10

-13
 2.00 × 10

-5
 

rs10974914 A G 0.5547 0.3032 3.18 (2.30-4.40) 2.46 × 10
-12

 2.00 × 10
-5

 

rs10974916 A G 0.5547 0.3043 3.17 (2.29-4.38) 2.94 × 10
-12

 2.00 × 10
-5

 

rs2183137 G A 0.5508 0.2989 3.11 (2.26-4.28) 3.02 × 10
-12

 2.00 × 10
-5

 

rs7851556 T C 0.5547 0.3064 3.14 (2.27-4.34) 4.79 × 10
-12

 2.00 × 10
-5

 

rs7043489 C A 0.5547 0.3064 3.14 (2.27-4.34) 4.79 × 10
-12

 2.00 × 10
-5

 

rs11794708 A G 0.4258 0.1702 2.67 (2.02-3.53) 5.21 × 10
-12

 2.00 × 10
-5

 

rs10974921 A T 0.4258 0.1702 2.67 (2.02-3.53) 5.21 × 10
-12

 2.00 × 10
-5

 

rs7030260 A C 0.5547 0.3202 3.05 (2.20-4.23) 2.00 × 10
-11

 2.00 × 10
-5

 

rs10974922 T C 0.5547 0.3213 3.04 (2.20-4.22) 2.25 × 10
-11

 2.00 × 10
-5

 

rs12349785 C G 0.5195 0.2830 2.95 (2.14-4.06) 3.35 × 10
-11

 2.00 × 10
-5

 

rs966871 T A 0.5391 0.3021 2.86 (2.09-3.92) 5.80 × 10
-11

 2.00 × 10
-5

 

rs3824433 T C 0.5312 0.3000 2.88 (2.09-3.95) 7.73 × 10
-11

 2.00 × 10
-5

 

rs1159782 C T 0.5195 0.2936 2.89 (2.09-3.99) 1.16 × 10
-10

 2.00 × 10
-5

 

rs10974944 (S9)
 e
 G C 0.5234 0.2957 2.87 (2.08-3.96) 1.50 × 10

-10
 2.00 × 10

-5
 

Abbreviations: SNP, single nucleotide polymorphism; OR, odds ratio; Pasym, asymptotic P value; Pemp, 

empirical P value. 

a 
The SNPs are listed in ascending order in terms of their Pasym among the top 20 most significantly 

associated JAK2 SNPs in V617F-positive MPN patients. Association was tested by logistic regres-

sion with adjustment for sex and age. 

b
 Alleles 1 and 2 represent the minor and major alleles of that SNP respectively. There are 128 cases 

and 470 controls. 

c 
Calculated for minor allele (allele 1) with major allele (allele 2) as the reference allele. 

d 
Allele frequencies were calculated by logistic regression with sex and age as covariates to give the 

Pasym value. Multiple comparisons were corrected by 50,000 permutations to give the Pemp value. 

e 
These three SNPs (S8, S9 and S13) were directly genotyped in this study while the rest were im-

puted by Beagle v3.2 (Browning & Browning, 2009). 
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Table 4.6 Summary of exhaustive haplotype analyses based on age- and sex-

adjusted omnibus tests for sliding windows of up to 19 SNPs per window for 95 

genotyped/imputed JAK2 SNPs for V617F-positive MPNs a 

  
SW with Omnibus Test Pemp < 0.05  Most Significant Omnibus Test 

No. No. of SWs No. of SWs First SW 
b
 Last SW 

b
 

 
SW Pasym Pemp 

1 95 74 m5 m95 
 

m43* 
c
 3.76  10

-15
 2.00  10

-5
 

2 94 88 m3...m4* m94*...m95 
 

m42...m43* 8.76  10
-15

 2.00  10
-5

 

3 93 92 m1*...m3 m93...m95 
 

m41...m43* 1.77  10
-14

 2.00  10
-5

 

4 92 91 m1*...m4* m92...m95 
 

m40...m43* 1.71  10
-14

 2.00  10
-5

 

5 91 90 m1*...m5 m91...m95 
 

m42...m46 5.55  10
-14

 2.00  10
-5

 

6 90 89 m1*...m6 m90...m95 
 

m38...m43* 7.19  10
-14

 2.00  10
-5

 

7 89 88 m1*...m7 m89...m95 
 

m37...m43* 7.20  10
-14

 2.00  10
-5

 

8 88 86 m1*...m8 m87...m94* 
 

m42...m49 2.09  10
-14

 2.00  10
-5

 

9 87 86 m1*...m9 m87...m95 
 

m37...m45 5.84  10
-13

 2.00  10
-5

 

10 86 85 m1*...m10 m86...m95 
 

m37...m46 5.84  10
-13

 2.00  10
-5

 

11 85 84 m1*...m11 m85*...m95 
 

m37...m47* 1.65  10
-12

 2.00  10
-5

 

12 84 82 m1*...m12 m84...m95 
 

m37...m48* 2.05  10
-12

 2.00  10
-5

 

13 83 81 m1*...m13 m83...m95 
 

m37...m49 2.05  10
-12

 2.00  10
-5

 

14 82 81 m1*...m14* m82...m95 
 

m40...m53* 6.73  10
-12

 2.00  10
-5

 

15 81 80 m1*...m15 m81...m95 
 

m38...m52 9.20  10
-12

 2.00  10
-5

 

16 80 79 m1*...m16 m80...m95 
 

m38...m53* 7.44  10
-12

 2.00  10
-5

 

17 79 78 m1*...m17 m79...m95 
 

m37...m53
*
 1.01  10

-11
 2.00  10

-5
 

18 78 77 m1*...m18 m78...m95 
 

m38...m55 3.21  10
-11

 2.00  10
-5

 

19 77 76 m1*...m19 m77...m95 
 

m39...m57 1.37  10
-11

 2.00  10
-5

 

Abbreviations: SNP, single nucleotide polymorphism; SW, sliding window; Pasym, asymptotic P value; 

Pemp, empirical P value. 

a 
 Note that this SNP identity is not the same as in Table 4.1. Please refer to Table 4.7 (see below) for 

the identity of the SNPs concerned. 

The 95 genotyped/imputed JAK2 SNPs were only tested for up to 19-SNP per SW as we fixed the 

comparison similar with that from the 19 genotyped SNPs for V617F-positive MPNs. The SW is 

shown as mx…my, where mx is the first SNP and my is the last SNP of the SW for the JAK2 gene. 

Multiple comparisons were corrected by running 50,000 permutations to give the Pemp value. The 

smallest Pemp value generated after permutation is the same for all fixed-size SWs (2 × 10
-5

). The 

most significant results for each fixed-size SW is shown in the three rightmost columns. Note that, 

among all the 1634 SWs tested, m43 (see footnote c) always appears in the most significant SW. 

b
 Within each set of SWs with a given size (SNPs per SW), there are 1-2 SNPs or SWs that are not 

significant (Pemp>0.05) and interrupt the consecutive significant SWs. Of particular note, there are 

18 non-significant interrupting SWs for 1-SNP SW set, and 4 non-significant interrupting SWs for 

2-SNP SW set. 

c 
 m43

*
 is the same rs12342421 (S8). Of the 1634 SWs tested, m43

*
 alone gives the most significant 

result for association with V617F-positive MPNs among 95 JAK2 SNPs. 
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Table 4.7 SNP Identity of the 95 genotyped/ imputed JAK2 SNPs 

No. SNP bp 
 

No. SNP bp 
 

No. SNP bp 

m1* rs3808850 (S1) 4973311 
 

m33* rs1536798 (S5) 5046931 
 

m65 rs2274649 5080934 

m2 rs1887429 4974549 
 

m34* rs10815148 (S6) 5047284 
 

m66* rs3824432 (S16) 5081675 

m3 rs2274471 4975879 
 

m35 rs11998913 5048048 
 

m67 rs12340866 5084185 

m4* rs7849191 (S2) 4978761 
 

m36* rs2149556 (S7) 5049440 
 

m68 rs3780370 5085167 

m5 rs2225125 4988639 
 

m37 rs1571437 5050334 
 

m69 rs10974960 5085842 

m6 rs1327494 4989303 
 

m38 rs7859390 5052473 
 

m70 rs7847141 5087171 

m7 rs12347727 4990811 
 

m39 rs913594 5053199 
 

m71* rs7847294 (S17) 5087281 

m8 rs4372063 4993338 
 

m40 rs12339666 5053296 
 

m72 rs3780372 5087544 

m9 rs10115312 4993973 
 

m41 rs10815149 5053701 
 

m73 rs3780373 5088223 

m10 rs7030260 4998070 
 

m42 rs16922576 5054193 
 

m74 rs10121077 5088411 

m11 rs10815144 5000192 
 

m43* rs12342421 (S8) 5055750 
 

m75 rs3780374 5089677 

m12 rs16922518 5002696 
 

m44 rs3780365 5058520 
 

m76 rs7870694 5090628 

m13 rs10974914 5004332 
 

m45 rs3780366 5058596 
 

m77 rs10974963 5091305 

m14* rs7046736 (S3) 5005732 
 

m46 rs3780367 5058755 
 

m78 rs2104685 5096023 

m15 rs10974916 5007350 
 

m47* rs10974944 (S9) 5060831 
 

m79 rs4593605 5097278 

m16 rs7034753 5011514 
 

m48* rs10119004 (S10) 5061049 
 

m80 rs10815157 5098771 

m17 rs7851556 5012807 
 

m49 rs4495487 5062798 
 

m81 rs3780375 5099431 

m18 rs11794708 5013441 
 

m50* rs10974947 (S11) 5062846 
 

m82 rs11793659 5099707 

m19 rs7043489 5013604 
 

m51* rs12343867 (S12) 5064189 
 

m83 rs17425637 5100000 

m20 rs11794778 5013794 
 

m52 rs12349785 5066613 
 

m84 rs3780377 5100899 

m21 rs10974921 5014427 
 

m53* rs12340895 (S13) 5066691 
 

m85* rs3780378 (S18) 5102288 

m22 rs2183137 5016293 
 

m54 rs10815152 5066946 
 

m86 rs3780379 5102519 

m23 rs10974922 5018813 
 

m55 rs12005893 5068046 
 

m87 rs3824433 5103577 

m24 rs7023146 5030163 
 

m56 rs1159782 5068117 
 

m88 rs884132 5104522 

m25 rs7043371 5030203 
 

m57 rs7875908 5071334 
 

m89 rs3780381 5104523 

m26 rs7037207 5033156 
 

m58 rs7034539 5071585 
 

m90 rs17425819 5104773 

m27 rs7045491 5035658 
 

m59 rs1410779 5073173 
 

m91 rs10815160 5106616 

m28 rs1328917 5039065 
 

m60* rs12343065 (S14) 5073533 
 

m92 rs11788963 5110157 

m29* rs2149555 (S4) 5043743 
 

m61 rs12348771 5073634 
 

m93 rs966871 5111070 

m30 rs1536800 5045434 
 

m62* rs7857730 (S15) 5074049 
 

m94* rs10815162 (S19) 5112291 

m31 rs10974938 5046037 
 

m63 rs6476939 5074837 
 

m95 rs10974969 5115336 

m32 rs10974939 5046482 
 

m64 rs2031904 5077087 
    

bp = base position 
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4.4 Discussion  

Back in 2009 when this project was just started, studies on the relationship between 

the germline polymorphisms and somatic mutations in the JAK2 locus (predisposi-

tion alleles study) were only available in Caucasian population (Pardanani et al., 

2008; Jones et al., 2009; Kilpivaara et al., 2009; Olcaydu et al., 2009a). Little infor-

mation is available regarding the disease in Chinese population as well as in other 

ethnic groups. Therefore, I employed a case-control study design to explore the de-

scribed genetic susceptibility to MPNs in the Hong Kong Chinese population. 

 

To date, few genetic association studies of MPNs had been reported in Asian popula-

tions (Hsiao et al., 2011; Hu et al., 2011; Wang et al., 2013). In line with previous 

reports from Caucasian populations, data from Asian populations also pointed that 

JAK2 haplotype poses a higher risk of developing V617F-positive MPNs (Hu et al., 

2011; Zhang et al., 2012a). In this case-control study conducted in Hong Kong popu-

lation, age differed significantly between cases (V617F-positive MNPs in particular) 

and controls, analyses were thus conducted with adjustment for age to avoid con-

founding issue. Despite similar sex ratios in cases and controls, we also adjusted for 

sex to be in line with other existing studies for easy comparison (Tefferi et al., 2010b; 

Zhang et al., 2012a). To avoid missing any potential causal variant in the region, we 

investigated not only the risk-haplotype-tagging SNPs but also a total of 95 SNPs in 

two stages with an increased sample size. In the first stage, 19 tSNPs of the JAK2 

locus were genotyped. By genotyping these 19 SNPs, the reported JAK2 haplotype 

was also studied because the risk-haplotype tSNPs (S9, S12 and S13) were force-

included in my study design. In the second stage, I carried out genotype imputation 
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on additional 76 JAK2 SNPs (95 in total), and carefully examined both datasets by 

both single-marker analysis and haplotype analysis. 

 

4.4.1 JAK2 SNPs are associated with V617F-positive MPNs 

The distribution of V617F mutation in Hong Kong MPN patients (PV, ET and PMF) 

is similar to those in other studies (Jones et al., 2005; Baxter et al., 2005; James et al., 

2005b; Kralovics et al., 2005a). This justified that my findings were comparable to 

those in other populations. Taken together, results from this study corroborate the 

findings that JAK2 variants are predisposing factors towards MPNs development de-

pendent on V617F in Hong Kong Chinese, especially rs12342421 (S8). Conceivably, 

the failure to detect, in my study, the association between V617F-negative group and 

controls as reported elsewhere (Pardanani et al., 2010; Tefferi et al., 2010b) can be 

ascribed to the small sample size of the cases (n=44). Larger sample size would 

probably be needed to detect positive association for V617F-negative MPNs. Meta-

analysis (part II of this study) can be a way to solve the problem of insufficient sam-

ple size. In addition to meta-analysis, international collaboration may have larger 

power to study and detect rare variants if any. This aids the identification of causal 

variants for genetic susceptibility to the development of MPNs. 

 

4.4.2 V617F-associated MPNs are associated more significantly with 

single marker 

In addition to single-marker analysis, haplotypic effects of the SNPs over JAK2 locus 

were also examined. I adopted an unbiased manner: exhaustive variable-sized slid-

ing-window strategy. This approach offered the best capture of either single markers 
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or haplotypes that are most significantly associated with MPNs, it detected the opti-

mum marker combination of all possible sizes among the SNPs (Guo et al., 2009). 

This approach comprehensively examined all 190 haplotype windows for the 19 di-

rectly genotyped SNPs and identified 97% of all 190 haplotype windows (184 haplo-

type windows; Pemp<0.05, Table 4.3) to be significant associated with V617F-

positive MPNs even after 50,000 permutations. However, single-marker analyses of 

both the 19 SNPs and the 76 imputed SNPs showed that, despite the strong associa-

tion of the risk-haplotype tSNPs (rs10974944, rs12343867 and rs12340895, i.e., S9, 

S12 and S13) with V617F-positive MPNs (Table 4.1), the single SNP rs12342421 

(S8, also tagging the risk haplotype), was found to be more significantly associated 

with MPNs than the haplotypes (Table 4.1 vs Table 4.3, and Table 4.5 vs Table 4.6. 

Conditional logistic regression analysis further demonstrated that this single SNP 

contributed an independent effect to the most significant association between haplo-

types and MPNs. The C allele was enriched in V617F-positive MPN patients when 

compared with controls. 

 

4.4.3 Relationship between single marker rs12342421 and MPNs 

As mentioned in the results, the LD pattern indicates that our significant association 

with MPNs in Hong Kong Chinese is compatible with the results in other populations. 

However, based on SSLD, rs12342421 (S8) was not in the same LD block with 

JAK2 risk-haplotype tSNPs in the CEU population (Figure 4.3B) although it is still 

in strong LD (r
2
 close to 1) with JAK2 risk-haplotype tSNPs. This may explain the 

stronger association observed in Hong Kong population for this single SNP rather 

than the JAK2 risk-haplotype tSNPs. 
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Inevitably, differences observed between the LD patterns of rs12342421 (S8) and 

JAK2 risk-haplotype tSNPs might be caused by errors in the phasing process. Intri-

guingly, the LD differences were mainly observed in the group of V617F-positive 

MPN patients, but not the control subjects. It has been shown that there can be exten-

sive variation in the extent of LD between cases and controls in a region of genetic 

association. The variation in LD patterns observed in our cases (V617F-positive 

MPN patients) and controls suggests that the region surrounding rs12342421 (S8) is 

associated with V617F-positive MPNs – consistent with the main finding of this 

study. 

 

In fact, S8 is in LD with both the original risk-haplotype tSNPs and also rs4495487, 

the MPN-associated SNP reported in Japanese population (Ohyashiki et al., 2012). 

However, rs4495487 did not survive the analysis as the top 20 SNPs among 95 geno-

typed/imputed JAK2 SNPs (Table 4.5), thus it was excluded for further analysis. In 

fact, only rs12342421 (S8), rs12340895 (S13) and rs10974944 (S9) survived as the 

top 20 most significantly associated SNPs with V617F-positive MPNs in the geno-

typed/imputed data: S8 ranked the 1
st
, S13 the 6

th
 and S9 the 20

th
 (Table 4.5). 

 

From the genotyped data, the shortest and most significant sliding haplotype window 

containing the original tSNPs (from the 2009 papers) were selected for further analy-

sis. When conditional analysis for the independent effect of one SNP at a time was 

used, only rs12342421 (S8) contributed an independent effect to the significant asso-

ciation between the 6-SNP window and V617F-positive MPNs (P=0.0005, Table 

4.4). When I controlled for rs12342421 (S8) from the window, the effect was demol-

ished (P=0.4360) (Table 4.4). When I controlled for all the other SNPs, the effects 
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were still statistically significant (P value of 0.0072). This means that the original 

tSNPs from the 2009 papers (rs10974944, rs12343867 and rs12340895) did not ex-

plain all the association signals. Analyses showed that rs12342421 (S8) has stronger 

association when it was not combined with other SNPs, i.e. as a single marker rather 

than in a haplotype. Results from this study therefore hypothesised that the risk effect 

of single marker rs12342421 (S8) was stronger than the reported haplotypes, in the 

development of V617F-positive MPN in Hong Kong Chinese. 

 

Within my study period, this is the first imputation study in genetic association stud-

ies of MPNs. Being an essential component in genetic association study, imputation 

enabled us to test many untyped markers for associations with MPNs and hence in-

creased the chance to identify causal variants. Although the causal variant was still 

not found in this study, data generated from imputation and conditional logistic re-

gression suggested that rs12342421 (S8) contributed an independent effect to the 

most significant association between JAK2 risk-haplotype and MPNs. 

 

4.4.4 JAK2 SNPs do not directly affect normal function of genes 

Next, I asked whether these strongly associated JAK2 SNPs affect normal function of 

genes. The potential functions of the SNPs were examined using several web-based 

tools as listed in Table 2.4: SNPnexus (http://snp-nexus.org/index.html) (Dayem 

Ullah et al., 2012), SNP Function Prediction (FuncPred) 

(http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm) (Xu & Taylor, 2009), and F-SNP 

(http://compbio.cs.queensu.ca/F-SNP/) (Lee & Shatkay, 2008). None of the 19 SNPs 

was predicted to be functional except a weak prediction by FuncPred: 5’-upstream 

SNP (rs3808850 (S1)) and two intronic SNPs (rs3780378 (S18) and rs7849191 (S2)) 

http://snp-nexus.org/index.html
http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm
http://compbio.cs.queensu.ca/F-SNP/
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may be involved in transcription factor binding. Nonetheless, the genetic association 

of these three SNPs with V617F-positive MPNs was marginal. A possible explana-

tion for the lack of functional annotation of these highly associated markers is that 

these SNPs have not been extensively studied and hence have not been curated in the 

database. Alternatively, they may be located near a functional variant that has yet to 

be genotyped. Subsequent experiments are therefore required to investigate the func-

tional impact of these SNPs. Functional studies and studies investigating additional 

polymorphisms may be able to clarify this. Not as expected, rs12342421 (S8) was 

not predicted to be functional. 

 

I also identified regulatory potential of these SNPs and to link them to any specific 

genes that may be causal in the pathogenesis of MPNs, through analysis of expres-

sion quantitative trait loci (eQTL) across the JAK2 gene (142.8 kb). Several eQTL 

online tools were used: eQTL resources @ the Pritchard lab 

(http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/) (Pritchard), seeQTL 

(http://www.bios.unc.edu/research/genomic_software/seeQTL/) (Xia et al., 2012), 

and UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgTracks?org=human) 

(Kent et al., 2002). eQTL analysis of the JAK2 gene detected neither cis- nor trans-

regulatory regions. However, two eQTLs were detected when I expanded the region 

to 500 kb encompassing the JAK2 gene: rs1053889 a cis-eQTL for HSS00330739, 

and rs7871570 an exon-cis-QTL for CDC37L1 (cell division cycle 37-like 1).1. 

From literature, HSS00330739 correlates with inflammation gene (Puig et al., 2011) 

while CDC37L1 facilitates the protein folding associated with HSP90 (Scholz et al., 

2001). HSP90 has been shown to be upregulated in various cancers. It was discov-

ered that CDC37 and HSP90 are required for type I and II interferon pathways. The 

inhibition of HSP90 degrades JAK2 and thus blocks the interferon pathways through 

http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/
http://www.bios.unc.edu/research/genomic_software/seeQTL/
http://genome.ucsc.edu/cgi-bin/hgTracks?org=human
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STAT 1 that has not been completely understood (Shang & Tomasi, 2006). Neverthe-

less, no evidence of mechanism was shown in the context of MPN’s pathogenesis. In 

addition, the eQTLs were not in LD with the JAK2 gene and were also located be-

yond the two recombination hotspots encompassing the JAK2 gene (Olcaydu et al., 

2009a). All these circumstantial findings argue that the causal variants driving the 

disease development are unlikely the SNPs or haplotypes reported here. Owing to 

limited eQTL studies on different tissues or cell types, eQTL studies might provide 

only limited knowledge for linking regulatory variants to specific genes in various 

tissues or cell types. There might be some other eQTLs that have not been curated, 

leading to the limited information (Flutre et al., 2013). In silico analysis suggest that 

these JAK2 SNPs did not directly regulate the expression of specific genes. It could 

be that these SNPs do not directly regulate the expression level of mRNAs or pro-

teins, but rather indirectly by their interference with other factors. 

 

Since the SNP and eQTL in silico analyses suggested no/ indirect function of the 

SNPs, I focused on the centre 40 bases of S8 (both major and minor alleles were con-

sidered) that was shown to be the most significantly associated SNP with MPNs. By 

filtering out data output with core similarity and matrix similarity below 0.80, four 

transcriptional factors were predicted in this 40-bases S8 region using the program 

MatInspector (www.genomatix.de/matinspector.html ) (Cartharius et al., 2005). The 

transcriptional factors are RFX4 (regulatory factor X, 4), FOXQ1 (forkhead box Q1), 

RUNX2 (Runt-related transcription factor) or Cbfal (Core-binding factor al) or AML3 

(acute myeloid leukemia), and (Brn-5),-homeodomain factor Pou6f1.  
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RFX4 was downregulated in gene expression analysis of bone marrow stromal cells 

co-cultured with CD34+ cells that revealed the upregulation of metabolism related 

pathways (Civini et al., 2013). 

 

Brn-5 was implicated to be involved in T-cell specification in an expression analysis 

for transcription factor dynamics in T-cel (David-Fung et al., 2009). There was no 

evidence on the involvement of T-cell in MPN’s development except the regulation 

of T-cell inflammation by SOCS1 and SOCS3 through JAK-STAT pathways 

(Tamiya et al., 2011) which are hyper-activated in MPNs. Future work to study their 

interaction would be enlightening to understand how lymphoid lineage is correlated 

with MPN development on myeloid lineage. 

 

FOXQ1 was recently shown to be a novel target of the Wnt pathway and also one of 

the most over-expressed genes in colorectal cancer (Christensen et al., 2013). The 

Wnt pathway is important in haematopoiesis and it has just been indicated to be in-

volved in the epigenetic regulation of MPN with aberrant methylation (Bennemann 

et al., 2012). The mechanism is not completely understood but epigenetic event may 

serve to complement genetic events in the pathogenesis in MPNs.  

 

RUNX2 is known to be expressed in haematopoietic stem cell compartment that is 

associated with acute myeloid leukaemia at high level (Kuo et al., 2009), and in mul-

tiple myeloma (Colla et al., 2005). Depending on cell context, RUNX2 can promote 

skeletal development, suppress cell proliferation, and function as a tumour suppres-

sor or oncogene (He et al., 2011). Animal study showed that mice with doxycycline-

induced RUNX2-II isoform showed evidence of myeloproliferative disorder and ob-
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struction of lymphocyte development (He et al., 2011). Furthermore, transforming 

growth factor-β (TGF-β), one of the regulators of RUNX2, (Alarcon-Riquelme, 2004) 

was shown to inhibit the growth of human myeloid leukaemia cells by regulating the 

expression and activities of G2 checkpoint kinases (Hu et al., 2007). All these evi-

dence support the biological plausibility of our finding that S8 may be an important 

variant in disease pathogenesis. However, its involvement in the pathogenesis of 

MPNs remains unclear until further experimental validation. 

 

4.5 Conclusion 

The JAK2 germline polymorphisms or risk alleles were correlated with MPN patients 

with V617F mutation in Hong Kong Chinese population. Individual JAK2 SNP 

rs12342421 (S8) is independently associated with predisposition to the development 

of V617F-positive MPN by 3.55 fold for the minor allele C. No significant correla-

tion was found between V617F-negative MPN patients and the JAK2 risk alleles. 
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CHAPTER 5 Meta-analysis of JAK2 SNPs 

5.1 Introduction 

There has been evidence suggesting that JAK2 46/1 haplotype contributed to the de-

velopment of V617F-positive MPNs, but the findings for V617F-negative MPNs are 

inconsistent and less convincing. While most of the studies detected no association 

between the risk-haplotype and V617F-negative MPNs (Zhang et al., 2012a; Hsiao et 

al., 2011; Olcaydu et al., 2009a; Jones et al., 2009; Trifa et al., 2010), a positive cor-

relation with V617F-negative MPN patients was reported in a few studies with 

slightly larger sample size than ours (n>53) (Pardanani et al., 2010; Tefferi et al., 

2010b). The cumulative contrary results are possibly the reflection of inadequate sta-

tistical power. Moreover, these studies were conducted mainly in Caucasians, only a 

few in Asian with small sample size. 

 

China is a multi-ethnic country. It will be inspiring if the relationship between 

V617F and JAK2 haplotype is revealed in China’s different ethnic groups. Unfortu-

nately, the results of the genetic association studies on the role of the JAK2 polymor-

phisms in MPNs have generated substantial controversy. Moreover, there was insuf-

ficiency of such studies in the Chinese population. Apart from Chinese population, 

studies in Taiwanese and Japanese also revealed specific alleles/additional locus pre-

disposing to ET/MPNs respectively. Nonetheless, these studies only focused on the 

V617F-positive group (Ohyashiki et al., 2012; Hsiao et al., 2011).  

 

In this study, JAK2 polymorphisms were not associated with V617F-negative MPNs. 

The failure to detect a genetic effect between JAK2 polymorphisms and V617F-
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negative MPNs as reported elsewhere (Pardanani et al., 2010; Tefferi et al., 2010b) in 

Hong Kong population could be attributed to the small sample size (n=44) in this 

study (Button et al., 2013), or there is no genuine genetic association. Thus, given the 

sufficient data from publications, a meta-analysis was performed across populations 

from different racial descent to reconcile the conflicting findings and to validate the 

consistency of V617F-genetic effects in Asian populations. Such analysis of com-

bined data from individual studies is proved to enhance the power through increasing 

sample size, ethnicities and races (Walker et al., 2008). 

 

5.1.1 Gene variants and frequency 

There exist 3 commonly employed tagging single nucleotide polymorphisms (tSNPs) 

of the JAK2 haplotype- the diallelic SNPs (46/1 allele; not-46/1 allele): rs10974944 

(G; C), rs12343867 (C; T), and rs12340895 (G; C) (Jones et al., 2009; Olcaydu et al., 

2011). The G, C, and G alleles are in complete linkage disequilibrium (LD) with the 

46/1 haplotype and are associated with increased occurrence of V617F-positive 

myeloproliferative neoplasms in Caucasians (Trifa et al., 2010; Pardanani et al., 

2010). The overall frequencies of the G, C, and G alleles are all 0.20 among CHB 

population included to date in the 1000 Genomes Project. The three SNPs have simi-

lar allele frequencies in European and Asian populations however a slightly lower of 

that in African populations: 0.16 (G), 0.16 (C), 0.13 (G) from the 1000 Genomes 

Project. The importance of JAK2 locus in MPNs susceptibility in the Europeans 

prompted the investigation of its genetic architecture in Chinese population since 

there could exist substantial differences in linkage disequilibrium (LD) structure be-

tween different populations. Genetics replication studies in Asian, therefore, serve to 

validate the reported findings in European populations. 
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Although the lower allele frequencies in African lower the power to detect an associ-

ation, the African population, having the high genetic variability and generally lower 

LD, is suitable for LD examination and identification of potential functional se-

quence variants (Bye et al., 2012). Such studies in population with shorter LD dis-

tance could increase the efficiency of causal variant identification (Teo et al., 2010). 

Unfortunately, there was no such study done in African and only little information is 

available from African with MPNs: the insignificant different V617F frequencies 

between African Americans and Caucasian Americans by The Washington DC VA 

Medical Center (Mobarek et al., 2008). 

 

5.1.2 Research aim 

The aim of this part was to conduct a comprehensive review of previous findings and 

to study the effect of ethnicity and V617F mutational status in genetic association 

between JAK2 gene and MPNs. 

 

5.2 Methodology 

Data from current genetic association study (Chapter 4) were included in this meta-

analysis. Details of genotyping can be found in Section 2.2.10. The relevant studies 

were retrieved in duplicate by two reviewers from PubMed, Scopus and Chinese Na-

tional Knowledge Infrastructure (CNKI) databases by two separate reviewers. Meta-

analysis was performed using Cochrane RevMan software version 5.3.3 (Review 

Manager (RevMan) [Computer program]. Version 5.3.3. Copenhagen: The Nordic 

Cochrane Centre). 
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5.2.1 Phenotype definition 

Healthy controls (n=470) recruited from Hong Kong Red Cross Blood Transfusion 

Service were classified as controls. MPN patients diagnosed according to WHO 2008 

criteria were classified as cases or controls depending on the category of analysis. 

 

5.2.2 Search strategy 

Studies evaluating the genetic polymorphisms of the JAK2 gene in MPNs patients 

were included. The search strategy used in this study was developed with the help of 

an experienced librarian. Three databases were used for comprehensive search in-

cluding PubMed, Scopus and China National Knowledge Infrastructure (CNKI, a 

Chinese database) electronic databases for publication from 1 January 2005 to 4 Sep-

tember 2014 without language restriction. The same four sets of searching criteria 

and keywords were used for literature search except for CNKI; only keyword set 4 

(SNP rs-numbers) were used to search for relevant studies based on the fact that this 

set of keywords included all the SNPs of interest. Reference lists of included studies 

and review articles were also checked for additional articles that are eligible to be 

included in the meta-analysis. Investigators were contacted by email for any clarifi-

cation of information if necessary, up to 3 emails to follow up. The keywords for our 

search strategy can be found at Table 5.1. 
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Table 5.1 Keywords used in literature search 

 Keywords Databases 

Set 1 (Allele* OR Haplotype*) AND (Myeloprolifer-

ative Neoplasm* OR MPN* OR polycythaemia 

vera OR essential thrombocythaemia OR prima-

ry myelofibrosis OR Myeloproliferative dis-

ease* OR Myeloproliferative disorder*) 

PubMed, Scopus 

Set 2 (Single nucleotide polymorphism* OR SNP*) 

AND ( Myeloproliferative Neoplasm* MPN* 

OR polycythaemia vera OR essential thrombo-

cythaemia OR primary myelofibrosis OR 

Myeloproliferative disease* OR Myeloprolifer-

ative disorder*) 

PubMed, Scopus 

Set 3 (JAK2 OR Janus Kinase 2) AND Haplotype* 

AND (Myeloproliferative Neoplasm* OR 

MPN* OR  polycythaemia vera OR essential 

thrombocythaemia OR primary myelofibrosis 

OR Myeloproliferative disease* OR Myelopro-

liferative disorder*) 

PubMed, Scopus 

Set 4 rs12342421 OR rs12343867 OR rs10974944 

OR rs12340895 OR rs7046736 OR rs3808850 

OR rs10974947 

PubMed, Scopus, 

CNKI 
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5.2.3 Study selection 

Study selection was performed by SP. Koh and SY. Lee, with disagreements re-

solved through discussion and by the opinion of a third reviewer (SP. Yip). Full-text 

publications were retrieved for relevant studies with the following inclusion and ex-

clusion criteria listed in Table 5.2: 1) Diagnosis of MPNs; 2) at least 10 patients 

were included; 3) case-control study; 4) studies concerning the association of the 

JAK2 gene polymorphisms with MPNs; 5) information of genotype or allele frequen-

cies was provided; 6) MPN patients with splanchnic vein thrombosis (SVT) subdi-

vided into Budd-Chiari syndrome and portal vein thrombosis were not excluded. 

Studies with available genotype data were evaluated for Hardy-Weinberg equilibri-

um (HWE) and studies that showed a deviation from exact test of HWE in the con-

trols were excluded. 
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Table 5.2 Inclusion and exclusion criteria used in this study 

 Inclusions  Exclusions 

Participants Myeloproliferative neoplasms 

(MPNs) subtypes 

 Polycythaemia vera 

 Essential thrombocythae-

mia 

 Primary myelofibrosis 

 

Common complications in MPNs 

 Splanchnic vein throm-

bosis (SVT) subdivided 

into Budd-Chiari syn-

drome and portal vein 

thrombosis 

Diseases other than MPN sub-

types 

Types of studies Case-control studies 

 Retrospective 

 

Abstracts or unpublished work 

with sufficient information 

Study without control sample 

 

Study with less than 10 pa-

tients  

 

Study with overlapping data 

 

Abstracts or unpublished work 

with insufficient information 

 

Study with deviation from 

HWE in the control group 

Outcomes to be 

measured 

JAK2 polymorphism data: 

 Allelic count 

 Genotypic count 

Non-JAK2 polymorphism data 

Period covered 1 January 2005 to 4 September 

2014 
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5.2.4 Data abstraction 

Data extraction was performed with the help of SY. Lee, supplemented with a review 

by SP. Yip according to the inclusion criteria. The following data were collected 

from each study:  

 

First author’s name, study design, classification of MPNs and controls, the origin of 

the study, ethnicity, JAK2 SNPs genotyped, genotyping method, and remarks if any. 

JAK2 polymorphisms were included in this meta-analysis only when their associa-

tion with MPNs were assessed at a minimum of 2 individual studies. Extracted data 

were compared with disagreement resolved by mutual consensus. 

 

5.2.5 Statistical analysis 

The meta-analysis examined the association between JAK2 polymorphisms and 

MPNs by comparing Odds ratio (ORs) of the risk alleles for cases verses controls 

and V617F-positive cases verses V617F-negative cases. Hardy-Weinberg equilibri-

um (HWE) of all the SNPs with sufficient genotype data (allelic count) was assessed 

by Fisher’s exact test using an online freeware (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl) 

due to a lack of raw data. Studies that deviated from exact test of HWE distribution 

of genotypes in the controls were excluded (exact test P<0.001).All analyses were 

performed with Cochrane RevMan software (Review Manager (RevMan) [Computer 

program]. Version 5.3.3. Copenhagen: The Nordic Cochrane Centre). The Odds ratio 

(ORs) and 95% confidence intervals (CIs) were calculated for the associations tested. 

Then, based on the individual ORs, a pooled OR was estimated according to the per-

http://ihg.gsf.de/cgi-bin/hw/hwa1.pl
http://ihg.gsf.de/cgi-bin/hw/hwa1.pl
http://ihg.gsf.de/cgi-bin/hw/hwa1.pl
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cent weight gained from each individual study using fixed-effects (FE) (Mantel-

Haenszel) or random-effects (RE) (DerSimonian and Laird) models. 

 

In meta-analysis containing 10 or more studies, the percentage of heterogeneity or 

the variability across studies were evaluated by Cochran’s Q test quantified by I
2
 

(Higgins & Green). This statistic to quantify inconsistency across studies is 

 

This step aimed to eliminate the unreliable estimates from studies with low statistical 

power. P value of heterogeneity <0.10 or I
2 

>50% indicates significant heterogeneity 

whereas I
2
= 0 indicated no heterogeneity (Higgins & Green). The FE model was 

used as default model and also in the situation when less than 10 studies were includ-

ed in meta-analysis. If heterogeneity existed in single analysis with more than 10 

studies, the analysis was done with FE model first and repeated in RE model. Sensi-

tivity analysis was then performed by removing one individual study each time and 

re-analysing the remainder to identify any single source of heterogeneity responsible 

for the combined results. Additionally, the heaviest study (in terms of sample size) 

was omitted and the remainder was re-analysed. Individual study composed of only 

single MPN subtype was also omitted and analysis was re-conducted on the remain-

der. 

 

In addition, potential source of heterogeneity among studies was also studied by 

stratifying the eligible studies into MPN subgroup (PV or ET or PMF). This aimed to 

check if the V617F loss of heterozygosity (LOH), especially in PV patients, affects 

the magnitude of predisposition to MPNs. Stratification by ethnicity was also con-
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ducted by classifying the subjects into Caucasian group and Asian group. The Z-test 

of interaction was used to measure the difference between two effect estimates. This 

test, based on natural logarithm of ORs, generates z-values for the calculation of P 

values using online freewares (http://vassarstats.net/tabs.html#z & 

http://graphpad.com/quickcalcs/PValue1.cfm). Meanwhile, the presence of any pub-

lication bias was assessed with funnel plot. The asymmetry of funnel plots based on 

natural logarithm of the OR was measured.  

 

5.3 Results 

5.3.1 Study identification and selection 

Literature search from PubMed, Scopus, and CNKI returned 1030 potentially rele-

vant studies using 4 sets of predefined keywords within 1 January 2005 to 4 Septem-

ber 2014 (Table 5.1). After deduplication, 970 records were screened by their title, 

abstract, and relevance. Of the 970 records, 270 records were retrieved in full for eli-

gibility assessment. From first preliminary screening, 37 studies were selected for 

data retrieval while 233 records were excluded for the following reasons: duplicates, 

studies with overlapped samples/data, non-JAK2 association studies, review articles. 

One additional study was identified through manual searching from the reference list 

(Hu et al., 2011). When identical data were described in more than one publication, 

only the study with larger sample size was included in the meta-analysis. 

Further selection based on inclusion and exclusion criteria identified 23 studies (in-

cluding current study) to be included in meta-analysis. In the final selection, 15 stud-

ies were excluded because of the unmet inclusion criteria: three studies do not pro-

vide genotype data (Tian et al., 2012; Zhang et al., 2010; Olcaydu et al., 2009b), 1 

http://vassarstats.net/tabs.html#z
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article (Colaizzo et al., 2011) and 1 thesis (European patients) (Gao, 2011) lacked a 

clear MPN definition and control group, 3 studies with incompatible SNPs (Kim et 

al., 2010; Lambert et al., 2009; Wang et al., 2011), 3 studies contained overlapped 

data (Patnaik et al.; Rumi et al., 2011; Pietra et al., 2012), 3 studies do not have a 

control group (Alvarez & Frank, 2004; Tefferi et al., 2010a; Martinez-Aviles et al., 

2007), and 1 study deviated from HWE distribution in the control group (Pagliarini-

e-Silva et al., 2013). HWE in controls was checked for all selected publications ex-

cept for 2 studies (Jones et al., 2010; Jones et al., 2009) without genotype frequencies 

(allele frequencies as reference), HWE was assumed. The flow of study identification 

and selection was summarised in Figure 5.1. 
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Figure 5.1 Flow chart of the study selection process. 
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5.3.2 Study characteristics 

A review of the 15 excluded studies revealed the population distribution of 12 in 

Caucasian populations and 3 in Asian; Korean (Kim et al., 2010) and Chinese (Tian 

et al., 2012; Zhang et al., 2010). Four studies (Tefferi et al., 2010a; Olcaydu et al., 

2009b; Alvarez-Larran et al., 2012; Martinez-Aviles et al., 2012) were conducted in 

a population-based cohort design, 1 in retrospective design (Colaizzo et al., 2011), 

and otherwise case-control design. Study size ranged from 34 to 1473 patients. Elev-

en of the 15 studies screened for the V617F mutation in their MPN cohorts; Olcaydu 

et al (2009b) and Wang et al (2011) investigated the germline association in MPNs 

development irrespective of V617F mutational status while Patnaik (2010) focused 

on only V617F-negative MPN patients. Among the excluded studies, 10 studies in-

cluded control group: healthy local (Olcaydu et al., 2009b; Gao, 2011; Kim et al., 

2010; Tian et al., 2012; Patnaik et al., 2010; Pietra et al., 2012; Zhang et al., 2010), 

haematological normal controls (Lambert et al., 2009), multiple primary care clinics 

and outpatient practices (Wang et al., 2011), and a combination of healthy subjects 

and V617F-negative secondary erythrocytosis and leucocytosis (Rumi et al., 2011). 

Genotype frequencies were unavailable in most of these studies however 3 studies 

were eligible for minor allele frequency comparison (Table 5.3). Studies from Spain 

(Alvarez-Larran et al., 2012; Martinez-Aviles et al., 2012) observed a lower minor 

allele frequency (MAF) when V617F was excluded, compared with MPNs irrespec-

tive of V617F status. Wang et al. (2011) reported a higher allele frequency in PV pa-

tients. This could be explained by the V617F loss of heterozygosity (LOH) in PV 

patients while MPN-risk alleles were preferentially acquired in cis with V617F. 

However, in a study by Lambert et al. (2009), both controls and ET patients showed 

comparable allele frequencies. They hypothesised that the leukaemic blasts are nega-

tive in many cases of acute myeloid leukaemia transformed from V617F-positive ET. 
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The reduced V617F-positive clones might explain the slight decrease of minor allele 

frequency. 

 

Table 5.4 summarizes the study characteristics of MPNs cases and controls in the 

JAK2 genetic association study. All studies were conducted in a population based 

case-control manner: 1 in Taiwan (Hsiao et al., 2011), 2 in Japan (Ohyashiki et al., 

2012; Tanaka et al., 2013), 2 in China (Hu et al., 2011; Zhang et al., 2012b; Wang et 

al., 2013), current study based in Hong Kong; all otherwise Caucasian populations. 

Healthy local individuals were used as controls in most of the studies while database 

controls were included in 7 studies (Pardanani et al., 2008; Kilpivaara et al., 2009; 

Pardanani et al., 2010; Jones et al., 2009; Jones et al., 2010; Guglielmelli et al., 2010; 

Villani et al., 2012). Other control populations were non-MPNs patients with periph-

eral vein thrombosis (PVT) (Kouroupi et al., 2011) and individuals with normal 

hemogram or a haematologic reactive condition (Olcaydu et al., 2011). For studies in 

which both local and database controls were used, a combination of both was ana-

lysed provided no overlapping of controls in the analysis. Sample size ranged from 

32 (Spasovski et al., 2013) to 542 (Olcaydu et al., 2011) MPN patients. Three studies 

(Kouroupi et al., 2011; Smalberg et al., 2011; Villani et al., 2012) with splanchnic 

vein thrombosis (SVT) associated-MPNs were also included in the meta-analysis. 

JAK2 risk-haplotype tSNPs rs12343867, rs10974944, and rs12340895 were the top 3 

most frequently assessed SNPs; while Taqman SNP genotyping assay was the pre-

dominant genotyping method among the studies (9 out of 23 studies). World Health 

Organisation (WHO) criteria were used as the major MPN diagnosis. Publications by 

Jones et al. (2010; 2009) were partly overlapped in the patient sub-cohorts therefore 

analyses were conducted with exclusion of the overlapped sub-population; this was 

also applied for the IRCCS-based studies (Olcaydu et al., 2011; Villani et al., 2012; 
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Guglielmelli et al., 2010) and the WTCCC controls. Of note, multiple publications 

from the same group were included in 2 situations: Pardanani et al. (2008; 2010) in-

vestigated different JAK2 polymorphisms while Olcaydu et al. (2009a; 2011) inves-

tigated different populations in their studies. 
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Table 5.3 Allele frequencies of JAK2 polymorphisms from three excluded studies 

Study SNP   
Cases 

VF-pos  

Group 
Cases Non-cases 

MA Group n MAF 
 

n MAF n MAF 

Alvarez-Larran et al. (2012)  

rs12343867 

/rs12340895 
 

PV 26 0.462 - - - - - 

 
ET 36 0.417 - - - - - 

Wang et al. (2011) 

rs11999802 G PV 34 0.583 - - - 3278 0.241 

rs3780373 C PV 34 0.621 - - - 3278 0.284 

rs12347727 G PV 34 0.581 - - - 3278 0.266 

rs10974993 T PV 34 0.603 - - - 3278 0.284 

rs7030260 A PV 34 0.583 - - - 3278 0.271 

rs10118930 T PV 34 0.603 - - - 3278 0.284 

rs7047795 T PV 34 0.603 - - - 3278 0.284 

rs7851556 T PV 34 0.586 - - - 3278 0.271 

rs10815149 C PV 34 0.586 - - - 3278 0.273 

rs10491651 G PV 34 0.569 - - - 3278 0.273 

rs16922786 G PV 34 0.569 - - - 3278 0.273 

rs3780381 C PV 34 0.567 - - - 3278 0.278 

rs7862042 A PV 34 0.567 - - - 3278 0.279 

rs6476948 T PV 34 0.569 - - - 3278 0.274 

Lambert et al. (2009)  rs2230724 A ET 111 0.599 ET 43 0.640 114 0.540 

JAK2, Janus kinase 2; SNP, single nucleotide polymorphisms; VF-pos, V617F-positive; MA, Minor allele; MAF, minor allele frequency; SVT, splanchnic vein 

thrombosis; PV, polycythemia vera; ET, essential thrombocythemia; MPN, Myeloproliferative Neoplasms (classic: PV, ET, MF). 
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Table 5. 4 Baseline characteristics of included studies 

 

 

No 
Study/ 

Ethnicity of the study 

MPN  

criteria 

Cases Classification 

SVT/MPN/PV/ET/MF/

O 

VF Classification 

SVT/MPN/PV/ET/MF/ 

uMPN 

Control 

JAK2 SNPs 

meta-

analysed 

Genotyping 

method 

 

Remarks* 

1 

Pardanani et al., 2008  

 

Caucasian-USA 

WHO 0/0/84/37/58/0 (179) 0/0/79/19/28/0 (126) 
CEU HapMap 

24,2008 

rs3808850 

rs7046736 

rs10815148 

rs12342421 

GenomeLab SNP-

stream genotyping 

system 

Cases: MPNs; V617F was set as 

covariate 

2 

Jones et al., 2009  

 

Caucasian-USA, UK, 

Greece, Germany 

NA 
0/775/192/357/41/247 

(775) 
0/0/203/224/41/124 (454) 

188 UK controls 

108 GR controls 

1500 UK WTCCC 

controls 

rs12340895 Pyrosequencing 

Cases: MPNs, PV, PMF, uMPN; 

ET cases were excluded for anal-

ysis to avoid duplicate data with 

Jones 2010; NA for HWE. Of the 

247 other MPNs, only 124 uMPN 

cases were included in meta-

analysis 

3 

Kilpivaara et al., 2009  

 

Caucasian-USA 

Medical 

records  
0/324/0/0/0/0 (324) 0/245/0/0/0/0 (245) 

2999 WTCCC 

European 
rs10974944 Taqman 

Cases: MPNs, ET 

MPN diagnosis was referred to 

author's reference 

4 

Olcaydu et al., 2009  

 

Caucasian-Austria 

WHO 0/333/0/0/0/0 (333) 0/213/0/0/0/0 (213) 
99 non-MPN 

local 

rs10974944 

rs12343867 

rs3780367 

rs1159782 

Taqman 
Cases: MPNs; Olcaydu- based in 

Vienna 

5 

Andrikovics et al., 2010 

 

Caucasian-Hungary 

NA 
0/312/153/131/28/339 

(312) 
0/251/153/78/20/0 (251) 331 local rs12343867 

Melting curve 

analysis  
Cases: MPNs, PV, ET, PMF  

6 

Guglielmelli et al., 

2010 

 

Caucasian-Italy 

2008 

WHO; 

BM 

0/0/0/0/202/0 (202) 0/0/0/0/133/0 (133) 235 local  rs12343867 
SNP RT-PCR 

assay 

IRCCS study; Cases: PMF; only 

local controls were used to avoid 

duplicate WTCCC data for 

rs12343867 
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Table 5. 4 Baseline characteristics of included studies (continued) 

 

No 
Study/ 

Ethnicity of the study 

MPN  

criteria 

Cases Classification 

SVT/MPN/PV/ET/MF/

O 

VF Classification 

SVT/MPN/PV/ET/MF/ 

uMPN 

Control 

JAK2 SNPs 

meta-

analysed 

Genotyping 

method 
Remarks* 

7 

Jones et al., 2010 

 

Caucasian-UK, Ger-

many, Italy, Greece 

PV Study 

Group  

or WHO 

0/0/0/751/0/0 (751) 0/0/0/404/0/0 (404) 

1814 KORA 

controls & 

1200 InCHIANTI 

controls 

rs12340895 Pyrosequencing 

Cases: ET; Duplicate GR and UK 

controls with Jones 2009 were 

excluded from analysis; NA for 

HWE 

8 

Pardanani et al., 2010 

 

Caucasian-USA 

2008 WHO 0/0/0/226/0/0 (226) 0/0/0/118/0/0 (118) 
1500 UK WTCCC 

controls 
rs12343867 TaqMan 

Cases: ET ; only WTCCC con-

trols were used to avoid duplicate 

data with Tefferi et al., 2010 for 

rs12343867 

9 

Tefferi et al., 2010 

 

Caucasian-USA 

2008 WHO 0/0/0/0/130/0 (130) 0/0/0/0/77/0 (77) 57 local rs12343867 TaqMan Cases: PMF  

10 

Trifa et al., 2010 

 

Caucasian-Romania 

WHO 0/0/69/65/15/0 (149) 0/107/0/0/0/0 (107) 150 local rs10974944 
PCR-RFLP & 

sequencing 
Cases: MPNs 

11 

Hsiao et al., 2011 

 

Asian-Taiwan 

Medical 

reports 
0/0/0/61/0/0 (61) 0/0/0/34/0/0 (34) 106 local 

rs10974944 

rs12340895 

rs12343867 

PCR-RFLP Cases: ET  

12 

Hu et al., 2011 

 

Asian-China 

2008 WHO 0/0/125/87/0/0 (212) 0/0/81/45/0/0 (126) 213 local rs12343867 HRM Cases: PV, ET; Article in Chinese 

13 

Kouroupi et al., 2011 

 

Caucasian-France 

PVSG/ 

WHO 
170/0/31/0/0/0 (201) 75/0/31/0/0/0 (106) 

58 non-MPN 

patients with PVT 
rs10974944 

Taqman allelic 

discrimination 

assays 

Cases: Only confirmed PV cases. 

MPN classification was referred 

to author's reference 
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Table 5. 4 Baseline characteristics of included studies (continued) 

 

No 

Study/ 

Ethnicity of the 

study 

MPN 

criteria 

Cases Classification 

SVT/MPN/PV/ET/MF/

O 

VF Classification 

SVT/MPN/PV/ET/MF/u

MPN 

Control 

JAK2 SNPs 

meta-

analysed 

Genotyping 

method 
Remarks* 

14 

Olcaydu et al., 

2011  

 

Caucasian-Italy 

2008 WHO 
0/772/258/400/111/3 

(772) 
0/542/0/0/0/0 (542) 

203 Italian con-

trols with a normal 

hemogram (n=43) 

or a haematologic 

reactive condition 

(n=160) 

rs10974944 TaqMan 

Cases: only sporadic MPNs includ-

ing 683 PV, ET, PMF, Post-PV 

myelofibrosis, post-ET myelofibro-

sis, uMPN 

(one of the IRCCS studies but dif-

ferent SNP: rs10974944) 

15 

Smalberg et al., 

2011  

 

Caucasian-Italy 

Bone mar-

row biopsy, 

red cell mass 

measurement 

199/66/0/0/0/133 (199) 54/54/0/0/0/0 (54) 100 local rs12343867 Taqman 

Cases: MPN-associated SVT from 

(EN-Vie) study cohort. MPN classi-

fication was referred to author's 

reference 

16 

Ohyashiki et al., 

2012  

 

Asian-Japan 

2008 WHO 0/138/33/96/9/0 (138) 0/95/33/57/5/0 (95) 107 local 

rs10974944rs1

2343867rs449

5487 

AS-PCR 

Cases: PV, only genotype data from 

V617F-positive PV group was avail-

able;  

rs4495487 was excluded for its de-

viation from HWE  P=0.002782 

(Exact test) in the control group 

17 

Villani et al., 2012  

 

Caucasian-Italy 

2008 WHO 108/0/0/32/55/21 (108) 76/0/0/21/42/0 (76) 56 local  rs12343867 
AS-PCR or RT-

PCR 

IRCCS study; Cases: SVT-

associated ET, SVT-associated 

uMPN (suspected PMF duplicate 

data as in Guglielmelli et al., 2010 

was excluded); Only local controls 

were used  to avoid duplicate 

WTCCC data for rs12343867 
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Table 5. 4 Baseline characteristics of included studies (continued) 

 

No 

Study/ 

Ethnicity of the 

study 

MPN  

criteria 

Cases Classification 

SVT/MPN/PV/ET/MF/

O 

VF Classification 

SVT/MPN/PV/ET/MF/u

MPN 

Control 
JAK2 SNPs 

meta-analysed 

Genotyping 

method 
Remarks* 

18 Zhang et al., 2012  

 

Asian-China 

2008 WHO 0/225/77/70/36/42 (225) 0/129/68/38/23/0 (129) 226 local rs12340895 HRM Cases: MPNs; Slight HWE devia-

tion p=0. 030712 (Exact test) in 

control group 

19 Wang et al., 2013 

 

Asian-China 

WHO 0/635/125/263/206/0 

(635) 

0/396/NA/155/99/0  (396) 360 local rs12340895 

rs10974944 

Taqman Cases: MPNs, PV, ET, PMF 

20 Spasovski et al., 

2013 

 

European-Serbia 

WHO 0/51/19/26/6/0 (51) 0/32/0/0/0 (32) 12 local rs12343867 Sequencing Cases: MPNs, PV, ET, PMF 

21 Zerjavic et al., 2013  

 

European-Slovenia 

standard 

diagnostic 

procedures, 

which also 

included 

the V617F 

mutation 

screening 

0/226/57/149/20/0 (226) 0/130/47/68/15/0 (130) 459 local rs12342421 

rs12343867  

rs10974944 

AS-PCR Cases: MPNs 

22 Tanaka et al., 2013  

 

Asian-Japan 

WHO 0/108/19/61/10/18 (108) 0/59/19/36/3/1 (59) 104 local rs10974944 TaqMan SNP 

genotyping as-

says, direct se-

quencing 

Cases: MPNs, PV, ET, PMF 
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Table 5. 4 Baseline characteristics of included studies (continued) 

 

All studies were conducted in case-control design. No HWE deviation in the control group unless specified. MPNs include a mixture of patient population consisting of PV, ET, 

and PMF. 

*Cases under remarks represent MPN cases used in current meta-analysis. 

MPN indicates Myeloproliferative Neoplasms (classic: PV, ET, PMF); SVT, splanchnic vein thrombosis; PV, polycythaemia vera; ET, essential thrombocythaemia; 

PMF, primary myelofibrosis; O, others; VF, V617F mutation; JAK2, Janus kinase 2; SNPs, single nucleotide polymorphisms; WHO, world health organisation; NA, 

not available; HWE, Hardy-Weinberg equilibrium; BM, bone marrow biopsy; RT-PCR, Real time-Polymerase Chain Reaction; RFLP, Restriction fragment length 

polymorphism; HRM, High-resolution melting; PVT, peripheral vein thrombosis; uMPN, unclassified MPN; CML, chronic myeloid leukaemia; EN-Vie, European 

Network for Vascular Disease of the Liver; AS-PCR, allele specific-polymerase chain reaction; UPR, unlabelled probe. 

 

No 

Study/ 

Ethnicity of the 

study 

MPN  

criteria 

Cases Classification 

SVT/MPN/PV/ET/MF/

O 

VF Classification 

SVT/MPN/PV/ET/MF/

uMPN 

Control 
JAK2 SNPs 

meta-analysed 

Genotyping 

method 
Remarks* 

23 Current study, 2012 

 

Asian-Hong Kong 

WHO 0/171/NA/NA/NA/1 

(172) 

0/128/NA/NA/NA/1 

(137) 

470 local rs10974944 

rs12343867 

rs12340895 

rs7046736 

rs3808850 

rs10815148 

rs12342421 

rs3780367 

rs1159782 

RFLP, UPR-

melting 

Data from some of the SNPs were 

imputed.  

Cases: MPNs, PV, ET, PMF 
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5.3.3 Overall meta-analysis 

The data pool composed of a maximum of 11 studies for 1 SNP comparison. The 

genotype distribution in control group of all studies were in HWE except a slight de-

viation (P=0. 037) in the study by Zhang et al. (2012b). However, this study was in-

cluded considering the subtle heterogeneity (P=0. 037) it caused and MPN studies 

scarcity in Chinese population. Data were summarised in the sequential order from 

the 5’ end to the 3’ end of the JAK2 sense strand as presented in Table 5.5-5.8. 

 

Table 5.5 summaries the association for 6 SNPs (rs3808850, rs7046736, rs10815148, 

rs12342421, rs3780367, and rs1159782) in which only 2 studies were available for 

meta-analysis. The minor alleles in rs7046736, rs10815148, rs12342421, rs3780367, 

and rs1159782 all showed risk effects towards the development of V617F-positive 

MPN (Table 5.5). However, rs3808850 (OR=1.01; 95%CI, 0.81-1.26; P=0.92), SNP 

located on JAK2 5’ upstream, showed no association with MPNs regardless of 

V617F mutation. 
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Table 5.5 Association of rs3808850, rs7046736, rs10815148, rs12342421, rs3780367 and MPNs 

JAK2 snp, MAF No. of study (case/control) FE OR [95% CI], P het: I
2
, P Remarks 

rs3808850, allele T=0.48 
    

1. Combined-MPNs and controls  2 (351;530) 1. 01 [0.81-1. 26], P=0.92 
I

2
=98%, 

P<0.00001 

EUR: MAF(A):0.32 

CEU: MAF(A) 0.34 

CHB: MAF(T) 0.48 

rs7046736, allele A=0.28 
    

1. Combined-MPNs and controls  2 (342;530) 2.21 [1.78-2.75], P<0.00001 I
2
=0%, P=0. 35   

rs10815148, allele A=0.13 
    

1. Combined-MPNs and controls  2 (347;527) 1.70 [1.35-2.16], P<0.0001 I
2
=79%, P=0. 03 

 

rs12342421, allele C=0.20 
    

1. Combined-MPNs and controls  3 (568;986) 2.33 [1.99-2.74], P<0.00001 
I

2
=92%, 

P<0.00001  

2. V617F-pos MPNs and controls  2 (258; 929) 2.81 [2.30-3.43], P<0.00001 I
2
=87%, P=0. 006  

3. V617F-neg MPNs and controls  2 (140; 929) 1.15 [0.88-1.51], P=0.30 I
2
=85%, P=0. 01  

rs3780367, allele G=0.20 
    

1. V617F-pos MPNs and controls  2 (341; 569) 2.70 [2.16-3.38], P<0.00001 I
2
=29%, P=0. 21 

 

rs1159782, allele C=0.20 
    

1. V617F-pos MPNs and controls  2 (341; 569) 2. 67 [2.13-3.33], P<0.00001 I
2
=0%, P=0.79 

 

MAF indicates minor allele frequency for Han Chinese in Bejing; FE, fixed-effects model; OR, odds ratio; 95 % CI, 95% confidence interval; P, P value; 

het, heterogeneity under FE model; I
2
, heterogeneity statistical tests; MPNs, Myeloproliferative Neoplasms (classic: PV, ET, MF); V617F-pos, V617F-

positive; PV, polycythaemia vera; ET, essential thrombocythaemia; PMF, primary myelofibrosis; V617F-neg, V617F-negative. 
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5.3.4 Stratification analysis 

Since most studies focused on the JAK2 risk-haplotype tSNPs (rs10974944 (S9), 

rs12343867 (S12), and rs12340895 (S13)), subgroup analyses were performed on the 

3 tSNPs. Depending on data availability, specific data for JAK2 SNPs were stratified 

on the basis of V617F status: V617F-positive, V617F-negative and the combined 

group of V617F-positive and -negative patients. The groups were: V617F-positive 

MPN patients verses controls, V617F-negative MPN patients verses controls, overall 

MPN patients verses controls and V617F-positive MPN patients verses V617F-

negative MPN patients. 

 

Our results showed that V617F strengthened the magnitude of association between 

the risk alleles and MPNs for all the JAK2 risk-haplotype tSNPs. 

 

5.3.4.1 Association of JAK2 rs10974944 and MPNs 

Overall, there was evidence of an association between the risk allele (G) of 

rs10974944 (S9) and V617F-positive and -negative MPNs when all the eligible stud-

ies were pooled into the meta-analysis. The minor allele G was significantly associ-

ated with V617F-positive MPNs (OR 2.82; 95% CI: 2.57-3.10, P<0.00001; I
2
= 26%, 

P=0.20) and in lesser extent in that of V617F-negative MPNs (OR 1.27; 95% CI: 

1.12-1.44, P=0.0001; I
2
= 26%, P=0.22) when compared with controls. When V617F-

positive and -negative patients were combined as overall MPNs and compared with 

controls, the OR was in between that of V617F-positive and V617F-negative groups 

(OR 2.24; 95% CI: 2.06-2.43, P<0.00001; I
2
= 49%, P=0.03) (Figure 5.2 A-C; Table 

5.6). To know if the association is different between V617F-positive and -negative 

MPNs, V617F-positive MPN patients were compared with V617F-negative MPN 
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patients. The result indicated a significant difference between V617F-positive MPNs 

and V617F-negative MPNs (P<0.00001) (Figure 5.3). 

 

Analyses were further stratified by MPN subtype (PV, ET or PMF) verses controls 

among eligible studies. Under the comparisons of V617F-positive verses controls, 

significant risks were found for PV and ET: the OR in V617F-positive PV subgroup 

(OR 4.07; 95% CI: 3.03-5.46, P<0.00001; I
2
= 0%, P=0.45) was stronger by almost 

1.5-fold than that of ET subgroup (OR 2.30; 95% CI: 1.95-2.73, P<0.00001; I
2
= 0%, 

P=0.98) On the contrary, marginal association (ORs near 1) was detected in sub-

group analysis of V617F-negative verses controls (Table 5.6). PMF cases could not 

be appraised individually because of a lack of specific data. 

 

In the stratified analysis by ethnicity, increased risks were found among Caucasians 

in the sub-analysis of V617F-positive MPNs verses controls, and V617F-negative 

MPNs verses controls. However, Z-test of interaction indicated the differences to be 

insignificant (P>0.05). Nonetheless, when V617F-positive and -negative patients 

were combined as overall MPNs and compared with controls; the pooled OR signifi-

cantly increased in Caucasian population (Z-test, P=0.1119) (Table 5.6). Overall, 

test of heterogeneity suggested insignificant inconsistency among the studies. 
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Figure 5.2 Forest plots of JAK2 rs10974944 and MPN risk under fixed-effects 

model. 

A. V617F-positive MPN cases verses controls, B. V617F-negative MPN cases verses con-

trols, C. Overall MPN cases verses controls 
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Figure 5.3 Forest plot of JAK2 rs10974944 and MPN risk: MPN V617F-positive MPNs patients verses V617F-negative.  
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Table 5.6 Meta-analysis of JAK2 rs10974944 on MPNs risk 

JAK2 snp, MAF Study (no. of case/control) FE OR [95% CI], P Test of interaction, Z het: I
2
, P Remarks 

rs10974944, allele G=0.20 
     

1. V617F-pos MPNs and controls 
1 ,3

 11 (1852;5036) 2.82 [2.57, 3.10], P<0.00001 
 

I
2
= 26%, P=0.2000   

Studies with only PV/ET/PMF removed 
1
 8 (1759;4844) 2.80 [2.54-3.08], P<0.00001 

1
 Z=0.1038; P=0.9173 I

2
= 27%, P=0.2100 1 ET; 2 PV studies 

Asians 
2
 4 (586;964) 2.58 [2.20-3.03], P<0.00001  I

2
= 14%, P=0.3200 

 

Caucasians 
2
 7 (1266;4072) 2.96 [2.64-3.31], P<0.00001 

2 
Z=1.3742; P=0.1694 I

2
= 24%, P=0.2400 

 

PV  4 (131;660) 4.07 [3.03-5.46], P<0.00001 
 

I
2
= 0%, P=0.4500 

 

ET 5 (358; 4039) 2.30 [1.95-2.73], P<0.00001 
 

I
2
= 0%, P=0.9800 

 

The heaviest study removed
 3
 10 (1607;2037) 2.78 [2.50-3.09], P<0.00001 

3 
Z=0.1979; P=0.8431 I

2
= 32%, P=0.1600 Kilpivaara 2009 

2. V617F-neg MPNs and controls 
4, 6

 9 (920; 4950) 1.27 [1.12-1.44], P=0.0001 
 

I
2
= 26%, P=0.2200 

 

Studies with only PV/ET/PMF removed 
4
 8 (893; 4844) 1.30 [1.14-1.47], P<0.0001 

4
 Z=-0.2560; P=0.7980 I

2
=18%, P=0.2900 1 ET study  

Asians 
5
 4 (359; 1040) 1.18 [0.97-1.43], P=0.1000 

 
I

2
= 60%, P=0.0600 

 

Caucasians 
5
 5 (561;3910) 1.35 [1.15-1. 58], P=0.0003 

5
 Z=1.0519; P=0.2928 I

2
= 0%, P=0.6900 

 

ET 4 (190;1040) 1.18 [0.93-1.50], P=0.1800 
 

I
2
= 18%, P=0.3000 

 

The heaviest study removed 
6
 8 (681;4590) 1.37 [1.19-1.58], P<0.0001 

6
 Z=-0.7843; P=0.4329 I

2
= 0%, P=0.4600 Wang 2013 
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Table 5.6 Meta-analysis of JAK2 rs10974944 on MPNs risk (continued) 

JAK2 snp, MAF Study (no. of case/control) FE OR [95% CI], P Test of interaction, Z het: I
2
, P Remarks 

3.Combined-MPNs and controls 
7, 9

 11 (2745; 5036) 2.24 [2.06-2.43], P<0.00001 
 

I
2
= 49%, P=0.0300 

 

Studies with only PV/ET/PMF removed 
7
 8 (2625; 4844) 2.23 [2.04-2.43], P<0.00001 

7 
Z=0.0729; P=0.9419 I

2
= 26%, P=0.2200 1 ET; 2 PV studies 

Asians 
8
 5 (1004; 1068) 2.05 [1.79-2.35], P<0.00001 

 
I

2
= 65%, P=0.0200   

Caucasians
 8

 6 (1741; 3968) 2.36 [2.12-2.63], P<0.00001 
8
 Z=1.5898; P=0.1119 I

2
= 10%, P=0.3500 

 

The heaviest study removed 
9
 10 (2426; 2037) 2.15 [1.95-2.37], P<0.00001 

9
 Z=0.6289; P=0.5294 I

2
= 46%, P=0.0600 Kilpivaara 2009 

4. V617F-pos and V617F-neg MPNs
 10

 9 (1802; 893) 2. 11 [1.87-2.37], P<0.00001 
 

I
2
= 35%, P=0.1400 

 

The heaviest study removed 
10

 6 (1321; 691) 2. 16 [1.89-2.48], P<0.00001 
10

 Z=-0.2547;  

P=0.7990 
I

2
= 40%, P=0. 1100 Olcaydu 2011 

Asians 
11

 4 (626; 359) 2. 19 [1.80-2.66], P<0.00001 
 

I
2
= 45%, P=0.1400 

 

Caucasians 
11

 5 (1176; 534) 2.06 [1.76-2.39], P<0.00001 
11 

Z=-0.4835; 

P=0.6287 
I

2
= 38%, P=0.1600 

 

MAF indicates minor allele frequency for Han Chinese in Bejing; FE, fixed-effects model; OR, odds ratio; 95 % CI, 95% confidence interval; P, P value; het, 

heterogeneity under FE model; I
2
, heterogeneity statistical tests; MPNs, Myeloproliferative Neoplasms (classic: PV, ET, MF); V617F-pos, V617F-positive; PV, 

polycythaemia vera; ET, essential thrombocythaemia; PMF, primary myelofibrosis; V617F-neg, V617F-negative. 

1, 2, 3…11
 Z-test comparing ORs between two subgroups with the same number. 
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5.3.4.2 Association of JAK2 rs2343867 and MPNs 

Overall, there was evidence of an association between the risk allele (C) of 

rs12343867 (S12) and V617F-positive and -negative MPNs and also the combined 

group of V617F-positive and -negative MPNs when all the eligible studies were 

pooled into the meta-analysis. The minor allele C was significantly associated with 

V617F-positive MPNs (OR 2.42; 95% CI: 2.18-2.70, P<0.00001; I
2
= 69%, P=0.0002) 

and in lesser extent with V617F-negative MPNs (OR 1.52; 95% CI: 1.33-1.73, 

P<0.00001; I
2
= 76%, P<0.00001) when compared with controls. When V617F-

positive and -negative patients were combined as overall MPNs and compared with 

controls, the OR was in between that of V617F-positive and V617F-negative groups 

(Figure 5.4 A-C). To know if the association is different between V617F-positive 

and -negative MPNs, V617F-positive MPN patients were compared with V617F-

negative MPN patients. The result indicated a significant difference between wild 

type V617F and mutated V617F (P<0.00001) (Table 5.7; Figure 5.6). Significant 

between-study heterogeneity (I
2
> 50%) was observed in the analyses, thus both FE 

and RE models were applied in analysis since more than 10 studies were included. 

The results in FE and RE models were only differed in which FE model provided 

slightly narrower 95% CI; otherwise the effects were similar (Figure 5.5 A-C). This 

suggests high-stability of the results in this meta-analysis. 

 

Analyses were further stratified by MPN subtype (PV, ET or PMF) verses controls 

among eligible studies. In the comparisons of V617F-positive verses controls, similar 

significant associations were observed for ET (OR 2.45; 95% CI: 2.09-2.88, 

P<0.00001; I
2
= 0%, P=0.45) and PMF (OR 2.51; 95% CI: 1.75-3.61, P<0.00001; I

2
= 

0%, P=0.65), as in the analysis without subtype stratification. Meanwhile an in-
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creased risk was detected in PV (OR 2.97; 95% CI: 2.46-3.60, P<0.00001; I
2
=65%, 

P=0.03). Significant heterogeneity (I
2
=65%) was observed in PV therefore analyses 

were repeated with the removal of one outlier study as indicated by funnel plot. Upon 

removal of outlier study, the OR increased by more than 1 fold (Table 5.7).  

 

When studies were stratified for ethnicity, disease risks were significantly higher (Z-

test: P<0.05) among Asians in all subgroups: V617F-positive MPNs verses controls, 

V617F-negative MPNs verses controls, and combined MPNs verses controls (Table 

5.7). Overall, test of heterogeneity suggested insignificant inconsistency among the 

studies. 
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Figure 5.4 Forest plots of JAK2 rs12343867 and MPN risk under fixed-effects 

model. 

A. V617F-positive MPN cases verses controls, B. V617F-negative MPN cases verses con-

trols, C. Overall MPN cases verses controls 

A 

B 

C 
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Figure 5.5 Forest plots of JAK2 rs12343867 and MPN risk under random-effects 

model. 

 

A. V617F-positive MPN cases verses controls, B. V617F-negative MPN cases verses 

controls, C. Overall MPN cases verses controls 
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Figure 5.6 Forest plot of JAK2 rs12343867 and MPN risk: MPN V617F-positive MPNs patients verses V617F-negative.  
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Table 5.7 Meta-analysis of JAK2 rs2343867 on MPNs risk. 

JAK2 snp, MAF Study (no. of case/control) FE OR [95% CI], P Test of interaction, Z het: I
2
, P Remarks 

JAK2 rs12343867, allele C=0.20 
     

1. V617F-pos MPNs and controls
 1, 2, 6

 12 (1225; 3431) 
2.42 [2.18-2.70], P<0.00001 

2.53 [2.05-3.12], P<0.0001* 
 I

2
= 69%, P=0. 0002  

Outliers removed (n=2) 
1
 10 (969; 2982) 2.52 [2.23-2.85], P<0.00001 

1
 Z=-0.4876; P=0.6258 I

2
= 0%, P=0.4800 

Hu 2011;  

Zerjavic 2013 

Studies with only PV/ET/PMF removed 
2
 8 (781; 1213) 2.70 [2.35-3.10], P<0.00001 

2
 Z=-1.2263; P=0.2201 I

2
= 65%, P=0.0200 

1 PV; 2 ET; 

1PMF studies 

Asians 
3, 5

 4 (316; 817) 2.97 [2.45-3.60], P<0.00001 
3
 Z=-2.4823; P=0.0131 I

2
= 63%, P=0.0400 

 

Caucasians 
3, 4

 8 (909; 2614) 2.22 [1.96-2.52], P<0.00001 
4
 Z=-1.3096; P=0.1903 I

2
= 67%, P=0.0030 

 

Caucasians: Outlier removed (n=1) 
4, 5

 7(779, 2155) 2.52 [2.19-2.91], P<0.00001 
5
 Z=1.3462; P=0.1782 I

2
= 0%, P=0.4300 Zerjavic 2013 

PV 
6
 4 (313; 1042) 2.97 [2.46-3.60], P<0.00001 

 
I

2
= 65%, P=0.0300 

 

PV: Outlier removed (n=1)
 6
 3 (160; 711) 3.71 [2.85-4.83], P<0.00001 

6
 Z=-1.3404; P=0.1801 I

2
= 15%, P=0.3100 

Andrikovics 

2010 

ET 6 (359; 2676) 2.45 [2.09-2.88], P<0.00001 
 

I
2
= 0%, P=0.5600 

 

PMF 3 (108; 858) 2.51 [1.75-3.61], P<0.00001 
 

I
2
= 0%, P=0.6500 

 

The heaviest study removed
 7
 11 (974; 3100) 

2.46 [2.19-2.77], P<0.00001 

2.58 [2.03-3.30], P<0.00001* 
7
 Z=-0.2022; P=0.8398 I

2
= 72%, P=0. 0001 

Andrikovics 

2010 
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Table 5.7 Meta-analysis of JAK2 rs2343867 on MPNs risk. (continued) 

JAK2 snp, MAF Study (no. of case/control) FE OR [95% CI], P Test of interaction, Z het: I
2
, P Remarks 

JAK2 rs12343867, allele C=0.20 

     

2. V617F-neg MPNs and controls 
8, 9 12

 12 (714; 3638) 
1.52 [1.33-1.73], P<0.00001 

1.63 [1.30-2.05], P<0.0001*  
I

2
= 76%, P<0.00001 

 

Outliers removed (n=2) 
8
 10 (532; 2966) 1.56 [1.34-1.82], P<0.00001 

8
 Z=-0.2523; P=0.8008 I

2
= 5%, P=0.3900 

Hu 2011; 

Zejavic2013 

Studies with only PV/ET/PMF removed 
9
 8 (457; 1740) 1.49 [1.26-1.75], P<0.00001 

9
 Z=0.1857; P=0.8527 I

2
= 82%, P<0.00001 2 ET; 2PMF studies 

Asians 
10, 12

 3 (157; 789) 2.10 [1.62-2.71], P<0.00001 
10 

Z=-2.8154; P=0.0049 I
2
= 85%, P=0. 0001 

 

Caucasians 
10, 11

 9 (557; 2849) 1.37 [1.18-1.59], P<0.0001 
11

Z=-1.4123; P=0.1579 I
2
= 67%, P=0. 0020 

 

Caucasians: Outlier removed (n=1) 
11, 12

 8 (461; 2390) 1.61 [1.36-1.90], P<0.00001 
12 

Z=-1.6974; P=0.0896 I
2
= 0%, P=0.5300 Zerjavic2013 

ET 7 (324; 2733) 1.53 [1.28-1.83], P<0.00001 
 

I
2
= 9%, P=0.3600 

 

PMF 5 (149; 1149) 1.43 [1.07-1.92], P=0.02 
 

I
2
= 0%, P=0.8000 

 

The heaviest study removed 
13

 11 (618; 3179) 
1.74 [1. 51-1.99], P<0.00001 

1.69 [1. 35-2.12], P<0.00001* 
13 

Z=-1.3900; P=0.1645 I
2
= 55%, P=0.0100 Zerjavic2013 
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Table 5.7 Meta-analysis of JAK2 rs2343867 on MPNs risk. (continued) 

JAK2 snp, MAF Study (no. of case/control) FE OR [95% CI], P Test of interaction, Z het: I
2
, P Remarks 

JAK2 rs12343867, allele C=0.20 
     

3. Combined-MPNs and controls 
14, 15, 18

 13 (2072; 3666) 
2.04 [1.87-2.23], P<0.00001 

2.14[1.73-2.65], P<0.00001*  
I

2
= 80%, P<0.00001 

 

Outliers removed (n=2)
 14

 11 (1634; 2994) 2.14 [1.93-2.37], P<0.00001 
14 

Z=-0.6935; P=0.488 I
2
= 0%, P=0. 44 

Hu 2011; 

Zerjavic 2013 

Studies with only PV/ET/PMF removed 
15

 8 (1425; 1740) 
2.02 [1.81-2.25], P<0.00001 

2.18[1.56-3.03], P<0.00001* 
15

 Z=0.1380; P=0.8902 I
2
= 87%, P<0.00001 

1 PV; 2 ET; 2PMF 

studies 

Asians 
16, 18

 4 (473; 817) 2.62 [2.21-3.11], P<0.00001 
16 

Z=-3.3019; P=0.0010 I
2
= 80%, P=0.002 

 

Caucasians 
16, 17

 9 (1599; 2849) 1.87 [1.68-2. 07], P<0.00001 
17 

Z=-3.3019; P=0.0010 I
2
= 76%, P<0.00001 

 

Caucasians: Outlier removed (n=1)
 17, 18

 8 (1373; 2390) 2.14 [1.91-2. 40], P<0.00001 
18 

Z=1.9305; P=0.0535 I
2
= 0%, P=0.79 Zerjavic 2013 

The heaviest study removed 
19

 12 (1846; 3207) 
2.28 [2.07-2.51], P<0.00001 

2.29 [1.97-2. 66], P<0.00001* 
19 

Z=-1.6702; P=0.0949
 

I
2
= 52%, P=0.02 Zerjavic 2013 

4. V617F-pos and V617F-neg MPNs 
20

 11 (1197; 645) 
1.67 [1.44-1.92], P<0.00001 

1.66 [1.43-1.93], P<0.00001*  
I

2
= 7%, P=0.28 

 

Asian population 
21

 3 (288; 157) 1.44 [1.09-1.92], P=0.01 
 

I
2
= 22%, P=0.24 

 

Caucasian population 
21

 8 (909; 488) 1.75 [1.48-2.06], P<0.00001 
21

Z=1.1657; P=0.2437 I
2
= 0%, P=0.44 

 

The heaviest study removed 
20

 10 (984; 525) 1.56 [1.33-1.83], P<0.00001 
20

 Z=0.6217; P=0.5341 I
2
= 0%, P=0.61 Olcaydu 2009 

MAF indicates minor allele frequency for Han Chinese in Bejing; FE, fixed-effects model; OR, odds ratio; 95 % CI, 95% confidence interval; P, P value; het, heterogeneity 

under FE model; I
2
, heterogeneity statistical tests; MPNs, Myeloproliferative Neoplasms (classic: PV, ET, MF); V617F-pos, V617F-positive; PV, polycythaemia vera; ET, 

essential thrombocythaemia; PMF, primary myelofibrosis; V617F-neg, V617F-negative. 

* Effect estimate in random model  

1, 2, 3…21 
Z- test comparing ORs (based on FE model) between two subgroups. 
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5.3.4.3 Association of JAK2 rs12340895 and MPNs  

As for rs12340895 (S13), significant between-study heterogeneity (I
2
> 50%) was ob-

served however only FE was applied in the analyses considering the meta-analysis 

containing less than 10 studies. Overall, the risk allele (G) of rs12340895 (S13) was 

found to be significantly associated with V617F-positive MPNs and the combined 

group of V617F-positve and -negative MPNs except for V617F-negative MPNs 

when compare with controls (Table 5.8). The minor allele G was significantly asso-

ciated with V617F-positive MPNs (OR 2.47; 95% CI: 2.26-2.70, P<0.00001; I
2
=93%, 

P<0.00001) and in lesser extent with the combined group of V617F-positive and -

negative MPNs when compared with controls (OR 1.90; 95% CI: 1.76-2.05, 

P<0.00001; I
2
=95%, P<0.00001). However, no significant association was found for 

analyses under the subgroup of V617F-negative MPNs patients verses controls, ex-

cept for the subtype ET (OR 1.11; 95% CI: 0.97-1.26, P=0.12; I
2
= 45%, P=0.12) 

(Figure 5.7). The comparison between V617F-positive MPNs and V617F-negative 

MPNs indicated an almost 2-fold difference between wild type V617F and mutated 

V617F (P<0.00001) (Table 5.8; Figure 5.9). 

 

Analyses were further stratified by MPN subtype (PV, ET or PMF) verses controls 

among eligible studies. In the comparisons of V617F-positive verses controls, signif-

icant associations were detected for PV (OR 4.11; 95% CI: 3.45-4.89, P<0.00001; 

I
2
=55%, P=0.11), ET (OR 1.84; 95% CI: 1.63-2.07, P<0.00001; I

2
= 71%, P=0.007) 

and PMF (OR 2.46; 95% CI: 1.95-3.11, P<0.00001; I
2
=6%, P=0.36). Significant het-

erogeneity (I
2
>50%) was observed among ET and PV therefore analyses were re-

peated by removing the outlier study as indicated by funnel plot. Upon removal of 

outlier study, significant risk was found increased by 1-fold for PV subgroup. While 

for ET subgroup, similar OR with PMF subgroup was found (OR 2.43; 95% CI: 
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2.01-2.94, P<0.00001; I
2
=0%, P=0.96). Similar results were concluded for the ET- 

and PMF-subgroup analyses (Table 5.8). 

 

When studies were stratified for ethnicity, disease risks were significantly higher (Z-

test: P<0.05) among Asian populations in all subgroups: V617F-positive MPNs 

verses controls, V617F-negative MPNs verses controls, and combined MPNs verses 

controls (Table 5.8). 
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Figure 5.7 Meta-analysis for the association between rs12340895 and MPN risk 

under fixed-effects model. 

A. V617F-positive MPN cases verses controls, B. V617F-negative MPN cases verses con-

trols, C. Overall MPN cases verses controls 
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Figure 5.8 Forest plot of JAK2 rs12340895 and MPN risk: MPN V617F-positive MPNs patients verses V617F-negative. 
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Table 5.8 Meta-analysis of JAK2 rs12340895 on MPNs risk. 

JAK2 snp, MAF Study (no. of case/control) FE OR [95% CI], P Test of interaction, Z het: I
2
, P Remarks 

JAK2 rs12340895, allele G=0.20 
     

1. V617F-pos MPNs and controls
 1, 2, 6

 6 (1434; 6002) 2.47 [2. 26-2.70], P<0.00001 
 

I
2
= 93%, P<0.00001 

 

Three outliers removed 
 1
 3 (558; 936) 2.64 [2. 24-3.11], P<0.00001 

1 
Z=-0.6990; P=0.4846 I

2
= 0%, P=0. 48 

Jones 2009; Jones 

2010; Zhang 2012 

Studies with only  

PV/ET/PMF removed 
2
 

4 (996; 2852) 3.21 [2.87-3.60], P<0.00001 
2
 Z=-3.5656; P=0.0004 I

2
= 70%, P=0.02 2 ET studies 

Asians
 3
 4 (687; 1162) 2.88 [2.48-3.33], P<0.00001 

 
I

2
= 56%, P=0. 08 

 
Caucasians

 3
 2 (747; 4840) 2.25 [2.02-2.52], P<0.00001 

3 
Z=-2.6435; P=0.0082 I

2
= 98%, P<0.00001 

 
PV 

 4
 3 (305; 2492) 4.11 [3.45-4. 89], P<0.00001 

 
I

2
= 55%, P=0. 11 

 
PV: Outlier removed (n=1)

 4
 2 (237; 2266) 3.46 [3.05-3.91], P<0.00001 

4
 Z=1.5759; P=0.1150 I

2
= 0%, P=0. 45 Zhang 2012 

ET 
5
 5 (694; 4206) 1.84 [1.63-2.07], P<0.00001 

 
I

2
= 71%, P=0. 007 

 
ET: Outlier removed (n=1)

 5
 4 (290; 1162) 2.43 [2.01-2.94], P<0.00001 

5
 Z=-2.4275; P=0.0152 I

2
= 0%, P=0. 96 Jones 2010 

PMF 4 (170; 2852) 2.46 [1.95-3.11], P<0.00001 
 

I
2
= 6%, P=0. 36 

 
The heaviest study removed 

6
 5 (918; 2958) 3.06 [2.72-3.44], P<0.00001 

6
 Z=-2.8501; P=0.0044 I

2
= 56%, P=0.06 1 ET study  

2. V617F-neg MPNs and controls 
7, 9

 5 (724; 4206) 1.11 [0.97-1.26], P=0.12 
 

I
2
= 45%, P=0. 12 

 
Studies with only  

PV/ET/PMF removed 
7
 

3 (379; 1056) 1.19 [0.98-1.45], P=0.07 
7
 Z=-0.5791; P=0.5625 I

2
= 46%, P=0.16 2 ET studies 

Asians 
8
 4 (406; 1162) 1.13 [0.94-1. 37], P=0.18 

 
I

2
= 58%, P=0. 07  

Caucasians 
8
 1 (318; 3044) 1.09 [0.91-1. 30], P=0.37 

8 
Z=-0.2723; P=0.7854 Not applicable 

 
ET 5 (373; 4206) 1.26 [1.07-1. 49], P=0.005 

 
I

2
= 35%, P=0. 19 

 
PMF 3 (126; 1056) 1.10 [0.81-1.49], P=0.55 

 
I

2
= 0%, P=0. 49 

 
The heaviest study removed

 9
 5 (406; 1162) 1.13 [0.94-1.37], P=0.18 

9
 Z=-0.1526; P=0.8787 I

2
= 58%, P=0. 07 Jones 2010 
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Table 5.8 Meta-analysis of JAK2 rs12340895 on MPNs risk (continued) 

JAK2 snp, MAF Study (no. of case/control) FE OR [95% CI], P Test of interaction, Z het: I
2
, P Remarks 

JAK2 rs12340895, allele G=0.20 
     

3. Combined-MPNs and controls 
10, 12

 6 (2187; 6002) 1.90 [1.76-2.05], P<0.00001 
 

I
2
= 95%, P<0.00001 

 
Studies with only  

PV/ET/PMF removed 
10

 
4 (1375; 2852) 2.65 [2.38-2. 94], P<0.00001 

10
 Z=-5.0045; P~0 I

2
= 89%, P<0.00001 2 ET studies 

Asians 
11

 4 (1093; 1162) 2.10 [1.84-2.40], P<0.00001 
 

I
2
= 71%, P=0.0200 

 

Caucasians 
11

 2 (1094; 4840) 1.85[1.68-2.03], P<0.00001 
11

Z=-1.5232; P=0.1277 I
2
= 99%, P<0.00001 

 

The heaviest study removed 
12

 5 (1436; 2958) 2.56 [2.31-2.84], P<0.00001 
12

Z=-4.5518; P=5.413E-06 I
2
= 89%, P<0.00001 Jones 2010 

4. V617F-pos and V617F-neg MPNs
 

13, 15
 

5 (1091; 724) 1.99 [1.72-2.29], P<0.00001 
 

I
2
= 80%, P=0.0006 

 

Outlier removed (n=1) 
13

 4 (687; 406) 2.51 [2.09-3.02], P<0.00001 
13

Z=-1.9517; P=0.0510 I
2
= 31%, P=0.2300 Jones 2010 

Asian population 
14

 4 (687; 406) 2.51 [2.09-3.02], P<0.00001 
 

I
2
= 31%, P=0.2300 

 

Caucasian population 
14

 1 (404; 318) 1.41 [1.13-1. 76], P=0.002 
14 

Z=3.9244; P=0.0001 Not applicable 
 

The heaviest study removed 
15

 4 (687; 406) 2.51 [2.09-3.02], P<0.00001 
15

Z=-1.9517; P=0.0510 I
2
= 31%, P=0.2300 Jones 2010 

MAF indicates minor allele frequency for Han Chinese in Bejing; FE, fixed-effects model; OR, odds ratio; 95 % CI, 95% confidence interval; P, P value; het, 

heterogeneity under FE model; I
2
, heterogeneity statistical tests; MPNs, Myeloproliferative Neoplasms (classic: PV, ET, MF); V617F-pos, V617F-positive; PV, 

polycythaemia vera; ET, essential thrombocythaemia; PMF, primary myelofibrosis; V617F-neg, V617F-negative. 

1, 2, 3…15
 Z-test comparing ORs between two subgroups 
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5.3.6 Sensitivity analyses and publication bias 

To determine whether modification of the inclusion criteria affected the final effect 

pooled ORs, sensitivity analyses were conducted. First, the magnitude of effect was 

re-estimated with the removal of the most influential study (indicated by percent 

weights given to each study). Then, funnel plots were generated to graphically esti-

mate the publication bias among the analyses. The asymmetry of funnel plots based 

on natural logarithm of the OR was measured. Consequently, studies represented by 

dots scattered outside were removed to determine the influence of individual study 

on the pooled effect estimate. Considering substantial heterogeneity in rs12343867 

and rs12340895, sensitivity analyses were performed with the removal of individual 

outlier study (indicated by funnel plot) to test the robustness and accuracy of this me-

ta-analysis. Heterogeneity was completely otherwise almost completely diminished 

as indicated by the I
2 

upon the removal of
 
skewed studies.  

 

5.3.6.1 rs10974944 

When the heaviest study as indicated by sample size was removed, similar pooled 

ORs were obtained before and after the removal of the heaviest study as indicated by 

Z-test (Table 5.6), suggesting stability of the results. Funnel plots of the studies did 

not reveal any evidence of obvious asymmetry (data not shown). The removal of 

MPN subtype (PV, ET or PMF) groups did not reveal significant difference on the 

summary effect estimates (Table 5.6). 
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5.3.6.2 rs12343867 

Omission of the heaviest study as indicated by sample size revealed that the pooled 

ORs remained similar after the removal of the heaviest study (indicated by Z-test in 

Table 5.7), resembling high stability of the results. 

 

Considering substantial heterogeneity detected in subgroup analyses of rs12343867, 

sensitivity analyses were conducted to identify single source of heterogeneity on the 

pooled ORs by sequentially removing each eligible study. Omission of one individu-

al study at a time did not reveal single study that heavily influenced the pooled effect 

estimates. However, funnel plots detected outliers in the subgroup analyses; and het-

erogeneity was completely or almost completely diminished when outliers were 

omitted (Figure 5.9). Nevertheless the summary estimates were not significantly af-

fected in the subgroup analyses as indicated by Z-test (Table 5.7). The removal of 

MPN subtype (PV, ET or PMF) groups also did not reveal significant difference on 

the summary effect estimates (Table 5.7). 



213 

 

 

C
H

A
P

T
E

R
 5

 2
1
3
 

2
1
3
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 Funnel plots for the association between rs12343867 and MPN risk. 

A. V617F-positive MPN cases verses controls, B. V617F-negative MPN cases verses con-

trols, C. Overall MPN cases verses controls 

 

Before removal of outliers     After removal of outliers 
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5.3.6.3 rs12340895 

Omission of the heaviest study as indicated by sample size revealed that the pooled 

ORs increased significantly (Z-test: P<0.05) among V617F-positive and the com-

bined MPNs when the removed study was the same ET subgroup (Jones et al., 2010) 

(Table 5.8). While for the V617F-negative MPNs verses controls subgroup, the 

pooled OR was still not significant: 1. 13 (95% CI: 0.94-1.37, P=0.18). Overall, the 

trend of MPNs predisposition among the subgroups was consistent. 

 

To identify single source of existing heterogeneity on the pooled ORs, outlier dataset 

as indicated by funnel plot was removed. Funnel plots revealed the existence of 3 

outliers in the V617F-positive MPNs subgroup. Heterogeneity was completely di-

minished when outliers were omitted (Table 5.8, Figure 5.10). However, the pooled 

ORs before and after the removal of outlier datasets were not significantly different. 

The removal of MPN subtype (PV, ET or PMF) groups revealed an increase in the 

pooled ORs among V617F-positive MPNs, V617F-negative MPN and overall MPNs 

(Table 5.8) compared with the results before stratification. 
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Figure 5.9 Funnel plots for the association between rs12340895 and MPN risk: 

V617F-positive MPN cases verses controls. 

 

Before removal of outliers    After removal of outliers 
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5.4 Discussion 

Genetic association study of JAK2 polymorphisms (part I) of this project demonstrat-

ed the JAK2 haplotype tSNPs (rs10974944 (S9), rs12343867 (S12), and rs12340895 

(S13)) are risk factors in developing V617F-positive MPNs. However, the literature 

on the relationship between JAK2 germline polymorphisms (JAK2 46/1 or GGCC 

haplotype) and V617F-negative MPNs is replete with small studies that report con-

tradictory findings. Inadequate statistical power or small sample size, variations in 

the study designs and diagnostic criteria are few factors that could lead to incon-

sistent findings. The lack of studies of ethnicity backgrounds may also cause devia-

tion to the final effect estimates and fail to give further insights on this issue. Moreo-

ver, the susceptibility loci associated with complex diseases are usually modest-risk 

alleles with complicated allelic architectures (Pritchard & Cox, 2002; Manolio et al., 

2009). Greater statistical power (large sample size) is needed to detect those loci. 

Within my study period, no clear consensus has been reached and there is no system-

atic review. Large sample size and unbiased genetic studies of predisposition poly-

morphisms across populations could provide insight to the aetiology of MPNs. 

Therefore, meta-analysis was conducted to give further insights on the genetic pre-

disposition to MPNs. In this study, 23 studies were included, dating back from 1 Jan-

uary 2005 to 4 September 2014. Studies were retrieved from PubMed, Scopus and 

Chinese National Knowledge Infrastructure (CNKI) databases without language re-

striction. Data were meta-analysed by Cochrane RevMan software. Individual studies 

were pooled into single meta-analysis to reduce the risk of random error, and to sta-

tistically detect the real effect/ association between JAK2 haplotype with MPNs 

across populations by increasing the analytical power. 
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5.4.1 Association between JAK2 polymorphisms and MPNs 

Meta-analysis for 6 SNPs (rs3808850, rs7046736, rs10815148, rs12342421, 

rs3780367, and rs1159782) in which only 2 studies were available for meta-analysis 

detected an association with MPN for 5 SNPs except rs3808850, SNP located on 

JAK2 5’ upstream (OR 1.03, 95%CI, 0.83-1.28; P=0.77). This probably was due to 

the contrary minor allele in Han Chinese (T, MAF 0.48) and Caucasian (A, MAF 

0.32). Among the 6 SNPs, the highest pooled OR was detected for rs12342421 when 

V617F-positive MPN cases were compared with control. Nevertheless, significant 

heterogeneity was observed. Though significant associations were observed, the re-

sults should be interpreted cautiously in these analyses with small sample sizes. 

 

Meta-analysis of JAK2 haplotype tSNPs rs10974944 (S9) and rs12343867 (S12) re-

vealed that both V617F-negative and -positive MPNs were significantly associated 

with JAK2 risk polymorphisms. Results showed that the disease association for the 2 

SNPs was ≥1 fold higher in V617F-positive MPNs than V167F-negative MPNs. 

Thus, V617F-negative MPN and V617F-positive MPN patients might share similar 

genetic background although wild-type JAK2 seems to dilute the magnitude of dis-

ease predisposition. A high degree of correlation (r
2
>0.8), was observed among the 

JAK2 SNPs as presented in their pairwise LD (Figure 4.1 and 4.2). This could ex-

plain the commensurate trends in meta-analyses for S9 and S12. 

 

In the meta-analysis for rs10974944 (S9) and rs12343867 (S12), significant associa-

tion can be found across the entire group of V617F-positive, V617F-negative, and 

the combined V617F-positive and -negative MPNs except in two for the stratification 

analysis for rs10974944 (S9) under V617F-negative subgroup: Asian population and 
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ET subtype analysis. However, the effect difference between Asian and Caucasian 

populations was not significant (Z-test, P=0.2928; Table 5.6). As proposed earlier, 

wild-type JAK2 seems to dilute the effect magnitude of disease predisposition. The 

sample size for Asian subgroup (cases=359) was smaller than in Caucasian popula-

tion (cases=561), thus suggesting that a larger sample size with stronger statistical 

power is demanded to draw a fair conclusion. As for rs12343867 (S12), a Slovenian 

study, Zerjavic et al. (2013), was detected to be the single source of heterogeneity 

among studies of Caucasian population, analyses were therefore repeated by remov-

ing this study. Removal of the outlier did not affect the result. The substantial heter-

ogeneity introduced by this study might be explained. First, different genotyping 

methods and errors may introduce heterogeneity. The AS-PCR genotyping method 

used in their study was well-established and widely used in MPN research therefore 

genotyping method was not the cause. Based on a report of short tandem repeat loci 

by Pajnic et al. (2014), the genetic make-up between Slovenian and other European 

population is not expected to differ significantly. The results suggested that the MPN 

diagnostic criteria used which were not WHO criteria might contribute to the outlier 

effect. Besides, environmental factors, lifestyle and other unknown factors may also 

be the source of heterogeneity. Overall, the association detected in Asian and Cauca-

sian population was not significantly different as suggested by test of interaction (Z-

test). 

 

Conversely, no association was detected between rs12340895 (S13) and V617F-

negative MPNs. However, when stratified by subtype of MPN, marginal association 

between rs12340895 (S13) and risk of developing V617F-negative ET was found. 

Moderate between-study variation was detected (I
2
≥45%; Table 5.11) in the sub-

group analysis however neither single source nor combined-studies were found to 
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contribute to the heterogeneity. In fact, when the analyses were stratified for V617F-

negativity, only 5 studies were included in the analyses of S13, compared with 9 and 

12 studies for S9 and S12 respectively. Small number of study pool leads to an un-

derpowered test and affects the stability of the pooled outcomes, thus the results 

should be interpreted with caution (Higgins & Green). Moreover, effect of the causal 

genetic variants may be masked by the presence of other unidentified causal variants 

involved in MPNs’ pathogenesis. Thus, more studies are demanded. Since MPNs are 

a group of complex disorder involving not only various genetic and epigenetic altera-

tions (Abdel-Wahab, 2011) but also environmental, and ethnic factors (Anderson et 

al., 2012), it is likely that other risk factors of MPNs also interact in different path-

ways.  

 

5.4.2 Insignificant effect of heterogeneity and publication bias 

In sensitivity analysis, outliers that have the largest influence on overall effect were 

removed owing to the absence of single source of heterogeneity. Results showed that 

the pooled ORs before and after the removal of outliers were not different signifi-

cantly, indicating the high reliability of the results. Since significant association was 

detected among Asian and Caucasian V617F-negative MPN patients for rs10974944 

(S9) and rs12343867 (S12), chances are low that the conflicting results of genetic 

studies of JAK2 can be explained by ethnicity. Studies with a relatively small sample 

size (smallest 34 cases and 106 controls) in a single analysis might be underpowered 

for a fair conclusion. Inconsistent association in V617F-negative MPNs indicate that 

there may be differences in the effect magnitudes of the genetic contribution to MPN 

susceptibility by V617F mutation. Apart from JAK2 polymorphisms, SNPs and hap-

lotypes from other genes should also be considered such as the MPN-related 
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Myeloproliferative Leukaemia Virus (MPL), Ten-Eleven Translocation-2 (TET2), 

Additional Sex Combs-Like 1 (ASXL1), among others. 

 

5.4.2 Strengths and limitations of the study 

The strengths of our study could be summarised as follows. Within my study period, 

it is the first study to examine the relationship between JAK2 polymorphisms and 

MPNs across populations, and on the basis of a comprehensive literature search by 

means of various searching approaches. In this meta-analysis, publication bias was 

assessed and the potential source of heterogeneity was identified. In addition, the 

stratified analysis by ethnicity in this study covered the potential problem of different 

polymorphisms in different ethnics. Complex disease like MPNs might be associated 

with different polymorphisms in different ethnic groups. This meta-analysis aimed at 

solving the contradictory findings of JAK2 polymorphisms and V617F-negative 

MPNs. Although outliers were identified in the analysis, the removal of those studies 

did not materially alter the effect estimates. The results are therefore robust to show 

that JAK2 polymorphisms were associated with MPNs regardless of V617F status 

however; with a one-fold difference in the magnitude of MPNs predisposition. Re-

sults posited that a somehow similar genetic background was shared between JAK2-

positive and JAK2-negative MPNs however the V617F mutation interacts differently 

in the pathogenesis or, different pathways were involved thus giving rise to the 3 

clinically distinct diseases. 

 

Certain limitations of this meta-analysis should also be acknowledged. First, age and 

genders were not investigated in this study because the specific data was not availa-

ble. However, it was widely accepted that age and genders are not confounding vari-
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ables in the genetic studies of MPNs (Pardanani et al., 2010; Tefferi et al., 2010b; 

Ohyashiki et al., 2012; Zhang et al., 2012a). Second, the definition of MPNs was not 

precisely the same in all studies, because the original authors used different criteria 

(WHO, bone marrow aspiration, PV study group, or medical reports). Third, the pa-

tients included in some studies could not be classified into individual MPN subtype 

when the original authors did not indicate the MPN subtype for those participants. 

These may have reduced the comparability of stratified analysis in this study. Fourth, 

in the stratified analysis by ethnicity, inadequate eligible studies made it impossible 

to access the subgroups within populations, such as Taiwan and China for Asian 

populations. In addition, this meta-analysis did not include SNPs from other genes 

and thus any risk effect estimated was only restricted to JAK2. It is important to ana-

lyse multiple SNPs and their interaction to find more reliable prognostic or predictive 

biomarkers, because it is hard to understand the complex MPNs by using only one 

SNP or based on one gene. Additional polymorphisms and functional studies may be 

required to evaluate the possibility of gene-gene or SNP-SNP interactions. 

 

5.5 Conclusion 

This meta-analysis quantitatively assessed the association between JAK2 polymor-

phisms and MPNs risk based on currently available data. Within my PhD period, this 

is the first meta-analysis assessing the relationship between JAK2 polymorphism and 

the risk of MPNs. Significant association was observed between JAK2 risk alleles 

and MPNs particularly the V617F-positive cohort, and to a lesser extent the V617F-

negative MPNs but the exact mechanism of how the JAK2 polymorphisms affect 

MPNs is unknown. Further exploration for the true causal variant between JAK2 pol-

ymorphisms and MPNs is demanded. Large sample clinical studies should be carried 
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out to verify more risk factors in order to make early detection and prevention at the 

gene level possible. However, sample recruitment was beyond the control of this 

study. International collaboration may increase the power to study and detect rare 

variants if any. Finer scale deep sequencing analysis may serve as an alternative to 

larger study in exploring the undiscovered variants which may be the real disease 

variants. 
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Part III  Next-generation Sequencing 
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CHAPTER 6 Next-generation sequencing 

6.1 Introduction 

The clonal haematopoietic disorders myeloproliferative neoplasms (MPNs) include 

three classic yet different phenotypes namely polycythaemia vera (PV), essential 

thrombocytosis (ET) and primary myelofibrosis (PMF). This group of disorders is 

primarily associated with the V617F mutation in almost all patients with PV and 

nearly half of the patients with ET and PMF (Oh et al., 2010b) as well as other muta-

tions such as JAK2 exon 12, thrombopoietic receptor gene (MPL), E3 ubiquitin lig-

ase Casitas B-lineage lymphoma proto-oncogene (CBL), and mutations that affect the 

epigenome of MPN patients for instance the loss-of-function mutations in Ten-

Eleven Translocation-2 (TET2) which affects the state of DNA methylation, and 

loss-of-function mutations in Enhancer Of Zeste Homolog 2 (EZH2) which alters the 

putative chromatin structure, among others (Martinez-Aviles et al., 2012). Nonethe-

less, most of these common genetic alterations were not detected in the majority of 

V617F-negative MPNs cases. Moreover, the leukaemic clones of some V617F-

positive MPN patients who transformed into AML were found to be V617F-negative 

(Theocharides et al., 2007). It is believed there are more unknown and undiscovered 

mutations accounting for the complexity of the disease. 

 

Results from part I and part II of this study suggested a strong association between 

JAK2 polymorphisms and MPNs particularly the single SNP rs12342421 (S8, JAK2 

haplotype tSNP) rather than the haplotypes. However, rs12342421 (S8) and other 

strongly associated polymorphisms were non-functional, suggesting that the SNPs or 

haplotypes reported here are unlikely the causal variants driving the development of 
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MPN risk. There may be some untyped variants in strong linkage disequilibrium (LD) 

with these markers that are causing the disease. Therefore, the strongly associated 

SNPs might be in LD with other variants that are not within the studied region. Using 

LocusZoom online free tool 

(https://statgen.sph.umich.edu/locuszoom/genform.php?type=yourdata), two recom-

bination hotspots (the spikes in Figure 6.1) covering 330-kb region (including 142kb 

of JAK2) with high conservation were discovered, based on the P values (PLINK 

data of the 95 SNPs) obtained from part I. Any correlation between alleles within this 

region is unlikely to be destroyed. Genes that typically stay together during recombi-

nation are said to be linked. 

 

It is also possible that current functional annotation platforms are underpowered to 

detect either direct or indirect putative functions of the associated SNPs. MPNs are a 

group of complex disorder involving various factors including genetic, epigenetic 

(Abdel-Wahab, 2011), environmental, and ethnic factors (Anderson et al., 2012), it is 

possible that there exist other risk factors for MPNs involving different pathways. In 

this study, Illumina MiSeq was used to sequence a region of 330kb encompassing 

JAK2 gene for 48 case-control pairs (96 samples) by Capture Sequencing-Target En-

richment Method. With a desired coverage of 200×, the platform enables a total of 

600kb sequencing read. Therefore, exomes from other genes that have previously 

been implicated as being involved in the development of MPNs were included to fill 

up the remaining ~270kb capacity. We used targeted NGS to search for mutations in 

eight MPN-associated genes, according to their mutational frequencies reported in 

MPNs. These include genes involved in intracellular signalling, epigenetic modifiers, 

and leukaemic transformation, such as MPL, TET2, ASXL1, DNMT3A, EZH2, LNK, 

IDH1, and CBL (Table 6.1). 

https://statgen.sph.umich.edu/locuszoom/genform.php?type=yourdata
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The genomic regions of interest were directly selected by ‘targeted enrichment’ strat-

egy using the SeqCap EZ capture from Roche NimbleGen, Inc. This is a custom-

capture technology that is compatible with Illumina MiSeq - a benchtop sequencing 

platform. This in-solution target enrichment process has its standard protocol pre-

pared for Illumina library preparation. The complete exome (protein-coding se-

quence) of the eight MPN-associated genes (Table 6.1) rather than the whole ge-

nome were enriched and subjected to quality control. Sequencing was performed up-

on selective recovery of the enriched targeted regions. This strategy is more cost-

effective and less laborious compared with whole-genome sequencing (Mertes et al., 

2011; Summerer, 2009). The mechanism is diagrammed in Figure 1.12. 

 

6.1.2 Research aims 

The aims of this study are: 

1. To conduct a preliminary study that will screen for potential genetic variants 

in the 330kb-region on chromosome 9 

2. To discover any mutation or causal variants associated with V617F-positive 

MPN  

 

The fundamental aim of this study was to expand this protocol for additional MPN-

associated genes screening involving larger cohorts of samples. 
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Figure 6. 1 LocusZoom plot showing the MPN-associated region surrounding 

the JAK2 gene. 
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Table 6.1 Genes selected for deep sequencing 

No Gene Localisation Function  Comment Consequence 
Frequencies in 

PV ET PMF 

Genes of founding mutations 

1 JAK2 9p24 Tyrosine kinase, signalling Gain of function Activated JAK-STAT signalling 95-99% 50-70% 40-60% 

 Exon 12 

JAK2 

9p24 Tyrosine kinase, signalling Gain of function Activated JAK-STAT signalling 1-4% Rare Rare 

2 MPL 1p34 Receptor, signalling Gain of function Activated JAK-STAT signalling Rare 1-5% 5-11% 

Genes involved in intracellular signalling 

3 LNK 

(SH2B3) 

12q24 Adaptor, negative feedback regulation Loss of function Activated JAK-STAT signalling Rare/ Not 

Reported 

5% <5% 

4 CBL 11q23 Adaptor, E3 ubiquitin ligase, signal 

regulation 

Loss of function Dysregulated cytokine-mediated signalling, 

poor prognosis in myelofibrosis 

Rare Rare 5-10% 

5 TET2 4q24 DNA hydroxymethylation Loss of function Dysregulated gene transcription 7-16% 411% 8-19% 

6 DNMT3A 2p23 Epigenetic regulator Coexisting JAK2 V617F, TET2, 

ASXL1, and IDH 1/2 mutations 

Poor outcome 5-7% 3% 7-15% 

Genes involved in epigenetic regulation and leukaemic progression 

7 ASXL1 20q11.21 Chromatin modifications Loss of function Not well understood 2-5% 5-8% 13-40% 

8 EZH2 7q35 Chromatin methylation Loss of function Poor prognosis in PMF 3-5% Rare 6-13% 

9 IDH1 2q33.3 Metabolism (oxidative decarboxylation 

of isocitrate to α-ketoglutarate) 

Neomorphic enzyme Epigenetic dysregulation, worse survival 2% 1% 4% 

Abbreviation; JAK2, Janus kinase 2; MPL, Myeloproliferative leukaemia virus oncogene; LNK, SH2B adaptor protein 3; CBL, Casitas B-cell lymphoma; IDH1, Isocitrate dehydrogenase 1; 

TET2, Ten-Eleven-Translocation 2, DNMT3A, DNA (cytosine-5-)-methyltransferase 3 alpha, ASXL1, Additional sex combs like transcriptional regulator 1; EZH2, Enhancer of zeste homolog; 

PV, polycythaemia vera; ET, essential thrombocythaemia; PMF, primary myelofibrosis. 

Information was obtained and compiled from Pasquier et al. (2014), Scott et al. (2007), (Abdel-Wahab et al., 2011b), (Abdel-Wahab et al., 2010), (Abdel-Wahab et al., 2011a; Ernst et al., 

2010b), (Vannucchi et al., 2013), Vainchenker et al. (2011), Nguyen and Gotlib (2012). 
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6.2 Methodology 

The sequencing process started with nucleic acid extraction to prepare the starting 

material for sequencing (library preparation). Once sequencing library was estab-

lished, sequencing could be performed. Finally, base calls were analysed with bioin-

formatics tools. The workflow is shown in Figure 1.12. 

 

6.2.1 Subjects and DNA samples 

This study targeted sequenced 48 case-control pairs from the sample pool. The se-

lected pool of MPN patients includes 16 PV patients, 28 ET patients, and 4 PMF pa-

tients. Genomic DNA from buffy coat was isolated from EDTA blood following 

standard protocols by FlexiGene DNA extraction kit (Qiagen, Hilden, Germany) 

(Section 2.2.3). The diagnoses of all patients were made based on WHO criteria 

(2008) (Vardiman et al., 2009) and clinical data. 

 

6.2.2 Sequence Capture and MiSeq sequencing 

Next-generation sequencing platform  

Illumina (San Diego, CA, USA) MiSeq Desktop Sequencer was chosen as the target-

ed deep sequencing platform. To be cost-effective and time-efficient, targeted en-

richment method was used to target, capture, and sequence only the genomic region 

of interest. 
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NimbleGen SeqCap EZ Choice Library Design 

The custom-capture technology, SeqCap EZ capture from Roche NimbleGen, Inc. 

was used to enrich the exomes of JAK2 gene and other MPN-associated regions (Ta-

ble 6.1). Based on GRCh37/hg19 human reference genome, a set of DNA probe cap-

turing genomic coordinates of coding exons in all isoforms of the selected genes 

were identified and custom designed by NimbleGen. The percent of target bases cov-

ered was 87.9%. 

 

6.2.2.1 Library preparation 

To prepare the starting material for deep sequencing, genomic DNA from the 48 

MPN patients and 48 sex- and age-matched controls were quantified following 

standard protocols using Qubit® dsDNA BR Assay Kits from Invitrogen Life Tech-

nologies (Carlsbad, CA). Overall library preparation was conducted using combina-

tion of kits from different companies depending on performance and cost. 

 

Fragmentation 

After optimisation, each gDNA of 500ng was fragmented (20 minutes) to approxi-

mately 300-400bp length using the NEBNext® dsDNA Fragmentase (New England 

Biolabs). After fragmentation, DNA was purified using QIAquick PCR purification 

kit from Qiagen (Hilden, Germany). 

 

Modification 

As depicted in Figure 1.12, fragmented DNA was end-repaired and ligated with 

adapters using NEBNext® Ultra™ DNA Library Prep Kit for Illumina (New Eng-
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land Biolabs). Standard protocols were followed. Next, the adapter-ligated DNA was 

size selected using AMPure XP beads from Beckman Coulter following recommend-

ed conditions based on approximate insert size (300-400bp). The selected adapter-

ligated DNA fragments of the 96 samples were PCR amplified using individually 

assigned index primer from NEBNext® Multiplex Oligos for Illumina® (Index Pri-

mers Set 1 and 2). Amplification was performed in Axygen™ 8-Strip PCR Tubes 

with Veriti® Thermal Cycler from Applied Biosystems, (Foster City, CA, USA). 

PCR products were purified by QIAquick PCR purification kit (Qiagen). Size of the 

purified PCR products were then confirmed with DNA 12000 kit High-Sensitivity 

chips on an Agilent Bioanalyzer 2100 (Agilent Technologies, Waldbronn, Germany) 

following the manufacturer’s protocols. Next, the library was quantified using Ge-

neRead Library Quant Kit for Illumina (Qiagen) following the manufacturer’s proto-

cols on LightCycler
®
 480 (LC480) from Roche. After quantification, equal amounts 

(by mass) of each amplified sample library were pooled to be “Multiplex DNA Sam-

ple Library Pool” with a final mass of 1.25µg for subsequent enrichment using Nim-

bleGen SeqCap EZ Choice Library kit. To obtain equal numbers of sequencing reads, 

accurate quantification and handling of the amplified DNA library were important to 

pool equal amounts of each individual sample. 

 

Targeted Enrichment 

The targeted regions of all selected genes were enriched using NimbleGen SeqCap 

EZ Choice Library kit following manufacturer’s protocols. This method is an in-

solution approach that enabled enrichment of all the 96 samples at ease because it 

that does not require additional equipment and thus it is more cost-effective and is 

readily scalable. The solution-based targeted enrichment method was processed in 
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single tubes as depicted in Figure 1.12. The workflow included (H) hybridising the 

sample and SeqCap EZ libraries using biotinylated DNA complementary probes, (G) 

washing unbound fragments and (F) recovering captured multiplex DNA samples 

using streptavidin-labelled magnetic beads, (H) amplifying captured multiplex DNA 

samples using LM-PCR. After amplification, the amplified captured DNA was 

cleaned up using AMPure XP beads (Beckman Coulter), and size of the purified am-

plified captured DNA was checked using DNA 12000 kit High-Sensitivity chips on 

an Agilent Bioanalyzer 2100. Lastly, before sequencing, (I) the library was quanti-

fied using GeneRead Library Quant Kit for Illumina (Qiagen) and enrichment was 

measured using qPCR on LightCycler
®
 480 from Roche. 

 

6.2.2.2 MiSeq Sequencing 

Once sequencing library was established, samples (48 MPN cases and 48 paired-

controls) were sequenced on Illumina’s MiSeq benchtop sequencer (San Diego, CA.) 

using the MiSeq Reagent Kit v2 with 2 × 150 paired-end reads, multiplexing 24, sin-

gle indexed samples per run. 

 

6.2.3 Data analysis 

Analysis of the sequencing data can be separated into 2 parts. Primary analysis in-

cludes image capture, image analysis, and base calling. The secondary analysis in-

cludes quality control, mapping and variant calling. Then, functional annotation 

analysis was performed. 
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6.2.3.1 Sequence Alignment and Variant Calling 

Upon completion of the sequencing reaction, Illumina’s Real Time Analysis (RTA) 

primary analysis software would generate base calls necessary for secondary analysis. 

Secondary analysis was automatically performed with the pre-installed MiSeq Re-

porter Software (MSR; version 2.3.32) once all the primary analysis files were gen-

erated. The resequencing workflow was used in this study to identify any variants by 

aligning and comparing the base reads against reference genome (GRCh37/hg19). As 

an overview, the MSR workflow demultiplexed the indexed samples, generated 

FASTQ file, aligned the base reads to hg19 reference genome and generated a BAM 

(Binary Alignment/Map i.e. tab-delimited text file containing sequence alignment 

data) file format, and identified variants in VCF (variant call format) file. Data en-

coding was performed using Sanger/Illumina 1.9 and was evaluated with internal 

quality control check measured by the Phred quality score (Q score) (Ewing & Green, 

1998). Q score is an indication of the probability of base calling error. Q score of 30 

(Q30) indicates a calling error probability of 1 in 1000 times; that is, a 99.9% accura-

cy in base calling. Thus, the higher the Q score assigned by sequencing system, the 

higher accuracy the base calling is. To generate accurate conclusions, base calling 

was monitored by a Q score of Q30 or above. 

 

By default, pre-processed BAM files were aligned to reference genome 

(GRCh37/hg19) and subjected to haplotype calling and variant filtration by Genome 

Analysis Toolkit (GATK, version 2.8-1-g932cd3a) (McKenna et al., 2010). I then 

used Integrative Genomics Viewer (IGV) (Robinson et al., 2011) to visualise the se-

quence alignment and confirm the identified variants. 

 



234 

 

 

C
H

A
P

T
E

R
 5

 2
3
4
 

2
3
4
 

6.2.3.2 Variant analysis 

Functional annotation  

Variant annotation was performed with VCF as the input file. The ANNOVAR 

(Wang et al., 2010) Annotate VCF was used to identify and annotate the VCF with 

functional information with respect to genes.  

The resulting SNPs were filtered by the following filters: 

QD (Variant Confidence/Quality by Depth) <2.0 

FS (Phred-scaled P value based on Fisher's exact test) >60.0 

MQ (root mean square of the mapping quality of reads across all samples) <40.0 

HaplotypeScore >13 

MappingQualityRankSum (mapping quality rank sum test score) <-12.5 

ReadPosRankSum (read position rank sum test score) <-8.0 

 

Only variants that passed the filter were selected. Visual inspection of the variants 

was done using IGV. 

 

Identification of MPN-associated variants 

To identify whether the variants were case- or control-specific, variants from cases 

and controls were sorted and compared. For each variant, I calculated the absolute 

count of alternate alleles (all non-reference alleles). The difference between cases 

and controls were then calculated using Fisher’s exact test and then filtered with nat-

ural positive false discovery rate (pFDR) method that automatically accounts for 

multiple testing (Storey, 2002; Carlson et al., 2009). P value of 0.05 implies that 5% 

of all tests will result in false positives. Based on this P value, pFDR approach gen-

erates an adjusted P value called q-values. The q-values were calculated using an 

online freeware False Discovery Rate Calculator (http://research.microsoft.com/en-

http://research.microsoft.com/en-us/um/redmond/projects/MSCompBio/FalseDiscoveryRate/default.aspx
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us/um/redmond/projects/MSCompBio/FalseDiscoveryRate/default.aspx). The q-

value of 0.01 implies that 1% of the significant tests will result in false positives. 

This narrows the list and is useful in ranking the list for a cut-off point. Fisher’s exact 

test generates more accurate statistics for comparison with sample size less than 30 

(Stommel, 2014). The selected variants (P <0.01 and q <0.01) were again predicted 

for biological functions using SNPnexus (http://snp-nexus.org/index.html) (Dayem 

Ullah et al., 2012) and SNP Function Prediction (FuncPred) 

(http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm) (Xu & Taylor, 2009). These tools 

annotate variants for various categories by integrating functional information of 

SNPs obtained from different databases. Prediction for functional effect of SNPs in-

clude population data, the effect of non-synonymous coding SNPs on protein func-

tion, regulatory elements, conservation, phenotype & disease association, and struc-

tural variations. The results were cross-checked with that generated from ANNO-

VAR server. 

 

Identification of MPN-associated variants within the two recombination hotspots 

To discover any ’hidden markers’ within the two recombination hotspots on chromo-

some 9 (Figure 6.1), I performed an independent analysis for the 330-kb region (in-

cluding 142kb of JAK2). The same statistical procedure above was used. The filtered 

variants were cross-checked with the SNP list filtered by Fisher’s exact test (P <0.01) 

and q <0.01. Functional annotation was also performed for the selected variants. 

 

Novel variants 

Any post-filtered variants without SNP rs number were manually cross-checked with 

databases including UCSC Genome Browser (http://genome.ucsc.edu/cgi-

http://research.microsoft.com/en-us/um/redmond/projects/MSCompBio/FalseDiscoveryRate/default.aspx
http://snp-nexus.org/index.html
http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm
http://genome.ucsc.edu/cgi-bin/hgTracks?org=human


236 

 

 

C
H

A
P

T
E

R
 5

 2
3
6
 

2
3
6
 

bin/hgTracks?org=human) (Kent et al., 2002) and 1000 Genomes Project (Genomes 

Project et al., 2012) to avoid missing any known variant. After SNP ID annotation, 

any novel variant was identified. The newly detected variants were analysed using 

MutationTaster software (http://www.mutationtaster.org/ChrPos.html) (Schwarz et 

al., 2014) for potential pathogenic effects. 

 

6.4 Results 

Targeted resequencing of JAK2 and eight MPN-associated genes in 96 cases and 

controls 

Samples from 48 MPN patients and 48 sex- and age-matched controls were se-

quenced on the Illumina’s MiSeq benchtop sequencer (San Diego, CA; average out-

put 4.5-5.1 Gb). All samples were enriched, pooled and sequenced in 24-multiplex. 

Targeted enrichment was performed using the NimbleGen SeqCap EZ choice se-

quence capture approach. 

 

Clinical characteristics of subjects 

The selected pool of MPN patients (16 PV patients, 28 ET patients, and 4 PMF pa-

tients) were with high allele burden of V617F mutation, based on mutant band inten-

sity from the gel (Section 3.3.2). In addition to V617F-positivity, the 48 samples 

were of high nucleic acid quality and quantity as determined by NanoDrop ND1000 

UV/Vis spectrophotometer. Their mean age was 59 years (ranges: 21-88 years). As 

paired control, 48 controls that were perfectly matched for sex and as much as possi-

ble for age were selected from the control pool. Their mean age was 55 years (ranges: 

21-77 years). Age was not completely matched because of a lack of blood donation 

by older persons. 

http://genome.ucsc.edu/cgi-bin/hgTracks?org=human
http://www.mutationtaster.org/ChrPos.html
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6.4.1 Detection of variants across the targeted regions 

The 330-kb region of 2 recombination hotspots encompassing JAK2 gene and all 

coding exons (all isoforms) of 8 MPN-associated genes (Table 6.1) were targeted by 

a custom SeqCap EZ Choice Library from Roche NimbleGen. For the 8 MPN-

associated genes, 50bp upstream and downstream of the regions were also included. 

Transcription binding sites are typically 10 base pairs long (it can vary between 5 to 

30 nucleotide long) (Stewart et al., 2012), hence targeting the 50bp-flanking se-

quence avoids missing any potential regulatory region. In total, 121 regions compris-

ing a total length of 401.324 kb were targeted. The final design covered approximate-

ly 87.9% of the requested target regions. The mean and median of the post-filtered 

alignment were 71.5% and 76.25% respectively (for an individual, percentage of 

reads aligned ranges from 34.2 to 99%). The mean depth of variant coverage per 

sample was 65.9, which is above the minimum requirement (30×) for accurate detec-

tion of heterozygous variants (Ku et al., 2012). Table 6.2 shows the basic statistics 

on raw data generated from MiSeq. Variant calling identified 532 variants that 

passed the standard quality control filters (Table 6.3).  

 

6.4.2 Identification of MPN-associated variants 

The 532 variants were filtered based on Fisher’s exact test (P <0.01) followed by 

pFDR (q <0.01). After filtering, 200 known variants remained. All of the 200 vari-

ants are located in chromosome 9, i.e., within the two recombination hotspots on 

chromosome 9. Odds ratio between cases and controls for these variants were plotted 

along chromosomal region as depicted in Figure 6.2. Among the 200 variants, JAK2 

SNPs constituted 45.5% (91), and variants with the highest odds ratio were also 

found to be residing within the JAK2 gene region. Using SNPnexus (Dayem Ullah et 
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al., 2012) and SNP Function Prediction (FuncPred) (Xu & Taylor, 2009), the variants 

were classified into insertions and deletions, mostly in introns (55.5%), intergenic 

(41%), and some in 5’ untranslated region (UTR) (0.5%), 5’ upstream (1%), and 3’ 

downstream region (1%). Only two variants were identified in the coding regions of 

JAK2 and INSL4 (insulin-like 4 (placenta)). The results were cross-checked with that 

generated from ANNOVAR server and compiled in Table 6.4 according to different 

types of genetic variants. Some important features were also documented. 

 

6.4.3 Identification of MPN-associated variants within the two 

recombination hotspots 

The 330-kb region within the recombination hotspots were examined using Fisher’s 

exact test (P <0.01) followed by pFDR (q <0.01). After filtering, 202 variants re-

mained: 199 known variants and 3 novel variants. This cut-off point (q <0.01) yield-

ed very much similar results when Fisher’s exact test (P <0.01) was applied to the 

variant pool. Potential functional variants were summarised in Table 6.5. Based on 

the pFDR approach (q <0.01), a total of 179 variants were found to be overlapping 

with the 200 Fisher-filtered variants. From the post-filtered variant pool, 17 variants 

were found within the 18-kb JAK2 haplotype region flanking 5065750-5084049 

(GRCh37/hg19) on chromosome 9. 

 

From the Fisher-filtered and pFDR-filtered variants, 3 novel variants were identified. 

Only one JAK2 variant (chr9: 5062501, TAAAAAAAAAAAAAAAAAA/ T) was 

annotated as intronic polymorphism by MutationTaster software. This deletion was 

not predicted to be deleterious, however can possibly affect the protein features and 
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bring changes to splice site. H3K36me3, Histone, Histone 3 Lysine 36 Tri-

Methylation were predicted to be the regulatory features associated with this deletion. 
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Table 6. 2 Basic MiSeq sequencing quality control metrics for the 96 samples 

Sample ID PF_Reads 
GC 

(%) 

PF_UQ_Reads  

aligned (%) 
Mean Coverage 

Coverage >30× 

(%) 

Library 

size 

MPN-006 1293059 44 62.5 34.4 56.5 650960  

MPN-034 3357826 44 71.1 149.3 83.8 741710  

MPN-035 331043 44 78.9 17.4 16.8 390055  

MPN-037 1381909 44 64.1 38.0 58.8 644444  

MPN-040 1333696 43 85.4 150.7 84.9 764613  

MPN-042 649529 44 73.8 32.5 55.2 552562  

MPN-046 853134 44 58.2 22.5 32.1 586634  

MPN-047 599932 44 75.5 28.7 48.5 365303  

MPN-053 2374209 44 57.7 55.4 72.8 826762  

MPN-054 2006759 42 84.5 189.2 85.6 674749  

MPN-055 748024 42 84.6 89.9 82.7 414045  

MPN-056 1162577 44 60.5 30.3 48.9 654429  

MPN-066 1122835 43 41.5 17.6 15.2 211537 

MPN-070 1057581 44 65.5 30.6 49.3 675574  

MPN-071 1158589 43 83.3 132.9 84.9 678353  

MPN-072 698231 44 78.1 36.2 59.3 663446  

MPN-077 1746594 44 73.9 88.4 77.8 663396  

MPN-078 922607 43 84.9 115.0 82.4 814440  

MPN-079 1661016 44 71.9 75.6 74.5 680272  

MPN-091 1254890 43 86.3 151.6 85.5 758075  

MPN-093 287654 45 78.8 12.9 7.0 262663  

MPN-094 985915 43 86.0 113.3 83.1 562598  

MPN-095 364179 45 81.0 17.3 18.0 331173  

MPN-096 1183750 43 47.9 26.6 45.2 484191  

MPN-107 1348008 44 71.7 60.9 69.6 575361  

MPN-117 4072077 44 46.3 115.2 80.5 703511 

MPN-120 2864654 44 42.6 82.1 75.8 652052  

MPN-121 981957 43 81.3 110.5 82.4 675528  

MPN-122 1154534 43 83.3 139.1 84.3 818451  

MPN-123 3470930 45 42.8 96.0 78.1 793912  

MPN-124 1140741 44 99.0 26.7 42.8 616668  

MPN-128 506533 45 70.1 21.7 30.2 519552  

MPN-129 851156 43 87.7 113.2 82.7 784417  

MPN-131 883802 43 86.0 110.3 81.9  723791  

MPN-134 361482 45 80.2 17.5 20.4 459534  

MPN-135 187808 45 77.5 8.7 1.2 362612  

MPN-138 1190637 43 83.4 136.2 84.9 711069  

MPN-139 382134 44 63.2 15.2 12.3 346440  

MPN-140 420478 45 83.4 21.7 30.3 524238  

MPN-148 253719 44 70.2 10.6 2.0 323171 

MPN-158 2283933 45 43.7 71.9 71.5 915752  

MPN-162 1612369 44 42.6 47.7 64.2 600978  
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Sample ID PF_Reads 
GC 

(%) 

PF_UQ_Reads  

aligned (%) 
Mean Coverage 

Coverage >30× 

(%) 

Library 

size 

MPN-164 1034685 44 66.9 46.7 62.0 586269  

MPN-166 870876 44 59.1 24.3 37.3 603104  

MPN-174 2474976 44 58.0 87.2 76.7 618879  

MPN-175 1669335 44 64.6 44.7 68.4 709122  

MPN-176 956389 44 77.8 48.4 63.0 557019  

MPN-177 1320855 43 72.2 41.2 63.1 776394  

MC-019 488477 44 74.3 21.5 30.4 340413  

MC-022 1335527 44 75.9 138.2 84.0 754515 

MC-045 867889 44 82.5 50.6 70.3 676692 

MC-054 571976 44 80.1 30.2 50.4 449970  

MC-059 2589290 45 35.3 35.6 54.9 625834  

MC-061 377163 45 81.5 19.6 25.5 608396  

MC-065 844540 45 76.6 47.0 58.1 691483 

MC-083 1151400 45 73.4 60.4 68.1 628117  

MC-123 587272 44 74.5 28.1 47.0 371265 

MC-130 531847 44 82.5 30.6 50.5 759156  

MC-131 3183808 44 34.9 49.9 67.1 843414  

MC-132 1741689 44 98.3 45.6 63.4 628164  

MC-144 428445 45 82.8 21.8 30.5 533985  

MC-183 1929725 43 67.2 55.1 74.1 981510  

MC-197 348357 44 69.3 15.2 10.2 277554  

MC-198 758334 45 77.3 38.2 52.2 690875 

MC-200 2087276 44 39.4 38.8 59.2 833823  

MC-204 1178518 44 61.2 32.7 49.3 545935  

MC-209 470357 45 81.5 23.5 33.9 577780  

MC-213 979764 44 77.7 48.3 64.9 461479  

MC-217 2122920 45 34.2 32.4 50.0 569492  

MC-240 518044 45 82.6 28.2 45.6  711363  

MC-255 1756919 45 81.1 101.3 77.0 785908  

MC-256 1255401 45 77.1 67.0 68.8 834973 

MC-257 1524064 43 77.0 155.7 85.8 696975  

MC-259 1066477 43 73.4 117.2 84.4 575851  

MC-260 1355804 42 79.4 128.4 85.8 392490  

MC-269 797781 44 73.3 38.3 53.7 476438  

MC-278 1241752 45 79.5 65.5 68.4 890940  

MC-294 376478 44 71.4 17.6 18.7 323919  

MC-343 1354580 43 85.3 161.2 84.0 791419  

MC-344 1375311 45 78.0 72.4 71.9 969600  

MC-345 643192 44 75.8 35.9 51.6 616500  

MC-348 1702013 44 64.8 46.0 62.8 655527  

MC-349 1920576 44 45.3 40.2 58.6 1096474  

MC-350 1647910 44 55.9 36.7 59.6 499198  

MC-365 1421719 43 79.8 143.1 84.8 619288  

MC-370 1374536 44 77.0 132.0 76.9 588317  
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Sample ID PF_Reads 
GC 

(%) 

PF_UQ_Reads  

aligned (%) 
Mean Coverage 

Coverage >30× 

(%) 

Library 

size 

MC-378 1304802 43 85.0 137.5 82.8 565167  

MC-389 1262836 43 83.9 143.1 84.6 759250 

MC-393 1469924 45 36.0 22.7 30.7 601090  

MC-423 336642 45 82.2 17.6 19.3 460400 

MC-424 1154497 42 80.8 124.4 84.8 526709  

MC-428 726378 43 82.3 41.3 65.1 585653  

MC-436 2183427 43 61.3 63.6 77.7 791541  

MC-437 718792 44 74.6 36.7 58.4 439918  

MC-443 1631106 42 84.8 168.7 86.5 612137  

MC-471 1394464 43 86.3 166.5 86.0 797884  

Abbreviation; PF_Reads, The number of reads that pass the vendor's filter; GC (%), the overall % GC 

of all bases in all sequences; PF_UQ_Reads aligned, post-filtered unique reads aligned/ total post-

filtered reads; Coverage >30×, The percentage of ALL target bases achieving 30× or greater coverage 

 

Mean Coverage here indicates the mean coverage of targets that received at least coverage depth = 2 

at one base. 
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Figure 6. 2 Distribution of post-filtered variants across chromosome 9. 

Upper panel: Variants with highest odds ratio were found distributed within the 

JAK2 gene region. Lower panel: LocusZoom plot showing the MPN-associated re-

gion surrounding the JAK2 gene. 

    
 

 



244 

 

 

C
H

A
P

T
E

R
 5

 2
4
4
 

2
4
4
 

Table 6. 3 All variants identified by ANNOVAR software 

#CHROM POS ID REF ALT 

chr1 43819016 rs192016153 G A 

chr1 43819085 . G A 

chr2 25456647 . CAAA C 

chr2 25466888 rs2289093 G T 

chr2 25469502 rs2276598 C T 

chr2 25469913 rs2276599 C T 

chr2 25536827 rs41284843 G A 

chr2 209100914 rs16840781 C T 

chr2 209101311 rs6730955 C A 

chr2 209101905 rs57383668 GA G 

chr2 209106885 . TAA T 

chr2 209106897 rs112594278 A G 

chr2 209120640 rs1446325 C T 

chr2 209120959 rs369485172 T G 

chr2 209120963 . T G 

chr2 209120967 rs10207062 T G 

chr4 106067592 rs75973876 G T 

chr4 106158216 rs3796927 G A 

chr4 106159644 rs6847204 T A 

chr4 106160133 rs56185013 G A 

chr4 106160365 rs7670522 A C 

chr4 106163095 . CTT C 

chr4 106181026 . A C 

chr4 106196951 rs2454206 A G 

chr4 106199328 . CAT C 

chr4 106201014 rs11944001 G A 

chr7 148504854 rs55877618 A AGACTT 

chr7 148508833 rs2072407 A G 

chr7 148525904 rs2302427 C G 

chr7 148543693 rs3214332 TA T 

chr7 148543753 rs28723387 C T 

chr7 148580809 rs80052686 G C 

chr7 148581173 . C T 

chr7 148581436 . G T 

chr9 4945967 . G GTTTGT 

chr9 4945971 rs10758668 G T 

chr9 4946096 . CT C,CTTT 

chr9 4947510 rs4742054 C T 

chr9 4947714 rs4742055 A T 

chr9 4947863 rs7027180 C G 

chr9 4951232 rs55774436 G C 

chr9 4953916 rs4742057 G A 

chr9 4954167 rs6476929 C T 
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#CHROM POS ID REF ALT 

chr9 4954246 rs6476930 A T 

chr9 4954276 rs4740805 T A 

chr9 4955072 rs7864359 G A 

chr9 4955495 rs7038475 C A 

chr9 4955496 rs7037557 G A 

chr9 4955592 . A G 

chr9 4955900 . CT C 

chr9 4956047 rs202098666 TA T 

chr9 4956697 rs12235675 C G 

chr9 4957298 rs10974887 T C 

chr9 4957480 rs113101535 TA T 

chr9 4957650 rs719673 G A 

chr9 4959074 rs75768081 T A 

chr9 4961260 rs1327500 A G 

chr9 4961314 rs10974890 C T 

chr9 4961487 rs1327499 T C 

chr9 4961616 rs10119552 T G 

chr9 4961636 rs7867937 G A 

chr9 4962247 rs10815141 C T 

chr9 4962383 rs142891372 GTT G,GT 

chr9 4963966 rs368522530 T C 

chr9 4965713 rs2031754 C A 

chr9 4965715 rs1041215 C G 

chr9 4967539 rs1327497 T A 

chr9 4968331 rs10974896 T C 

chr9 4969094 rs77469874 T C 

chr9 4969106 rs28668598 G A 

chr9 4969787 rs7872943 C T 

chr9 4970600 rs369017005 AC A 

chr9 4970715 rs10974897 G C 

chr9 4970844 rs1887426 C A 

chr9 4972060 rs142154231 T A 

chr9 4974779 . CA C 

chr9 4976186 rs10124001 C T 

chr9 4977563 rs62541511 G T 

chr9 4978610 rs372031520 G C 

chr9 4978816 rs4742061 C T 

chr9 4979730 rs1887427 A G 

chr9 4980756 rs77594484 GT G 

chr9 4980929 rs141192940 T TTTTTA 

chr9 4981191 rs2031753 A C 

chr9 4981354 rs2031752 C G 

chr9 4981602 rs10758669 C A 

chr9 4981684 rs57473427 TA T 

chr9 4981866 rs36051895 G T 
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#CHROM POS ID REF ALT 

chr9 4984530 rs1887428 G C 

chr9 4985316 rs375852577 T C 

chr9 4985542 rs2274472 T C 

chr9 4985879 rs2274471 A G 

chr9 4987734 rs60356569 TA T 

chr9 4988341 rs10156475 C T 

chr9 4988683 rs7849067 C G 

chr9 4991379 rs10758670 G A 

chr9 4995125 rs7026646 G A 

chr9 4996403 rs193172174 G T 

chr9 4996928 . CTTT C,CT,CTT 

chr9 4996997 rs10815142 G A 

chr9 4997918 . AT A 

chr9 4998639 rs2225125 A G 

chr9 4998741 . CAA C,CA 

chr9 4998855 rs2209773 G C 

chr9 4999303 rs1327494 A G 

chr9 5000811 rs12347727 A G 

chr9 5001204 rs58346692 G A 

chr9 5001205 rs57291545 A T 

chr9 5001625 rs201169908 AT A 

chr9 5002011 rs4587378 C T 

chr9 5002470 . C A 

chr9 5003338 rs4372063 G A 

chr9 5003851 rs55689419 AG A 

chr9 5003973 rs10115312 G T 

chr9 5004607 rs191229511 G C 

chr9 5004918 . CTT C,CT 

chr9 5005034 rs59384377 A T 

chr9 5005040 rs7863708 T C 

chr9 5006345 rs62541529 G C 

chr9 5006743 rs11999928 T G 

chr9 5007138 rs72699568 C T 

chr9 5007418 rs191499683 G C 

chr9 5007725 . CT C 

chr9 5007948 . G T 

chr9 5008070 rs7030260 C A 

chr9 5010091 rs10974910 G A 

chr9 5010192 rs10815144 G A 

chr9 5010381 rs112538722 TA T 

chr9 5010471 rs10974911 C A 

chr9 5011795 rs62541531 C T 

chr9 5013266 . T A 

chr9 5013726 rs183362981 G A 

chr9 5014164 rs200845162 CT C 
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#CHROM POS ID REF ALT 

chr9 5014184 rs10974913 C G 

chr9 5015143 rs7045000 G A 

chr9 5015538 rs35167433 CT C 

chr9 5015732 rs7046736 C A 

chr9 5015901 rs10815146 T A 

chr9 5016145 rs10815147 C T 

chr9 5016455 rs4527935 A T 

chr9 5017350 rs10974916 G A 

chr9 5017384 rs62541532 C A 

chr9 5018041 rs12352214 G A 

chr9 5020529 rs7030315 A G 

chr9 5021140 rs12346093 T A 

chr9 5021191 rs12345127 A T 

chr9 5021514 rs7034753 A G 

chr9 5021738 rs10974919 G A 

chr9 5022332 rs150829797 G T 

chr9 5025746 rs10124627 T G 

chr9 5026293 rs2183137 A G 

chr9 5026407 rs143015863 C T 

chr9 5029077 rs60221565 T G 

chr9 5032053 rs200998878 TC T 

chr9 5034454 rs149390964 C A 

chr9 5037694 rs11999076 C T 

chr9 5038164 rs62541538 G A 

chr9 5038180 rs62541539 C T 

chr9 5038596 rs58788809 ATTT A,AT,ATT 

chr9 5039652 rs1576271 A C 

chr9 5040163 rs7023146 G A 

chr9 5040203 rs7043371 T A 

chr9 5040817 rs62541541 G C 

chr9 5042046 rs7032785 C T 

chr9 5042082 rs62541543 G A 

chr9 5042114 . G A 

chr9 5042981 rs7033052 G C 

chr9 5042987 rs7033053 G A 

chr9 5043007 rs12551254 C T 

chr9 5043152 rs7025540 T C 

chr9 5043156 rs7037207 C T 

chr9 5043688 rs59668095 C G 

chr9 5043767 rs58345215 A T 

chr9 5045328 rs7046077 C G 

chr9 5045695 rs7046511 C T 

chr9 5045916 rs12339774 C T 

chr9 5046881 rs7039518 T C 

chr9 5046935 rs10121491 T C 
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#CHROM POS ID REF ALT 

chr9 5048213 rs12343374 C T 

chr9 5048814 rs7028112 G A 

chr9 5049065 rs1328917 G T 

chr9 5050307 rs10974935 C T 

chr9 5052405 . C G 

chr9 5055015 rs1536799 C T 

chr9 5055434 rs1536800 C T 

chr9 5056037 rs10974938 A G 

chr9 5057284 rs10815148 T A 

chr9 5057568 rs12338854 G C 

chr9 5059440 rs2149556 C T 

chr9 5062473 rs7859390 T A 

chr9 5062500 . TAAAAAAAAAAAAAAAAAA T 

chr9 5062610 rs57204002 T C 

chr9 5062816 rs61284219 C A 

chr9 5062844 rs57707737 A T 

chr9 5062932 rs57299248 C G 

chr9 5063884 rs150038496 A G 

chr9 5064193 rs16922576 T C 

chr9 5065553 . A C 

chr9 5065750 rs12342421 G C 

chr9 5067659 rs148586907 T C 

chr9 5068174 rs201280728 CAA C,CA 

chr9 5068596 rs3780366 T C 

chr9 5069837 rs7869668 G A 

chr9 5070227 rs141632941 ATTATC A 

chr9 5070401 rs67006981 A G 

chr9 5071049 rs10119004 G A 

chr9 5072798 rs4495487 T C 

chr9 5073289 rs10283730 G A 

chr9 5073770 rs77375493 G T 

chr9 5074189 rs12343867 T C 

chr9 5074466 rs113659315 TA T 

chr9 5075603 rs10283563 C T 

chr9 5075628 rs10283564 C G 

chr9 5075747 rs150334355 A G 

chr9 5076613 rs12349785 G C 

chr9 5076691 rs12340895 C G 

chr9 5076945 rs35463922 T TA 

chr9 5078117 rs1159782 T C 

chr9 5079828 rs10974952 A T 

chr9 5081138 rs12554699 G A 

chr9 5081780 rs2230724 G A 

chr9 5082106 rs2149560 G T 

chr9 5082333 rs7865719 A G 
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#CHROM POS ID REF ALT 

chr9 5082671 rs57839907 T A 

chr9 5082839 rs73395330 C T 

chr9 5083533 rs12343065 C T 

chr9 5083786 rs61194629 A AT 

chr9 5083827 . T C 

chr9 5084049 rs7857730 G T 

chr9 5084837 rs6476939 T A 

chr9 5085417 rs62543863 C T 

chr9 5085859 rs62543876 G C 

chr9 5087238 rs2031905 G A 

chr9 5088542 rs59331584 CA C 

chr9 5089566 . G A 

chr9 5089568 . C A 

chr9 5089570 . G A 

chr9 5090641 rs10974955 G A 

chr9 5090966 rs146385350 ATTG A 

chr9 5092263 rs11788790 G T 

chr9 5092466 rs11788834 G A 

chr9 5093188 rs3780368 G C 

chr9 5094034 rs10117459 G A 

chr9 5094185 rs12340866 G A 

chr9 5095095 rs3780369 A C 

chr9 5095167 rs3780370 A C 

chr9 5095191 rs3780371 T A 

chr9 5095538 rs10815154 G A 

chr9 5096728 rs7857081 G A 

chr9 5097171 rs7847141 A T 

chr9 5097544 rs3780372 C T 

chr9 5098223 rs3780373 T C 

chr9 5098411 rs10121077 G A 

chr9 5100501 rs7851455 G C 

chr9 5101061 . T A 

chr9 5101305 rs10974963 G A 

chr9 5102910 rs7032780 G C 

chr9 5103450 rs7022333 A G 

chr9 5103807 rs146051909 C A 

chr9 5103942 rs11531774 C T 

chr9 5105679 rs2094622 C A 

chr9 5106610 rs7019858 C T 

chr9 5106775 rs12340894 C A 

chr9 5107278 rs4593605 C A 

chr9 5107394 rs1328918 A G 

chr9 5108771 rs10815157 G C 

chr9 5109208 rs12344629 C T 

chr9 5109707 rs11793659 A G 
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#CHROM POS ID REF ALT 

chr9 5110000 rs17425637 C T 

chr9 5110899 rs3780377 T C 

chr9 5111358 rs138377711 AC A 

chr9 5112288 rs3780378 C T 

chr9 5112844 rs10815158 G A 

chr9 5113424 rs373525228 TAAAAAAAAA T 

chr9 5113452 rs9987451 C T 

chr9 5113577 rs3824433 C T 

chr9 5115213 rs10815159 C T 

chr9 5115860 rs7470337 C G 

chr9 5116369 rs10758672 T C 

chr9 5116616 rs10815160 T G 

chr9 5117673 rs148147368 TAATA T 

chr9 5118421 . G C 

chr9 5119256 . T C 

chr9 5119932 . AAT A 

chr9 5119939 rs10217652 A G 

chr9 5120803 rs10815161 T C 

chr9 5123888 . CT C 

chr9 5124523 . C T 

chr9 5124570 rs147906148 T C 

chr9 5125336 rs10974969 G A 

chr9 5125469 rs11793886 A G 

chr9 5125741 rs10114315 G A 

chr9 5125979 rs368802437 T A 

chr9 5126200 . T C 

chr9 5126843 rs144726392 A G 

chr9 5127451 rs150306172 A G 

chr9 5128080 . TTGTGTG T,TTG,TTGTG,TTGTGTGTG 

chr9 5128107 . T C 

chr9 5130146 rs10974972 G A 

chr9 5130363 rs10123980 T C 

chr9 5130710 rs12349735 A C 

chr9 5130726 . AT A 

chr9 5130792 rs4342662 G A 

chr9 5131312 rs10815164 T A 

chr9 5131435 . ATT A,AT 

chr9 5133609 rs6476941 C T 

chr9 5133665 rs7035251 T A 

chr9 5134065 rs7038687 T C 

chr9 5134213 rs11789744 G A 

chr9 5138730 rs5896113 T TA 

chr9 5138917 rs111396397 AT A 

chr9 5140115 rs1410780 T C 

chr9 5140313 rs1571438 A C 
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#CHROM POS ID REF ALT 

chr9 5140671 rs10974980 C G 

chr9 5140715 rs35146492 A AC 

chr9 5140841 rs10115962 T C 

chr9 5140963 rs10115335 A T 

chr9 5142216 rs12344116 G A 

chr9 5143291 rs62541899 C T 

chr9 5143663 rs58643904 CT C 

chr9 5144167 . C A 

chr9 5145887 rs2381195 T C 

chr9 5147539 rs10121316 A G 

chr9 5147817 rs7850484 G A 

chr9 5148278 rs10118930 C T 

chr9 5149138 rs10815165 T C 

chr9 5149564 rs62541910 A G 

chr9 5149657 rs10974983 G T 

chr9 5149708 rs59001032 AT A 

chr9 5150058 rs10815167 A G 

chr9 5150256 rs35036287 TTA T 

chr9 5150800 rs12684720 T C 

chr9 5151222 rs60001190 C CT 

chr9 5151275 rs62541915 A T 

chr9 5151644 rs188719843 G A 

chr9 5152855 . A G 

chr9 5152861 . T C 

chr9 5153141 rs57869658 GT G 

chr9 5155261 rs2209774 C T 

chr9 5155477 . TA T 

chr9 5155529 . TA T 

chr9 5155608 rs7019912 A T 

chr9 5155686 rs10815169 G A 

chr9 5155758 rs11787793 G A 

chr9 5156141 rs58456759 G GA 

chr9 5156542 . T TA 

chr9 5156637 . T C 

chr9 5156671 . T C 

chr9 5157277 rs61461940 T C 

chr9 5158837 . C T 

chr9 5159318 rs62541944 G T 

chr9 5159359 rs147765596 AT A 

chr9 5160176 . CAA C 

chr9 5161453 rs72701654 T C 

chr9 5161836 rs12352022 T G 

chr9 5161853 rs141972979 G A 

chr9 5162828 rs12353218 T C 

chr9 5163633 rs34772339 A ACTT 
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#CHROM POS ID REF ALT 

chr9 5163645 rs10758674 G A 

chr9 5163848 rs35123699 CA C 

chr9 5166273 rs11790841 G C 

chr9 5166314 rs200663498 T TCC 

chr9 5166364 . G C 

chr9 5166548 rs1328919 C T 

chr9 5167921 rs2381211 T C 

chr9 5168585 rs2381212 C A 

chr9 5168871 rs2381213 G A 

chr9 5168927 . ATT A,AT,ATTT 

chr9 5168995 rs2149553 G A 

chr9 5169804 rs111573904 A T 

chr9 5169814 rs7858245 T A 

chr9 5170080 rs7849717 G A 

chr9 5170229 . CA C 

chr9 5170556 . CTT C,CT,CTTT 

chr9 5170645 rs7850425 G T 

chr9 5172540 rs11791281 G A 

chr9 5172567 rs10815171 G A 

chr9 5172907 rs11791350 G T 

chr9 5173399 rs7036034 C T 

chr9 5173406 . A G 

chr9 5173776 rs200177613 TA T 

chr9 5174782 rs7040806 C T 

chr9 5175288 rs7871515 C T 

chr9 5175621 rs62541958 T C 

chr9 5175687 rs62541959 G C 

chr9 5175722 rs188687177 T C 

chr9 5176147 rs12340303 C T 

chr9 5176215 rs12340333 C G 

chr9 5176352 rs12340379 C T 

chr9 5176719 rs34357993 CA C 

chr9 5177462 rs1581927 C T 

chr9 5177533 rs1590803 T C 

chr9 5177872 rs12341844 C T 

chr9 5177937 rs60460912 G A 

chr9 5178579 rs12343038 C T 

chr9 5179002 rs7030853 C T 

chr9 5179044 . CA C,CAA 

chr9 5179920 rs11795305 G C 

chr9 5180065 rs113657238 T C 

chr9 5180068 rs62543572 G C 

chr9 5180728 . C T 

chr9 5180961 rs7029244 A C 

chr9 5180996 rs7032616 T C 
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#CHROM POS ID REF ALT 

chr9 5181467 rs7047795 C T 

chr9 5181610 rs7036536 T C 

chr9 5182159 rs10974993 C T 

chr9 5182301 rs58848917 TA T 

chr9 5182316 rs142715161 G A 

chr9 5183028 rs9657576 T G 

chr9 5184449 rs7856912 G A 

chr9 5186332 rs7038681 C T 

chr9 5188078 rs10758677 A G 

chr9 5190444 rs1322222 A G 

chr9 5192874 rs10122037 C T 

chr9 5193002 rs192100388 A C 

chr9 5193017 rs78521709 C T 

chr9 5196262 rs2038588 C T 

chr9 5198335 rs11790596 T C 

chr9 5198781 rs7036761 G T 

chr9 5199750 rs7869015 C T 

chr9 5200714 rs16922786 A G 

chr9 5201515 rs143523391 A AAC 

chr9 5203054 rs10491650 T C 

chr9 5203866 rs4560849 C G 

chr9 5206584 . G T 

chr9 5206667 . A G 

chr9 5206672 . G A 

chr9 5206800 rs113683988 T C 

chr9 5206829 rs112603351 G A 

chr9 5207294 rs72701680 A T 

chr9 5209433 rs1590268 T A 

chr9 5209797 rs7858422 G T 

chr9 5209804 rs7874495 A G 

chr9 5209906 rs138768170 G T 

chr9 5212254 rs10815172 T A 

chr9 5215064 rs4008433 T G 

chr9 5218713 rs58870312 TA T 

chr9 5220255 . T C 

chr9 5220397 rs10975009 T G 

chr9 5221884 rs74609285 C A 

chr9 5222208 rs4425810 A G 

chr9 5224676 rs60768043 T G 

chr9 5226045 . A G 

chr9 5226459 rs190723365 T G 

chr9 5226484 rs7036833 G A 

chr9 5228050 . G GGT 

chr9 5230444 rs2093448 T G 

chr9 5230447 rs2104166 T C 
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#CHROM POS ID REF ALT 

chr9 5231712 rs12720 T A 

chr9 5232409 rs3780383 G C 

chr9 5233054 rs1555476 T C 

chr9 5236822 rs7027871 C G 

chr9 5236924 rs6476952 T C 

chr9 5237442 rs7848312 T C 

chr9 5237479 rs7859361 C T 

chr9 5238460 rs10118434 T C 

chr9 5238588 rs1575283 C T 

chr9 5239325 . A AAC 

chr9 5239778 . CTT C,CT 

chr9 5239797 . GTTT G,GT,GTT 

chr9 5243511 rs10120337 G A 

chr9 5243736 rs10118267 T C 

chr9 5244058 rs7023639 A C 

chr9 5244708 rs10283473 C A 

chr9 5246403 rs10975024 A T 

chr9 5246714 rs59673540 C CA 

chr9 5248768 rs11790680 C T 

chr9 5248827 rs10975027 G A 

chr9 5249364 rs1853221 A G 

chr9 5250273 rs11792629 G T 

chr9 5250918 rs35533149 AAAG A 

chr9 5252789 rs11506668 C T 

chr9 5252803 rs138616994 CTT C 

chr9 5253031 . G A 

chr9 5253819 rs369869008 G A 

chr9 5254224 rs12349113 T A 

chr9 5254927 rs4500135 G A 

chr9 5255920 rs147084794 G A 

chr9 5256278 . C T 

chr9 5257271 rs36049801 GT G 

chr9 5257334 rs77010723 C T 

chr9 5257430 rs11506293 A G 

chr9 5259615 rs148390822 G A 

chr9 5259620 rs12350079 C T 

chr9 5259667 rs111881603 C T 

chr9 5259847 rs7019418 G C 

chr9 5260079 rs1830610 C T 

chr9 5260940 rs7859286 G T 

chr9 5261238 rs6476956 A G 

chr9 5261324 rs6476957 A G 

chr9 5261440 rs7035456 G A 

chr9 5261536 . A G 

chr9 5261794 rs7025005 T C 
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#CHROM POS ID REF ALT 

chr9 5262349 rs12351715 A G 

chr9 5262607 rs2381215 C T 

chr9 5264425 rs1322223 C T 

chr9 5266202 rs1555477 C T 

chr9 5267043 rs1575284 G T 

chr9 5271598 rs10758678 C T 

chr9 5272381 rs12683801 T C 

chr9 5274464 rs10975037 A G 

chr9 5274545 rs12684195 A C 

chr9 5274648 rs12684204 A G 

chr9 5275005 rs7869831 C G 

chr11 119077003 rs7108857 C T 

chr11 119144791 . CTT C,CT 

chr11 119145705 rs3842642 G GT 

chr11 119146659 rs2511854 G C 

chr11 119148573 rs2510152 G T 

chr11 119155618 rs2298650 G T 

chr11 119172536 rs1047417 A G 

chr11 119175075 rs2509671 C A 

chr11 119175340 . AT A 

chr11 119175422 rs2510145 T C 

chr11 119177938 rs11217234 A G 

chr12 111856673 rs78894077 C T 

chr12 111856738 rs7973120 T A 

chr12 111884608 rs3184504 T C 

chr12 111885351 rs111340708 ATGGGG A 

chr12 111886967 rs11065904 T A 

chr12 111887659 rs739496 A G 

chr12 111887974 rs11065905 G A 

chr20 30954295 rs2295454 A G 

chr20 30957801 rs9798511 C T 

chr20 30958216 . CA C 

chr20 30958768 . T TA 

chr20 31016314 rs3818190 A G 

chr20 31022959 rs6058694 T C 

chr20 31024274 rs4911231 T C 

chr20 31025163 rs2295764 A G 

chr20 31025231 rs2295763 T C 

chr20 31025535 rs2295762 A G 

Abbreviation; CHROM #, chromosome number; POS, start position; ID, variant identity; REF. the 

reference nucleotides; ALT, the observed nucleotides; chr, chromosome 

A dot ‘.’ under the column ID represents novel polymorphism 



256 

 

 

C
H

A
P

T
E

R
 5

 2
5
6
 

2
5
6
 

 

Table 6. 4 Summary of post-filtered genetic variants  

Gene 
Seq.  

Region 

Predicted function 

Total (%) 
missense synonymous indels TFBS 

Splicing 

(ESE or 

ESS) 

coding 

RCL1/ JAK2 intergenic 
  

1 1 
  

5 (2.5) 

JAK2 5' UTR 
   

1 
  

1 (0.5) 

JAK2 intron 2 
  

1 
   

24 (12) 

JAK2 intron 3 
      

3 (1.5) 

JAK2 intron 4 
  

1 
   

11 (5.5) 

JAK2 intron 5 
      

4 (2) 

JAK2 intron 8 
  

1 
   

7 (3.5) 

JAK2 intron 9 
      

1 (0.5) 

JAK2 intron 10 
      

1 (0.5) 

JAK2 intron 12 
  

1 
   

2 (1) 

JAK2 intron 13 
      

2 (1) 

JAK2 exon 14 1 
    

1 1 (0.5) 

JAK2 intron 14 
  

2 
   

7 (3.5) 

JAK2 intron 15 
      

1 (0.5) 

JAK2 intron 16 
      

1 (0.5) 

JAK2 intron 18 
      

1 (0.5) 

JAK2 intron 19 
      

1 (0.5) 

JAK2 intron 22 
  

1 4 5 
 

20 (10) 

JAK2/ INSL6 intergenic 
  

5 
   

29 (14.5) 

INSL6 downstream 
  

1 
   

2 (1) 

INSL6 intronic 
      

23 (11.5) 

INSL6/ INSL4 intergenic 
      

17 (8.5) 

INSL4 upstream 
   

2 
  

2 (1) 

INSL4 exonic 
 

1 
  

1 1 1 (0.5) 

INSL4 intronic 
   

1 
  

2 (1) 

INSL4/ RLN2 intergenic 
  

1 
   

31 (15.5) 

This table summarises the 200 post-filtered variants according to different variant type. 

These variants were selected based on Fisher’s exact test (P <0.01) and pFDR (q <0.01). All 

the variants were located on chromosome 9 spanning JAK2 gene. Since each SNP is some-

times predicted to have more than one function (can sometimes have more than one predict-

ed function) or none, thus an unequal total numbers of SNPs at the last column were ex-

pected. 

 

Seq. Region, sequenced region; indel, insertion and deletion; TFBS, transcription factor 

binding site; ESE, exonic splicing enhancer; ESS, Exonic splicing silencer; 5’ UTR, 5' un-

translated region; RCL1, RNA terminal phosphate cyclase-like 1; JAK2, Janus kinase 2; 

INSL6, insulin-like 6; INSL4, insulin-like 4; RLN2, relaxin 2. 

 

* The missense mutation in the coding region of exon 14 is the driver mutation in MPN, 

JAK2 V617F. 
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Table 6. 5 MPN-associated functional variants within the 330kb recombination hotspots 

SNP ID Position Region Nearby Gene Allele Conservation a Predicted function b Reported disease association c 

rs10758669 4971602 intergenic JAK2/RCL1 A/C 0 TFBS  N/A 

rs2274472 4975542 UTR5 JAK2 T/C 0 TFBS; RegPotential (0.3721) 

 Acute Myeloid Leukaemia 

 Polycythemia vera induced Budd-Chiari syn-

drome  

 Chronic Myelomonocytic Leukemia 

 Crohn's disease 

 Leukemia 

 Myeloproliferative neoplasms 

 Ulcerative colitis 

 Venous thromboembolism 

 

(PMID: 16293597, 16762626, 17307838, 

17440677, 17577920, 17440984, 19181784, 

19287384, 19773259, 19734476, 19847199, 

19915573, 18587394, 20228799) 

rs10156475 4978341 intronic JAK2 C/T 0.558 TFBS 

rs1327494 4989303 intronic JAK2 A/G 0.981 
 

rs77375493* 5073770 coding JAK2 G/T RS_Score (460)† 
SIFT (0) - damaging; 

Polyphen (0.987) -propably damaging; 

rs11788790 5082263 intronic JAK2 G/T 0.003 RegPotential (0.3056) 

rs11788834 5082466 intronic JAK2 A/G 0.015 
Splicing (ESE or ESS); 

RegPotential (0.0499)  

rs10117459 5084034 intronic JAK2 A/G 1 Splicing(ESE or ESS) 

rs12340866 5084185 intronic JAK2 A/G 0 RegPotential (0.2374) 

rs3780370 5085167 intronic JAK2 A/C 1 Splicing (ESE or ESS)  

rs3780371 5085191 intronic JAK2 A/T 1 Splicing (ESE or ESS) 

rs10815154 5085538 intronic JAK2 A/G 0.076 RegPotential (0.1593) 

rs7857081 5086728 intronic JAK2 A/G 0.015 RegPotential (0.2760) 

rs7847141 5087171 intronic JAK2 A/T 0.076 RegPotential (0.1834) 

rs3780372 5087544 intronic JAK2 C/T 0.011 RegPotential (0.2440) 

rs3780373 5088223 intronic JAK2 C/T 0.993 
Splicing (ESE or ESS);  

RegPotential (0.1527) 

rs10121077 5088411 intronic JAK2 A/G 0.018 RegPotential (0.0914)  
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SNP ID Position Region Nearby Gene Allele Conservation Predicted function Reported disease association 

rs7851455 5090501 intronic JAK2 C/G 0.007 RegPotential (0.1714) 

(continued) 

rs10815157 5098771 intronic JAK2 C/G 0.974 TFBS; RegPotential (0.2537) 

rs11793659 5099707 intronic JAK2 A/G 0.005 TFBS 

rs17425637 5100000 intronic JAK2 C/T 0.968 TFBS; RegPotential (0.2410) 

rs3780377 5100899 intronic JAK2 C/T 0 TFBS; RegPotential (0.2835) 

rs3824433 5103577 intronic JAK2 C/T 0.163 TFBS; RegPotential (0.0304) 

rs10815164 5121312 intergenic JAK2||INSL6 A/T 0.991 
 

N/A 

rs10758677 5178078 intergenic INSL6||INSL4 A/G 0 TFBS N/A 

rs1322222 5180444 intergenic INSL6||INSL4 A/G 0 TFBS N/A 

rs2093448 5220444 upstream INSL4 G/T 0 TFBS N/A 

rs2104166 5220447 upstream INSL4 C/T 0 TFBS N/A 

SNP ID, single nucleotide polymorphisms identity; JAK2, Janus kinase 2; RCL1, RNA terminal phosphate cyclase-like 1; TFBS, transcription factor binding site; N/A, Not Available; 

RegPotential, Regulatory potential; SIFT, Sorting Intolerant From Tolerant; PolyPhen, Polymorphism Phenotyping; RS_score, Rejected Substitutions score for the conserved ele-

ment as determined from GERP++ (Genomic Evolutionary Rate Profiling) package; ESE, exonic splicing enhancer; ESS, Exonic splicing silencer;  PMID, unique identifier number 

used in PubMed; INSL6, insulin-like 6; INSL4, insulin-like 4. * rs77375493 is the SNP accession number for JAK2 V617F mutation. 
† 
RS_score ranges from 0-1000, the larger the 

score, the more conserved the site. 

a
 Conservation score: vertebrate Multiz Alignment and Conservation score(17 Species) downloaded from UCSC genome bioinformatics web site (http://genome.ucsc.edu/). The 

score ranges between 0 and 1: the larger the score, the more conserved the site. 

b
 Online tools were used for functional prediction of variants, including and SNP Function Prediction (FuncPred), and SNPnexus. These tools incorporate databases/ tools such as 

SIFT (the lower the score [0-1], the more damaging it is) and PolyPhen (the higher the score [0-1], th emore damaging it is) to predict amino acid changes that affect protein function. 

Splicing (ESE or ESS) identified SNPs that are located at 2 base pair of intron-exon junction region that may act as ESE or ESS to disrupt splicing activity and cause alternative 

splicing. RegPotential scores predict variants that may regulate gene transcription (based on RP score ≥ 0). 

c 
Databases were assessed for disease association, including COSMIC (Catalogue of Somatic Mutations in Cancer), and GAD (Genetic Association Database). 

http://genome.ucsc.edu/
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6.5 Discussion 

Based on the results generated from part I and II of this study, we believed that some 

untyped variants that reside within the vicinity of JAK2 are the disease-causing fac-

tors. Using LocusZoom, I further analysed the genotyping data and identified two 

recombination hotspots covering a region of 330kb (including 142kb of JAK2). With 

great interest on JAK2, the whole 330-kb region was sequenced alongside the exome 

of the other genes reported to be involved in the development of MPNs (Table 6.1). 

Soon after the start of this NGS project, the search for driver mutations in MPN has 

made a breakthrough with the discovery of somatic mutations in the endoplasmic 

reticulum chaperone - Calreticulin (CALR). Besides guarding proper folding of new-

ly synthesized glycoproteins and calcium homeostasis, CALR is also found to be in-

volved in various biologic processes outside the endoplasmic reticulum. Patients har-

bouring a CALR mutation were reported to have a lower risk of thrombosis and thus 

they have longer overall survival compared with those harbouring a JAK2 mutation 

(Klampfl et al., 2013). However, CALR was not included as the targeted gene alt-

hough it was reported to be the second major driver mutation in MPNs. This was be-

cause CALR mutation was only detected in V617F- and MPL-negative ET and MF 

(Nangalia et al., 2013; Klampfl et al., 2013); while in this study, the number for such 

cases was small (Table 3.1). We have inadequate V617F-negative MPN cases and 

the sample recruitment was beyond our control. Most importantly, the stronger asso-

ciation detected between JAK2 polymorphisms and V617F-positive MPNs urged me 

to start with V617F-positive MPN cases for this study.  

 

It is important to analyse multiple genes/ SNPs and their interaction for more reliable 

prognostic or predictive biomarkers, because it is hard to understand complex disease 
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by studying only one gene. We expect to sequence many individuals to discover, 

screen, or validate genetic variation within this region among Hong Kong Chinese. 

Also, if we can pool samples and obtain high sequence coverage during a single run, 

we could identify rarer variants that are missed, or too expensive to identify, using 

Sanger sequencing. Existing technologies, e.g. Sanger sequencing, has low-

throughput, i.e., time consuming & labour intensive to scan through a long genomic 

region in a large sample cohort. Therefore, deep sequencing was performed to identi-

fy and elucidate additional genetic defects causing MPNs that could serve as disease 

biomarkers. 

 

In this study, the comparison could only be carried out in a qualitative manner be-

cause paired tissue samples were not available. Therefore I sought to identify the ge-

netic variation underlying MPNs by comparing case with control samples. First, with 

the use of reference genome, any known and unknown variants along the sequenced 

region could be identified. Second, by taking normal healthy controls as reference, 

the disease-specific variants can be identified. 

 

6.5.1 Identification of variants across the targeted regions 

In this study, I used targeted sequencing method to reveal the genetic variation back-

ground of 9 genes in 48 V617F-positive MPN patients and 48 paired-controls. The 

final sequencing design covered approximately 88% of the targeted region. For each 

individual from the 96 samples, there were between 1% and 65.8% of reads that did 

not map on the reference genome. This constitutes an average of 28.5% of the un-

mapped reads. Research has shown that an overall mean sequencing coverage read 

depth of >30×; i.e., each position is sequenced at an average of more than 30 times, 
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enables detection of heterozygous variants with more than 99% accuracy (Ku et al., 

2012; Bentley et al., 2008). The default filter identified 532 variants from the target-

ed region which were not classified into disease- or normal group and therefore serve 

as the variant profiles for the targeted regions. To determine MPN-specific variants, 

these 532 variants were further analysed. 

 

6.5.2 Identification of MPN-associated variants 

To distinguish case/control-specific variants from common variants, I considered the 

detection of alternate allele counts between case and control group. Qualitatively, I 

counted and grouped all the alleles other than reference allele as alternate allele. The 

difference between cases and controls harbouring alternate alleles (any alleles other 

than the ancestor allele) were then calculated. A cut-off point of pFDR (q <0.0.1) 

based on Fisher’s exact test (P <0.01) identified 200 known variants residing within 

the two recombination hotspots. JAK2 SNPs constituted 45.5% from the variant pool. 

Odds ratio between cases and controls for these variants also showed that the top 27 

variants with highest ORs were JAK2 variants. In addition, a cross-check with Table 

4.5 revealed that 11 of these variants were among the top 20 SNPs for logistic re-

gression tests in V617F-positive MPNs, including JAK2 SNP rs12342421 (S8), the 

most significantly associated SNP with MPNs. 

 

To explore functional variants underlying MPNs, I used ANNOVAR server (Wang 

et al., 2010), SNPnexus (Dayem Ullah et al., 2012) and SNP Function Prediction 

(FuncPred) (Xu & Taylor, 2009) softwares to annotate biological functions. Out of 

the 200 variants, only rs77375493 and rs12720 were identified as coding SNPs of 

JAK2 and INSL4 (insulin-like 4 (placenta)) respectively. The rs number rs77375493 
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is the SNP accession number for V617F mutation, which is known to cause substitu-

tion of valine for phenylalanine at codon 617 within the JH2 domain of JAK2 and 

disrupts the auto-inhibitory control of JAK2 in the JAK2 STAT pathway (Ihle & 

Gilliland, 2007b; Kralovics et al., 2005b; James et al., 2005b). On the other hand, 

despite little knowledge about the biological function of INSL4, it was suggested to 

be an important polypeptide that regulates proper physiologic processes such as cel-

lular proliferation and differentiation through membrane receptor tyrosine kinases 

(Shabanpoor et al., 2009; Koman et al., 1996). Nonetheless, it has not been reported 

to be associated with haematologic malignancies. 

 

6.5.3 Identification of MPN-associated variants within the two 

recombination hotspots 

Considering each gene separately and independently of each other and considering 

the 330-kb region as potential haplotype, I focused on the region within the two re-

combination hotspots arising from my genotyping results. Since Fisher’s exact test 

could not pick up any significant variants from regions other than chromosome 9, I 

examined the 330-kb region using the pFDR (q-value) on top of Fisher’s exact test. 

The q-value was used to estimate the false discovery rate among the set of variants 

within the region. Using pFDR approach, 202 variants were selected and most of 

them are known variants, only 3 are novel variants. Results generated based on 

pFDR cut-off point (q <0.01) agreed with that generated based on Fisher’s exact test 

(P <0.01), with 179 overlapping variants residing within the recombination hotspots 

within the vicinity of JAK2. Despite the discovery of additional genetic alterations in 

MPNs, JAK2 mutations are still the primary disease driver. Although more and more 
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additional genetic alterations were documented underlying MPNs, they were report-

ed in lower prevalence (Table 6.1).  

 

Both NGS and genotyping together with imputation (part I & II of this project) de-

tected strong signal from intronic SNPs. Consistent results from these studies further 

strengthen our hypothesis that rs12342421 (S8) and other strongly associated poly-

morphisms that were non-functional, are in strong LD with some untyped causal var-

iants underlying MPN. It is thus not surprising to find that all of the MPN-associated 

variants are located within chromosome 9.  

 

6.5.4 Strengths and limitations of the study  

The strengths of this part of my study could be summarised as follows. Unlike most 

of the NGS studies, I applied NGS with case-control pool as a mean for genetic asso-

ciation study. With the use of multiplexing approach, massive parallel sequencing of 

pooled samples can be done at lower costs and within a shorter time. Rather than just 

documenting all the variants residing within the sequencing region, disease-

associated variants could be identified by comparing the genetic variation between 

cased and controls. With the high accuracy and sensitivity from NGS approach, the 

single marker S8 consistently appear to be the most significantly associated SNP. If 

we can identify disease causing variants from these intronic SNPs, we may discover 

the buried treasure that may help unravel the mystery within our genes (Cooper, 

2010).  
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Although there is no gold standard for NGS study, certain limitation of this NGS 

study should also be acknowledged. First, there were no paired tissue samples/ dis-

ease-control samples from each individual. Therefore, I could not classify the vari-

ants into germinal or somatic. Besides, the sample size (48 cases and 48 controls) in 

this project might be underpowered to detect some rare variants. Nevertheless, results 

generated from this study may serve as preliminary data for a larger-scale NGS study. 

Careful design of the study and parameters, and sample recruitment are essential in a 

genetic association study using NGS approach to avoid identifying pool of variants 

with unknown significance. Carefully planned NGS study with larger study cohort, 

paired-sample collection, and careful selection of the sequencing panel might provide 

better insight towards unravelling the genetic variation underlying MPNs. 

 

As the sequencing platforms advanced dramatically, they require the bioinformatics 

approaches to be improved, due to the rapid generation of an enormous amount of 

data and the current lack of appropriate data processing tools and standardisation. To 

date, researchers can rely on publicly available online tools and powerful bioinfor-

matics software packages to analyse massive NGS data (Grada & Weinbrecht, 2013; 

Gogol-Doring & Chen, 2012). This limiting factor has raised concern so much so 

that it has become the concern of editorials and reviewers (Byrd et al., 2014). There-

fore, the results should be interpreted carefully. 

 

6.5 Conclusion 

This project helps to guide the protocol for future larger-scale studies. Our NGS gen-

erated consistent results with that generated from genotyping: JAK2 SNPs are the 

most significantly MPN-associated factors among the genes/variants studied in this 
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thesis. Larger-scale NGS of MPNs patients with paired -samples is likely to help us 

understand the genetic variation underlying each individual and thus provide early 

diagnosis and targeted treatment. 
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CHAPTER 7 Overall Discussion and Conclusion 

7.1 Prevalence of V617F in Hong Kong Chinese population 

Prior to genetic association study, the involvement of V617F in Chinese MPN pa-

tients were confirmed. The results from part I of study corroborate previous reports 

on the prevalence of V617F in other populations. The distribution of V617F of our 

Hong Kong MPN patients (PV, ET and PMF) is similar to worldwide reported statis-

tics (Jones et al., 2005; Baxter et al., 2005; James et al., 2005b; Kralovics et al., 

2005a). This finding justified part II study of this project. 

 

7.2 Single marker predisposition to V617F-positive MPNs 

The results arising from this part agreed with that reported in European populations. 

Confirming previous genetic association studies is the gold standard in genetic asso-

ciation studies to eliminate false positive and support the true associations (Konig, 

2011; Ku et al., 2010). Replication in different cohorts increased the confidence be-

fore declaring a real association and before any further functional annotation can be 

given to the identified markers. Our study excluded the possibility of population-

specific genetic architecture, for instance, epistasis (Greene et al., 2009). Moreover, 

replication across populations enables the identification of any common or unique 

risk alleles (Ku et al., 2010). In this study, we identified the risk effect of single 

marker rs12342421 (S8), rather than the reported haplotypes, in the development of 

V617F-positive MPN in Hong Kong Chinese. Replication and thus validation are 

necessary to identify casual variants for complex diseases at genetic level. 
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This study is the first to perform genotype imputation in genetic association studies 

of MPNs. Although the causal variant was still not found in this study, imputation 

together with conditional logistic regression further strengthens my confidence to 

conclude that rs12342421 (S8) contributed an independent effect to the most signifi-

cant association between JAK2 risk-haplotype and MPNs. 

 

7.3 Meta-analysis showed the inherited predisposition in V617F-

negative MPNs 

There have been contradictory results reported for the association between germline 

JAK2 haplotype and V617F-positive or V617F-negative MPNs. Our genotyping data 

showed that JAK2 germline polymorphisms were associated with V617F-positive 

MPN patients in Hong Kong Chinese population.  

 

In this study, single marker rs12342421 (S8), rather than the reported haplotypes, 

was identified to be the risk effect in the development of V617F-positive MPN in 

Hong Kong Chinese, by 3.55 fold for the minor allele C. Nonetheless, no significant 

correlation was found between V617F-negative MPN patients and the JAK2 risk al-

leles. Inadequate statistical power is possibly the cause for the cumulative contrary 

results. Moreover, these studies were conducted mainly in Caucasians, only a few in 

Asian with small sample size. This urged us to conduct a comprehensive review of 

previous findings in confirming the germline association in MPNs irrespective of 

V617F mutational status and populations. Meta-analysis of overall population and 

subgroup concludes that JAK2 polymorphisms are involved in the development of 

MPNs, irrespective of the V617F mutation status. A routine screening of such 
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germline polymorphisms may serve as a better surrogate for V617F in the diagnosis 

of MPNs. However, more effort is needed to generate a more comprehensive profile 

of disease-specific variants before such diagnostic tests are made available. 

 

7.4 Next Generation Sequencing 

Based on the results generated from part I and II of this study, a hypothesis was gen-

erated: some untyped JAK2 variants are the disease-causing factors. Using Lo-

cusZoom, two recombination hotspots were identified covering a region of 330kb 

(including 142kb of JAK2). Therefore, targeted sequencing was performed to exam-

ine every possible variant within the region. All of the MPN cases selected were 

screened positive for the JAK2 mutation. The reasons why this NGS study focused 

on only V617F-positive patients were because: 1) previous chapters showed that 

JAK2 polymorphisms were strongly associated with V617F-positive MPNs; 2) be-

yond our control, sample size and a lack of paired-samples were the limiting factors 

in this NGS project. Therefore, with such constraints and also as a follow-up study of 

previous chapter, this part of NGS study examined only V617F-positive MPN cases 

and controls.  

 

In this study, the genetic variation underlying MPNs were qualitatively analysed by 

comparing case with control samples. First, any known and unknown variant could 

be identified by comparing to a reference genome. Second, disease-specific variants 

could be identified when normal healthy controls were used as reference. With this 

approach, pFDR (q <0.0.1) based on Fisher’s exact test (P <0.01) identified 200 

known variants residing within the two recombination hotspots, and 45.5% from the 

variant pool were JAK2 variants. The strongest signal (difference between cases and 
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controls) was again being detected in the JAK2 gene and 11 of these variants were 

among the top 20 SNPs for logistic regression tests in V617F-positive MPNs, includ-

ing JAK2 SNP rs12342421 (S8), the most significantly associated SNP with MPNs 

(Table 4.5). 

 

Functional annotation detected rs77375493 and rs12720 as coding SNPs of JAK2 and 

INSL4 (insulin-like 4 (placenta)) respectively. The SNP rs77375493 represents 

V617F mutation, which is known to disrupt the auto-inhibitory control of JAK2 in 

the JAK2 STAT pathway (Ihle & Gilliland, 2007b; Kralovics et al., 2005b; James et 

al., 2005b). On the other hand, INSL4 has not been reported to be associated with 

haematologic malignancies, despite little knowledge about its biological function of 

INSL4. 

 

In this project, more than half of the identified variants reside within introns. This 

may be due to the fact that introns constitute more than 90% of our genes (most mu-

tations were found in exons) (Seo et al., 2013). Although not directly involved in ge-

nomic functions, introns have the potential to regulate transcription and participate in 

genome organisation, depending on the intron life span phase (Chorev & Carmel, 

2012). Introns can affect transcription when the process is coupled with splicing. In 

fact, splicing is a major property of introns throughout the intron life span phases. In 

contrary to the “bad” effects of introns, they are indispensable in the survival of some 

higher eukaryotes (Lynch, 2002). This implies that the conservation level of intron 

measures its importance in the genome. The higher conservative the intron is, the 

more important it is in the genome. Therefore, intron that is highly conservative 
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might also be functional of any type. Table 6.5 documents a list of potential SNPs 

that may modulate the activity of JAK2 gene. 

 

Our NGS data help to revise protocol for a large-scale NGS study. If paired samples 

are available, future large-scale NGS study could possibly make individual disease 

profiling possible. This impacts on the management of individual MPN risk and pro-

vide early diagnosis and targeted treatment. 

 

7.5 Conclusion 

Polycythemia vera, essential thrombocythemia and primary myelofibrosis are clini-

cally distinct MPNs associated with a spectrum of mutations and germline polymor-

phisms. This study of genetic variation used SNPs to tag genetic loci associated with 

MPNs to understand the differential predisposition to MPNs. We identified a subset 

of statistically significant SNPs. However, our knowledge of the SNP-to-function 

studies is inadequate. It is therefore important to find the potential biological impacts 

of such SNPs to identify the factors underlying susceptibility to MPNs. 

 

In conclusion, NGS and genotyping together with imputation (part I & II of this pro-

ject) detected strong signal from intronic SNPs. Consistent results from these studies 

further strengthen our hypothesis that rs12342421 (S8) and other strongly associated 

polymorphisms, are in strong LD with some untyped causal variants that are predis-

posing to MPN. It is thus not surprising to find that all of the MPN-associated vari-

ants are located within chromosome 9. However, functional investigation of these 
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SNPs is required to fully translate the underlying mechanism before they can be con-

sidered as disease-causing variants. 

 

7.6 Future direction 

To maintain the value of genetic association studies, potential functional mechanisms 

underlying these polymorphisms should be explored. In this study, we statistically 

identified the genetic polymorphisms underlying MPNs using a case-control study 

approach. Future studies should be focused on the follow up study based on the find-

ings from this work. If a disease-causing SNP profile can be identified, early preven-

tion of the disease is no longer a dream. Perhaps, the population can benefit from ear-

ly diagnosis and also effective treatment. 

 

7.6.1 Sanger sequencing validation of NGS SNP calls 

Validation of suspected variants using another method is critical prior to accurate 

interpretation of the variants in the development of disease (Motoike et al., 2014). As 

NGS may be cost-ineffective for routine screening or SNP call validation, the 

flagged regions can be assessed by Sanger sequencing as described under Section 

2.3.9. The Sanger sequencing results can then be compared with NGS data. Based on 

the initial positive NGS results, variants documented in Table 6.5 (MPN-associated 

functional variants) are subjected to further validation.  
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7.6.2 From SNPs to functional studies 

Upon variant call validation, functional studies are necessary to prove the involve-

ment of SNPs in the development of a disease. Without functional analyses, any pre-

dicted functional variants are of unknown significance and may not be recognised to 

be clinically relevant. Follow up study can be conducted based on the data generated 

from our genotyping and NGS. Table 6.5 documents a list of potential functional 

SNPs. Functional impact on splicing and transcription are the major property of 

SNPs selected from my NGS data. By employing cell lines (or more advanced level, 

the transgenic mice with modification), we may explore the mechanism for the asso-

ciation and interaction underneath the pathogenesis of MPNs.  

 

7.6.2.1 Functional studies for novel variants  

In this study, most of the identified SNPs were intronic SNPs with unknown biologi-

cal impact. As most of the selected SNPs are predicted to have regulatory potential, 

we would therefore like to examine their ability to alter DNA-binding (Remes-

Lenicov et al., 2007). Chromatin immunoprecipitation has always been a very pow-

erful technique study the interaction between DNA and protein. This method is very 

effective and useful, but that requires a specific antibody directed against the protein 

of interest. This does not help to identify new, previously unknown proteins. We 

therefore modified a strategy to identify potential functional SNP. 

 

Since there is no target DNA elements reported to be associated with the variants, we 

will perform a pull down assay to capture DNA: protein complex. Mass spectromet-

ric analysis will then be used to identify the captured protein, if any. To capture 

DNA-protein complexes that are specific to a target sequence containing the SNP 
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allele, a biotinylated probe (short sequence) will be designed to include both the ma-

jor and minor alleles in the middle. These biotinylated probes will be used to capture 

any protein that binds on the sequence by its ligand avidin in the pull down assay. 

The probes and avidin will then undergo overnight binding process on a rotation 

wheel at 4°C. Meanwhile, a source of transcription factor is required. MPN-relevant 

cell lines will be used for cell lysate preparation. V617F-positive cell lines such as 

MB-02 and UKE-1 will be used. They are acute myeloid leukaemia (AML) cell lines 

with histories of MPD/MDS (Quentmeier et al., 2006). Cell lysates will be pre-

cleared with plain beads without probe for 2 hours on rotation wheel to wash away 

proteins that bind non-specifically to beads. Then the complex will be incubated with 

pre-cleared cell extract overnight on a rotation wheel at 4°C. After that, non-DNA-

binding proteins are washed away; the remaining sequence-specific proteins will be 

eluted for SDS-PAGE followed by identification by mass spectrometric experiment.  

 

Once we have identified some proteins, we will use electrophoretic mobility shift 

assay (EMSA) to identify the specific DNA-binding elements using the probes again. 

The reaction products are then analysed on a non-denaturing PAGE. Probes that do 

not bind any proteins or those that show same intensity for both common and rare 

variant are likely to bind outside the SNP location, will be rejected for further analy-

sis. Then, luciferase reporter assay or supershift EMSA will be performed. Reporter 

assay can test the SNP effect on the transcriptional activity of a promoter while su-

pershift EMSA can examine the ability of the remaining SNPs to alter specific pro-

tein of interest by using antibody.  
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7.6.2.2 Functional studies for known variants  

Similar strategy proposed above can be used to study the functional impact for 

known variants. Since these variants were predicted to be involved in certain biologi-

cal events, we may skip the pull down assay and mass spectrometric analysis for 

DNA elements/ protein identification and proceed directly from cell culture and mo-

lecular analyses for studying gene regulation and DNA: protein interaction. 
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Supplementary Table 1 Information of MPN-associated genes examined using NGS 

Targeted Gene Chr Start1 End1 PCR product size (bp) 

MPL chr1 43803375 43803679 305 
MPL chr1 43803425 43803648 224 

MPL chr1 43803637 43803985 349 

MPL chr1 43803720 43803952 233 
MPL chr1 43804113 43804470 358 

MPL chr1 43804163 43804441 279 

MPL chr1 43804842 43805322 481 
MPL chr1 43804892 43805290 399 

MPL chr1 43805540 43805878 339 

MPL chr1 43805585 43805847 263 
MPL chr1 43805960 43806268 309 

MPL chr1 43806008 43806234 227 

MPL chr1 43812016 43812376 361 
MPL chr1 43812066 43812350 285 

MPL chr1 43812330 43812688 359 

MPL chr1 43812413 43812655 243 

MPL chr1 43814414 43814759 346 

MPL chr1 43814464 43814723 260 

MPL chr1 43814838 43815112 275 
MPL chr1 43814884 43815080 197 

MPL chr1 43817788 43818055 268 

MPL chr1 43817837 43818024 188 
MPL chr1 43818094 43818977 884 

MPL chr1 43818139 43820185 2047 

MPL chr1 43819549 43820213 665 

DNMT3A chr2 25455746 25456639 894 
DNMT3A chr2 25455796 25457339 1544 

DNMT3A chr2 25456671 25457097 427 

DNMT3A chr2 25457101 25457373 273 
DNMT3A chr2 25458481 25458778 298 

DNMT3A chr2 25458526 25458744 219 

DNMT3A chr2 25459705 25459956 252 
DNMT3A chr2 25459755 25459924 170 

DNMT3A chr2 25461949 25462432 484 

DNMT3A chr2 25461953 25462473 521 
DNMT3A chr2 25463075 25463399 325 

DNMT3A chr2 25463121 25463369 249 

DNMT3A chr2 25463409 25463686 278 
DNMT3A chr2 25463459 25463649 191 

DNMT3A chr2 25464331 25464663 333 

DNMT3A chr2 25464381 25464626 246 
DNMT3A chr2 25466669 25466938 270 

DNMT3A chr2 25466717 25466901 185 

DNMT3A chr2 25466887 25467289 403 
DNMT3A chr2 25466974 25467257 284 

DNMT3A chr2 25467313 25467597 285 
DNMT3A chr2 25467359 25467571 213 

DNMT3A chr2 25468025 25468285 261 

DNMT3A chr2 25468072 25468251 180 
DNMT3A chr2 25468794 25469258 465 

DNMT3A chr2 25468839 25469228 390 

DNMT3A chr2 25469394 25469731 338 
DNMT3A chr2 25469439 25469695 257 

DNMT3A chr2 25469823 25470108 286 

DNMT3A chr2 25469870 25470077 208 

DNMT3A chr2 25470360 25470695 336 

DNMT3A chr2 25470410 25470668 259 

DNMT3A chr2 25470811 25471200 390 
DNMT3A chr2 25470856 25471171 316 

DNMT3A chr2 25472429 25472669 241 

DNMT3A chr2 25472476 25472643 168 
DNMT3A chr2 25474963 25475260 298 

DNMT3A chr2 25475013 25475234 222 

DNMT3A chr2 25497735 25498039 305 
DNMT3A chr2 25497760 25498006 247 

DNMT3A chr2 25498272 25498495 224 

DNMT3A chr2 25498319 25498462 144 
DNMT3A chr2 25504226 25505665 1440 

DNMT3A chr2 25504271 25505630 1360 

DNMT3A chr2 25522913 25523201 289 
DNMT3A chr2 25522958 25523162 205 

DNMT3A chr2 25536682 25537113 432 

DNMT3A chr2 25536732 25537080 349 
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DNMT3A chr2 25564600 25564780 181 

DNMT3A chr2 25564645 25564834 190 

DNMT3A chr2 25565204 25565542 339 
DNMT3A chr2 25565249 25565509 261 

DNMT3A chr2 209100939 209101943 1005 

DNMT3A chr2 209103745 209104007 263 
DNMT3A chr2 209104537 209104777 241 

DNMT3A chr2 209106668 209106919 252 

DNMT3A chr2 209108101 209108378 278 
DNMT3A chr2 209109993 209110198 206 

DNMT3A chr2 209113043 209113434 392 

DNMT3A chr2 209116104 209116341 238 
DNMT3A chr2 209118560 209119096 537 

DNMT3A chr2 209119613 209119856 244 

DNMT3A chr2 209119907 209120205 299 
DNMT3A chr2 209120577 209120968 392 

IDH1 chr2 209100893 209101977 1085 

IDH1 chr2 209103699 209104038 340 

IDH1 chr2 209104492 209104819 328 
IDH1 chr2 209106621 209106947 327 

IDH1 chr2 209108051 209108404 354 

IDH1 chr2 209109943 209110181 239 
IDH1 chr2 209112993 209113458 466 

IDH1 chr2 209116098 209116367 270 

IDH1 chr2 209118510 209119119 610 
IDH1 chr2 209119563 209119887 325 

IDH1 chr2 209119835 209120237 403 
IDH1 chr2 209120722 209120954 233 

TET2 chr4 106066934 106067328 395 

TET2 chr4 106066982 106067293 312 

TET2 chr4 106067355 106068209 855 
TET2 chr4 106067400 106068186 787 

TET2 chr4 106111422 106111742 321 

TET2 chr4 106111467 106111712 246 
TET2 chr4 106155004 106159476 4473 

TET2 chr4 106155004 106164134 9131 

TET2 chr4 106159539 106159631 93 
TET2 chr4 106159644 106159887 244 

TET2 chr4 106159904 106160200 297 

TET2 chr4 106160274 106160395 122 

TET2 chr4 106160454 106160576 123 

TET2 chr4 106160599 106160779 181 

TET2 chr4 106161084 106161258 175 
TET2 chr4 106161344 106163434 2091 

TET2 chr4 106163444 106164167 724 

TET2 chr4 106164627 106165007 381 
TET2 chr4 106164677 106164985 309 

TET2 chr4 106180681 106181009 329 

TET2 chr4 106180726 106180976 251 
TET2 chr4 106182816 106183090 275 

TET2 chr4 106182866 106183055 190 

TET2 chr4 106190672 106190953 282 
TET2 chr4 106190717 106190954 238 

TET2 chr4 106193661 106194152 492 

TET2 chr4 106193671 106194125 455 
TET2 chr4 106196106 106198500 2395 

TET2 chr4 106196155 106201023 4869 

TET2 chr4 106198533 106199317 785 
TET2 chr4 106199350 106201037 1688 

EZH2 chr7 148504368 148504885 518 

EZH2 chr7 148504414 148504848 435 

EZH2 chr7 148506067 148506326 260 
EZH2 chr7 148506113 148506297 185 

EZH2 chr7 148506267 148506568 302 

EZH2 chr7 148506352 148506532 181 
EZH2 chr7 148507328 148507590 263 

EZH2 chr7 148507375 148507556 182 

EZH2 chr7 148508619 148508897 279 
EZH2 chr7 148508667 148508862 196 

EZH2 chr7 148510952 148511310 359 

EZH2 chr7 148511001 148511279 279 
EZH2 chr7 148511909 148512217 309 

EZH2 chr7 148511956 148512181 226 

EZH2 chr7 148512500 148512724 225 
EZH2 chr7 148512548 148512688 141 

EZH2 chr7 148513676 148513957 282 

EZH2 chr7 148513726 148513920 195 
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EZH2 chr7 148514215 148514565 351 
EZH2 chr7 148514264 148514533 270 

EZH2 chr7 148514869 148515294 426 

EZH2 chr7 148514919 148515259 341 
EZH2 chr7 148516593 148516861 269 

EZH2 chr7 148516638 148516829 192 

EZH2 chr7 148523448 148523802 355 
EZH2 chr7 148523496 148523774 279 

EZH2 chr7 148524156 148524432 277 

EZH2 chr7 148524206 148524408 203 
EZH2 chr7 148525737 148526047 311 

EZH2 chr7 148525782 148526022 241 

EZH2 chr7 148526725 148527014 290 
EZH2 chr7 148526770 148526990 221 

EZH2 chr7 148529631 148529922 292 

EZH2 chr7 148529676 148529892 217 
EZH2 chr7 148543462 148543774 313 

EZH2 chr7 148543512 148543740 229 

EZH2 chr7 148544175 148544483 309 
EZH2 chr7 148544224 148544447 224 

EZH2 chr7 148580193 148581515 1323 

EZH2 chr7 148580239 148581491 1253 

JAK2 chr9 4945009 4945177 169 
JAK2 chr9 4945285 4945360 76 

JAK2 chr9 4945829 4945978 150 

JAK2 chr9 4945990 4946106 117 
JAK2 chr9 4946380 4946647 268 

JAK2 chr9 4946930 4947390 461 

JAK2 chr9 4947485 4947719 235 
JAK2 chr9 4953825 4953965 141 

JAK2 chr9 4954105 4954526 422 

JAK2 chr9 4954537 4954848 312 
JAK2 chr9 4954870 4955199 330 

JAK2 chr9 4955489 4955905 417 

JAK2 chr9 4955913 4956058 146 
JAK2 chr9 4956060 4956479 420 

JAK2 chr9 4957115 4958686 1572 

JAK2 chr9 4958750 4958830 81 
JAK2 chr9 4958980 4959106 127 

JAK2 chr9 4959110 4960167 1058 

JAK2 chr9 4960235 4960535 301 
JAK2 chr9 4960825 4961347 523 

JAK2 chr9 4961382 4961546 165 

JAK2 chr9 4961620 4961761 142 
JAK2 chr9 4961774 4961934 161 

JAK2 chr9 4962030 4962371 342 

JAK2 chr9 4962395 4963113 719 
JAK2 chr9 4963140 4964067 928 

JAK2 chr9 4964069 4966621 2553 

JAK2 chr9 4966770 4968384 1615 
JAK2 chr9 4968645 4968918 274 

JAK2 chr9 4968950 4969471 522 
JAK2 chr9 4969490 4970326 837 

JAK2 chr9 4970595 4972063 1469 

JAK2 chr9 4972265 4973964 1700 
JAK2 chr9 4974022 4974264 243 

JAK2 chr9 4974350 4974511 162 

JAK2 chr9 4974795 4975090 296 
JAK2 chr9 4975370 4980929 5560 

JAK2 chr9 4981279 4987473 6195 

JAK2 chr9 4987755 4996231 8477 
JAK2 chr9 4996565 4996936 372 

JAK2 chr9 4997315 4997541 227 

JAK2 chr9 4997590 4998266 677 
JAK2 chr9 4998545 4998743 199 

JAK2 chr9 4998760 4998846 87 

JAK2 chr9 4999110 4999534 425 
JAK2 chr9 4999725 5001635 1911 

JAK2 chr9 5001655 5003458 1804 

JAK2 chr9 5003510 5003940 431 
JAK2 chr9 5004020 5004137 118 

JAK2 chr9 5004170 5004392 223 

JAK2 chr9 5004690 5004925 236 
JAK2 chr9 5005310 5005831 522 

JAK2 chr9 5006415 5006560 146 

JAK2 chr9 5006590 5006695 106 
JAK2 chr9 5006699 5006794 96 

JAK2 chr9 5006817 5007102 286 
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JAK2 chr9 5007105 5007666 562 

JAK2 chr9 5008015 5008910 896 

JAK2 chr9 5008914 5009445 532 
JAK2 chr9 5009449 5009780 332 

JAK2 chr9 5009960 5010041 82 

JAK2 chr9 5010050 5010337 288 
JAK2 chr9 5010608 5011055 448 

JAK2 chr9 5011060 5011255 196 

JAK2 chr9 5011460 5013777 2318 
JAK2 chr9 5013780 5014166 387 

JAK2 chr9 5014290 5015525 1236 

JAK2 chr9 5015640 5016518 879 
JAK2 chr9 5016529 5017511 983 

JAK2 chr9 5017554 5017811 258 

JAK2 chr9 5017840 5017949 110 
JAK2 chr9 5017950 5018141 192 

JAK2 chr9 5018145 5018325 181 

JAK2 chr9 5018630 5018815 186 
JAK2 chr9 5018879 5019246 368 

JAK2 chr9 5019299 5021629 2331 

JAK2 chr9 5021920 5023040 1121 

JAK2 chr9 5023070 5023236 167 

JAK2 chr9 5023310 5023983 674 

JAK2 chr9 5024260 5025468 1209 
JAK2 chr9 5025809 5027388 1580 

JAK2 chr9 5027510 5027719 210 
JAK2 chr9 5027785 5028188 404 

JAK2 chr9 5028260 5028343 84 

JAK2 chr9 5028370 5028599 230 
JAK2 chr9 5028600 5028700 101 

JAK2 chr9 5028710 5028778 69 

JAK2 chr9 5028795 5029097 303 
JAK2 chr9 5029100 5029196 97 

JAK2 chr9 5029210 5029374 165 

JAK2 chr9 5029455 5030484 1030 
JAK2 chr9 5030485 5031814 1330 

JAK2 chr9 5032045 5032121 77 

JAK2 chr9 5037855 5038479 625 
JAK2 chr9 5038605 5039362 758 

JAK2 chr9 5039445 5039612 168 

JAK2 chr9 5039615 5039707 93 
JAK2 chr9 5039710 5040244 535 

JAK2 chr9 5040295 5040408 114 

JAK2 chr9 5040410 5042132 1723 
JAK2 chr9 5042425 5043318 894 

JAK2 chr9 5043385 5043534 150 

JAK2 chr9 5043629 5043749 121 
JAK2 chr9 5043825 5043952 128 

JAK2 chr9 5043955 5045434 1480 

JAK2 chr9 5045510 5045693 184 
JAK2 chr9 5045813 5045927 115 

JAK2 chr9 5045935 5046144 210 

JAK2 chr9 5046150 5046249 100 
JAK2 chr9 5046260 5046435 176 

JAK2 chr9 5046466 5046536 71 

JAK2 chr9 5046563 5046630 68 
JAK2 chr9 5046675 5047656 982 

JAK2 chr9 5047889 5048146 258 

JAK2 chr9 5048430 5050298 1869 
JAK2 chr9 5050555 5051975 1421 

JAK2 chr9 5051985 5052731 747 

JAK2 chr9 5052869 5053215 347 
JAK2 chr9 5053325 5054524 1200 

JAK2 chr9 5054530 5057400 2871 

JAK2 chr9 5057430 5057585 156 
JAK2 chr9 5057900 5058143 244 

JAK2 chr9 5058250 5058323 74 

JAK2 chr9 5058590 5058756 167 
JAK2 chr9 5058959 5060066 1108 

JAK2 chr9 5060080 5060590 511 

JAK2 chr9 5060700 5060865 166 
JAK2 chr9 5060903 5061084 182 

JAK2 chr9 5061165 5061424 260 

JAK2 chr9 5061623 5061807 185 
JAK2 chr9 5061845 5061918 74 

JAK2 chr9 5061930 5062508 579 

JAK2 chr9 5062525 5062904 380 
JAK2 chr9 5062910 5063880 971 
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JAK2 chr9 5064140 5064267 128 
JAK2 chr9 5064540 5066984 2445 

JAK2 chr9 5067015 5067883 869 

JAK2 chr9 5068185 5070307 2123 
JAK2 chr9 5070310 5070562 253 

JAK2 chr9 5070625 5074417 3793 

JAK2 chr9 5074463 5074644 182 
JAK2 chr9 5074645 5075109 465 

JAK2 chr9 5075240 5075342 103 

JAK2 chr9 5075365 5075500 136 
JAK2 chr9 5075870 5076139 270 

JAK2 chr9 5076159 5076289 131 

JAK2 chr9 5076365 5076939 575 
JAK2 chr9 5076945 5077149 205 

JAK2 chr9 5077230 5079655 2426 

JAK2 chr9 5079830 5080890 1061 
JAK2 chr9 5081180 5082064 885 

JAK2 chr9 5082980 5084497 1518 

JAK2 chr9 5084550 5087129 2580 
JAK2 chr9 5087465 5088613 1149 

JAK2 chr9 5088620 5088752 133 

JAK2 chr9 5088759 5089262 504 
JAK2 chr9 5089580 5091027 1448 

JAK2 chr9 5091045 5093233 2189 

JAK2 chr9 5093315 5093793 479 
JAK2 chr9 5093794 5095014 1221 

JAK2 chr9 5095038 5096614 1577 

JAK2 chr9 5096618 5098705 2088 
JAK2 chr9 5098983 5100945 1963 

JAK2 chr9 5101259 5101340 82 

JAK2 chr9 5103640 5103722 83 
JAK2 chr9 5106005 5106094 90 

JAK2 chr9 5107030 5107139 110 

JAK2 chr9 5107157 5108240 1084 
JAK2 chr9 5108265 5109360 1096 

JAK2 chr9 5109395 5110217 823 

JAK2 chr9 5110235 5113202 2968 
JAK2 chr9 5113210 5113426 217 

JAK2 chr9 5113440 5114942 1503 

JAK2 chr9 5116065 5116998 934 

JAK2 chr9 5116999 5117209 211 

JAK2 chr9 5117219 5117675 457 

JAK2 chr9 5117685 5118106 422 
JAK2 chr9 5118164 5119862 1699 

JAK2 chr9 5119880 5120010 131 

JAK2 chr9 5120047 5123439 3393 
JAK2 chr9 5123600 5123765 166 

JAK2 chr9 5124005 5124234 230 

JAK2 chr9 5124240 5124351 112 
JAK2 chr9 5124772 5128082 3311 

JAK2 chr9 5128110 5130706 2597 

JAK2 chr9 5131015 5131445 431 
JAK2 chr9 5131720 5132549 830 

JAK2 chr9 5132560 5133466 907 
JAK2 chr9 5134035 5134140 106 

JAK2 chr9 5138735 5140744 2010 

JAK2 chr9 5142075 5142154 80 
JAK2 chr9 5142400 5142587 188 

JAK2 chr9 5142998 5143072 75 

JAK2 chr9 5143310 5143388 79 

JAK2 chr9 5143440 5143670 231 

JAK2 chr9 5143940 5144025 86 

JAK2 chr9 5144295 5144541 247 
JAK2 chr9 5144610 5144687 78 

JAK2 chr9 5145030 5145118 89 

JAK2 chr9 5145245 5145370 126 
JAK2 chr9 5145399 5145474 76 

JAK2 chr9 5145545 5145636 92 

JAK2 chr9 5145665 5145870 206 
JAK2 chr9 5145941 5146033 93 

JAK2 chr9 5146129 5147674 1546 

JAK2 chr9 5147725 5149598 1874 
JAK2 chr9 5149600 5149695 96 

JAK2 chr9 5149736 5149804 69 

JAK2 chr9 5149933 5150088 156 
JAK2 chr9 5150111 5150286 176 

JAK2 chr9 5150479 5150594 116 

JAK2 chr9 5150595 5150822 228 
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JAK2 chr9 5150925 5151177 253 

JAK2 chr9 5151195 5152777 1583 

JAK2 chr9 5153290 5153374 85 
JAK2 chr9 5155475 5155537 63 

JAK2 chr9 5155930 5156879 950 

JAK2 chr9 5157025 5157922 898 
JAK2 chr9 5158170 5158440 271 

JAK2 chr9 5158480 5158557 78 

JAK2 chr9 5158591 5158660 70 
JAK2 chr9 5158695 5159030 336 

JAK2 chr9 5159031 5159107 77 

JAK2 chr9 5159145 5159217 73 
JAK2 chr9 5159219 5159338 120 

JAK2 chr9 5159370 5159448 79 

JAK2 chr9 5159450 5159544 95 
JAK2 chr9 5159564 5159737 174 

JAK2 chr9 5159770 5159898 129 

JAK2 chr9 5160340 5160540 201 
JAK2 chr9 5160585 5161146 562 

JAK2 chr9 5161220 5161327 108 

JAK2 chr9 5161358 5161426 69 

JAK2 chr9 5161463 5161567 105 

JAK2 chr9 5161599 5161674 76 

JAK2 chr9 5161675 5161746 72 
JAK2 chr9 5162075 5164683 2609 

JAK2 chr9 5165236 5165349 114 
JAK2 chr9 5165350 5165542 193 

JAK2 chr9 5165585 5166210 626 

JAK2 chr9 5166220 5166501 282 
JAK2 chr9 5166550 5168034 1485 

JAK2 chr9 5168085 5168341 257 

JAK2 chr9 5168395 5168495 101 
JAK2 chr9 5168540 5168650 111 

JAK2 chr9 5168724 5168853 130 

JAK2 chr9 5169212 5169339 128 
JAK2 chr9 5169557 5169639 83 

JAK2 chr9 5170329 5170456 128 

JAK2 chr9 5171380 5171453 74 
JAK2 chr9 5171645 5171738 94 

JAK2 chr9 5172129 5172261 133 

JAK2 chr9 5172352 5172426 75 
JAK2 chr9 5173554 5173624 71 

JAK2 chr9 5173785 5174948 1164 

JAK2 chr9 5175220 5175640 421 
JAK2 chr9 5175885 5175992 108 

JAK2 chr9 5176015 5177878 1864 

JAK2 chr9 5178155 5178603 449 
JAK2 chr9 5178750 5178832 83 

JAK2 chr9 5179975 5180071 97 

JAK2 chr9 5180484 5180616 133 
JAK2 chr9 5180840 5181028 189 

JAK2 chr9 5181090 5183779 2690 

JAK2 chr9 5183780 5187242 3463 
JAK2 chr9 5187245 5187619 375 

JAK2 chr9 5187920 5189344 1425 

JAK2 chr9 5189360 5196407 7048 
JAK2 chr9 5196480 5196592 113 

JAK2 chr9 5196665 5196757 93 

JAK2 chr9 5197045 5198320 1276 
JAK2 chr9 5198333 5198691 359 

JAK2 chr9 5198699 5198822 124 

JAK2 chr9 5198855 5200538 1684 
JAK2 chr9 5200555 5204008 3454 

JAK2 chr9 5204125 5204223 99 

JAK2 chr9 5204339 5206367 2029 
JAK2 chr9 5206454 5206605 152 

JAK2 chr9 5207105 5207205 101 

JAK2 chr9 5207230 5207342 113 
JAK2 chr9 5207420 5207507 88 

JAK2 chr9 5207710 5207812 103 

JAK2 chr9 5207825 5207955 131 
JAK2 chr9 5207959 5208078 120 

JAK2 chr9 5208120 5208196 77 

JAK2 chr9 5208199 5208274 76 
JAK2 chr9 5208313 5208698 386 

JAK2 chr9 5208719 5208792 74 

JAK2 chr9 5208895 5209010 116 
JAK2 chr9 5209060 5209244 185 
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JAK2 chr9 5209362 5209464 103 

JAK2 chr9 5209511 5209580 70 

JAK2 chr9 5209595 5209696 102 
JAK2 chr9 5209760 5210003 244 

JAK2 chr9 5210115 5212816 2702 

JAK2 chr9 5212820 5213223 404 
JAK2 chr9 5213225 5214093 869 

JAK2 chr9 5214327 5214918 592 

JAK2 chr9 5215985 5216529 545 
JAK2 chr9 5216785 5220291 3507 

JAK2 chr9 5220355 5220437 83 

JAK2 chr9 5220710 5220886 177 
JAK2 chr9 5220910 5222995 2086 

JAK2 chr9 5223104 5223307 204 

JAK2 chr9 5223505 5223579 75 
JAK2 chr9 5223604 5223685 82 

JAK2 chr9 5223910 5224044 135 

JAK2 chr9 5224390 5224564 175 
JAK2 chr9 5224670 5224747 78 

JAK2 chr9 5224803 5224888 86 

JAK2 chr9 5225149 5225278 130 

JAK2 chr9 5226175 5226255 81 

JAK2 chr9 5227665 5227766 102 

JAK2 chr9 5227890 5228057 168 
JAK2 chr9 5228090 5228792 703 

JAK2 chr9 5228825 5228990 166 
JAK2 chr9 5229015 5229523 509 

JAK2 chr9 5229545 5229757 213 

JAK2 chr9 5229818 5229888 71 
JAK2 chr9 5229905 5230001 97 

JAK2 chr9 5230030 5230204 175 

JAK2 chr9 5230244 5230991 748 
JAK2 chr9 5230999 5234205 3207 

JAK2 chr9 5234235 5236354 2120 

JAK2 chr9 5236365 5236715 351 
JAK2 chr9 5236718 5238162 1445 

JAK2 chr9 5238164 5238754 591 

JAK2 chr9 5238765 5239326 562 
JAK2 chr9 5239360 5239787 428 

JAK2 chr9 5243264 5245263 2000 

JAK2 chr9 5245264 5246424 1161 
JAK2 chr9 5247400 5247833 434 

JAK2 chr9 5247835 5248205 371 

JAK2 chr9 5248234 5248494 261 
JAK2 chr9 5248610 5248833 224 

JAK2 chr9 5248890 5248971 82 

JAK2 chr9 5249015 5249121 107 
JAK2 chr9 5249285 5249358 74 

JAK2 chr9 5249438 5249513 76 

JAK2 chr9 5249549 5249656 108 
JAK2 chr9 5250318 5250398 81 

JAK2 chr9 5250725 5250798 74 

JAK2 chr9 5250920 5251026 107 
JAK2 chr9 5251225 5251323 99 

JAK2 chr9 5251420 5251895 476 

JAK2 chr9 5251940 5252428 489 
JAK2 chr9 5252500 5252675 176 

JAK2 chr9 5252848 5252932 85 

JAK2 chr9 5253040 5253143 104 
JAK2 chr9 5253235 5253487 253 

JAK2 chr9 5253500 5253588 89 

JAK2 chr9 5253630 5253819 190 
JAK2 chr9 5253963 5254048 86 

JAK2 chr9 5254120 5254207 88 

JAK2 chr9 5256197 5256276 80 
JAK2 chr9 5256385 5256874 490 

JAK2 chr9 5256930 5257250 321 

JAK2 chr9 5257295 5257518 224 
JAK2 chr9 5257574 5258339 766 

JAK2 chr9 5258340 5258451 112 

JAK2 chr9 5258505 5258784 280 
JAK2 chr9 5258838 5258914 77 

JAK2 chr9 5259384 5259502 119 

JAK2 chr9 5259910 5260155 246 
JAK2 chr9 5260168 5260272 105 

JAK2 chr9 5260290 5260520 231 

JAK2 chr9 5260555 5260734 180 
JAK2 chr9 5260815 5260971 157 
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JAK2 chr9 5261020 5261561 542 

JAK2 chr9 5261580 5261695 116 

JAK2 chr9 5261700 5261805 106 
JAK2 chr9 5261845 5262460 616 

JAK2 chr9 5262489 5262612 124 

JAK2 chr9 5262615 5263569 955 
JAK2 chr9 5263599 5263965 367 

JAK2 chr9 5264085 5264531 447 

JAK2 chr9 5264569 5267171 2603 
JAK2 chr9 5267175 5269167 1993 

JAK2 chr9 5269170 5269845 676 

JAK2 chr9 5269850 5270558 709 
JAK2 chr9 5270560 5270658 99 

JAK2 chr9 5270859 5271054 196 

JAK2 chr9 5271115 5271201 87 
JAK2 chr9 5271300 5271425 126 

JAK2 chr9 5271905 5275036 3132 

CBL chr11 119076655 119077009 355 

CBL chr11 119076702 119077372 671 
CBL chr11 119077022 119077406 385 

CBL chr11 119103060 119103487 428 

CBL chr11 119103108 119103455 348 
CBL chr11 119142395 119142667 273 

CBL chr11 119142395 119142641 247 

CBL chr11 119144480 119144801 322 
CBL chr11 119144528 119144784 257 

CBL chr11 119145467 119145747 281 
CBL chr11 119145492 119145713 222 

CBL chr11 119146607 119146922 316 

CBL chr11 119146657 119146894 238 
CBL chr11 119148369 119148642 274 

CBL chr11 119148417 119148604 188 

CBL chr11 119148776 119149090 315 
CBL chr11 119148826 119149057 232 

CBL chr11 119149125 119149503 379 

CBL chr11 119149170 119149473 304 
CBL chr11 119155579 119156332 754 

CBL chr11 119155629 119156326 698 

CBL chr11 119158464 119158740 277 
CBL chr11 119158512 119158706 195 

CBL chr11 119167531 119167821 291 

CBL chr11 119167578 119167794 217 
CBL chr11 119167998 119168281 284 

CBL chr11 119168044 119168241 198 

CBL chr11 119168968 119169337 370 
CBL chr11 119169018 119169300 283 

CBL chr11 119170105 119170856 752 

CBL chr11 119170155 119178909 8755 
CBL chr11 119170860 119175350 4491 

CBL chr11 119175625 119177632 2008 

CBL chr11 119177655 119178944 1290 

LNK chr12 111843657 111844157 501 
LNK chr12 111843702 111844131 430 

LNK chr12 111855827 111856756 930 

LNK chr12 111855873 111856731 859 
LNK chr12 111884457 111885108 652 

LNK chr12 111884507 111885073 567 

LNK chr12 111885002 111885363 362 
LNK chr12 111885084 111885398 315 

LNK chr12 111885364 111885433 70 

LNK chr12 111885364 111885718 355 
LNK chr12 111885410 111885681 272 

LNK chr12 111885650 111887740 2091 

LNK chr12 111885737 111889477 3741 
LNK chr12 111888017 111889509 1493 

ASXL1 chr20 30946097 30946685 589 

ASXL1 chr20 30946137 30946707 571 

ASXL1 chr20 30954087 30954349 263 
ASXL1 chr20 30954137 30954319 183 

ASXL1 chr20 30955460 30955606 147 

ASXL1 chr20 30955480 30955582 103 
ASXL1 chr20 30956715 30957062 348 

ASXL1 chr20 30956765 30960402 3638 

ASXL1 chr20 30957345 30957525 181 
ASXL1 chr20 30957810 30958224 415 

ASXL1 chr20 30958225 30958680 456 

ASXL1 chr20 30958930 30959112 183 
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ASXL1 chr20 30959675 30959972 298 
ASXL1 chr20 30959975 30960403 429 

ASXL1 chr20 31015836 31016311 476 

ASXL1 chr20 31015881 31016275 395 
ASXL1 chr20 31017044 31017316 273 

ASXL1 chr20 31017091 31017284 194 

ASXL1 chr20 31017606 31017943 338 
ASXL1 chr20 31017654 31017906 253 

ASXL1 chr20 31019074 31019560 487 

ASXL1 chr20 31019074 31019532 459 
ASXL1 chr20 31020586 31020870 285 

ASXL1 chr20 31020633 31020838 206 

ASXL1 chr20 31020987 31021801 815 
ASXL1 chr20 31021037 31021770 734 

ASXL1 chr20 31022139 31023114 976 

ASXL1 chr20 31022185 31027172 4988 
ASXL1 chr20 31023120 31025981 2862 

ASXL1 chr20 31026000 31027208 1209 

 

Abbreviation; Chr, Chromosome; JAK2, Janus kinase 2; MPL, Myeloproliferative leukaemia virus oncogene; 

LNK, SH2B adaptor protein 3; CBL, Casitas B-cell lymphoma; IDH1, Isocitrate dehydrogenase 1; TET2, Ten-

Eleven-Translocation 2, DNMT3A, DNA (cytosine-5-)-methyltransferase 3 alpha, ASXL1, Additional sex 

combs like transcriptional regulator 1; EZH2, Enhancer of zeste homolog; PV, polycythaemia vera; ET, 

essential thrombocythaemia; PMF, primary myelofibrosis. Selected regions included 50bp upstream and 

downstream of the targeted regions.  

1
 Start and End refer to locations in UCSC hg19 (GRCh37) assembly, the Homo sapiens genome deposited 

February 2009. 
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