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Abstract 

The Philadelphia chromosome negative myeloproliferative neoplasms (MPN); 

polycythemia vera, essential thrombocythemia and primary myelofibrosis, are clonal 

disorders harbouring the specific Janus kinase 2 (JAK2) lesion (JAK2V617F) at a 

high frequency. Accumulating evidence from pedigrees of MPN together with the 

identification of a plethora of heterogeneous lesions identified in sporadic MPN 

patients suggest that JAK2V617F, and other acquired changes in JAK2, cooperate 

with mutations in other genes to generate clonal disease. The nature of the other 

mutations dictates the disease phenotype and contributes to the potential for 

transformation to acute leukaemia. Emerging research is focussed on understanding 

the contribution of these other changes to MPN pathogenesis. As many of the other 

recurrent mutations reported in MPN affect genes involved in epigenetic regulation, 

studies have focused on identifying the role of epigenetic changes. Many epigenetic 

regulators mediate their effects via interaction with post-translationally modified 

histone H3 and H4 and, given the findings that pathogenic mutations are present in 

histone H3 in other tumours, the focus here was on the role of histone H3 and H4 

variants in MPN pathogenesis. 

 

Thus, a key aim of this PhD project was to identify pathogenic coding variants in the 

histone H3 and histone H4 genes in MPN. In the first study, MPN peripheral blood 

mononuclear cells or granulocyte patient samples were screened using Sanger 

sequencing for histone H4 coding region variants. The screen identified previously 

unidentified sequence variants in several of the 15 histone H4 genes. A coding 

variant of HIST1H4C, resulting in the substitution of cysteine for arginine [R, 

(HIST1H4C:p.R4C)], affects a known key residue involved in epigenetic regulation 



x 

 

(R3 residue on the mature protein). This gene was also shown to make a major 

contribution to the histone H4 mRNA pool in several haemopoietic cell types, further 

indicating a potential for this variant to confer functional consequences. This was 

tested using enforced expression of the variant in two cell lines, HEK293 and a 

myeloid cell line (FDM cells). Further, it was demonstrated by RNA microarray and 

QPCR analyses of FDM cells expressing HIST1H4C:p.R4C that this variant 

conferred selective differential expression of five genes.  

 

We extended this analysis of Histone H4 genes to screen for disease-associated 

variants in histone H3 genes (n=17) and the histone-H3 interacting protein PHF6 

(consisting of 9 coding exons). For this, we used an amplicon-based next generation 

sequencing (NGS) approach and the Roche 454 sequencing platform. This identified 

a coding region variant in HIST1H3E (HIST1H3E:p.A96V), the presence of which 

was confirmed by Sanger sequencing. A number of other changes identified by the 

NGS approach were not confirmed by Sanger re-sequencing, however the possibility 

that these are present in the original patient sample at a level below the detection 

limit for Sanger sequencing cannot be excluded. Sanger sequencing of the PHF6 

terminal exons 9 and 10 identified a somatic mutation (PHF6R335fs) in a PV patient. 

 

Finally a Sanger-based sequencing screen of the terminal exon of gene encoding 

DNA (cytosine-5-)-methyltransferase 3 alpha (DNMT3A) identified somatic R882C 

and M880V substitutions in two PV patients. Clonal analysis for these mutations in 

DNMT3A indicated that their acquisition can either precede or follow the acquisition 

of JAK2V617F. 

.
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Chapter 1: Introduction 

1.1 Haematopoiesis 

The haematopoietic system serves as a paradigm for understanding tissue stem cell 

biology and oncogenesis. It is a highly regulated process and generates a number of 

mature cell types with specialised functions such as granulocytes, red blood cells 

(RBCs), and platelets. The constant replenishment of short-lived mature 

haematopoietic cells is maintained by a pool of haematopoietic stem cells (HSCs) 

which can undergo self-renewal and also give rise to progeny or precursor cells. 

These precursor cells in turn can undergo coordinated proliferation and 

differentiation along the various lineages giving rise to all types of haematopoietic 

cells. HSCs are located in the highly specialised and relatively hypoxic bone marrow 

(BM) microenvironment (BM niche) where they are maintained in a relatively 

quiescent state, retaining the characteristics of multipotency and self-renewal 

[(Parmar, et al 2007) and, reviewed in (Li 2011)].  

 

Quiescent HSCs can be stimulated into cell cycle and the production of multipotent 

haematopoietic stem/progenitor cells (HSPCs) which have diminished self-renewing 

capacity. The HSPCs constitute a significant proportion of the adult BM and 

coordinate the production of large numbers of mature blood cells of diverse 

functional lineages [reviewed in (Weissman, et al 2001)]. Many models of 

haematopoiesis have been proposed which suggest an irreversible determination of 

fate between myeloid and lymphoid lineages (classical model shown in Figure 1.1). 

However, new models  suggest a greater level of plasticity of the intermediate 

progenitors wherein both myeloid and lymphoid lineages may be reconstituted 

[reviewed in (Ceredig, et al 2009; Rosenbauer, et al 2007)]. .
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Figure 1.1. Overview of classical haematopoiesis. The classical model of 
haematopoiesis [see text for details, figure taken from Rosenbauer and Tenen, 
2007 (Rosenbauer, et al 2007)]. LTHSC, Long-term repopulating haematopoietic 
stem cell; STHSC, short-term repopulating haematopoietic stem cell; MPP, 
multipotent progenitor cell; CLP, common lymphoid progenitor cell; CMP, 
common myeloid progenitor cell; MEP, megakaryocyte-erythroid progenitor cell; 
GMP, granulocyte monocyte progenitor cell; MDP, macrophage/dendritic 
progenitor cell. 

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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The regulation and determination of lineages is coordinated in large part by the BM 

niche, factors such as haematopoietic growth factors [HGFs; also known as 

haematopoietic cytokines] and transcription factors (TFs).  

 

Given that the aims in this project are focussed on investigating the myeloid lineage, 

this literature review will be a deliberate focus on factors involved in myeloid 

haematopoiesis or myelopoiesis.  

 

1.1.1 Regulation of myelopoiesis  

A. The bone marrow (BM) niche  

The BM niche is a highly specialised microenvironment which provides necessary 

regulatory signals essential for the maintenance, proliferation and differentiation of 

HSCs/HSPCs to produce the appropriate numbers of mature blood cells throughout 

life. These regulatory signals originate from a number of cell types which include 

osteoblasts, osteoclasts, nestin filament expressing cells, chemokine CXCL12-

abundant reticular (CAR) cells and stem cell factor (SCF) expressing cells, 

[(Sugiyama, et al 2012) and reviewed in (Lo Celso, et al 2011)]. In addition, other 

factors such as hypoxia, temperature and calcium ion gradients within the niche have 

been postulated to affect HSPC properties such as quiescence and self renewal 

[reviewed in (Lo Celso, et al 2011)] (Figure 1.2). The specialised cells in the BM 

niche not only regulate haematopoiesis through interaction with HSCs but also 

secrete HGFs which determine the fate of HSCs (Yoshihara, et al 2007; Zheng, et al 

2011).  
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Figure 1.2. The bone marrow niche. The various cell types and factors which 
comprise BM niche are shown [taken from Lo Celso, 2011 (Lo Celso, et al 2011)].

A 
NOTE:   

    This figure/table/image has been removed  
        to comply with copyright regulations.  
    It is included in the print copy of the thesis  
    held by the University of Adelaide Library. 
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B. Haematopoietic growth factors (HGFs) and their cognate receptors  

HGFs constitute a large group of cytokines shown to play a critical role in regulating 

survival, proliferation, differentiation, commitment, and the end-stage function of the 

haematopoietic lineages. HGFs mediate regulatory signals by activating various 

signalling pathways and transcription factors. Important groups of HGFs in 

myelopoiesis include interleukin-3 (IL-3) [(Donahue, et al 1988) and reviewed in 

(Martinez-Moczygemba, et al 2003)], stem cell factor (SCF) (Pietsch, et al 1992), 

interleukin-5 (IL-5) (Campbell, et al 1987; Lopez, et al 1988), granulocyte 

macrophage colony stimulating factor (GM-CSF) [reviewed in (Martinez-

Moczygemba, et al 2003)], thrombopoietin (TPO) (Kaushansky, et al 1994; Ng, et al 

2012), erythropoietin (EPO) (Gasson, et al 1985; Miyake, et al 1977) and 

granulocyte colony-stimulating factor (G-CSF) [(Nicola, et al 1983) and reviewed in 

(Molineux 2011)] belong to the cytokine receptor class I super-family (Figure 1.3 

shows examples of HGFs which determine cell lineage or type).  

 

HGFs mediate regulatory affects by binding to specific receptors (HGF receptors) 

which transduce signals to the nucleus via activated downstream signalling 

molecules. The HGF receptors have been divided into several families, such as type I 

and type II cytokine receptors, based on their structure and activities. In particular, 

type I cytokine receptors, for example the receptors for EPO and G-CSF, are 

characterised by the presence of four conserved cysteine residues in the N-terminal 

fibronectin type III (FBN-III) repeat and a WSxWS motif in the C-terminal FBN-III 

repeat. In comparison, type II cytokine receptors, such as receptors for IL-10 and IL-

20, are characterised by the presence of FBN-III domains, four conserved cysteines 

and lack of WSxWS motif  
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A.

Figure 1.3. Haematopoietic growth factors in myelopoiesis. A. Simplified view 
of roles of HGFs in inducing differentiation at different cellular stages of 
myelopoiesis. CMP, common myeloid progenitor; MEP, megakaryocyte-erythroid 
progenitor; GMP, granulocyte monocyte progenitor; MkP, megakaryocyte 
progenitor; Mk, megakaryocyte; EP, erythroid progenitor. B. Summarises 
properties of HGFs.

B.

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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[(Bazan 1990; Thoreau, et al 1991) and reviewed in (Gadina, et al 2001)]. 

Furthermore, signalling by HGF receptors can either utilise intrinsic kinases [for 

example c-Kit which is the receptor for SCF (Blume-Jensen, et al 1991)] or specific 

signal transduction molecules with kinase activity (for example in IL-3, IL-5 and 

EPO signalling). These downstream signalling pathway molecules include 

phosphoinositide-3-kinase/protein kinase B (PI3K/AKT) (Coffer, et al 1998; Sato, et 

al 1993; Tilton, et al 1997), mitogen-activated protein kinase/extracellular signal-

regulated kinase (MAPK/ERK) (Coffer, et al 1998; Okuda, et al 1992) and 

importantly the Janus Kinase [JAK, (Quelle, et al 1994; Shuai, et al 1993; 

Silvennoinen, et al 1993)]. In the context of this thesis, the JAK-associated signal 

transduction pathways are probably the most relevant as this pathway is utilised by 

several HGFs to induce myeloid specific responses, [see sections 1.3 and 1.4 of this 

chapter, reviewed in (Ihle 1995; Ihle, et al 1994)].  

 

The ability of progenitors to undergo proliferation and differentiation in the presence 

of specific HGFs and signal transduction molecules is the basis for in-vitro colony 

forming assays, allowing investigation of HGF requirements in normal and disease 

haematopoietic progenitors (Metcalf, et al 1991). Along with HGF receptors, several 

other surface molecules such as glycoproteins, transmembrane proteins, and adhesion 

molecules also show lineage and/or stage-specific expression on myeloid cells. 

Together, these molecules known as cluster of differentiation (CD) markers have 

allowed for the extensive immuno-phenotyping of haematopoietic cells such as, 

CD34 (HSPCs), CD15 (granulocytes) and CD14 (monocytes) (Zola 2007).  

 

Thus, pathways activated by HGFs and their receptors often act synergistically and 

induce overlapping functions forming a highly complex level of regulation which is 
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not only mediated by signal transduction molecules (as mentioned previously) but 

also transcription factors (TFs).  

C. Transcription factors in myelopoiesis 

There are a number of myeloid lineage-specific transcription factors (TFs) which 

direct the fate of the HSC/HSPC to a committed myeloid progenitor. Single TF or 

interplay of a number of TFs and their level of expression modulates the proliferation 

and differentiation of various haematopoietic cell stages. For example, master 

regulators of myeloid differentiation at the HSC/HSPC level include runt-related 

transcription factor 1 (RUNX1) and stem cell leukaemia factor (SCL). It has been 

reported that ablation of RUNX1 has a myeloproliferative effect, thus suggesting that 

RUNX1 acts as a myeloid lineage suppressor (Growney, et al 2005). In contrast, 

SCL has been shown to have a critical role in determining the erythroid and 

megakaryocytic lineages (Mikkola, et al 2003). 

 

In addition, there are other TFs which also determine myeloid fates, for example, the 

ETS transcription family member, spleen focus forming virus (SFFV) proviral 

integration 1 (PU.1), CCAAT/enhancer binding protein alpha (C/EBPα), growth 

factor independence-1 (GFI-1), and members of the Signal Transducers and 

Activators of Transcription (STAT) family. 

 

PU.1 has been shown to be critical for myelomonocytic differentiation. High 

expression directs commitment of GMPs to neutrophils and monocytes whereas PU.1 

down-regulation in MEPs is essential for the development of megakaryocytes and 

RBCs (Back, et al 2004; Laslo, et al 2006; Nutt, et al 2005; Spooner, et al 2009). 

Ablation of PU.1 has been shown to reduce HSC numbers, CMPs, CLPs, and GMPs 
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in Pu.1 knockout models (Iwasaki, et al 2005; Rosenbauer, et al 2004; Scott, et al 

1994). 

 

C/EBPα is also a key regulator of granulocyte/macrophage differentiation. Ablation 

of C/EBPα leads to the absence of neutrophils, eosinophils and reduced monocytes 

due to a block in differentiation at the CMP and GMP stage (Heath, et al 2004; 

Zhang, et al 1997). The phosphorylation of specific serine residues on C/EBPα (at 

positions 21 and 248, S
21 

and S
248

 respectively) has been reported to have an impact 

on either suppression or induction of granulocyte/macrophage differentiation (Behre, 

et al 2002; Ross, et al 2004).  

 

GFI-1, another key regulator of haematopoiesis, has been reported to antagonise the 

effects of PU.1 expression thereby enhancing differentiation of granulocytes at the 

cost of macrophages (Dahl, et al 2007; Spooner, et al 2009). In HSCs, expression of 

GFI-1 has also been associated with self-renewal and maintenance of the HSC 

numbers (Zeng, et al 2004). 

 

Members of the STAT family such as STAT1, STAT3 and STAT5 play important 

roles in myelopoiesis. For example STAT5 is essential for myeloid progenitor 

differentiation in the production of monocytes, granulocytes, erythrocytes and 

platelets [reviewed in (Dorritie, et al 2013)] and will be further described in section 

1.4.  

 

Overall, the complex regulatory signals include levels of redundancy with regard to 

activated molecules and the related downstream functional effects. Importantly, 

abnormal expression or function of HGFs, HGF receptors and TFs can lead to 
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dysregulated haematopoiesis resulting in disorders such as myeloproliferative 

neoplasms or myeloid leukaemia [reviewed in (Jatiani, et al 2010; Tenen, et al 

1997)]. 

1.2 Malignant myeloid disorders 

Malignant myeloid disorders or myeloid neoplasms are a broad group of clonal 

diseases that may affect a single myeloid cell lineage [for example, mast cell disease 

or acute myeloid leukaemia (AML)] or, multiple myeloid lineages (for example 

acute mixed lineage leukaemia and the myeloproliferative neoplasm, polycythemia 

vera). The clinical course of such disorders may be acute (short and aggressive) or 

chronic. Acute and chronic disorders are genetically heterogeneous clonal disorders 

characterised by the accumulation of somatic genetic alterations in haematopoietic 

progenitor cells [reviewed in (Dohner, et al 2008)]. However, acute disorders are 

characterised by a block in differentiation in progenitors, which leads to an excess of 

un-differentiated cells (also known as blasts). On comparison, progenitors in chronic 

disorders may not have a block in differentiation, thereby leading to an excess of 

differentiated cells.  

 

The acute and chronic myeloid neoplasms have been further classified into several 

categories including AML, myeloproliferative neoplasms (MPN), myelodysplastic 

syndrome (MDS), MDS/MPN overlap disorders [see Figure 1.4A (Vardiman, et al 

2009)]. Since the focus here is MPN, only the sub-classifications of MPN have been 

described.  

 

MPN is broadly classified depending on the presence or absence of the BCR-ABL1 

translocation (Vardiman, et al 2009). The BCR-ABL1 fusion oncogene generated due 

to the Philadelphia chromosome (Ph) translocation, t(9; 22)(q34; q11), generates a 
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fusion oncoprotein, BCR-ABL1 protein kinase, which has constitutive kinase 

activity. CML is defined by the presence of this translocation and is known as the 

BCR-ABL1 positive or Philadelphia chromosome positive (Ph
+
) CML [(de Klein, et 

al 1982; Rowley 1973) and reviewed in (Jabbour, et al 2012)]. 

 

Ph-negative MPN, on the other-hand, are the focus of this work and include 

polycythemia vera (PV), essential thrombocythemia (ET), myelofibrosis [MF, which 

includes primary myelofibrosis (PMF) and post-ET- or post-PV-MF], chronic 

neutrophilic leukaemia (CNL), chronic eosinophilic leukaemia, not otherwise 

specified (CEL-NOS), myeloproliferative neoplasms unclassifiable (U-MPN) and 

mastocytosis (Figure 1.4A).  

1.3 Philadelphia chromosome-negative MPN: PV, ET and MF 

PV, ET and MF (including PMF and post-PV- or post-ET-MF), referred to as MPN 

henceforth, are clonal disorders that arise in the HSPC, resulting in excessive 

production of mature cells of the myeloid lineage. This feature is typically attributed 

to hypersensitivity to or independence from normal regulation by HGFs such as EPO 

or TPO, which utilise non-receptor kinases for their activity (Adamson, et al 1976; 

Asimakopoulos, et al 1996; El Kassar, et al 1995; Gilliland, et al 1991; Tsukamoto, 

et al 1994). This is consistent with the finding of highly penetrant mutations in the 

genes encoding the receptor for TPO [myeloproliferative leukaemia virus oncogene 

(MPL)], and the kinase involved in the signal transduction via these receptors, Janus 

Kinase 2 [JAK2, (see sections 1.3.4 and 1.4)]. The overall quality of life and survival 

in MPN patients is affected by a spectrum of complications (such as splenomegaly, 

thrombosis, haemorrhage, microvascular symptoms, pruritis, hepatomegaly, 

anaemia, and severe constitutional symptoms) with the more severe symptoms 
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Figure 1.4A. Classification of myeloid neoplasms and MPN. Adapted from (Tefferi, 
et al 2014c; Vardiman, et al 2009). Frequency for CALR mutations has been taken 
from (Klampfl, et al 2013; Nangalia, et al 2013). PV, polycythemia vera; ET, essential 
thrombocythemia; PMF, primary myelofibrosis; MPL, myeloproliferative leukaemia 
virus oncogene; JAK2, Janus Kinase 2; JAK2V617F, JAK2 valine-617-phenylalanine
(denotes the mutant allele); CALR, calreticulin.

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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typically associated with MF (Mesa, et al 2007a; Mesa, et al 2009; Scherber, et al 

2011). Furthermore, there is significant risk of transformation to leukaemia [2-5% 

risk in PV and ET (Finazzi, et al 2005; Wolanskyj, et al 2006), 15-30% in PMF 

(Barosi, et al 2007; Dupriez, et al 1996)]. Although leukaemic progression in PV, ET 

and PMF has been shown to occur in patients without any prior therapy (Finazzi, et 

al 2005), transformation to leukaemia is increased following treatment with 

cytoreductive therapies (Merlat, et al 1999; Sterkers, et al 1998). In addition, the 

presence of heritable genotypes (pre-JAK2 event) may pre-dispose HSPCs to acquire 

clinically relevant mutations in multiple clones (Beer, et al 2009; Kralovics, et al 

2006; Landgren, et al 2008; Nussenzveig, et al 2007). This possibility is consistent 

with the observations of the 46/1 haplotype that is prevalent in MPN (discussed in 

section 1.7) and also with the occurrence of bi-clonal disease (for example, co-

existence of mutations in JAK2 and MPL in a single patient) reported in some cases 

(Hussein, et al 2009; Lasho, et al 2006; Li, et al 2008). Thus, the underlying 

mechanisms driving MPN transformation are likely to involve the acquisition of a 

plethora of mutations in genes which collaborate in oncogenesis (Abdel-Wahab, et al 

2010; Zhang, et al 2012).  

 

Although the diseases can be managed and symptoms alleviated with current 

treatments, therapies are not curative. Current diagnostic and management therapies 

for PV, ET and PMF are outlined in the following sections. 

1.3.1 PV  

PV is diagnosed using the 2008 World Health Organisation (WHO) criteria, either at 

the time of a routine examination which may reveal an elevated haematocrit, or due 

to the presence of disease symptoms [see Figure 1.4B for 2008 WHO diagnostic 

criteria (Passamonti 2012; Tefferi, et al 2008; Vardiman, et al 2009)]. Diagnosis for 
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PV typically also reveals increased leukocyte counts, increased platelet counts and, 

an enlarged spleen (Campbell, et al 2005; Tefferi 2008; Tefferi, et al 2008). The 10 

year median survival for PV is >75% and prolonged survival is maintained if 

elevated haematocrit, leukocytosis, and platelets can be managed (Crisa, et al 2010). 

Interestingly, pruritis, which can also be a symptom of PV, has been reported as a 

favourable risk factor for survival in PV patients (Tefferi, et al 2013). Whether this 

association indicates bias in lead-time for diagnosis in patients with pruritis or relates 

to underlying biology is yet to be understood. 

 

Risk factors associated with increased mortality in PV patients include age-at-

diagnosis, thrombotic events, leukocytosis and genetic abnormalities (for example 

Janus Kinase JAK2V617F) (Bonicelli, et al 2013; Gangat, et al 2007a; Passamonti, et 

al 2010b; Passamonti, et al 2004). Depending on these risk factors, the classification 

of diagnosis in risk groups has been proposed to aid in predicting occurrence of 

complications, especially risk-of-thrombosis [Figure 1.4C, (Tefferi 2013a) and 

reviewed in (Finazzi, et al 2008)]. The primary management for PV includes regular 

venesections but this regimen can alter depending on the risk group. The return of 

haematocrit to normal values solely by venesections has been reported to lead to a 

reduction in the number of thrombotic events thereby increasing the overall median 

survival of patients by approximately 13.9 years (Berk, et al 1986). However, the 

appropriate haematocrit level required to reduce thrombotic events (either <45% or 

<50%) in patients has been in debate (Barbui, et al 2011a; Di Nisio, et al 2007; 

Fruchtman, et al 1997; Spivak 2002; Streiff, et al 2002). A recent randomised study 

by Marchioli and colleagues has supported current practice of maintaining a low 

haematocrit level (<45%) by reporting a significant reduction of cardiovascular 

events due to thrombosis in PV patients (Marchioli, et al 2013). In addition, agents 
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such as hydroxyurea, interferon-alpha (INF-α), busulfan and low dose of aspirin 

[100mg/day (Passamonti 2012)] are also included in the management regimen (see 

Figure 1.4C). Most recently, the use of Ruxolitinib, an oral inhibitor of tyrosine 

kinases including JAK2, has also shown promise in phase II clinical trials by 

improvement of severe symptoms such as enlarged spleen and thrombosis 

[(Passamonti 2012; Verstovsek, et al 2012) and other emerging drugs have been 

reviewed in (Tibes, et al 2013)].  

1.3.2 ET 

ET is also diagnosed using the 2008 WHO diagnostic criteria, and characterisation 

includes assessing for sustained proliferation of megakaryocytes leading to an 

increased number of circulating platelets [see Figure 1.4B for 2008 WHO diagnostic 

criteria (Tefferi, et al 2008)]. Clinical course typically presents with thrombotic 

episodes, profound BM megakaryocyte hyperplasia and splenomegaly (Tefferi 

2013a; Tefferi, et al 2008; Vardiman, et al 2009).  

 

ET was considered a relatively indolent condition with a favourable prognosis 

(compared to PV and other myeloid malignancies) and with complications arising 

largely due to thrombosis and/or age (Barbui, et al 2011b; Cervantes, et al 1991; 

Mesa, et al 1999; Passamonti, et al 2004; Rozman, et al 1991). In addition to the risk 

of thrombosis, age is also a predictor for the occurrence of transformation. A report 

by Wolanskyj and colleagues  reported a cumulative probability of 9.8% at 10 years 

and 28.3% at 20 years, for transformation of ET to any myeloid neoplasm [which 

included AML or PV, (Wolanskyj, et al 2006)]. Thus, the two variables have formed 

the basis for classifying ET into risk groups [see Figure 1.4C (Barbui, et al 2004; 

Elliott, et al 2005; Gangat, et al 2007b; Passamonti, et al 2008)].  
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 PV ET PMF 

Major 

Criteria 

Haemoglobin of >185g/L 

(men) and >165g/L 

(women) 

Platelet count ≥450

10
9
/L 

Megakaryocyte 

proliferation 

and atypia 

accompanied by either 

reticulin and/or 

collagen fibrosis, 

Or 

Haematocrit >99th 

percentile 

of reference range for 

age, 

sex or altitude of 

residence 

Megakaryocyte 

proliferation with large 

and mature 

morphology. 

No or little granulocyte 

or erythroid 

proliferation. Or 

 

In the absence of 

reticulin fibrosis, 

the megakaryocyte 

changes must 

be accompanied by 

increased 

marrow cellularity, 

granulocytic 

proliferation and often 

decreased 

erythropoiesis 

Or 

Haemoglobin >170g/L 

(men), 

or >150g/L (women) 

if associated with a 

sustained increase of 

≥20g/L from baseline 

that cannot be attributed 

to correction of iron 

deficiency 

Not meeting WHO 

criteria for CML, PV, 

PMF, MDS or other 

myeloid neoplasm 

Or 

Elevated red cell mass 

>25% above mean 

normal predicted value 

Demonstration of 

JAK2V617F 

Or 

Other clonal marker 

Or 

No evidence of reactive 

thrombocytosis 

And 

Presence of JAK2V617F 

or similar mutation 

Minor 

Criteria 

BM trilineage 

myeloproliferation 

None 

Leukoerythroblastosis, 

Palpable 

spleenomegaly, 

Anaemia, 

Increased serum LDH 

Sub-normal serum EPO 

level 

EEC growth 

Requirements 

for diagnosis 

Fulfilling both major 

criteria and one minor 

criterion 

Or 

The first major criterion 

and two minor criteria 

Fulfilling all four major 

criteria 

Fulfilling  all major 

criteria and minor 

criteria 

 

  

Figure 1.4B. 2008 WHO diagnostic criteria for PV, ET and PMF. Adapted from (Tefferi, et 

al 2008). It should be noted that with the recent identification of mutations in CALR in 

JAK2V617F-negative and MPL-negative ET and PMF patients, additional diagnostic criteria 

may be included in the future (Tefferi, et al 2014b). BM, Bone marrow; EEC, endogenous 

erythroid colony; LDH, Lactate dehydrogenase; EPO, Erythropoietin, WHO, World Health 

Organisation; CML, Chronic myelogenous leukaemia; MDS, Myelodysplastic syndrome. 
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Risk Categories PV ET 

Low-risk without 

extreme thrombocytosis 

(age <60 years and no 

thrombosis history) 

Low-dose 

aspirin + phlebotomy 
Low-dose aspirin 

Low-risk with extreme 

thrombocytosis 

(platelets >1,000 × 109/L) 

Low-dose aspirin 

provided ristocetin 

cofactor activity 

>30% + phlebotomy 

Low-dose aspirin 

provided ristocetin 

cofactor activity >30% 

High-risk (age ≥60 years 

and/or presence of 

thrombosis history) 

Low-dose 

aspirin + phlebotomy + 

 hydroxyurea 

Low-dose 

aspirin + hydroxyurea 

High-risk disease that is 

refractory or intolerant to 

hydroxyurea 

Low-dose 

aspirin + phlebotomy +  

interferon-alpha (age <65 

years) or busulfan (age 

≥65 years) 

Low-dose 

aspirin + interferon-alpha 

(age <65 years) or 

busulfan (age ≥65 years) 

 

  

Figure 1.4C. Risk associated therapy in PV and ET. Adapted from 

(Tefferi 2013a). 
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High-risk ET patients, who have a history of thrombosis and are ≥60 years, receive 

cytoreductive treatments such as hydroxyurea, INF-α and busulfan (Harrison, et al 

2005; Tefferi 2013a). In addition, anagrelide, an imidazoquinazoline derivative, may 

also be used to reduce platelet count instead of hydroxyurea. However, the use of 

anagrelide is currently a matter of debate as it has been associated with 

transformation in high-risk ET patients (Gisslinger, et al 2013; Harrison, et al 2005; 

Tefferi 2013a). 

1.3.3 MF: PMF and post-PV/ET-MF 

MF can either develop de novo (PMF) or be a severe complication of PV and ET 

[post-PV MF/post-ET MF, (Mesa, et al 2007b)]. The current protocol for diagnosis 

of PMF is based on 2008 WHO criteria for comprehensive assessment of clinical and 

laboratory features [see Figure1.4B (Tefferi, et al 2008; Vardiman, et al 2009)], 

whereas, the diagnosis of post-PV- or post-ET-MF is based on the criteria proposed 

by the International Working Group for MPN Research and Treatment (Barosi, et al 

2008). With respect to this thesis, the following sections will be focussed on 

symptoms, classification and management of PMF. 

 

A central feature of PMF is the presence of increased clonal myeloproliferation 

which is characterised by megakaryocyte proliferation and atypia, reticulin and/or 

collagen BM fibrosis, and presence of mutations (for example in JAK2 or MPL). 

Additional important features such as decreased erythropoiesis (resulting in severe 

anaemia), hepato-splenomegaly, and symptoms not meeting the 2008 WHO criteria 

for PV, CML, MDS or any other myeloid neoplasm, aid in the diagnosis of PMF 

(Tefferi, et al 2007; Vardiman, et al 2009). It is believed that abnormal cytokine-

production by clonal cells may lead to BM fibrosis, extra-medullary haematopoiesis, 

hepatomegaly and other PMF-associated symptoms (Tefferi 2005; Tefferi 2013b). 
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PMF was initially classified into four risk groups depending on the presence of one 

or more of five independent predictors of survival which were age (>65years), 

haemoglobin (<100g/L), leukocyte count (>25×10
9
/L), ≥1% circulating blasts, and 

the presence of constitutional symptoms (Cervantes, et al 2009). The presence of 

none, 1, 2 and ≥3 adverse factors defined low, intermediate-1, intermediate-2 and 

high-risk disease with corresponding median survivals of approximately 11.3, 7.9, 

4.0 and 2.3 years respectively (Cervantes, et al 2009). Interestingly, the actual 

survival for these risk groups ranged from approximately ≥20years to 8years for low 

to high risk groups respectively. Further to the previous risk classification, the 

identification and inclusion of additional risk factors is the basis of the current 

prognostic model which is known as the modified Dynamic International Prognostic 

Scoring System-plus or DIPSS-plus. The DIPSS-plus suggests the use of additional 

predictors such as unfavourable karyotype, platelet count of <100 × 10
9
/L and the 

need for RBC transfusion (Caramazza, et al 2011; Elena, et al 2011a; Gangat, et al 

2011; Hussein, et al 2010; Passamonti, et al 2010a; Patnaik, et al 2010a; Tefferi, et 

al 2010b). Figure 1.4D depicts the PMF risk groups and the associated median 

survivals.  

 

Irrespective of the prognostic model applied, mortality in the high risk groups has 

been suggested to be associated with a high risk of transformation to acute leukaemia 

(approximately 20% of the cases), progressive cachexia and acute vascular events 

(Barosi, et al 2007; Mesa, et al 2005). Current disease management is largely 

palliative and includes the use of erythropoiesis-stimulating agents, prednisone, 

thalidomide, lenalidomide, and hydroxyurea (Tefferi 2013b). The combinations of 

therapy applied may change, depending on the PMF risk group, and patients in the 
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Risk Categories of 

PMF 

Median survival Management 

Low-risk (no risk factors) ~15.4 years Observation and 

Conventional drugs  

Intermediate-1 risk (1 

risk factor) 
~6.5 years Observation and 

Conventional drugs; or 

Experimental drugs 

Intermediate-2 risk 

(2-3 risk factors) 
~2.9 years Allo-SCT and 

Experimental drugs 

High-risk (≥4 risk 

factors) 
~1.3 years Allo-SCT and 

Experimental drug 

 

 

  

Figure 1.4D. Currently proposed risk-associated therapy in PMF. 

Conventional drugs include androgen preparations or thalidomide with 

prednisone for anemia and, hydroxyurea for symptomatic splenomegaly. 

Current experimental drugs include pomalidomide, JAK2 inhibitor ATP 

mimetics (for example Ruxolitinib and CYT387) and mammalian target of 

rapamycin (mTOR) inhibitors. Allo-SCT, allogenic stem cell transplant. 

Adapted from (Tefferi 2013b). 
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low risk groups may be managed with thalidomide and/or hydroxyurea (conventional 

drugs). However, patients in the high risk group may be managed with additional 

experimental drugs such as pomalidomide, JAK2 inhibitor ATP mimetics, or 

mammalian target of rapamycin (mTOR) inhibitors along with allogeneic stem cell 

transplantation (Tefferi 2013b). 

1.3.4 Identification of Janus Kinase 2 (JAK2) mutations in MPN 

Although PV, ET and PMF have unique clinical courses, they also share several 

similar patho-physiological features including evidence of clonal stem cell 

expansion, altered HSPC growth properties, and overall disease progression to MF 

and AML. These similar disease features have provided the basis in searching for 

common genetic lesions associated with these three MPN. 

 

In 2005, the observations of several investigators converged with the identification of 

an acquired mutation in JAK2 (Baxter, et al 2005; James, et al 2005; Kralovics, et al 

2005; Levine, et al 2005; Steensma, et al 2005; Zhao, et al 2005). A single G to T 

nucleotide change at position 1849 in exon 14 of JAK2 resulting in the substitution of 

valine-to-phenylalanine at amino acid position 617 in JAK2 (JAK2V617F), was 

observed in the majority of PV (95%), ET (50–60%) and PMF (50–60%) patients. 

Mutations in exon 12 of JAK2 are observed with lesser frequency (approximately 

5%) and are restricted to patients with PV (Butcher, et al 2008; Pardanani, et al 

2007a; Scott, et al 2007b). The important discovery of JAK2 mutations in MPN has 

led to the development of several JAK2 inhibitors which are either approved or in 

clinical trials [(Pardanani, et al 2009; Santos, et al 2010; Verstovsek, et al 2010) and 

reviewed in (Sonbol, et al 2013)]. 
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1.4 Janus Kinase (JAK) family proteins 

JAK2, along with JAK1, JAK3 and TYK2, belongs to the JAK family of proteins 

which are cytoplasmic non-receptor tyrosine kinases. These proteins are critical in 

cytokine receptor signalling pathways [reviewed in (O'Shea, et al 2002)]. Upon HGF 

binding to a receptor, a conformational change in the receptor brings two JAK2 

proteins into proximity resulting in trans-phosphorylation. Phosphorylated JAK2 acts 

as an activated tyrosine kinase, phosphorylating the cytoplasmic domain of the type I 

cytokine receptors which become the docking site of STAT and other proteins. 

STAT and other signal-transducing proteins are, in turn, also phosphorylated by 

activated JAK2 when bound to phosphorylated cytoplasmic domains of the cytokine 

receptors. The activated signal-transducing proteins may form dimers (for example 

STAT5 dimers) and enter the nucleus, where they act as transcription factors to 

regulate target myeloid genes [reviewed in (Ihle, et al 2007)]. Thus, JAK2 plays a 

critical role in myeloid-specific cytokine signalling and has been shown to be the 

predominant JAK activated in response to type-I cytokine ligands. These include 

EPO, GM-CSF and TPO signalling (Drachman, et al 1995; Drachman, et al 1997; 

Watanabe, et al 1996; Witthuhn, et al 1993).  

1.4.1 JAK2 structure and function 

Human JAK2 is located on chromosome 9p24 and has 25 exons (www.ensembl.org) 

encoding a 1132 amino acid protein. The JAK2 protein has several important 

domains known as the JAK homology (JH) domains [Figure 1.5.A, reviewed in 

(Smith, et al 2008)]. The JH1 domain, at the carboxy-terminus (C-terminus) of the 

protein, is the active tyrosine kinase domain where the phosphorylation of tyrosine 

(Y) residues (Y1007 and Y1008) is believed to activate JAK2 protein kinase activity 

(Feng, et al 1997). The JH2 domain is a pseudokinase which functions as a negative 

regulatory domain exerting inhibitory effects on JH1 (Dusa, et al 2010; Saharinen, et 
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al 2002; Saharinen, et al 2003). JH3 and JH4 are homologous to the Src homology 2 

motif (SH2) and may play a role in the oncogenic activation of JAK2V617F 

(Giordanetto, et al 2002; Gorantla, et al 2010). JH5, JH6 and JH7 are known to 

contain the four point one, ezrin, radixin, moesin homology or FERM domain which 

plays a role in the non-covalent binding to the juxtamembrane cytoplasmic region of 

the type I cytokine receptors (Funakoshi-Tago, et al 2006; Funakoshi-Tago, et al 

2008).  

 

Given that the kinase activity of JAK2 is a crucial step in signalling for numerous 

HGFs (Figure 1.5.B) such as EPO, TPO, IL3 and IL5 [(Parganas, et al 1998; 

Silvennoinen, et al 1993; Witthuhn, et al 1993) and reviewed in (Aaronson, et al 

2002)], regulation of JAK2 activity is performed at various levels and is an important 

step in maintaining normal cellular processes (Funakoshi-Tago, et al 2008; 

Saharinen, et al 2002). These regulatory mechanisms may include auto-inhibition by 

the JH2 domain of JAK2 (mentioned previously), the activation of members of the 

suppressors-of-cytokine-signalling (SOCS) proteins which suppress signalling by 

feed-back mechanisms [(Flowers, et al 2004; Waiboci, et al 2007) and reviewed in 

(Croker, et al 2008)], or regulation by tyrosine phosphatases such as protein-tyrosine 

phosphatase 1B (Myers, et al 2001). It has been suggested that intrinsic regulation of 

JAK2 activity depends on the phosphorylation of specific tyrosine residues such as 

Y221, Y570 and Y813 (Feener, et al 2004; Kurzer, et al 2004). For example, Y570 

phosphorylation (which is within JH2) has been reported to have a negative 

regulatory effect on the kinase activity where a mutation of this amino acid (Y570F) 

leads to constitutively active JAK2-dependent signalling in the absence of EPO 

(Feener, et al 2004). Additional mechanisms may include the indirect regulation of  
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A.

B.

Figure 1.5. The structure of JAK2 and the spectrum of cytokines 
(including HGF) involved in JAK signalling. A. The molecular structure of 
JAK2 [adapted from Smith and Fan, 2008 (Smith, et al 2008)] showing JAK 
Homology (JH) domains; JH1, which has tyrosine kinase activity; JH2, has a
regulatory effect on JH1. B. The role of JAK2 in the regulation of a number of 
HGFs [adapted from Tefferi, 2010 (Tefferi 2010)] such as EPO, Erythropoietin; 
TPO, Thrombopoietin and Interleukins (IL) such as IL-3, IL-4, IL5, IL-7, IL-9,
IL-12, IL-21, IL-23 etc.; GM-CSF, Granulocyte macrophage colony 
stimulating factor; G-CSF, Granulocyte colony stimulating factor.
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the STAT proteins by tyrosine phosphatases (ten Hoeve, et al 2002) and protein 

inhibitors of activated STATs (PIAS) (Chung, et al 1997; Liu, et al 1998). 

1.4.2 JAK2 as a chromatin modifier  

In addition to the cytoplasmic roles in HGF signalling, JAK2 has been shown to 

influence chromatin structure (Dawson, et al 2009; Shi, et al 2006; Shi, et al 2008). 

For example, in haematopoietic cells, JAK2 has been shown to translocate to the 

nucleus and displace heterochromatin protein-1alpha (HP-1α) by phosphorylating 

histone H3 at a tyrosine residue (Y41). This has been reported to up-regulate the 

expression of several downstream genes, including the LIM (Lin11, Isl-1 & Mec-3) 

domain only 2 or LMO2 oncogene (Dawson, et al 2009). Further, nuclear JAK2 was 

reported to be phosphorylated and the state of phosphorylation was dependent on the 

presence of an appropriate cytokine/growth factor such as leukaemia inhibitory 

factor (LIF-1). On addition of JAK2 inhibitors such as TG101209 and AT9283, a 

decrease in the levels of histone H3Y41 phosphorylation (H3Y41ph) strongly 

supported the chromatin modifying role of JAK2 (Dawson, et al 2009). 

 

In 2010, Rinaldi and colleagues reported that MPN patients with JAK2V617F 

mutation showed a preferential accumulation of JAK2 in the nucleus of CD34
+
 cells, 

as compared to MPN patients with wildtype JAK2 (Rinaldi, et al 2010). This finding 

was suggestive of a nuclear role for JAK2. Additionally, JAK2V617F was reported 

to phosphorylate protein arginine methyltransferase 5 (PRMT5) with greater affinity 

compared to wildtype JAK2 (Liu, et al 2011). This specific feature of the mutant 

JAK2 protein has been shown to disrupt the interaction of PRMT5 with its cofactor 

methylosome protein 50 (MEP50) leading to decreased methyltransferase activity. 

As knockdown of PRMT5 was also shown to increase the number of erythroid 

colony forming cells and erythroid differentiation of human CD34
+
 cells, 
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JAK2V617F induced phosphorylation of PRMT5 may be important in the 

pathogenesis of MPN (Figure 1.6 shows the various roles of JAK2 in cytokine 

signalling). 

1.4.3 JAK2 mutations in MPN 

The JAK2V617F mutation has been shown to be acquired, clonal (James, et al 2005), 

present in the HSC population (Jamieson, et al 2006), and also confers EPO-

independent growth of erythroid progenitors (Baxter, et al 2005). The highest 

frequency of this mutation is observed in PV (approximately 95%), while for ET and 

PMF this mutation is found at a frequency of approximately 50-60%. In addition, the 

JAK2V617F mutation has been found at lower frequencies in other myeloid 

neoplasms such as MDS (<5%) (Szpurka, et al 2006), juvenile myelomonocytic 

leukaemia (<20%) (Tono, et al 2005), and chronic myelomonocytic leukaemia 

(<5%) (Steensma, et al 2005), which indicates that acquisition of JAK2V617F may 

be heterogeneous. It may also be suggestive of distinct disease-initiating events with 

a potential common manner of acquisition of mutations. In the rare development of a 

lymphoid proliferative neoplasm from an MPN, JAK2V617F has occasionally been 

detected in lymphoid cells (Larsen, et al 2007; Stijnis, et al 2012). 

 

In the cases of rare JAK2V617F-negative PV, somatic gain-of-function mutations in 

exon 12 of JAK2 have been identified [(Butcher, et al 2008; Pardanani, et al 2007a; 

Pietra, et al 2008; Scott, et al 2007a; Scott, et al 2007b) and reviewed in (Scott 

2011)]. These mutations occur in virtually all of JAK2V617F-negative PV cases 

(which constitute 3-4% of all PV cases), span the linker region between SH2 and JH2 

domain of the protein, and may affect the interaction of the pseudokinase with the 

kinase domain. This results in the constitutive activation of JAK2 leading to a 

phenotype characterised by erythrocytosis (Pietra, et al 2008; Scott, et al 2007b).   
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Figure 1.6 JAK2 is central in the pathogenesis of Ph-negative MPN.
JAK/STAT and other JAK2 signalling pathways are activated in most patients 
with the classic Ph-negative MPN. This process can be due to direct activation of 
JAK2 as a result of JAK2 exon 12 and/or JAK2V617F mutations (represented in 
red). JAK2 can also be activated indirectly by mutations in MPL such as 
MPLW515L/K; mutations in LNK (SH2B adaptor protein 3). A number of other 
pathways are also activated and enhanced due to deregulated JAK2 such as 
PI3K/Akt/mTOR and MAPK pathways. Nuclear JAK2 leads to epigenetic 
deregulation by phosphorylating Histone H3 at tyrosine 41 which blocks the 
binding of epigenetic regulators such as heterochromatin protein-1alpha. Wildtype
JAK2 is represented in orange. mTOR, mammalian target of rapamycin; Ras, rat 
sarcoma viral oncogenes homolog; RAF, murine leukaemia viral oncogenes 
homolog1. [Schematic adapted from Santos and Verstovsek (Santos, et al 2012)]
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In addition, other mutations in exon 14 of JAK2 and deletion of exon 14 in the JAK2 

transcript have also been reported (Ma, et al 2010; Warshawsky, et al 2010). Rare 

mutations in exon 14 of JAK2 have been reported to co-exist with JAK2V617F and 

include substitutions of cysteine at position 618 to either an arginine 

(JAK2:c.T1852C, p.C618R) or phenylalanine (JAK2:c.G1853T, p.C618F) 

(Warshawsky, et al 2010). Each of these mutations has been reported in a single PV 

and ET case. 

 

1.5. Mutations highly specific to ET and PMF 

Subsequent to the discovery of mutations in JAK2, mutations in other genes have 

also been reported in MPN.  

 

1.5.1 MPL 

Somatic mutations in myeloproliferative leukaemia virus oncogene or MPL were 

initially described in 2006 and are virtually exclusive to ET and PMF patients 

(Pikman, et al 2006; Schnittger, et al 2007). MPL is located on chromosome 1p34, 

includes 12 exons and encodes for the TPO receptor (635–680 amino acids). 

Mutations in MPL mostly affect tryptophan (W) at position 515 (W515L/S/N due to 

a G to T/C/A transition at nucleotide 1544) and, occur in approximately 3% to 15% 

of ET and PMF patients (Beer, et al 2008; Pardanani, et al 2006a; Schnittger, et al 

2007). MPL mutation allele burden has been reported to be higher than JAK2V617F 

allele burden in some PMF patients with mutations in both JAK2 and MPL (Lasho, et 

al 2006). 
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Mutations in MPL are clonal, stem cell derived and involve myeloid and lymphoid 

lineage cells (Chaligne, et al 2007; Pardanani, et al 2007b). These mutations induce 

oncogenesis by constitutive activation of a number of signalling pathway proteins 

which include JAKs and STATs (Pikman, et al 2006). This constitutive activity of 

mutant MPL may require specific residues such as Y112 (Pecquet, et al 2010). In 

murine bone marrow transplantation assays, MPLW515L mutation was found to 

result in a PMF-like disorder with co-existing thrombocytosis (Pikman, et al 2006). 

MPL is the key growth and survival factor for megakaryocytes consistent with the 

affects of the mutations being associated with higher platelet count, low haemoglobin 

counts and arterial thrombosis (Beer, et al 2008; Vannucchi, et al 2008a) 

1.5.2 CALR 

Recently, somatic mutations in exon 9 of calreticulin or CALR gene were identified 

in ET and PMF patients and these were usually mutually exclusive to mutations in 

JAK2 and MPL (Klampfl, et al 2013; Nangalia, et al 2013). However, there is at least 

one known report of a rare co-occurrence of CALR and JAK2V617F in one ET 

patient which may reflect the possibility of bi-clonal evolution of the disease 

(Lundberg, et al 2014). The mutational frequencies described in ET and PMF cases, 

which were non-mutated for JAK2 or MPL, were 67-71% and 56-88% respectively 

(Klampfl, et al 2013; Nangalia, et al 2013). Mutations in CALR were less frequently 

observed in other myeloid malignancies and not detected in lymphoid malignancies 

(Broseus, et al 2014; Hou, et al 2014; Nangalia, et al 2013). 

 

CALR is present on chromosome 19p13.3 and the mutations, which occur in MPN, 

have predominantly been heterozygous insertions and deletions in exon 9. CALR is a 

complex calcium-binding protein chaperone localised in the endoplasmic reticulum 

and possibly the nucleus. Mutations in CALR have been reported to express a mutant 



P a g e  | 30 

protein with an altered C-terminus which lacks the endoplasmic reticulum targeting 

sequence (Klampfl, et al 2013; Nangalia, et al 2013). Consequences of over-

expressing one of the most frequently occurring CALR deletion mutants (52-bp 

deletion; c.1092_1143del) was associated with increased STAT5 signalling and 

hypersensitivity to IL-3 (Klampfl, et al 2013). A recent study comparing expression 

of CALR between different sub-types of haematopoietic cells from normal and 

CALR-mutated individuals has suggested preferential expression in the 

megakaryocytic lineage (Vannucchi, et al 2014). However, further studies are 

required of CALR activity in MPN.  

 

ET and PMF patients with mutations in CALR have been associated with higher 

platelet counts and lower haemoglobin levels when compared to patients with 

mutated JAK2 (Nangalia, et al 2013). However in ET, mutations in CALR were 

associated with a lower risk of thrombosis and cardiovascular events when compared 

to JAK2 mutated patients (Rotunno, et al 2013; Rumi, et al 2013). In addition, 

CALR-mutated PMF patients have been associated with a favourable survival 

compared to JAK2-mutated PMF (Guglielmelli, et al 2014; Tefferi, et al 2014a).  

 

1.6 Other somatic mutations in PV, ET and PMF 

In addition to the mutations identified in JAK2, MPL and CALR, a number of other 

mutations have been described in PV, ET and PMF. These mutations include a 

number of genes which encode TET2, IDH1, IDH2, DNMT3A, ASXL1, and EZH2, 

all of which have known epigenetic roles. However, mutations in these genes are not 

exclusive to MPN and can occur in addition to mutations in JAK2, MPL or CALR. 

The frequencies and significance of the mutations are described in the following 

sections. 
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1.6.1 TET2 

Somatic mutations in Ten Eleven Translocation 2 or TET2 were initially described 

by Delhommeau and colleagues, and by Langemeijer and colleagues as occurring in 

MPN, MDS and AML (Delhommeau, et al 2009; Langemeijer, et al 2009). TET2 is 

located on chromosome 4q24 and has multiple isoforms. One of its isoforms; isoform 

A, is the most affected by the mutations described so far. The spectrum of mutations 

includes missense, frameshift and nonsense scattered across several of its 12 exons.  

 

Mutations in TET2 have been observed in 17% of JAK2V617F
+
 and 7% of 

JAK2V617F-negative MPN patients (Tefferi, et al 2009c). Furthermore, in MPN, 

mutations in TET2 have been described as either preceding or following the 

acquisition of mutations in JAK2 (in exon 12 and 14), or as occurring in an 

independent clone leading to a bi-clonal pattern of mutation acquisition (Abdel-

Wahab, et al 2009; Beer, et al 2009; Delhommeau, et al 2009; Schaub, et al 2010). 

In addition, mutations in TET2 have been identified in MDS, MDS/MPN, AML and 

CMML and, have been shown to co-exist with other disease-relevant mutations such 

as mutations in KIT and RARA (Abdel-Wahab, et al 2009; Langemeijer, et al 2009; 

Tefferi, et al 2006; Tefferi, et al 2009a; Tefferi, et al 2009b).  

 

TET2 is one of three homologous human proteins belonging to the TET family 

which includes TET1 and TET3. These proteins have a highly conserved catalytic 

domain. In recent years both TET1 and TET2 have been shown to catalyse the 

conversion of 5-methylcytosine to 5-hydroxymethylcytosine resulting in the 

modification of DNA (Koh, et al 2011; Tahiliani, et al 2009). Also, it has been 

reported that TET proteins can convert 5-methylcytosine to 5-formylcytosine and 5-

carboxymethylcytosine (Ito, et al 2011). These products are speculated to be 
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intermediates in a mechanism of DNA demethylation. Consistent with this, 

mutations in TET2 have been associated with DNA hyper-methylation phenotype in 

AML (Figueroa, et al 2010). 

 

MDS/MPN, MDS and AML patients with mutations in TET2 have been shown to 

possess lower amounts of 5-hydroxymethylcytosine and altered DNA methylation 

patterns consistent with defects in the DNA demethylation pathway (Ko, et al 2010). 

Furthermore, functional evidence for a key role of TET2 was recently described 

wherein Tet2-deficient mice had higher numbers of HSPCs as compared to wildtype 

mice (Shide, et al 2012). The progenitors isolated from the Tet2-deficient mice had 

increased self renewal capacity and growth advantage over the wildtype mice in 

competitive transplant experiments. This suggested that Tet2 played a crucial role in 

maintaining the HSPC pool (Shide, et al 2012).  

1.6.2 IDH1 and IDH2  

Mutations in isocitrate dehydrogenase 1, or IDH1, and, isocitrate dehydrogenase 2, 

or IDH2, were initially described in gliomas and AML, following which they have 

been found to occur less frequently in other tumours (Kang, et al 2009; Mardis, et al 

2009; Park, et al 2009; Parsons, et al 2008). Mutations in IDH have been described 

in transformed MPN such as post-MPN AML (secondary AML), PMF, and less 

frequently in PV or ET [(Abdel-Wahab, et al 2010; Green, et al 2010; Pardanani, et 

al 2010; Tefferi, et al 2010a) and reviewed in (Tefferi 2010)]. The mutations 

identified in MPN are heterozygous, somatic, and affect three specific arginine 

residues (which are identical to the residues affected in gliomas): R132 (IDH1), 

R172 (IDH2) and R140 (IDH2).  
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IDH1 (10 exons; located on chromosome 2q33.3, 414 amino acids) and IDH2 (11 

exons; located on chromosome 15q26.1, 452 amino acids) are located in the 

cytoplasm and peroxisomes, and mitochondria respectively. However, both proteins 

are homodimeric NADP
+
-dependent enzymes that catalyse the oxidative 

decarboxylation of isocitrate to α–ketoglutarate generating NADPH from NADP
+
. 

Functional characterisation of the mutations of IDH1 has suggested a decreased 

affinity of the mutant enzyme for isocitrate (loss of function) and gain-of-function in 

catalysing the NADPH-dependent reduction of α–ketoglutarate to 2-hydroxyglutarate 

(Dang, et al 2009; Yan, et al 2009; Zhao, et al 2009b). Further, mutations affecting 

IDH1 and IDH2 have been associated with accumulation of 2-hydroxyglutarate in 

AML (Gross, et al 2010). Accumulation of 2-hydroxyglutarate (R-enantiomer) has 

reported to inhibit TET2 activity thereby mediating leukaemic transformation [refer 

to Figure 1.7 (Figueroa, et al 2010; Losman, et al 2013)].  

1.6.3 DNMT3A 

Recurrent somatic mutations of DNA (cytosine-5-)-methyltransferase 3 alpha, or 

DNMT3A, have been described in 13-22% of AML and 8% of MDS cases (Ley, et al 

2010; Walter, et al 2011; Yan, et al 2011). Mutations in DNMT3A have been 

associated with poor prognosis, altered methylation and gene expression profiles in 

AML and MDS (Ley, et al 2010; Shivarov, et al 2013; Walter, et al 2011; Yan, et al 

2011). In the case of MDS, these mutations are associated with risk of progression to 

AML (Walter, et al 2011). A single mutation in DNMT3A (R882H) has been 

reported in a case of post MPN-AML which was negative for the JAK2V617F and 

MPL mutations (Yamashita, et al 2010). In chronic-phase MPN, mutations in 

DNMT3A have been reported at frequencies of approximately 2.6-7% [see chapter 3, 

(Abdel-Wahab, et al 2011; Rao, et al 2012; Stegelmann, et al 2011)].  
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De novo DNA methylation is carried out either by DNMT3A (DNA 

Methyltransferase 3 Alpha) or by DNMT3B together with DNMT3L at CpG 

dinucleotides (Chen, et al 2003; Hsieh 2005; Okano, et al 1999; Suetake, et al 2004). 

The roles played by DNMT3A, IDH1, IDH2 and TET2 in maintaining DNA 

methylation is summarised in Figure 1.7.  

 

In AML, missense mutations in DNMT3A are clustered within the methyltransferase 

domain of the protein, most commonly affecting an arginine (R) at position 882 

(R882). Furthermore, DNMT3A R882 is analogous to the R823 residue of DNMT3B 

that is mutated in the inherited Immunodeficiency, Centromere instability, Facial 

anomalies (ICF) Syndrome (Ehrlich 2003; Ehrlich, et al 2001; Yamashita, et al 

2010). Importantly this residue is involved in homo-dimerisation and functional 

activation of the protein (Jia, et al 2007). In-vitro studies with missense mutations 

affecting R882 suggest that mutant proteins are associated with reduced 

methyltransferase activity (Yamashita, et al 2010; Yan, et al 2011). Further, Challen 

and colleagues have demonstrated that the loss of Dnmt3a alters global DNA 

methylation patterns in the HSC and impairs differentiation [block in differentiation, 

(Challen, et al 2012)]. This may contribute to the establishment of tumour-initiating 

cells and may result in the expansion of immature cells that acquire additional 

mutations for the onset of myeloid disorders. Consistent with this theory, mutations 

in DNMT3A have also been recently reported to occur early in AML transformation 

in pre-leukaemic HSCs (Shlush, et al 2014). 
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Figure 1.7. The process of DNA methylation and the roles played by TET2, 
IDH1 and IDH2 and, DNMT3A. The enzymes mutated in MPN and AML have 
been marked with an asterisk (*). 2-HG, 2-hydroxyglutarate; α-KG, α-
ketoglutarate, AID, activated induced cytidine deaminase; BER, base excision 
repair; DNMT3A, DNA methyltransferase 3A; IDH, isocitrate dehydrogenase; 
NADP+, nicotinamide adenine dinucleotide phosphate; SAH, S-
adenosylhomocysteine; SAM, S-adenosylmethionine; TDG, thymine DNA 
glycosylase. Figure taken from Shih, 2012 (Shih, et al 2012).
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1.6.4 ASXL1 

Additional Sex Combs Like 1 or ASXL1 (chromosome 20q11.1) is a member of the 

polycomb gene family. Somatic exon 12 mutations of ASXL1, which affect the C-

terminal plant homeodomain (PHD), have been identified in MPN at an approximate 

frequency of 8% (Carbuccia, et al 2009). In addition, exon 12 mutations of ASXL1 

have been identified in 11% of patients with MDS, 43% of CMML and 47% with 

secondary AML [where AML was secondary to PMF, CMML or MDS, (Carbuccia, 

et al 2010; Gelsi-Boyer, et al 2009)]. Furthermore, in a study of 63 patients with 

secondary AML, mutations in ASXL1 did not appear to be acquired during leukaemic 

transformation, were mutually exclusive to mutations in IDH1 and were shown to co-

exist with and even predate mutations in JAK2 or TET2 (Abdel-Wahab, et al 2010).  

 

Mutations in ASXL1 are predominantly found as nonsense and frameshift alterations 

in exon 12 leading to truncation of the C-terminal PHD domain. Whether these are 

loss-of-function or gain-of-function mutations is not completely understood. An 

early constitutive Asxl1 knockout murine study reported that loss of Asxl1 did not 

develop MDS- or leukaemia-like phenotype (Fisher, et al 2010). Nevertheless, the 

associated phenotype displayed mild haematopoietic defects and did not alter long 

term reconstitution in competitive repopulation studies (Fisher, et al 2010). However, 

other reports have suggested that mutations in ASXL1 may lead to leukaemogenesis 

via the loss of polycomb repressive complex (PRC2)-mediated trimethylation of 

histone H3K27 (Abdel-Wahab, et al 2012; Abdel-Wahab, et al 2013). In further 

support of a role in leukemogenesis, Inoue and colleagues reported that C-terminal 

truncating mutations of Asxl1, in mice, were associated with an MDS-like disease 

development (Inoue, et al 2013). It was also reported that these truncating mutations 

of Asxl1 may inhibit PRC2-mediated methylation of H3K27 leading to derepression 
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of genes such as homeobox a9 (Hoxa9) and miR-125a thereby promoting myeloid 

transformation (Inoue, et al 2013).  

1.6.5 EZH2 

Enhancer of zeste homolog 2 or EZH2, located on chromosome 7q36.1, encodes a 

member of the polycomb group of proteins that forms the catalytic subunit of the 

PRC2 complex [(Cao, et al 2002) and reviewed in (Cao, et al 2004)]. The PRC2 

complex consists of four core members: EZH1 or EZH2, embryonic ectoderm 

development protein (EED), suppressor of zeste 12 homologue (SUZ12) and 

RBAP48 (also known as retinoblastoma binding protein 4 or RBBP4). EZH2 is a 

histone H3K27 methyltransferase, the activity of which is associated with 

transcriptional repression (Cao, et al 2002). Mutations in EZH2 occur throughout the 

open-reading frame and have been detected in patients with Ph-negative MPN, MDS 

(approximately 5-15%) and MPN/MDS overlap disorders [approximately 10-12%, 

(Ernst, et al 2010; Makishima, et al 2010; Nikoloski, et al 2010)]. Mutations in 

EZH2 have been observed in MF [includes both PMF and post-PV- or post-ET-MF, 

approximately 13%], PV (approximately 3%) and, appear to be virtually absent in 

ET (Ernst, et al 2010). Of interest is the discovery of germline mutations in EZH2 in 

Weaver’s syndrome, which overlap considerably with the somatic mutations 

identified in myeloid malignancies (Cross 2012; Tatton-Brown, et al 2011). Two 

separate individuals with germline mutations in EZH2 were also observed to progress 

to neuroblastoma along with acute lymphoblastic leukaemia (ALL) and lymphoma 

respectively (Tatton-Brown, et al 2011). 

 

Previous studies indicate that mutations in EZH2 confer loss-of-function, thereby 

suggestive of a role as a tumour suppressor (Ernst, et al 2010; Nikoloski, et al 2010). 

However, a study by Herrera-Merchan and colleagues demonstrated that ectopic 
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over-expression of Ezh2 can lead to myeloid transformation (MPN-like phenotype), 

suggesting that, on over-expression, EZH2 may act as an oncogene in the myeloid 

compartment (Herrera-Merchan, et al 2012). Other studies have demonstrated that 

deletion of Ezh2 can attenuate the leukaemogenicity of AML in mouse models (Neff, 

et al 2012; Tanaka, et al 2012). More recently, Muto and colleagues confirmed that 

loss of Ezh2 can lead to an MDS-like disorder in mice and this was more severe with 

a concomitant loss of Tet2 (Muto, et al 2013). Thus, the above and other studies are 

indicative of both tumour suppressor and oncogene associated roles of EZH2 (Khan, 

et al 2013; Morin, et al 2010; Ntziachristos, et al 2012; Simon, et al 2012). However, 

additional studies need to be performed to address the specific role of mutations in 

EZH2 in MPN. 

1.7 Evidence for pre-JAK2 mutation event 

It is now well established that somatic mutations of JAK2, particularly JAK2V617F 

are a central and significant feature of MPN. This is evident in the high frequencies 

observed of JAK2V617F mutations in MPN and supported by the constitutive 

activity observed in in-vitro (James, et al 2005) and murine models [as reviewed in 

(Li, et al 2011a)]. However, a number of questions remain with regards to the role of 

mutations of JAK2 in MPN. Described below are theories which suggest that 

mutations affecting JAK2 are the main lesions to drive MPN disease, and other 

theories which suggest that additional events may contribute to the MPN disease 

phenotype. 

1.7.1 JAK2V617F allele burden drives MPN disease phenotype: the gene dosage 

hypothesis. 

Results from murine models support the notion that expression of JAK2V617F leads 

to an MPN-like disease phenotype (Akada, et al 2010; Bumm, et al 2006; James, et 
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al 2005; Lacout, et al 2006; Shide, et al 2008; Tiedt, et al 2008; Wernig, et al 2008; 

Xing, et al 2008; Zaleskas, et al 2006). Initial studies in bone marrow transplantation 

models, using retrovirus-transduced JAK2V617F BM cells reported MPN-like 

disease development (Bumm, et al 2006; Lacout, et al 2006; Wernig, et al 2008; 

Zaleskas, et al 2006). However, the extent of transformation either to PV- or MF-like 

disease phenotype was reported to be dependent on strain-specific differences. The 

differences observed may also have been due to different viral integration sites, level 

of expression and cells targeted by the viruses. 

 

Later transgenic and knock-in murine models suggested that dosage of JAK2V617F 

defines MPN disease sub-type (Akada, et al 2010; Shide, et al 2008; Tiedt, et al 

2008). Tiedt and colleagues reported that both ET- and PMF-like phenotypes were 

induced following manipulation of the JAK2V617F allele burden (Tiedt, et al 2008). 

In this study, mice with JAK2V617F expression lower than endogenous wildtype 

Jak2 displayed an ET-like phenotype. However, a PV-like phenotype was reported 

when JAK2V617F expression was equal to endogenous wildtype Jak2 (Tiedt, et al 

2008). Knock-in models have shown that heterozygous and homozygous Jak2V617F 

leads to PV-like phenotype, with homozygosity resulting in additional MF-like 

features (Akada, et al 2010). Recently Li and colleagues have confirmed that 

homozygosity of JAK2V617F acts as a switch, leading to a PV-like phenotype from 

heterozygous JAK2V617F
+
 ET-like disease phenotype in a murine model of MPN 

(Li, et al 2014).  

 

Analysis of single cell progenitors from PV and ET patients by Scott and colleagues 

showed that all PV patients have a subset of homozygous JAK2V617F
+
 cells (Scott, 

et al 2006). However, homozygous JAK2V617F
+ 

cells were absent from patients 
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with ET. This raised the possibility that JAK2V617F allele burden may drive disease 

phenotype (gene-dosage hypothesis). The gene-dosage hypothesis has been 

supported by other studies which implicate allele burden and strength of JAK2V617F 

signalling in different MPN disease phenotypes (Passamonti, et al 2009; Passamonti, 

et al 2010b). Further, the initial report of loss-of-heterozygosity (somatically 

acquired uniparental disomy) on chromosome 9p (9pLOH) being observed more 

frequently in PV as compared to ET also supports the gene-dosage hypothesis 

(Kralovics, et al 2002; Kralovics, et al 2005). 

 

Thus, several clinical and experimental data support the hypothesis that JAK2V617F 

expression is the primary cause for the emergence of MPN. However, the gene-

dosage hypothesis does not entirely explain the presence of low JAK2V617F allele 

burdens in PV patients, or the finding that JAK2V617F allele burdens in PV is often 

similar to those in PMF [(Barosi, et al 2007; Baxter, et al 2005; James, et al 2005; 

Kralovics, et al 2005; Levine, et al 2005; Vannucchi, et al 2007; Vannucchi, et al 

2008b) and reviewed in (Jones, et al 2013)]. In addition it has also been reported that 

JAK2V617F may not entirely be sufficient to drive clonal expansion of HSPCs 

(Hasan, et al 2014; Li, et al 2014; Mullally, et al 2010; Mullally, et al 2012). This 

may suggest the presence of a JAK2V617F disease sub-clone, which does not always 

account for transformation to post-MPN-MF (Levine, et al 2006) and leukaemia 

(Beer, et al 2009; Jamal, et al 2008; Theocharides, et al 2007). 

1.7.2 Additional events which may be important in driving the JAK2V617F disease 

phenotype: transformation to MF and AML 

With regards to post-PV/post-ET-MF, it is apparent that transformation to MF (and 

AML) may require additional factors (Beer, et al 2009). A number of acquired 

lesions have been described to associate with transformation to MF and AML [for 
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example ASXL1, IDH1/IDH2, EZH2 etc., and see section 1.6]. However, these 

described lesions are neither exclusive to MPN nor follow a specific disease pattern. 

In addition, it has been observed that approximately 50% of JAK2V617F
+
 MPN 

cases can progress to JAK2V617F-negative AML independently of cytoreductive 

therapy (Bjorkholm, et al 2011; Campbell, et al 2006; Merlat, et al 1999; Sterkers, et 

al 1998; Theocharides, et al 2007). Of note, progression in MPL-mutated MPN 

patients to MPL mutation-negative sAML has also been observed to occur in the 

absence of prior cytoreductive therapy (Beer, et al 2010). 

 

Given that JAK2V617F is always acquired somatically there are some contradicting 

views suggesting that JAK2V617F mutation may not entirely dictate MPN 

pathogenesis (Godfrey, et al 2012; Li, et al 2014; Nussenzveig, et al 2007). These 

views, however, may highlight differences and the presence of multiple factors in 

disease pathogenesis in the presence of JAK2V617F. One suggested mechanism 

proposed include the preferential activation of STAT1 and STAT5 which may 

contribute to the differences between PV and ET. Increased STAT1 activity in 

normal progenitors has been reported to produce an ET-like phenotype, whereas 

down-regulation of STAT1 activity in JAK2V617F heterozygous ET progenitors 

produced a PV-like phenotype (Chen, et al 2010). Other theories are described 

below. 

1.7.2.1 Evidence that clonal haematopoiesis is a pre-JAK2 mutation event 

Late disease onset and clonal haematopoiesis are central features of MPN. Clonal 

haematopoiesis has been reported to occur with aging in the absence of JAK2V617F 

mutation (Kralovics, et al 2006; Nussenzveig, et al 2007). The features of an ageing 

haematopoietic system may include bias to differentiation along the myeloid lineage 

and an increased risk of malignancies (Beerman, et al 2010; Pang, et al 2011). Such 
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clonal haematopoiesis has been postulated to occur even in sub-clinical or normal 

individuals as a result of an aging haematopoietic system which has accumulated 

somatic chromosomal lesions [(Busque, et al 2012; Forsberg, et al 2012; Jacobs, et 

al 2012; Laurie, et al 2012) and reviewed in (Them, et al 2013)]. Genome-wide 

association studies on the general population performed by Jacobs and colleagues, 

and Laurie and colleagues are consistent with the increased frequency of acquiring 

chromosomal aberrations with age, and these changes correlated with changes 

observed in myeloid malignancies (Jacobs, et al 2012; Laurie, et al 2012). The study 

by Laurie and colleagues (Laurie, et al 2012) also showed a 10-fold increased risk of 

developing a haematological malignancy for those individuals with the presence of 

any detectable aberrations. In addition, Busque and colleagues identified 5.5% of the 

elderly population (>65 years) with somatic mutations in TET2 exhibiting clonal 

haematopoiesis but no haematological malignancy (Busque, et al 2012). These 

reports suggest that an ageing haematopoietic system can shift to clonal 

haematopoiesis which may constitute an event preceding acquisition of mutations in 

JAK2 and development of MPN in humans [reviewed in (Them, et al 2013)]. Studies 

have suggested populations of pre-leukaemic HSC may be associated with mutations 

in TET2, DNMT3A and IDH1/IDH2 [reviewed in (Chan, et al 2013)]. This has led to 

a theory that certain combinations of mutations can induce expansion of pre-

leukaemic HSC clones which may be resistant to cyto-reductive therapy and possibly 

the target of further leukaemogenic mutations. 

1.7.2.2 Evidence from familial studies 

Familial MPN mirrors sporadic MPN with regard to features such as risk of 

thrombosis, risk of haemorrhage, presence of clonal haematopoiesis and the ability to 

form EPO-independent erythroid colonies in-vitro (Bellanne-Chantelot, et al 2006; 

Kralovics, et al 2003; Rumi, et al 2006). Additionally, familial MPN has also been 
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observed to progress to MF and leukaemia (Bellanne-Chantelot, et al 2006; Rumi, et 

al 2007). Thus, it is believed that inherited risk/susceptibility factors may also play a 

role in the acquisition of JAK2V617F in sporadic MPN. Evidence for this is 

supported by studies of familial MPN in which mutations in JAK2 (JAK2V617F and 

exon 12 mutations) and CALR are acquired (Bellanne-Chantelot, et al 2006; Maffioli, 

et al 2014; Pardanani, et al 2006b; Pietra, et al 2008; Rumi, et al 2014; Rumi, et al 

2007; Rumi, et al 2006).  

 

Analysis of families with MPN has shown that the inheritance of disease subtype and 

somatic acquisition of JAK2V617F is heterogeneous where most families display an 

autosomal dominant mode of inheritance with low penetrance (Bellanne-Chantelot, 

et al 2006; Cario, et al 2005; Kralovics, et al 2005; Kralovics, et al 2003; Landgren, 

et al 2008; Levine, et al 2005; Pardanani, et al 2006b; Rumi, et al 2007; Rumi, et al 

2006). While 60% of these families typically either present with PV or ET, the 

remaining 40% may have a different myeloid disorder, such as mastocytosis or 

CML, at diagnosis (Bellanne-Chantelot, et al 2006; Rumi, et al 2007). This suggests 

multiple factors/lesions can predispose to the development of MPN. In a single large 

population-based study from Sweden, Landgren and colleagues reported a 5- to 7- 

fold increased risk of developing MPN in first degree relatives of MPN patients 

compared to the general Swedish population with no known family history of MPN 

(Landgren, et al 2008). This inherited risk was specific to PV (relative risk was 5.7) 

and ET (relative risk was 7.4) but was not observed in CML where the relative risk 

was 1.9 with a p-value of 0.09. However, it was not until 2009 that a risk single 

nucleotide polymorphism (SNP) was identified for the development of MPN.  
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1.7.2.3 JAK2 haplotype: a pre-disposition loci in sporadic MPN 

In 2009, three studies reported that a major component of population-level 

predisposition for MPN relates to the JAK2 locus itself, specifically a haplotype 

referred to as 46/1 (GGCC) (Goldin, et al 2009; Jones, et al 2009a; Kilpivaara, et al 

2009; Olcaydu, et al 2009). The studies demonstrated that heterozygotes for this 

haplotype had a high probability to acquire JAK2V617F mutation in cis to the risk 

SNP allele than on the other chromosome. Furthermore, it was reported that the 

GGGC genotype frequency was much higher in MPN patients compared with 

matched controls, suggesting the G allele (characterised by the presence of the SNP 

rs10974944) is a dominant predisposition allele associated with a 3- to 4- fold 

increased risk of developing MPN (Jones, et al 2009a; Kilpivaara, et al 2009; 

Olcaydu, et al 2009). It is speculated that 46/1 predisposes to the development of 

mutations in JAK2 or MPL (hypermutability hypothesis) or alternatively, confers a 

selective advantage to cells that have acquired mutations in JAK2 (fertile ground 

hypothesis) (Campbell 2009; Patnaik, et al 2010b; Pietra, et al 2012).  

Other emerging studies have associated other SNPs with JAK2V617F
+
 MPN disease 

development (Ohyashiki, et al 2012; Wang, et al 2012) however, none have 

demonstrated a disease association as significant as the JAK2 46/1 haplotype. The 

mechanisms associated with these MPN risk alleles are not yet understood.  

 

Thus, together the theories and related evidence for pre-clinical clonal 

haematopoiesis and pre-leukaemic HSCs suggests a model where acquisition of 

mutations in JAK2, MPL and CALR occurs on a background of changes that initiate 

clonal haematopoiesis and myeloid expansion. In this setting, the mutations in 

JAK2/MPL/CALR are proposed to specify the MPN disease phenotype (see Figure 

1.8).  
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Figure 1.8. Schematic representation of a hypothetical view of MPN disease 
initiation and progression to AML (see text for details). The model suggests a 
polyclonal population of HSC/HSPCs which harbour disease susceptibility alleles. 
Clonal haematopoiesis may occur depending on the nature of the disease initiating 
event within the HSC/HSPC. Acquisition of further somatic mutations in genes such 
as JAK2, MPL or CALR will define the phenotype of the disease (such as PV, ET or 
PMF) and potential transformation to AML (or MF in the case of PV and ET). 
Leukaemic transformation can also occur in pre-leukaemic cells that have not 
acquired mutations in JAK2, MPL or CALR. Figure adapted from(Tefferi 2010)].
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1.8 Histones and MPN disease pathogenesis  

Mutations in genes known or suspected to encode epigenetic regulators have been 

shown to be common in MPN. These include TET2, IDH1/IDH2, DNMT3A, ASXL1, 

EZH2 and JAK2 (as described in previous sections). As a result, there has been 

growing interest in understanding epigenetic mechanisms in MPN. Epigenetics refers 

to changes in phenotype or gene expression that are heritable through cell divisions 

but are caused by mechanisms other than changes in the underlying DNA sequence 

[reviewed in (Goldberg, et al 2007)]. In MPN, the epigenetic mechanisms 

investigated include DNA methylation of CpG-dinucleotides (for example due to 

mutations in DNMT3A or TET2 which have been described in section 1.6), 

regulation by micro-RNAs and alterations to chromatin function via histone 

modifications [(Bruchova, et al 2008; Bruchova, et al 2007; Dawson, et al 2009; 

Guglielmelli, et al 2007; Liu, et al 2011; Slezak, et al 2009; Zhao, et al 2009a) and 

reviewed in (Cross 2011)]. Interestingly, JAK2, DNMT3A, EZH2 and ASXL1 have 

been shown to interact with and/or modify histones, particularly histone H3 and H4, 

at specific residues. Specific residue modifications of interest include histone H3 

lysine 27 trimethylation (H3K27me
3
) by EZH2, histone H3Y41ph by JAK2 and 

histone H4 arginine 3 symmetric di-methylation (H4R3me
2
s) by PRMT5 (Cao, et al 

2002; Dawson, et al 2009; Liu, et al 2011). These modifications have been shown to 

have a direct effect on the regulation of a number of specific downstream genes such 

as LMO2 (JAK2 mediated H3Y41ph) (Dawson, et al 2009) and early growth 

response protein-1 or Egr1 (EZH2 mediated H3K27me
3
) (Tanaka, et al 2012). Also 

of interest is the role played by mutant ASXL1, which may lead to loss of activity of 

the PRC2 complex leading to reduction in the level of histone H3K27 methylation 

and promote myeloid leukaemogeneis (Abdel-Wahab, et al 2012). Histone H4R3 can 

be di-methylated by PRMT5, a target of JAK2 kinase activity, which may affect 
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binding and activity of DNMT3A (Dawson, et al 2009; Liu, et al 2011; Zhao, et al 

2009a). Histone H4R3me
2
s, mediated by PRMT5, has been shown to recruit 

DNMT3A in human erythromyeloblastoid leukaemia cell line (K-562) and also lead 

to silencing of globin genes in erythroid progenitors from adult human bone marrow 

cells (Zhao, et al 2009a). 

 

Taken together the above evidence suggests that histone H3 and histone H4 

modifications have an important role in haematopoiesis and specifically in mediating 

the effects of mutated proteins in MPN. Below is an introduction to the histones 

including the roles played by the variety of modifications on the histone N-terminal 

tails. 

1.9 Histones and histone genes 

Histones are highly conserved basic proteins that package DNA into functional units 

know as nucleosomes. An octamer of histone proteins constitute the nucleosome core 

which is the basic unit of chromatin [reviewed in (Alberts, et al 2002)]. This 

nucleosome consists of a tetramer of (H3-H4)2 flanked by two H2A-H2B dimers. In 

higher eukaryotes, these nucleosomes are joined together by variable lengths of 

linker DNA (18-65 base pairs). Linker histones (H1) shield the excess negative 

charge of the linker DNA to promote folding of nucleosomes into a higher order 

structure known as chromatin [reviewed in (Kornberg, et al 1999; Luger, et al 

1998)]. The overall structural state of the chromatin impacts DNA replication, 

expression of genes and DNA repair [(Dawson, et al 2009; Petruk, et al 2013) and 

reviewed in (Zentner, et al 2013)]. For example, chromatin structure is altered 

following DNA damage which activates DNA repair processes and proteins which 

recognize specific modifications on histone N-terminal tails of core histones (such as 
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histone H4 lysine 20 methylation) and activate specific histone variants such as 

gamma H2A.X (Botuyan, et al 2006; Hanasoge, et al 2007; Rogakou, et al 1998). 

1.9.1 Organisation of histone genes and regulation of transcription  

Histone gene expression is tightly coupled to DNA replication. At the onset of the 

DNA synthesis phase (S-phase), de novo synthesis of histone proteins is required to 

package nascent DNA into chromatin [reviewed in (Alberts, et al 2002)]. This tight 

control of histone protein synthesis is essential to ensure proper chromatin formation. 

Over-expression of histones has been shown to increase the frequency of 

chromosome loss in yeast (Meeks-Wagner, et al 1986), whereas, inhibition of 

histone gene-expression during S-phase leads to DNA damage (Nelson, et al 2002; 

Ye, et al 2003). Inappropriate expression of histones outside of S-phase has been 

linked to developmental arrest in Drosophila (Sullivan, et al 2001). Deleting one of 

the two histone H4 genes in Saccharomyces cerevisiae (S.cerevisiae) has been 

reported to increase the rate of homologous recombination and genomic instability 

(Prado, et al 2005). Thus, changes in histone levels have a potential impact on gene 

expression and genomic stability, which may be of importance in disease. 

 

In all organisms, histone encoding genes are clustered together into two major 

clusters [reviewed in (Marzluff, et al 2002)]. The large cluster on chromosome 6 in 

the human genome [HIST1 cluster, present on chromosome 13 in mouse] contains 

more than 80% (55 genes) of the histone encoding genes which includes all six of the 

histone H1 genes. Two smaller clusters present on human chromosome 1q21 [HIST2 

cluster, present on chromosome 3 in mice] and 1q42 [HIST3 cluster, present on 

chromosome 11 in mice] contain six and three of the four core histone encoding 

genes (the complete list of histone genes is shown in Figure 1.9). The nature of 

histone gene organisation suggests a selective pressure to conserve histone gene 
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arrangement. It also indicates that gene-clustering may have an important role in the 

co-ordinated and controlled expression of histone encoding genes through a number 

of sequence elements and transcription factors [(Das, et al 1993; Holmes, et al 2005; 

Mitra, et al 2003; Palko, et al 2004; Schild-Poulter, et al 2003; Spector, et al 1997; 

van Wijnen, et al 1991; Xie, et al 2009)].  

 

The mRNA encoding the replication-dependent histones are characterised by the lack 

of a poly-A tail and the presence of a unique 3´ untranslated region (3´UTR). The 

3´UTR of histones contains a stem loop, a histone downstream element (HDE) and 

U7 small nuclear RNA (U7snRNA) binding site (within the HDE) [reviewed in 

(Marzluff, et al 2008)]. The stem loop is the binding region for the stem loop binding 

protein (SLBP) which is an essential protein in the histone mRNA metabolism 

(Salzler, et al 2009; Sullivan, et al 2001). SLBP aids in the binding of other histone 

processing factors, such as ribonucleoprotein U7snRNP and forms a complex which 

enables cleavage and export of the histone mRNA [(Azzouz, et al 2005; Jaeger, et al 

2006; Wagner, et al 2006) and reviewed in (Marzluff, et al 2008)].  

1.9.2. Histone post-translational modifications and the histone code hypothesis 

The core histones are the main structural proteins of chromatin, and they mediate the 

stability and regulation of the genome. Each of the core histones has a related 

globular domain that mediates histone–histone interactions within the octamer and 

organizes the two turns of nucleosomal DNA [reviewed in (Alberts, et al 2002)]. 

Each histone has an N-terminal 20–35 residue segment that is rich in basic amino 

acids and extends from the surface of the nucleosome. These histone tails are the site 

of a variety of post-translational modifications (PTMs) that affect interactions with 

chromatin binding, remodelling proteins and regulatory processes. Some of the key   
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Figure 1.9. Histone genes in the human and mouse genome. Some genes for 
which no homologous gene has been found in either species have been denoted with 
‘Not present’; pseudogenes have been depicted with Ψ. The figure has been adapted 
from (Marzluff, et al 2002b).
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modifications are listed in Figure 1.10A. The variety of PTMs include acetylation, 

phosphorylation, methylation (me), deimination, ADP ribosylation, ubiquitylation, 

sumolyation, and the addition of β–N-acetylglucosamine [as reviewed by (Bannister, 

et al 2011)]. Overall, histone PTMs provide a layer of complex codes that mediate 

genome stability and gene regulation. It is not surprising that de-regulation of histone 

PTMs are found to occur in various forms of cancer (Elsheikh, et al 2009; Fraga, et 

al 2005; Kwon, et al 2010; Schwartzentruber, et al 2012; Seligson, et al 2005; Wei, 

et al 2008; Wu, et al 2012). These residues include histone H3 lysines at positions 4, 

9, 18 and 27 and, histone H4 lysines at positions 12, 16 and 20 of the mature protein 

(see Figure 1.10B for summary). In addition to deregulated PTMs at histone tails in 

cancers, two groups were the first to report and highlight a role of mutations in genes 

encoding histone H3 (Schwartzentruber, et al 2012; Wu, et al 2012).  

1.10 Histone gene mutations in gliomas 

Two groups reported mutations in histone H3 genes; H3F3A and HIST1H3B, in 

paediatric gliomas (Schwartzentruber, et al 2012; Wu, et al 2012). Schwartzentruber 

and colleagues performed whole-exome sequencing in paediatric diffuse gliomas, a 

lethal tumour occurring more frequently in children than in adults, and identified 

acquired mutations in H3F3A (encodes for variant histone H3; H3.3) in 53% of all 

cases [including 3% adult and 50% of the paediatric cases, (Schwartzentruber, et al 

2012)]. The mutations were highly specific and resulted in amino acid substitutions 

of either lysine at position 27 to a methionine (K27M) or, glycine at position 34 to an 

arginine (G34R) or valine (G34V). In a concurrent study by Wu and colleagues, 

mutations in H3F3A were found to occur in 36% of the glioma cases and, 

interestingly, K27M somatic mutations were also found to occur in HIST1H3B at a 

frequency of 9% of all cases (Wu, et al 2012). All mutations identified were 

mutually exclusive,  
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Figure 1.10. A. Post-translational modifications on the core histone residues. Histone
PTMs, which occur mostly on N-terminal residues have been depicted. Those affected in 
disease are highlighted with yellow arrows. Note that disrupted modifications in disease affect 
Histone H3 and Histone H4 residues. Figure taken from (Rodriguez-Paredes, et al 2011) Me,
Methylated; Ac, Acetylated; P, phosphorylated and Ub, ubiquitinated. B. Deregulated PTMs 
on the residues of histone H3 and H4. The table lists most studied key residues and the 
associated modifications of histones H3 and H4 which are deregulated in cancers.

A.

B.
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heterozygous and acquired, which was suggestive of a single mutation in HIST1H3B 

or H3F3A possibly driving the pathogenesis of disease. Subsequently, other groups 

have reported somatic mutations in H3F3A (Behjati, et al 2013; Behjati, et al 2014; 

Huether, et al 2014; Je, et al 2013; Je, et al 2014) and H3F3B [mutations affecting 

K36 (Behjati, et al 2013; Behjati, et al 2014)] in other malignancies, such as rare 

acute leukaemias, lymphomas, and solid tumours, indicating a role for histone 

mutations in driving various cancer phenotypes. 

 

Given the growing body of evidence implicating roles for histone H3 and histone H4 

and associated proteins in various myeloid malignancies including MPN, studies 

were undertaken to investigate the direct role of mutations of histone encoding genes 

in MPN disease pathogenesis.   

1.11 Hypothesis 

Mutations in genes encoding for histone H3, histone H4, and associated proteins 

occur in MPN and play a role in MPN pathogenesis.  

1.12 Project Aims 

Aim 1: To screen for novel histone H4 variants associated with MPN and 

functionally characterise identified variants. 

 

Aim 2: To identify and characterise novel MPN-associated somatic mutations in 

histone H3 and chromatin-associating proteins; PHF6 and DNMT3A. 
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2.1 Introduction 

The genes which encode for the four core histones are highly conserved across 

species with greater than 95% DNA sequence conservation between mice and 

human. In the human genome there is one major histone gene cluster, the HIST1 

cluster, present on chromosome 6 (6p21-22), and two minor histone clusters on 

chromosome 1 (1q21 and 1q42) [reviewed in (Marzluff, et al 2002)]. The major 

cluster on chromosome 6 has 55 histone genes of which 12 are histone H4 genes. 

There are two identical histone H4 genes in the HIST2 cluster, HIST2H4A and 

HIST2H4B. In addition to the histone H4 genes on chromosomes 6 and 1, one 

histone H4 gene, HIST4H4, is present on chromosome 12 (12p13.1) (Figure 2.1). Of 

the 15 known histone H4 genes, 14 encode for the identical 103 amino acid histone 

H4 protein, while HIST1H4G encodes for a 98 amino acid form of the histone H4 

protein.  

 

Residues on the N-terminal tail of histone H4 undergo a number of post-translational 

modifications, including acetylation and methylation of Lysine (K) and methylation 

of arginine (R) residues. These post-translational modifications of specific amino 

acids form the histone code, wherein combinations of modified residues on the same 

or separate histone tails (mostly N-terminal) can lead to recruitment of a range of 

chromatin-associating proteins resulting in either the repression or activation of 

genes (see chapter 1 section 1.8.2 and 1.9). S. cerevisiae mutagenesis studies of the 

amino terminal tail residues in histone H4 have been reported in the HistoneHits 

database (http://histonehits.org). Mutations affecting key residues such as K20 and R3 

have been shown to affect silencing of ribosomal genes and the Hidden Mat Right or 

HMR locus  (Huang, et al 2009). 

 

http://histonehits.org/
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Figure 2.1. Organisation of Histone H4 genes in the human genome. The 

HIST1 cluster, on human chromosome 6 (6p21–p22) contains 55 histone genes 

including 12 Histone H4 genes. There are two smaller clusters on human 

chromosome 1:HIST2 (1q21), which has 6 Histone genes of which 2 genes encode 

for Histone H4 and HIST3 (1q42), which has 3 Histone genes none encoding for 

Histone H4. Of note are the two identical genes (HIST2H4A and HIST2H4B) 

which have been represented with both annotations at both loci in the HIST2 

cluster due to the inability to differentiate between the two genes. In addition to 

the Histone H4 genes in HIST1 and HIST2, one other gene has been identified; 

HIST4H4 which is present on human chromosome 12. The organization of the 

Histone genes in the HIST1 cluster is conserved across the human and mouse 

genomes and is spread over approximately 2Mb. There are two large regions 

(>250 kb each) within the cluster where there are no Histone genes, but many 

other genes. indicates 5`-3` transcription and  indicates 3`-5` transcription 

of the gene. (Chromosomes/gene positions have been adapted from NCBI, USA). 
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In higher eukaryotes histone modifications represent one of the major epigenetic 

events which regulate transcriptional activity. Proteins that perform these 

modifications are affected in MPN [(Dawson, et al 2009; Makishima, et al 2010; 

Nikoloski, et al 2010) and reviewed in (Abdel-Wahab 2011)]. In PV, ET and PMF, 

studies with JAK2 and EZH2 have highlighted the role of histone H3 and H4 post-

translational modifications.  

 

Histone modifications can be directly affected by altered JAK2 activity in MPN. 

JAK2 has been reported to translocate to the nucleus and phosphorylate histone H3 at 

a tyrosine residue at position 41 (Y41), thereby up-regulating expression of 

oncogenes such as LMO2 and BCL2L1 (Dawson, et al 2009). In addition, 

JAK2V617F has been reported to phosphorylate specific residues of PRMT5, leading 

to decreased PRMT5-MEP50 mediated methyltransferase activity and decreased 

levels of methylation on histone residues (Liu, et al 2011). Furthermore, EZH2 

trimethylates histone H3 (H3K27me
3
) and is mutated in MPN patients (see section 

1.6.5 in chapter 1). Given the ability of JAK2 and JAK2V617F to affect, either 

directly or indirectly, histone H3 and histone H4 modifications, a search for novel 

pathogenic variants in the genes encoding the histone H3 and histone H4 proteins 

was undertaken. In this first study, a detailed screen of the genes encoding for 

histone H4 by Sanger sequencing was conducted. This identified novel germline 

coding variants, following which, their functional significance was examined further. 

2.2 Materials and Methods  

2.2.1 MPN, normal and other cohorts 

Human Research Ethics Approval for this study was obtained from the Royal 

Adelaide Hospital (RAH ethics #991104c), The Queen Elizabeth Hospital (CNAHS 
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ethics #2007159) and Flinders Medical Centre (FMC ethics #349/09) Research 

Ethics Committees. 110 PV, 20 ET and 3 PMF patients and 239 haematologically 

normal volunteers were recruited over a period of 12 years (from 2000-2012). All PV 

patients were screened for JAK2V617F or exon 12 mutations of JAK2 as described 

previously (Butcher, et al 2008). Access to a Melbourne MPN cohort [Prof. Andrew 

Roberts (WEHI, Melbourne)] of 60 patient gDNA samples from a combination of 

PV, ET and PMF] was also granted under the CNAHS ethics # 2007159.  

 

Molecular Pathology diagnostic gDNA samples [n=850 (IMVS, SA Pathology 

diagnostic facility, Adelaide)] were also screened for this study (CNAHS ethics# 

2007159). These Molecular Pathology gDNA samples were from individuals with 

non-haematological disorders and had been tested for a number of genetic lesions by 

the diagnostic facility. The tissue source of these samples (buccal, bone marrow or 

whole blood) and other patient details (except age and gender) were not accessible 

under the ethics approval.  

2.2.2 Cell lines and culture conditions  

A. Human embryonic kidney-293 and -293T (HEK293/HEK293T) 

HEK293 and HEK293T cell lines (Graham, et al 1977) were obtained from 

American Type Culture Collection (ATCC; VA, USA; Cryosite Distribution Pty Ltd, 

Australia) and were maintained in Dulbecco’s Modified Eagle Medium (DMEM; 

Sigma-Aldrich Pty Ltd, Australia), supplemented with 10% (v/v) Foetal Bovine 

Serum (FBS; Sigma-Aldrich Pty Ltd, Australia) and Penicillin-Streptomycin-

Glutamine (PSG; 100x PSG, Gibco®, Invitrogen, Life Technologies Australia Pty 

Ltd, Australia). HEK293 cells containing the 4-Hydroxytamoxifen (4-OHT) 

inducible plasmid constructs were maintained in 500 µg/mL Hygromycin-B 

(Invitrogen, Life Technologies Australia Pty Ltd, Australia) and 2µg/mL of 
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Puromycin dihydrochloride (will be referred as Puromycin, Invitrogen, Life 

Technologies Australia Pty Ltd, Australia). 

B. Human erythromyeloblastoid leukaemia cell line (K-562) 

K-562 is a Ph
+
 leukaemia cell line (Lozzio, et al 1975) which was obtained from 

ATCC and maintained in RPMI 1640 (Sigma-Aldrich Pty Ltd, Australia) 

supplemented with PSG and 10% heat inactivated FBS. 

C. Human Erythroleukaemia cell line 92.1.7 (HEL)  

HEL cells display amplification of JAK2V617F (approximately 4 copies of 

JAK2V617F allele and also have loss-of-function mutation in TP53 (Martin, et al 

1982; Zhao, et al 2012). These obtained from ATCC and were maintained in 

Iscove’s Modified Dulbecco’s Medium (IMDM; Sigma-Aldrich Pty Ltd, Australia) 

supplemented PSG and 10% heat inactivated FBS. 

D. Mouse Foetal Derived Myeloid cell line (FDM) 

The HoxB8 transformed murine foetal derived myeloid (FDM) cell line was 

generously provided by Prof. Paul G. Ekert (The Walter and Eliza Hall Institute for 

Medical Research, Victoria, Australia). FDM cells were cultured in low glucose 

DMEM (1000mg glucose; Sigma-Aldrich Pty Ltd, Australia) supplemented with 

10% FBS and 10ng/mL recombinant murine IL-3 (rmIL-3) (Ekert, et al 2004; 

Jabbour, et al 2010). rmIL-3 was produced from baculoviral vectors and generously 

supplied by Dr Andrew Hapel (John Curtin School of Medical Research, Canberra). 

2.2.3 Cloning, transfection and transduction of cell lines  

A. Cloning and lentiviral expression of HIST1H4C in HEK293 

Human HIST1H4C [wild-type (WT) and mutant] or Green Fluorescent Protein 

(GFP) cDNA constructs were introduced into BamHI and HpaI cleaved lentiviral 

expression vector pF5x_UAS_SV40puroW (pF5x_UAS_SV40). For more information 
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of the lentiviral plasmid maps and cloning primer details, see Supplementary Figure 

S2.1 and Supplementary Table S2.1. Plasmid stocks and information were 

generously provided by A/Prof. Chris Hahn and Prof. Hamish S.Scott. 

 

To generate inducible cell lines, HEK293 were transfected with pF5x_UAS_SV40 

and ap_pF_U_G147EV16_ PGK_ Hygro (GEV16) plasmids separately, along with 

the packaging constructs, using the transfection reagent Lipofectamine
TM

 2000 

(Invitrogen, Life Technologies Australia Pty Ltd, Australia). Viral supernatant thus 

generated was harvested at 48 hours post-transfection. Following this HEK293 cells 

were infected [using the spinfection method (Persons, et al 1998)], firstly, with 

GEV16 lentivirus containing supernatant. This was followed by the selection of 

clonal Hygromycin-B resistant colonies by sorting for transduced cells, using Becton 

Dickinson Fluorescence Activated Cell Sorter (FACS) Aria III (BD Biosciences, 

USA), after 72 hours of culturing. A clonal population expanded from a single well 

was then transduced with pF5x_UAS_SV40 containing lentivirus supernatant 

produced using either without (empty vector) or, with HIST1H4C (WT, p.R4C or 

p.R56Q) or GFP constructs. Cells resistant to both Hygromycin-B and Puromycin 

were selected and tested for gene expression. Expression of HIST1H4C or GFP was 

induced by treatment with 400nM 4-OHT for 24 hours (Figure 2.2 describes the 

work flow). Cells were harvested by vigorous washing of the flask with Dulbecco’s 

modified phosphate buffered saline (DPBS, Invitrogen, Life Technologies Australia 

Pty Ltd, Australia) or DMEM.  
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HEK293T cells were transfected  with  GEV16

or  pF5x UAS SV40 plasmid

HEK293 cells were transduced with GEV16 lentivirus 

HEK293-GEV16 clonal cells were transduced with pF5x_UAS_SV40 

lentivirus expressing the construct 

GFP or HIST1H4C expression was induced with 4-OHT

GFP  was assessed with 

Flow cytometry  

HIST1H4C expression 

was assessed with QPCR

Viral titres were  

harvested after 48 hours

Hygromycin -B selection

and single cell sorting

Hygromycin-B and 

Puromycin

dihydrochloride   selection

Figure 2.2. Work flow for the generation of 4-OHT inducible HEK293 cells. 

5x10
5
 HEK293T cells in 5mLs media (without PSG) were seeded 24 hours prior 

to transfection. 8µg of total DNA (4µg each of lentiviral packaging vector and 

plasmid (pF5x_UAS_SV40 expression vector and GEV16 fusion construct 

expressing plasmid was transfected into HEK293T cells. Lentiviral containing 

supernatant was harvested from the HEK293T cells at 48 hours and used to 

transduce HEK293 cells using the spinfection method (Persons, Mehaffey et al. 

1998). Briefly, cells and viral supernatant were centrifuged at 800g for 1 hour at 

37°C with 4µg/mL polybrene, 0.25µg/mL fungizone and incubated for 24 hours 

before addition of 500µg/ml Hygromycin-B and/or 2µg/ml Puromycin 

dihydrochloride. 

pF5x_UAS_SV40 
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The cells were then washed twice by centrifugation at 250g for 5 minutes and 

resuspended in DPBS or DMEM for further analysis. For flow cytometric analysis, 

cells were fixed in 500 µl FACS FIX (also see section 2.2.7). Cells were resuspended 

in 1mL Triton Extraction Buffer for extraction of histones (described in section 

2.2.9). 

B. Cloning and retroviral expression of HIST1H4C in FDM 

The cDNA for human HIST1H4C (WT and the variant p.R4C) was introduced into 

EcorRI cleaved of MSCV-IRES-GFP (MIG) expression plasmid (see Supplementary 

Table S2.1 for primer details). Briefly, 5x10
5
 cells in 5mLs media (without PSG) 

were seeded 24 hours prior to transfection. MIG expression plasmid without (empty 

vector) or expressing the HIST1H4C (WT or p.R4C) construct (and mouse viral 

packaging plasmids) was transfected using Lipofectamine
TM

 2000 (Invitrogen, Life 

Technologies Australia Pty Ltd, Australia). Media was harvested up to 48 hours after 

transfection. For FDM cells, 3mLs of each of the viral supernatant (empty, WT or 

p.R4C construct expressing) was applied to 1x10
5 

FDM cells. Cells were centrifuged 

at 800g for 1 hour at 37°C. This was followed by incubation for 6 hours in a 37°C 

and 5% CO2 incubator. The FDM cells were centrifuged a second time at 800g for 1 

hour at 37°C after replacing the viral supernatant with 1mL of fresh media and 2mLs 

of an additional viral supernatant. Cells were incubated overnight before performing 

FACS for separating GFP positive (GFP
+
) cells using the Becton Dickinson FACS 

Aria III (BD Biosciences, USA). Sorted GFP
+ 

cells were recovered and maintained 

for 14 days in FDM media. The non-adherent FDM cells were harvested by spinning 

the cells at 250g for 10 minutes and resuspended in DPBS or FDM media. RNA 

prepared from FDM cells was assessed for quality using the Agilent 2100 

Bioanalyser (Agilent Technologies Australia). 

2.2.4 Primary Cell separation techniques 
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A. Isolation of peripheral blood mononuclear cells (PBMNC), granulocytes and bone 

marrow mononuclear cells (BMMNC) fractions 

30mls of whole anti-coagulated blood was incubated for 30 minutes at room 

temperature with 15mls of a 5% solution of ultrapure grade Dextran Sulfate (MW 

500,000, AMRESCO, Astral Scientific Pty Ltd, Australia) in sterile DPBS. 

Following the dextran-based sedimentation of blood density, centrifugation was 

performed at 800g to isolate PBMNC (middle furry layer) and granulocytes (pellet) 

using Ficoll-Paque PLUS
TM

 (GE Healthcare Inc., Uppsala, Sweden). The layers were 

aspirated and washed in sterile DPBS before proceeding to further separation of cell 

types or freezing in liquid nitrogen. BMMNC were isolated from bone marrow 

aspirate samples by density centrifugation, as described above. 

B. Isolation of monocyte and granulocyte enriched cell fractions from PBMNC and 

haematopoietic stem cell/progenitor cells (HSPC) enriched cell fraction from 

BMMNC  

Magnetic Activated Cell Sorting (MACS) based isolation of cells was performed to 

enrich for HSPCs (CD34
+
) from BMMNC. PBMNC and granulocytes pellet were 

isolated from peripheral blood following dextran sedimentation and Ficoll-Paque 

PLUS
TM

 (GE Healthcare Inc., Uppsala, Sweden) based density centrifugation 

procedure. BMMNC were isolated from BM aspirates as described in the previous 

section. Anti-human CD34 (Catalog number 130-048-702), CD14 (Catalog number 

130-050-201) and CD15 (Catalog number 130-046-601) conjugated magnetic beads 

(MACS, Miltenyi Biotec Inc., USA) were used to separate CD34
+
, CD14

+
 and 

CD15
+
 enriched haematopoietic cells (Supplementary Figure S2.2). Briefly cells 

were incubated with beads at 4ºC for 15 minutes (for CD14
+
 and CD15

+ 
enrichment) 

or 30 minutes (for CD34
+
) and washed twice in MACS buffer (filter sterilised 

solution of 0.5% BSA and 2mM EDTA in PBS) at 300g for 10 minutes. The cells 
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were then resuspended in 500µl MACS buffer and passed through a MACS LS 

column. The column was washed three times with 3mLs of MACS buffer and the 

unbound cells (negative fraction) were pelleted at 300g and resuspended in TRIzol® 

(200-500µl) and stored in -80 ºC. The cells bound to beads were eluted with 5mLs of 

MACS buffer. This fraction (positive fraction) was washed twice in MACS buffer, 

resuspended in TRIzol® and stored at -80 ºC for further use (see section 2.2.5 for 

RNA and cDNA preparation). 

2.2.5 Nucleic Acid Extraction  

A. Genomic DNA (gDNA) 

gDNA from PBMNC, granulocytes and buccal mucosal cells (buccal swabs were 

obtained from air-dried cytologic brushes) samples
 

were prepared using the 

QIAmp™ DNA Blood Mini Kit (QIAGEN™, QIAGEN™ Pty Ltd, Australia, 

Australia) according to the manufacturer’s instructions. 

B. RNA extraction and cDNA preparation from primary cells and cell lines  

RNA was extracted using a modified TRIzol
®

 (Invitrogen, Life Technologies 

Australia Pty Ltd, Australia) extraction method. Briefly, cells
 
were lysed in TRIzol

®
 

and chloroform, then centrifuged for 15 minutes at 12000g at 4°C. The topmost 

chloroform layer was isolated and purified using isopropanol-based centrifugation. 

The remaining RNA pellet was air-dried and resuspended in 20-40µl of nuclease-free 

water. cDNA was prepared using the QuantiTect™ Reverse Transcription kit 

(QIAGEN™, QIAGEN™ Pty Ltd, Australia, Australia) as per manufacturer’s 

instructions.  

 

Real time quantitiative PCRs (QPCR) were performed using QuantiTect ™ SYBR 

green PCR kit (QIAGEN™, QIAGEN™ Pty Ltd, Australia, Australia). The design 



P a g e  | 67 

and optimisation of histone H4 QPCRs was performed by Dr. Petra Neufing and Ms. 

Carolyn Butcher. The cycling conditions for histone H4 QPCR primers were as 

follows; 5 minutes at 98°C, followed by 25 cycles of 30 seconds at 68°C. Primer 

product melts were performed at 80°C to 90°C. The QPCR primer details for 

validation of Mouse Gene_ST microarray expression data have been listed in 

Supplementary Table S2.6.  

2.2.6 Genomic PCR amplification and Sanger Sequencing 

Primers for the human histone H4 genes were designed using the Primer3 Input 

(v.0.4.0) online software and optimised for specificity using the HEL gDNA (histone 

H4 primer details and the electrophoresis images of the products generated have been 

listed in Supplementary Table S2.2). gDNA samples were amplified using FastStart 

Taq DNA polymerase (Roche Applied Science, Roche Diagnostics Australia Pty. 

Ltd, Australia) and the cycling conditions for all the primer pairs were as follows: 5 

minutes at 95°C; 35 cycles of 30 seconds at 94°C; 30 seconds at 59°C annealing 

temperature; 45 seconds at 72°C; a final extension at 72°C for 5 minutes. Following 

agarose gel electrophoresis, products were developed with Gel Red stain (Biotium, 

Jomar Biosciences, Australia) and visualised using BioRad UV Light & Gel 

Documentation system (Bio-Rad Laboratories Pty., Ltd., Australia). PCR products 

were purified using the QIAquick™ PCR purification kit (QIAGEN™ Pty Ltd, 

Australia, Australia) or ExoSAP-IT™ (GE Healthcare Life Sciences, GE Healthcare 

Australia Pty Ltd, Australia). Sanger sequencing was performed using BigDye® 

(Applied Biosystems, Life Technologies Australia Pty Ltd, Australia) terminator 

cycle sequencing protocol as described previously (Wen 2001). Sequence analysis 

and detection of variants was performed using SoftGenetics® Mutation Surveyor™ 

Version 3 and ChromasLite 2.1.1 software. The sequences were further analysed 

using the University of California Santa Cruz Genome Bioinformatics, Human 
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(Homo sapiens) Genome Browser Gateway (UCSC genome browser), Ensembl|1000 

Genomes database (hg18 and hg19), Catalogue of Somatic Mutations in Cancer 

[COSMIC, Wellcome Trust Sanger Institute, UK, (Bamford, et al 2004)] and the 

Exome Variant Server database [EVS; NHLBI Exome sequencing Project]. 

2.2.7 Flow cytometry and fluorophore conjugated antibodies 

For flow cytometry cells were harvested, washed in phosphate buffered saline (PBS), 

resuspended in 100µl FACS wash [PBS containing 5% newborn calf serum and 

0.2%Sodium Azide (w/v)] and incubated for 30 minutes in the dark at 4°C with 

fluorophore-conjugated primary antibody (see Supplementary Table S2.3 for 

antibody details). Cells were washed in FACS wash, centrifuged at 250g for 5 

minutes and the cell pellet resuspended in FACS FIX [PBS containing 2% glucose 

(w/v), 1% formaldehyde (v/v), 0.02% sodium azide]. Cells were analysed using the 

Becton Dickinson FACSCanto II flow cytometer (BD Biosciences, USA) and data 

analysis was performed using the FCS Express V3 software (De Novo software, 

USA).  

2.2.8 Propidium Iodide (PI) staining of FDM cells 

Cellular DNA content was determined by permeablizing and fixing cells in 70% 

ethanol for 16 hours at 4°C followed by staining with Propidium iodide solution (PI; 

Sigma-Aldrich Pty Ltd, Australia) supplemented with ribonuclease A (Sigma-

Aldrich Pty Ltd, Australia) for 30 minutes at room temperature. These cells were 

analysed on Beckman Coulter Cytomics FC500 (Beckman Coulter, Miami, FL, 

USA) analyser. 
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2.2.9 Acid extraction of histones  

Cells were washed twice with cold PBS for 5 minutes to remove culture media, 

followed by lysis in Triton Extraction Buffer [TEB; PBS containing 0.5% Triton X 

100 (v/v), 2mM phenylmethylsulfonyl fluoride (PMSF), 0.02% (w/v) sodium azide 

(NaN3), at a concentration of 10
7 

cells /mL]. Histones were acid extracted overnight 

by incubation in 0.2N HCl, followed by centrifugation at 500g for 10 minutes at 4°C 

to remove debris. The supernatant containing the histones was aliquoted and stored at 

-80°C for further use. 

2.2.10 Western blot and antibodies 

Histone fractions were separated by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred to nitrocellulose membrane. Specific 

histones and post-translationally modified forms of histones were detected by 

western blotting with mouse- or rabbit-derived primary antibodies. Rabbit polyclonal 

anti-histone H4 total (ab10158), anti-histone H4 monomethyl R3 (ab17339), anti-

histone H4 dimethyl R3 [asymmetric, 39705, Active Motif], anti-histone H3 total 

(ab1791), anti-histone H2A.X (ab11175) and mouse monoclonal anti-histone H2A.X 

gamma (phosphor-serine139) (ab18311) were purchased from Abcam (Sapphire 

Bioscience Pty Ltd, Australia). Incubation with primary antibodies was for 16 hours 

at 4°C. Anti-histone H3 antibody was incubated for 1 hour at room temperature. 

Goat anti-rabbit/mouse Horse Radish Peroxidase (HRP)-conjugated antibody 

(Thermo Fisher Scientific Australia Pty Ltd, Australia) was used as secondary 

antibody and detected with Super Signal West Pico or Super Signal West Dura 

substrates (Thermo Fisher Scientific Australia Pty Ltd, Australia) using the 

Luminescent Image Analyser (LAS-4000, Fujifilm, Australia). Quantitation of 

protein bands on the blots was performed using the Multi Guage Ver 3.0 software 

(Fujifilm, Australia).  
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2.2.11 Statistics 

Student’s unpaired t-test and one-way ANOVA were (GraphPad Prism version 6.01) 

used to determine significance of values. Microarray Data analysis, Linear modelling 

of microarray (LIMMA) and generation of NUSE plots were performed by Dr. 

Chung Hoow Kok. 

 2.3 Results 

2.3.1 Identification of novel histone H4 variants in patients with Polycythemia vera 

The 15 histone H4 genes were amplified from 88 PV patient PBMNC or granulocyte 

gDNA samples as single amplicons using specific forward and reverse primers. For 

specificity, these primers were designed to match intergenic regions (see 

Supplementary Table S2.2). All 15 histone H4 genes were successfully amplified 

from the patient gDNA samples [the complete list of coding region alterations 

identified in PV has been listed in Table 2.1]. An additional 22 PV, 15 ET, and 3 

PMF PBMNC or granulocyte patient gDNA samples were amplified for HIST1H4C. 

No coding region variants were found in HIST1H4C in the small number of ET and 

PMF samples screened. For all variants the Human Genome Browser (University of 

California Santa Cruz Genome Bioinformatics, Human (Homo sapiens) Genome 

Browser Gateway or UCSC genome browser), Ensembl|1000 Genomes (hg18 and 

hg19) and the Exome Variant Server (EVS) databases were searched to separate 

previously unidentified or novel variants from known and rare population variants. 

Several 5`UTR, 3`UTR (Supplementary Table S2.4) and synonymous coding region 

variants were identified in HIST1H4B, HIST1H4D, HIST1H4E, HIST1H4K and 

HIST2H4. The focus of further studies was non-synonymous coding region variants 

identified in HIST1H4B and HIST1H4C. 
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Table 2.1. Summary of histone H4 coding region variants identified in PV. 15 Histone H4 genes were screened in 88 PV patient 

samples (102 were screened for HIST1H4C). Ensembl|1000 genomes, dbSNP (build 135, 137 and 138) and the Exome Variant Server 

(EVS) databases were used to identify novel variants from known variants. Freq.,frequency in the PV cohort; Pop
n
. freq., population 

frequency ascertained from databases; ND, Not Detected; NA, Not Applicable. 

 

Gene  Chr:bp Alleles 

(Reference SNP ID) 

Coding Region Variant Variant type Freq. in PV 

(%) 

Pop
n
. 

Freq (%) 

Source 

HIST1H4A 6:26021924 G/A c. 27G>A, p.K8K synonymous 1.136 ND NA 

HIST1H4B 6:26027399 A/G 

(rs201003635) 

c.82G>T, p.Q27* 

 

stop gained 1.136 0.700 EVS 

HIST1H4C 6:26104185 C/T c.10C>T, p.R4C missense 0.980 ND NA 

6:26104342 G/A c.167G>A, p.R56Q missense 0.980 ND NA 

HIST1H4E 6:26205178 C/A 

(rs116339316) 

c.306C>A, p.G102G synonymous 1.204 0.730 & 

  0.900 

dbSNP & 

EVS 

6:26205147 G/A c.276G>A ,p.K92K synonymous 1.204 ND NA 

6:26204884 C/T  

(rs139616312) 

c.12C>T, p.R4R synonymous 1.204 ND dbSNP & 

EVS 

HIST1H4H 6:26285425 G/A c.303C>T, p.F101F synonymous 1.200 ND NA 

6:26285428 G/A  

(rs143923288) 

c.300C>T, p.G100G synonymous 1.200 0.090 dbSNP 

6:27792100 G/A c.198G>A, p.V66V synonymous 1.136 ND NA 
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A heterozygous protein-truncating variant was identified in HIST1H4B 

[HIST1H4B:c.82C>T, p.Q28*] in the patient PV103, (Male, 84 years at diagnosis) 

(Supplementary Figure S2.3). As shown in the figure, this variant was detected in 

the germline gDNA sample from the patient and has been found in EVS, at a 

frequency of 0.7% in the North American population.  

 

Two novel heterozygous HIST1H4C variants were identified in granulocytes isolated 

from two PV patients: a HIST1H4C:c.10C>T, p.R4C (referred as p.R4C) detected in 

patient PV109 and HIST1H4C:c.167G>A, p.R56Q (referred as p.R56Q) detected in 

patient PV115 (see section 2.3.3). p.R4C and p.R56Q affect the R3 and R55 residues 

on the mature histone H4 protein (as the methionine is removed after translation). 

The R3 residue on the histone H4 N-terminal tail is a critical residue as it is 

methylated by a number methyltransferases such as PRMT1 (Huang, et al 2005; 

Strahl, et al 2001; Wang, et al 2001), PRMT5 (Zhao, et al 2009a), PRMT7 (Lee, et 

al 2005), or modified to citrulline by the peptidyl arginine deiminase; PAD4 (Wang, 

et al 2004). Thus, this novel coding variant was of particular interest and was 

investigated further (particularly in section 2.3.8). 

2.3.2 Characterisation of the HIST1H4C: p.R4C and p.R56Q variants detected in 

two patients  

To determine somatic or germline status of the variants, buccal gDNA samples from 

each patient were screened by PCR amplification and Sanger sequencing to 

determine whether the changes were germline or somatic. Figure 2.3 shows patient 

characteristics and sequence traces for the changes in buccal, PBMNC and 

granulocyte gDNA samples confirming germline transmission. p.R4 and p.R56 are 

conserved across a number of eukaryotes (Figure 2.4) and were predicted to be 

damaging using the web based polymorphism phenotyping tool:   
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Figure 2.3. Clinical characteristics of Polycythemia vera patients PV109 and 

PV115. A. Sequence traces of HIST1H4C in the two patients depicting the germline 

variants; HIST1H4C:c.10C>T, p.R4C and HIST1H4C:c.167G>A, p.R56Q. The 

underlined nucleotides depict WT sequence. The sequence trace in patient PV109 

and PV115 shows the nucleotide affected (as depicted by *) in granulocyte, 

PBMNC and buccal gDNA sample for HIST1H4C (% indicates the JAK2V617F 

allele load). B. Patient characteristics. Samples were collected at the time of 

diagnosis and the value for each patient characteristic is from the year of diagnosis. 

The values in the normal reference range column were used at the time of 

diagnosis. NA, not applicable. 

 

 

              A. 

             

         
              B. 

Patient characteristics PV109 PV115 
Normal 

Reference range 

Gender/Age at diagnosis M/37 M/72 NA 

JAK2V617F mutation positive positive NA 

Haemoglobin 139g/L 179g/L 135-175g/L 

Red Blood Cell 7.15 x10
12

/L 6.26 x10
12

/L 4.50-6.00 x10
12

/L 

White Cell 10.8 x10
9
/L 8.95 x10

9
/L 4.00-11.0 x10

9
/L 

Serum EPO <1 mU/ml 2 mU/ml 3.3-16.6 mU/ml 

EPO-independent BFUE 

(e-BFUE) 
detected detected NA 

 

 

(40%) 

(13%) 

(0%) 

(50%) 

(20%) 

(0%) 

Granulocyte gDNA 

(JAK2V617F%) 

Sample type 

PBMNC gDNA 

(JAK2V617F%) 

Buccal gDNA 

(JAK2V617F%) 
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Figure 2.4. Histone H4 amino acid conservation across eukaryotes. Affected 

residues have been indicated with red arrows. Grey shading of residues, across 

species, indicates to degree of conservation (Image aligned and captured using 

UniProt bioinformatics tool). Histone H4 genes are highly conserved across species 

with a reported ~90% evolutionary conservation (Huang, et al 2009). 
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PolyPhen-2 [PolyPhen (Adzhubei, et al 2010)]. Subsequently, Sanger sequencing of 

gDNA samples from a further 82 MPN patient gDNA samples [22 PV, and 60 MPN 

(a combination of ET, MF and PV which were generously provided by Prof. Andrew 

Roberts from WEHI)]. These revealed no other non-synonymous coding region 

variants.  

2.3.3 Frequency of HIST1H4C p.R4C substitution in DNA samples from control 

populations 

As shown in Table 2.2, a number of other somatic coding region variants in cancers 

have been identified in HIST1H4C. In addition variants affecting the p.R4 have been 

identified in two different histone H4 genes; HIST1H4B: c.10C>T, p.R4C and 

HIST1H4F:c.11G>A, p.R4K. To establish the frequency of HIST1H4C variants in 

the population, sequencing from 236 buccal gDNA samples (included 109 females 

and 114 males, age range 19-73 years, mean age of 59 years) was performed. 

Sequence analysis from this small cohort did not show coding variants in HIST1H4C. 

However additional sequencing of the same identified a number of germline 5`- and 

3`-UTR variants in several of the histone H4 genes.  Supplementary Table S2.5 lists 

the histone H4 genes identified with UTR changes. Sequencing of a further 804 

diagnostic gDNA samples (available through Molecular Pathology, IMVS, CNAHS 

ethics# 2007159, see section 2.2.1) identified two additional heterozygous non-

synonymous coding region variants in HIST1H4C (HIST1H4C: c.166C>T, p.R56* 

and HIST1H4C:c.268G>T, p.A90S) in two individual gDNA samples, giving a 

frequency of 0.248% in this cohort. Interestingly, HIST1H4C:c.268G>T, p.A90S has 

now been assigned with a SNP identifier (rs144469714, approximate population 

frequency of 0.03% for the minor allele as reported in UCSC genome browser’s 

dbSNP build 138). While these results allowed an assessment of frequency for 

HIST1H4C variants in an independently acquired set of samples, this analysis cannot   
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Gene Table 2.2 Somatic non-synonymous coding region variants of histone H4 

HIST1H4A c.182T>C, p.V61A c.271C>T, p.L91F c.292C>T, p.L98F    

HIST1H4B 

c.10C>T, p.R4C c.74A>T, p.D25V c.77A>T, p.N26I c.82C>G, p.Q28E c.91A>T, p.T31S c.110G>T, p.R37L 

c.119G>T, p.R40M c.120G>T, p.R40S c.137G>A, p.R46Q c.162G>C, p.E54D c.172G>A, p.V58I c.175C>T, p.L59F 

c.181G>A, p.V61M c.202C>T, p.R68W c.208G>T, p.A70S c.215C>T, p.T72I c.229G>A, p.A77T c.240G>C, p.K80N 

c.256G>A, p.D86N c.256G>T, p.D86Y     

HIST1H4C 
c.4T>G, p.S2A c.106C>A, p.R36S c.115G>T, p.A39S c.116C>T, p.A39V c.124G>C, p.G42R c.203G>C, p.R68P 

c.208G>A, p.A70T c.242C>T, p.T81I     

HIST1H4D 

c.26A>G, p.K9R c.29G>A, p.G10D c.43G>T, p.G15C c.77A>G, p.N26S c.90C>G, p.I30M c.92C>T, p.T31I 

c.97C>A, p.P33T c.100G>A, p.A34T c.179A>T, p.K60I c.182T>G, p.V61G c.205G>T, p.D69Y c.221C>T, p.T74M 

c.233A>T, p.K78I c.239A>G, p.K80R c.247A>G, p.T83A c.250G>A, p.A84T c.295T>C, p.Y99H c.310T>C, p.*104R 

 c.223G>A, p.E75K c.178A>T, p.K60*     

HIST1H4E 

c.13G>T, p.G5C c.14G>A, p.G5D c.29G>C, p.G10A c.58C>A, p.R20S c.77A>T, p.N26I c.148C>T, p.L50F 

c.159G>T, p.E53D c.162G>C, p.E54D c.197T>C, p.V66A 
c.205_206GA>TT, 

p.D69F 
c.236G>A, p.R79H c.240G>C, p.K80N 

c.276G>C, p.K92N c.278G>C, p.R93T c.290C>T, p.T97I    

HIST1H4F 
c.11G>A, p.R4K c.170G>A, p.G57D c.211G>A, p.V71I c.277C>T, p.R93C c.286C>T, p.R96C c.297C>G, p.Y99* 

c.299G>A, p.G100D      

HIST1H4G 

c.34G>C, p.G12R c.43G>A, p.G15S c.68T>C, p.L23P c.106C>T, p.R36W c.141C>G, p.I47M c.200T>G, p.I67S 

c.205T>C, p.Y69H c.234G>T, p.K78N c.248C>T, p.T83I c.250G>T, p.A84S c.259G>T, p.V87L c.278G>A, p.R93H 

c.128G>A, p.G43D c.129C>T, p.G43G c.190G>C, p.E64Q c.250G>A, p.A84T c.311G>T, p.*104L  
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Table 2.2. Somatic non-synonymous coding region variants of histone H4. The COSMIC database was used to identify all variants in the 15 histone H4 

genes. Non-synonymous coding region variants in Histone H4 genes; HIST1H4I and HIST2H4A/B were not found in the COSMIC database Variants 

highlighted in bold depict the identical amino acid residues affected in HIST1H4C in the PV cohort. The data in table was updated in April 2014. 

 

HIST1H4H 
c.5C>G, p.S2C c.16A>G, p.K6E c.47C>T, p.A16V c.50A>G, p.K17R c.63G>C, p.K21N c.91A>G, p.T31A 

c.118C>G, p.R40G c.244G>C, p.V82L c.262G>T, p.V88F c.292C>T, p.L98F   

HIST1H4J 
c.5C>T, p.S2F c.28G>C, p.G10R c.128G>T, p.G43V c.103A>G, p.I35V c.220A>G, p.T74A c.223G>A, p.E75K 

c.235C>T, p.R79C c.286C>T, p.R96C c.287G>T, p.R96L c.299G>A, p.G100D   

HIST1H4K 
c.3G>C, p.M1I c.5C>G, p.S2C c.8G>C, p.G3A c.23G>T, p.G8V c.286C>T, p.R96C c.304G>T, p.G102C 

c.248C>A, p.T83N c.268G>A, p.A90T c.311G>C, p.*104S    

HIST1H4L 

c.1A>G, p.M1V c.3G>T, p.M1I c.38A>T, p.K13I c.73G>A, p.D25N c.83A>G, p.Q28R c.107G>A, p.R36Q 

c.5C>G, p.S2C c.32T>C, p.L11P c.58C>T, p.R20C c.73G>T, p.D25Y c.74A>G, p.D25G c.115G>T, p.A39S 

c.119G>T, p.R40L c.128G>A, p.G43D c.184T>C, p.F62L c.191A>G, p.E64G c.190G>C, p.E64Q c.250G>A, p.A84T 

c.311G>T, p.*104L c.255G>A, p.M85I     

HIST4H4 c.109C>T, p.R37C c.119G>A, p.R40Q c.119G>T, p.R40L c.283G>A, p.G95S   
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be considered as being representative of a healthy population. This cohort consisted 

of gDNA samples for genetic lesion testing and information was limited to the 

gender and age of the sample source, thus the significance of the identified variants 

was difficult to interpret. However, given the identification of novel HIST1H4C 

variants, the possibility of the identified variants in MPN being rare SNPs cannot be 

excluded. Moreover, the presence of variants present at analogous positions in 

HIST1H4F [HIST1H4F:c.11G>T, p.R4I (rs370419237) and HIST1H4F:c.166C>T, 

p.R56C (rs146739153)] and HIST1H4H (HIST1H4H:c.166C>T, p.R56C, 

rs367980184) further suggests that the p.R4C and p.R56Q variants may be normal 

sequence variants. Thus, to further understand the relevance of these variants, the 

expression of HIST1H4C was assessed in haematopoietic cell populations.  

2.3.4 HIST1H4C is a major contributor of the histone H4 mRNA in myeloid 

leukaemic cell lines  

Given that there are 15 histone H4 genes, 14 encoding for the identical protein and a 

number of variants associated in disease for most of the histone H4 genes, it was 

important to determine the relative contribution of the HIST1H4C gene to the histone 

H4 mRNA pool in haematopoietic populations. A significant role for this gene in 

haematopoietic cells has been suggested by a previous report of targeting in the K562 

cell line to prevent expression of HIST1H4C using DNA analogs which led to 

inhibition of proliferation and increased apoptosis (Minoshima, et al 2010). Analysis 

of expression using real time QPCR for all the histone H4 genes was therefore 

performed on cDNA isolated from K-562 and HEL haematopoietic cell lines and 

from the non-haematopoietic HEK293 cell line. The relative contribution of each 

histone H4 gene was determined by normalising expression to the reference gene 

GAPDH, and converted to a percentage. For this, each expression value was divided 

by the total of the additive mean expression values for all the 15 histone H4 genes. 
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These values were then used to calculate a percentage value (±SD) for each gene. 

The relative expression of HIST1H4C was the highest in all cell lines followed by 

HIST1H4E, HIST2H4A/B and HIST1H4H respectively (Figure 2.5). Evaluation of 

HIST1H4C expression values following extraction of the normalised  expression data 

from the study of Greshock and colleagues (Greshock, et al 2010). Figure 2.6 also 

identified HIST1H4C as a major contributor to the histone H4 mRNA pool in a 

further 15 leukaemic cell lines (Chung Hoow Kok, unpublished). 

2.3.5 HIST1H4C is expressed at significant levels in normal bone marrow CD34+

cells and peripheral blood CD14+ cells 

A 
NOTE:   

     This thesis section 2.3.5 has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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Figure 2.5 Expression of HIST1H4C was significantly higher 
compared to the other histone H4 genes in transformed
human cell lines. Two-step QPCR using long primers was used
to differentiate between transcripts and to measure relative 
expression levels of the Histone H4 genes. The figures depict 
percentage expression of total Histone H4 mRNA contributed 
by each of the 15 Histone H4 genes in: A. K-562, B. HEL and 
C. HEK293 cell lines. All PCRs were performed in triplicate
(n=3). Student’s unpaired two-tailed t-test was performed to 
assess significance. Values are the mean ±SD. 

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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Figure 2.6. Analysis of microarray expression data of myeloid leukaemia 

cell lines. Normalised mRNA expression for Histone H4 genes shows that 

HIST1H4C is highly expressed in myeloid leukaemic cell types. The extracted 

data lacked values for Histone H4 genes, HIST1H4F, HIST1H4I and 

HIST4H4. Data from Greshock and colleagues. (Greshock, et al 2010) study 

was acquired from the GlaxoSmithKline Cancer Cell Line genomic Profiling 

Data set (National Cancer Institute’s cancer Bioinformatics Grid). Acute 

leukaemia cell lines and morphologies were as follows- BDCM, B-

lymphoblast; CESS, lymphoblast; HL60, promyleoblast; GDM1, 

myelomonoblast; KG1, macrophage/myeloblast; PLB985, myeloblast; ML2, 

monocytic; THP1, monocytic; NALM1, lymphoblast; MV411, lymphoblast; 

KU812, myeloblast; MEG01, megakaryoblast. Chronic myeloid leukaemia 

cell lines and morphologies were as follows- K562, Ph+ erythromyeloblast; 

BV173, Ph+ myeloblast;, CMLT1, Ph+ lymphoblast; EM2, Ph+ myeloblast 

(Mahon, Deininger et al. 2000); HEL9217, erythroblast. (Information about 

cell lines were taken from ATCC unless cited) 
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Figure 2.7 Purity of 

MACS enriched 

haematopoietic sub-

populations assessed by 

flow cytometry. The 

isotype control (black 

histogram) and positive 

samples (red histograms) 

for CD34
+
 BMMNC; 

CD14
+
 (monocyte) 

enriched fraction from 

PBMNC and CD15
+
 

(granulocyte) enriched 

fraction from three 

independent normal 

samples. Also see 

Supplementary Figure 

S2.4 for flow cytometric 

analysis of CD14 negative 

fractions. 
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Normal# 
HSPC enriched 

(CD34
+
) 

Monocyte enriched 

(CD14
+
) 

Granulocyte enriched 

(CD15
+
) 

Normal 1 

 

  

Normal 2 

 

 

 

Normal 3 

 

  

 

Figure 2.8. The expression 

of HIST1H4C in normal 

human haematopoietic 

HSPC, monocyte and 

granulocyte enriched cell 

fractions. On comparison to 

the expression of 

HIST2H4A/B, HIST4H4 and 

HIST1H4H, the expression of 

HIST1H4C and HIST1H4E 

was relatively higher in three 

independently extracted cell 

fractions (n=3). CD15+ cell 

fraction showed HIST2H4A/B 

as the predominantly 

expressed gene in 2 of the 

three samples other than 

HIST1H4C. Student’s 

unpaired t-test was performed. 

Values are the mean ±SEM. 

 



P a g e | 84

2.3.6 Generation of an inducible expression system for the functional 

analysis of p.R4C  

A 
NOTE:   

     This thesis section 2.3.6 has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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5’LTR

PUb GAL4-DBD ER-LBD VP16-TD

3’ LTR
GEV16 

5’LTR

Gene of interest (HIST1H4C constructs or GFP)

3’ LTR

5x UAS

+4-OHT
GEV16

 

Figure 2.9. Schematic representation of the dual vector lentiviral system in mammalian cells. After stable integration in the host 

genome, GAL4-Estrogen Receptor-VP16 (GEV16) fusion protein is produced constitutively and is present in the cytoplasm in 

abundance. On addition of 4-hydroxy tamoxifen (4-OHT) to the cells, 4-OHT binds to GEV16 via the estrogen receptor part of the 

GEV16 fusion protein and the 4-OHT bound GEV16 fusion protein is translocated into the nucleus. In the nucleus, the GAL4 domain of 

GEV16 binds to the Upstream Activation Sequences (5xUAS) of the expression vector to up-regulate the transcription of the downstream 

construct (s); HIST1H4C or GFP construct. The figure has been adapted from (Callus, et al 2008). GAL4-DBD, GAL4-DNA Binding 

Domain; ER-LBD, Estrogen Receptor-Ligand Binding Domain; VP16-TD, VP16- Transcriptional activation Domain; LTR, Long 

Terminating Repeats. 

pF5x_UAS_SV40 

GEV16 
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12.1% 45.6% 45.2% 67.5% 74.0% 82.0% 

 

 

                               

                               

5’LTR 

GFP 

3’ LTR 

5x UAS 

Figure 2.10. GFP constructs expression in HEK293 was optimal following 

incubation with 400nM of 4-OHT for 24 hours. A., Schematic of the integrated 

pF5x_UAS_SV40 containing the GFP construct; B., The several incubation times 

and dose of 4-OHT used to determine the optimum induction of GFP expression. 

Optimum time was determined using 400nM of 4-OHT and dose was determined 

after 24 hours. % indicates to percentage GFP
+ 

cells. C. GFP
+
 cells following 

induction with 400nM of 4-OHT after 24 hours depicted using fluorescence 

microscopy (at 40x magnification) using the Nikon Eclipse TE2000-U (Nikon, 

Coherent Scientific Pty Ltd). Image was analysed using the Nikon NIS Elements 

version 2.3.4 (Nikon) software. h, hours; LTR, Long Terminating Repeats. 
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Figure 2.11. HEK293 cells expressing HIST1H4C constructs were observed 

with a minimum two-fold induction. A. Schematic of the PF5XUAS SV40-

HIST1H4C construct; B. mRNA expression of HIST1H4C normalised to GAPDH. 

The endogenous expression of HIST1H4C in the untransduced HEK293 cells is 

comparable to the empty vectors only expressing cells; GEV16 and empty vector. 

HEK293 cells with empty vector co-expressed empty p_F5xUAS_SV40 and 

GEV16. All the HIST1H4C constructs also expressed GEV16 construct. C., 

Depicts the expression of GEV16 in the transduced HEK293 cells. Predictably, 

GEV16 was not expressed in untransduced HEK293 cells. UT, untransduced. 

Values are represented as normalised expression values (mean±SD). Values above 

the horizontal line represent p-value between the two depicted groups. LTR, Long 

Terminating Repeats 
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2.3.7 Analysis of histone H4 following induction of HIST1H4C variants in 

HEK293 inducible cells 

To identify alterations to histone H4, histone H4 levels and histone post-translational 

modifications (H4R3me
2
 and histone H4K20me

3
) western blotting was performed on 

histones extracted from the different HEK293 cell lines (Figure 2.12 A, B & C). 

Phosphorylation of serine at position 139 on histone H2A.X was also measured, as 

there is evidence that excess core histones including histone H4 can cause genomic 

instability (for example DNA double strand breaks) which can be indicated by 

increased formation of gamma H2A.X foci [(Herrero, et al 2011; Liang, et al 2012) 

and reviewed in (Podhorecka, et al 2010)]. Alterations to the level of histone 

H4K20me
3
 was of particular interest, as H4K20me

3
 has been reported to be a 

repressive mark in gene silencing (Schotta, et al 2004) and has also been shown to be 

down-regulated in cancers (Fraga, et al 2005). Western blotting showed consistently 

higher levels of histone H4 in the cells containing WT and p.R4C histone H4 

constructs when untreated with 4-OHT, although this increase did not reach 

significance when compared to the empty vector. This increased histone H4 level 

was not observed in the presence of 4-OHT, suggesting that induced levels of histone 

H4 may not be tolerated. Furthermore, it is also possible that 4-OHT has an 

independent effect on the chromatin as has been observed in the studies performed 

by Liu and colleagues (Liu, et al 2004). Levels of histone modification or gamma 

H2AX were compared within the 4-OHT untreated and treated groups, however this 

did not reveal consistent changes between samples. Furthermore, histone H4 levels in 

the p.R56Q variant expressing cells remained largely unchanged before and after 

treatment with 4-OHT. Given the variation in levels of the modifications observed   
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Figure 2.12. Western blotting analysis of 

the level of histone H4 post-translational 

modifications. (A) Histone H4R3me2a 

(asymmetric di-methylation), (B) Gamma 

H2A.X (phospho-serine 139) and, (C) 

histone H4K20me3.  Modifications were 

assessed by western blotting following 

independent inductions (n=3) and 

quantitation is shown in D-F. There was no 

significant change detected in the level of 

these modifications with the mutant 

constructs when compared to empty vector 

or wildtype constructs.  A-C show 

representative western blots for each 

modification and D-F shows the quantitated 

results (data is representative of three 

independent inductions, n=3). p-value <0.05, 

unpaired two-tailed students’s t-test, values 

are plotted as mean±SD. Values above the 

horizontal line represent p-value between the 

two depicted groups. 
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between experiments, it is likely that alteration of these markers is too subtle and 

difficult to detect using this system and technique. 

2.3.8 Changes in gene expression following over-expression of HIST1H4C:p.R4C 

in FDM cells 

To further investigate subtle changes induced by the expression of HIST1H4C:p.R4C 

variant, global gene expression analysis was performed. As the interest was in 

assessing changes in the myeloid progenitor cell compartment, studies were 

performed in the IL3-dependent foetal mouse HOXB8-transformed myeloid cell line 

[FDM; (Ekert, et al 2004)].  

 

Given that histone H4 encoded by the human HIST1H4C gene is identical to the 

mouse Hist1h4c, human HIST1H4C cDNA constructs (p.R4C or WT) were cloned 

into the MSCV-IRES-GFP plasmid (MIG). HEK293T cells were transfected and viral 

supernatant was harvested at 48 hours after transfection. FDM cells were transduced 

and cultured for 17 days before harvesting the cells for flow cytometry and isolation 

of RNA. The quality of the RNA, expression of HIST1H4C, and expression of GFP 

were assessed before proceeding to microarray analysis (Figures 2.13 A, B and C). 

Cell cycle analysis of FDM cells was also performed and this did not show any 

significant change (p<0.05) between the groups (Supplementary Figure S2.5B). 

 

The Mouse Gene 1.0_ST Array platform (Mouse Gene_1_0-st.v1; Affymetrix) was 

chosen for the analysis of gene expression in four biological replicates (microarray 

was performed by the Adelaide Microarray Centre). The raw data (CEL format) was 

converted to a readable format, assessed for quality (Supplementary Figure S2.5A) 

and further processed by Dr. Chung Kok. The data was exported to an Excel
TM

 file  
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Figure 2.13. FDM cells transduced with MIG vector expressing human 

HIST1H4C; WT or R3C constructs. (A) Quality of total RNA prepared from 

the cell lines as assessed by the Agilent 2100 Bioanalyser. The RIN scores for all 

the cell lines ranged from 9.5-10.0. (B) HIST1H4C expression in untransduced 

and transduced FDM cells. HIST1H4C expression was normalised using the 

housekeeping gene mouse β-actin and QPCR was performed in triplicates 

(values are mean±SD). Value above the horizontal line indicates to the p-value. 

(C) GFP fluorescence as assessed by flow cytometry. Each histogram on a plot 

represents an independent transduction for a particular construct. UT, 

Untransduced FDM cells; Empty vector, MIG without HIST1H4C construct; 

WT, wildtype HIST1H4C; p.R4C, HIST1H4C with the p.R4C sequence variant. 

n=4 for transduced FDM cells. 

 

A. 

B. 

C. 

WT MIG p.R4C 

Size 

(bp) 

Sample lanes 

F D M  M IG W T p .R 4 C

0 .0

0 .5

1 .0

1 .5

2 .0

N
o

r
m

a
li

s
e

d
H

IS
T

1
H

4
C

 e
x

p
r
e

s
s

io
n

0 .1 1 0 1

 
 
Empty Vector WT p.R4C 



P a g e  | 92 

format and further analysed for genes of potential interest. Genes were ranked using 

adjusted p-values for differences in expression between MIG vs. p.R4C and WT vs. 

p.R4C. Gene annotation and functions were analysed using the online database 

GeneGo Metacore™ bioinformatics analysis tool (Thomsons Reuters, NY, USA). 

 

Based on the differential expression and function, the expression of 11 genes was 

further investigated by QPCR (see Supplementary Table S2.6 for primer details). Of 

the 11 genes, the expression of five genes: MicroRNA 340 (Mir340), Pleckstrin 

homology domain containing family O member 2 (Plekho2), n-Myc downstream 

regulated gene, 1 (Ndrg1), Dedicator of cytokinesis 10 (Dock10), Interleukin-4 

receptor alpha (Il4ra); was validated in the FDM cells expressing the constructs 

[n=4 for each construct, Figure 2.14]. Of these, Dock10 and Il4ra were of particular 

interest as these genes were significantly up-regulated in FDM cells expressing the 

HIST1H4C:p.R4C variant relative to the wildtype HIST1H4C [1.35- and 1.44- mean 

fold-change respectively, and mean normalised values ±SD for Dock10 (0.9317 

±0.24 and 0.6917 ±0.21 respectively), and Il4ra (8.064 ± 2.69 and 5.598 ±1.64 

respectively)]. There was also an increasing trend in the expressions of Mir340 (1.6 

mean fold change), Plekho2 (1.24 mean fold change), and Ndrg1 (1.51 mean fold 

change) in HIST1H4C:p.R4C variant relative to the wildtype HIST1H4C. However, 

these did not reach significance possibly due to the high variability within the 

HIST1H4C:p.R4C variant- and wildtype- expressing groups [mean normalised values 

±SD for Mir340 (2.26±1.3 and 1.41±0.78 respectively), Plekho2 (6.60±2.04 and 5.29 

±1.36 respectively), and Ndrg1 (2.23±1.60 and 1.46±0.73 respectively)]. This 

selective deregulated gene expression in the cells over-expressing the 

HIST1H4C:p.R4C construct indicated the capacity of this variant to impact on gene 

expression in myeloid progenitors.  
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Figure. 2.14. Expression of 5 genes was significantly 

different in the HIST1H4C: p.R4C expressing FDM 

cells. QPCR validated expression of A. Mir340, B. Il4ra, 

C. Dock10, D. Ndrg1 and E. Plekho2. QPCR were 

performed in triplicates (n=3) for each construct. * and ** 

denotes statistical significance with a p-value of <0.05 and 

<0.01 respectively, based on unpaired two-tailed student’s 

t-test. Values have been plotted as normalised mean ±SD. 

Values represented above horizontal lines represent p-

values between two groups. 
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2.4 Discussion  

The aim of this study was to identify novel variants in the histone H4 genes of 

importance in MPN pathogenesis. In total, 188 MPN and 1040 non-MPN (which 

included normal and diagnostic) gDNA samples were sequenced. The screen of 

histone H4 genes identified two coding variants in HIST1H4C: HIST1H4C:c.10C>T, 

p.R4C, in PV109, and, HIST1H4C:c.167G>A, p.R56Q, in PV115. As mentioned 

previously, p.R56Q affects the R55 residue on the mature protein. This arginine 

residue resides on the outer surface of the nucleosome where it is predicted to be an 

accessible target for modifications. Based on modelling of the nucleosome, the R55 

residue has been predicted to be mono- or di-methylated (Beck, et al 2006). Evidence 

from yeast studies suggests that the R55 residue on the mature histone H4 protein, 

may play a role in genomic stability wherein alterations at this residue can lead to 

DNA silencing (Huang, et al 2009). Due to the lack of known interacting proteins for 

this residue, the HIST1H4C: p.R56Q variant was not investigated further.  

 

The rare and novel p.R4C variant in patient PV109 was investigated further. R3 on 

Histone H4 is di-methylated (asymmetric or symmetric) by a variety of PRMTs 

(Fabbrizio, et al 2002; Huang, et al 2005; Wang, et al 2001; Zhao, et al 2009a). The 

type of di-methylation on R3 can dictate either activation or repression of 

transcription. The R3 residue can also be modified to citrulline which is a mark of 

transcriptional repression [(Hagiwara, et al 2005) and reviewed in (Jones, et al 

2009b)]. Interestingly, histone H4R3 is symmetrically di-methylated by PRMT5 

(Zhao, et al 2009a), which is a phosphorylation target of JAK2 (Liu, et al 2011) 

(described in Chapter 1, sections 1.4.3 and 1.8). This raises the possibility that the 

p.R4C variant, observed in the samples from PV109, may contribute to MPN 

pathogenesis. Also, it is interesting to note that histone H4R3me
2
s is an interacting 
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target for DNMT3A, thereby allowing the subsequent methylation of DNA (Zhao, et 

al 2009a), and it can be speculated that reduced histone H4R3me
2
 (symmetric) may 

lead to altered DNA methylation and deregulation of gene expression. Thus, it was 

expected that a mutation at this residue would abrogate both symmetric and 

asymmetric di-methylation. It is important to note that variants affecting the R3 

residue exist in other histone H4 genes (Table 2.2), however, given the high relative 

expression of HIST1H4C observed in haematopoietic cell lines and cell populations 

(Figure 2.5 and 2.6), it was speculated that the HIST1H4C p.R4C could contribute to 

altered growth and survival of the MPN clone. 

 

The assessment of alterations to methylation on p.R4C via western blotting did not 

detect consistent changes in methylation levels between the cells expressing histone 

H4 or the histone variants. It may be possible that the activity of methyltransferases, 

such as PRMT5, may have been inconsistent due to the differential expression of 

histones in the cell lines. The results in Figure 2.12A also suggest that 4-OHT 

treatment, or higher levels of WT or the p.R4C histone H4 variant, resulted in overall 

lower histone H4 levels. Thus the over-expression of histones in HEK293 cells was 

problematic, and it cannot be ruled out that increased histone H4 levels are 

associated with activation of a pathway for degradation of excess histones (Gunjan, 

et al 2003; Singh, et al 2009). Future experiments may require co-expression of 

histone H3 which may stabilise the excess histone H4 through formation of histone 

H3-H4 dimers and tetramers (personal communication with Dr. Fan Liu, Sloan-

Kettering Institute, USA). Additionally, use of proteosomal inhibitors such as 

MG132 may prevent the rapid degradation of histones which may help in 

understanding the effect of histone degradation in experiments. Experiments may 
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also need to include assessing the levels of relevant methyltransferases in uninduced 

cells to determine the effect of 4-OHT.   

 

As microarray gene expression profiling is an unbiased and sensitive method for 

detecting changes in response to stimuli, a gene expression analysis was performed 

in the IL-3 dependent murine myeloid cell line; FDM (Ekert, et al 2004; Jabbour, et 

al 2010). In FDM cells, five genes (Mir340, Dock10, Il4ra, Plekho2 and Ndrg1) 

showed significant differential expression in the presence of p.R4C relative to WT or 

empty vector (Figure 2.14 and Supplementary Table S2.7). However, a limitation to 

these experiments is that histone H4 protein levels were not ascertained. Thus, while 

the expression of HIST1H4C mRNA and the level of GFP fluorescence in cells with 

p.R4C or WT were not significantly different (see Figure 2.13), it cannot be excluded 

that the gene expression changes observed are due to differences in total histone H4 

protein levels between these two cell populations. 

 

Nevertheless, some interesting target genes were identified including Dock10 

(Alcaraz-Garcia, et al 2011) and Mir340. Predicted targets of Mir340 included 

Myeloid Leukaemia Factor 1 (MLF1) [MicroCosm targets version 5 (EMBL-

European Bioinformatics Institute, Wellcome Trust Genome, UK)], which was of 

interest (Arber, et al 2003; Bras, et al 2012; Lee, et al 2012). In the FDM cells, Mlf1 

displayed a trend toward reduced expression, although this still needs to be validated.  

 

Future experiments will include further investigations of selected target genes in 

MPN pathogenesis. For example, given the link between histone H4R3 modifications 

and DNMT3A, it is of interest to know whether changes in expression of these genes 

is associated with changes to DNMT3A. Given the importance of histones and PTMs 
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in epigenetics, it would also be interesting to assess alterations in global histone 

modifications and DNA methylation in myeloid cells as a consequence of 

HIST1H4C:p.R4C and HIST1H4C:p.R56Q mutations. Finally it will be important to 

assess alterations to JAK2 signalling in patient samples and experimental models 

with the histone H4 MPN variants. These studies are beyond the scope of this 

project.  

2.5 Supplementary information 
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Supplementary Figure S2.1 

 

                 A. ap pF U G147EV16 PGK Hygro W (GEV16)                               B. pF 5x UAS SV40 puro W (pF 5x UAS SV40 puro) 

             

12302 bp

Hygro

Gal4-147-ERt2-VP16

ZeoR

5'LTR [partial HIV R-U5]

3'LTR [HIV delU3-R-U5]

WPRE

SV40 polyA+bGH polyA+

ER-V-Full(f)

ER-V-Full(r)

ER-V-RTPCR(f)

ER-V-RTPCR(r)

HygroB(f)

HygroB(r)

SV40 prom/enh

PGK promoter CMV IE promoter

UBC prom/enh

Lac O

ColE1 origin

SA

Amp

Psi

SD

EcoRI (8221)

EcoRI (9048)

EcoRI (9797)

NcoI (3424)

NcoI (7487)

NcoI (8096)

NcoI (9157)

NcoI (12078)

Nco I (12298)

  

9258 bp

Puro

ZeoR

5x GAL4 UAS

3'LTR [HIV delU3-R-U5]

5'LTR [partial HIV R-U5]

WPRE

SV40 polyA+

bGH polyA+

SV40 prom/enh

SV40 promoter/enh

CMV IE promoter

LacO

ColE1 origin

Amp

Psi

SD

BamHI (5645)

HpaI (5671)

NheI (5663)

XbaI (5675)

Supplementary Figure S2.1 Schematic representation of the 4-hydroxy tamoxifen (4-OHT) regulatable lentiviral vectors. A and B depict 

maps of the plasmids expressing the GAL4-Estrogen receptor-VP16 fusion construct and expression vector with multiple cloning sites (MCS) 

respectively. Plasmid stocks and information was generously provided by A/Prof. Chris Hahn and Prof. Hamish S.Scott. 

 

MCS 
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Supplementary Table S2.1 

Histone H4 primer RE site introduced Primer (5`-3`) Primer Tm (°C) Product size (bp) 

HIST1H4C- Forward Arg4-BamHI BamHI ccatccggatccatgtctggtcgcggcaaa 65.87 323 

HIST1H4C- Forward Cys4-BamHI BamHI ccatccggatccatgtctggttgcggcaaa 65.87  

HIST1H4C-Reverse-HpaI HpaI tctagagttaactcagccgccgaagccata 66.15  

HIST1H4C- Forward Arg4-EcoRI EcoRI cgccggaattcatgtctggtc 67.00 333 

HIST1H4C- Forward Cys4-EcoRI EcoRI gccggaattcatgtctggttgc 67.00  

HIST1H4C-Reverse-EcoRI EcoRI ttaacgaattccagccgccg 66.00  

GFP-Forward-BamHI BamHI ccatccggatccatggtgagcaagggcgaggag 68.12 744 

GFP-Reverse-HpaI HpaI tctagagttaacttacttgtacagctcgtccatgcc 64.6  

 
Supplementary Table S2.1. HIST1H4C cloning primers. Primers for the human HIST1H4C cDNA was designed using the Primer3 Input 

(v.0.4.0) online software. gDNA samples were amplified using Roche Hi-fidelity DNA polymerase kit (Roche Applied Science, Roche 

Diagnostics Australia Pty. Ltd, Australia) and the cycling conditions for all the primer pairs were as follows: 5 minutes at 95°C, followed by 35 

cycles of 30 seconds at 94°C, 30 seconds at 62°C and 45 seconds at 72°C, followed by a final extension at 72°C for 5 minutes. Ligations were 

performed at a construct to vector ratio of 4:1 along with T4 DNA ligase (Roche Applied Science, Roche Diagnostics Australia Pty. Ltd, 

Australia) for 30 minutes following which the reaction volumes were used to transform 100 µL of ultra-competent E.coli (Promega, Australia). 

RE, Restriction Enzyme  
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Supplementary Table S2.2 

 

 

Supplementary Figure S2.2. Isolation of primary human haematopoietic cell 

sub-populations. i. Monoyctes and granulocytes from peripheral blood; and ii. 

CD34
+
 cells from bone marrow aspirate. Briefly, the cells are incubated with 

magnetic beads conjugated to a specific antibody. Unbound cells flow through the 

column (negatively selected fraction) and the bound cells are retained in the column 

and are forced out of the column by a syringe.  
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Supplementary Table S2.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

GENE ID (RefSeq ID) Forward primer 
(5`→3`) 

Forward 

primer 

Tm (C°) 

Reverse primer 
(5`→3`) 

Reverse 

primer 

Tm (C°) 

Product 

size (bp) 
Products observed 

on 1.5%TAE 

agarose gel 
HIST1H4A (NM_003538) ggactgtaggcgtcacattt 57.67 cccctaatctttcctttttagg 57.48 610 

 

HIST1H4B (NM_003544) tcccgctttcagttctcaat 59.81 ggcagaatagccgagtaaagc 60.37 531 
 

HIST1H4C (NM_003542) caggtccgccaagtttgtat 59.17 ggtcatggcaaacacaattc 58.83 577 
 

HIST1H4D (NM_003539) caaacaggtccgtcatgcta 59.72 gccaaggcgtaataagacca 60.10 551 
 

HIST1H4E  (NM_003545.3) cgaattcccggcatataaga 59.41 agagaccaaccaatcgtctaaca 60.05 504 
 

HIST1H4F (NM_003540.3) ctccaaaaaggtccgcataa 60.07 acaaaacgaaacccaagtcg 60.01 511 
 

HIST1H4G (NM_003547.2) tataaaaggctgcggaaagc 59.48 aacagcttttgggcacctac 59.24 527 
 

HIST1H4H (NM_003543.3) gcatataagggcgttgcttt 59.41 ctcagcaaaaatctggaacaaa 59.38 500 
 

HIST1H4I (NM_003495.2) ccgcagaggttacccataaa 59.95 ttcggcgtcgagttaatctt 59.85 585 
 

HIST1H4J (NM_021968.3) gtccgccaactgtcgtataaag 60.01 aactgactcagaaccaagcaaaat 60.55 511 
 

HIST1H4K (NM_003541.2) gtccgccaactgtcgtataaa 60.01 gatagcagcacaaactcagcag 60.22 517 
 

HIST1H4L (NM_003546.2) cccaatcaggtccgatttatt 60.03 gccaaaactgccatacgttta 60.01 514 
 

HIST2H4A/B (NM_003548.2) gctttcggttttcaatctggt 59.69 ctgttgcactttacgcagtca 60.10 507 
 

HIST4H4 (NM_175054.2) tcgagagactataagccctggt 59.39 cgaatatcccatttccggtat 59.89 543 

 
 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table S2.2 Histone H4 primer sequence with the respective annealing temperatures, size of the product and an example of the 

PCR products obtained (PCRs of select MPN gDNA samples) as run on a 1.5% TAE gel based (see section 2.2.6). 
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Supplementary Table S2.3 

Antibody Product details  Lot # Dilution 

Anti 

Human 

CD34-PE 

IO TEST 

(BECKMAN 

COULTER) 

PN IM1871U NA 1:20 

CD14-PE eBiosciences 
12-0149-73 

(CLONE 61D3) 
E026669 1:20 

CD15-PE BD Pharmingen 
323006 

(CLONE W6D3) 
B110765 1:20 

CD19-PE BD Pharmingen 555413 36211 1:20 

CD3-PE 
Becton Dickinson  

(BD Biosciences) 
347347 NA 1:20 

PE Mouse 

IgG1, κ 

Isotype 

Control 

BD Pharmingen  550617 NA 1:50 

 

Supplementary Table S2.3. Summary of the fluorophore-conjugated 

antibodies used to measure purity of CD34 (HSPCs), CD14 (Monocyte), CD15 

(granulocytes/polymorphonuclear cells), CD19 (B-lymphocytes) and CD3 (T-

lymphocytes) cell fractions isolated by MACS. NA, not available. 
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Supplementary Table S2.4 

Gene Chr:position Alleles 

(Reference SNP ID) 

Position, Minor Allele Freq. in PV (%) Pop
n
. Freq (%) Source 

5`UTR variants 

HIST1H4B 6:26027507 G/C c. -27 G>C, C 1.136 ND NA 

6:26189335 C/T c.-30C>T, T 1.136 ND NA 

3`UTR variants 

HIST1H4B 6:26027135 G/A (rs3752420) c. *34C>T, T 9.090 42.30 dbSNP 

HIST1H4F 6:26241008 C/T (rs201595082) c.*43C>T, T 1.136 ND dbSNP 

HIST1H4G 6:26240976 G/A c.*11G>A,A 1.136 ND NA 

HIST1H4J 6:27792300 G/C (rs141884356) c.*86G>C ,C 1.136 0.280 dbSNP 

HIST1H4K 6:27798937 G/A (rs116719739) c.*57C>T, T 12.50 1.330 dbSNP 

HIST2H4A/B 1:149832366 A/G c.*20T>C, C 18.18 ND NA 

   

Supplementary Table S2.4 Summary of Histone H4 5`UTR, 3`UTR variants identified in PV patients. 15 histone H4 genes were screened in 

88 PV patient gDNA samples (102 were screened for HIST1H4C). Ensembl|1000 genomes and dbSNP (build 135, 137 and 138) databases were 

used to identify novel variants from known variants. Freq. in PV, frequency in the PV cohort; Pop
n
. freq., population frequency ascertained from 

databases; ND, Not Detected; NA, Not Applicable; UTR, Untranslated region; *, Stop codon. 
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Supplementary Table S2.5 

Supplementary Table S2.5 Summary of Histone H4 5’ UTR, 3’ UTR variants identified in a normal cohort. 15 histone H4 genes were 

screened in disease free normal buccal gDNA samples. Freq.,frequency in the cohort;.UTR, Untranslated region;*, Stop codon; ND, Not 

Detected; NA, Not Applicable.  

Gene 

(sample size) 

Chr: position Alleles Position, Minor Allele Number of 

individuals detected 

with the minor 

allele 

Freq. in 

normal 

cohort 

(%) 

5` UTR variants 

HIST1H4B (n=228) 6:26027507 G/C c. -27 G>C,C 00 00.00 

HIST1H4D (n=233) 6:26189312 G/C (rs79868973) c. -8 G>C,C 34 22.74 

6:26189313 G/C (rs78735537) c.-9G>C,C 19 08.15 

6:26189322 T/C c.-18 T>C,C 01 00.42 

3`UTR variants 

HIST1H4B (n=228) 6:26027135 G/A (rs3752420) c. *34 C>T , T 10 04.82 
HIST1H4C (n=236) 6:26104535-26104538 AAAA>del_AAAA 

(rs58741377) 
c.*48 AAAA> del_AAAA 01 00.42 

6:26104554 C/T (rs138617314) c.*67 C>T,T 01 00.42 
HIST1H4F (n=237) 6:26241008 C/T (rs201595082) c.*43 C>T,T 01 00.42 
HIST1H4K (n=233) 

 
6:27798937 G/A (rs116719739) c.*57 C>T,T 19 08.15 
6:27798929 A/C c.*65 T>C,C 04 01.17 

HIST2H4A/B 

(n=227) 
1:149832366 A/G c.*20 T>C, C 39 16.70 
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Supplementary Figure S2.3 

 

Sample type 
PV103 

    A       T      C      C       A      A      G 

Granulocyte gDNA (JAK2V617F%) 

 

PBMNC gDNA (JAK2V617F%) 

 

Buccal gDNA (JAK2V617F%) 

 

 

 

 

Patient characteristics PV103 
Normal Reference 

range 

Gender/Age at diagnosis M/83 NA 

JAK2V617F  mutation positive NA 

Haemoglobin 130g/L 135-175 g/L 

Red Blood Cell 6.62 x10
12

/L 4.50-6.00 x10
12

/L 

White Cell 13.0 x10
9
/L 4.00-11.0 x10

9
/L 

Serum EPO 2mU/ml 3.3-16.6 mU/ml 

EPO-independent BFUE (e-BFUE) detected NA 

 
Supplementary Figure S2.3. Clinical characteristics of the Polycthemia vera patient 

PV103. A. Sequence traces of HIST1H4B in PV103 depicting the germline variants; 

HIST1H4B:c.82C>T, p.Q28*. The underlined nucleotides depict wild-type sequence. 

The sequence trace also shows the nucleotide affected (as depicted by *) in granulocyte, 

PBMNC and buccal gDNA for HIST1H4B (% indicates to the JAK2V617F allele load). 

B. Patient characteristics. Samples were collected at the time of diagnosis (2008) and 

values for each patient characteristic is from the year 2008. The values in the normal 

reference range column were used at the time of diagnosis. NA, not applicable. 

B. 

A. 

(34%) 

(0.3%) 

(40%) 

* 

* 

* 
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Supplementary Figure S2.4 
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Supplementary Figure S2.4 Purity of the CD14 negative cell fraction following MACS bead based separation technique. CD14 negative cells were 

incubated either with isotype control, CD14-PE, CD3-PE or CD19-PE antibodies and then analysed by flow cytometry. CD3
+
 and CD19

+
 cells constituted 

the CD14 negative fractions as depicted in plots ii and iii as red histograms compared to the isotype control (black histograms). As observed in plot i there 

were virtually no CD14
+
 cells in this fraction. The plots represent an example of flow cytometric analysis following MACS based separation of a normal 

PBMNC sample. 

ii. T-lymphocyte (anti-CD3)  

i. CD14 negative fraction with anti-CD14 staining 

iii. B-lymphocyte (anti-CD19)  

73%  21%  
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Supplementary Figure S2.5 

Supplementary Figure. S2.5. A. Normalised Unscaled Standard Errors 

(NUSE) plot. The NUSE values are standardized at the probe-set level across the 

Mouse Gene_ST arrays: Typically values centered around 1 are considered as 

good quality arrays. A low quality array in which the median value of a box-plot 

is plotted further away from 1 or has a bigger distribution is removed from 

analysis. The quality of each of the Mouse Gene_St array was plotted using a 

CEL file format and were of good quality. B. Cell cycle analysis of FDM cells. 

There was no significant difference observed in the cells expressing the p.R4C 

variant with either MIG or WT cells. The values represent n=4, values are plotted 

as mean±SD, and two-way ANOVA was performed [F (2, 27) =0.0882, 

p=0.9158]. , MIG (empty vector); , WT; , p.R4C expressing FDM 

cells. G0-G1, S and G2-M depict phases of cell cycling. 
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Supplementary Table S2.6 

 

Gene 

(mouse RefSeq ID) 

Forward Primer  (5`→3`) Primer Tm (C°) Product 

size 

(bp) 

Exon-Exon 

junction 
R

2
 value 

Reverse Primer   (5`→3`) Primer Tm (C°) 

Pmf1 

(NM_025928.3) 

atccatccgcgaggaaatc 57.39 
71 Yes 0.9695 

tatccagggagttcaggaca 57.06 

Slc38a1 

(NM_134086.4) 

gcgtacttgtctcagacgtt 57.95 
77 Yes 0.9943 

gagaccccgttttctagcag 57.99 

Ndrg1 

(NM_008681) 

ccatcttcgtctccctcttc 57.12 
94 Yes 0.9991 

cacacacctaatgagcaagc 57.09 

Fancd2 

(NM_001033244.3) 

ttgggcagaccatcttcaat 57.09 
79 Yes 0.9961 

aatggaaagtcaccctctgg 57.11 

H2afx 

(NM_010436) 

cagctcttctacctcgtacac 57.59 
82 No 0.9787 

tgaagagcgcgacttgg 57.25 

Plekho2 

(NM_153119.2) 

acgagaatgaggatgagcag 57.11 
55 Yes 0.9844 

tcatagctcccaagttccac 56.92 

Pten  

(NM_008960) 

actgcagagttgcacagtat 57.15 
54 Yes 0.9938 

gttctagctgtggtgggtta 56.86 

Dock10 

(NM_175291) 

gaacttgaaaagacctatcggg 56.79 
77 Yes 0.9995 

gtggctgttgagaagtcatc 56.45 

Il4ra  

(NM_001008700) 

gtggtaatgtgaagccccta 56.91 
85 Yes 0.9924 

aggttattccaggtcagca 56.91 

Bard1 

(NM_007525) 

agtgctctatcgtgaacacc 57.34 
54 Yes 0.9924 

ctataaataccagcggccca 57.15 

Mir340 

(NR_029769) 

ttggtgtgattataaagcaatga 57.30 
62 No 0.9757 

actgagacggatcccaca 57.36 

 

Supplementary Table S2.6. 

Forward and reverse primers 

designed to assess the changes 

in gene expression observed in 

FDM constructs. Primers have 

been depicted with the 

respective annealing 

temperatures, size of the product 

and the R
2
-value ascertained by 

DNA standards ratios ranging 

from 1- 1:10 (where 1 represents 

a cDNA dilution of 100ng/µL). 

The cycling conditions for all 

the primer pairs was 5 minutes 

at 98°C, followed by 25 cycles 

of 30 seconds at 57°C, and 

primer product melts were 

performed from 70-90°C. One 

of the primer pair of each primer 

set spanned the exon-exon 

junction except for genes 

Mir340 and H2afx which had no 

introns. 
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Supplementary Table S2.7 

 

 

ProbesetID 
Adjusted  

p-value 
Gene Symbol Chromosome strand Start Stop Gene_assignment 

10501072 1.77E-06 Olfr266 chr3 - 106624474 106625500 olfactory receptor 266 

10584458 8.27E-05 Olfr920 chr9 + 38563275 38564213 olfactory receptor 920 

10375677 9.70E-06 Mir340 chr11 + 49883204 49883301 microRNA 340 

10594538 5.54E-05 Plekho2 chr9 - 65399491 65399898 
pleckstrin homology domain containing, family O 

member 2 

10586240 0.00015501 Dennd4a chr9 + 64709710 64709854 DENN/MADD domain containing 4A 

10482695 0.00013003 Cacnb4 chr2 - 52283840 52532101 calcium channel, voltage-dependent, beta 4 subunit 

10429140 0.00012556 Ndrg1 chr15 - 66760880 66801201 N-myc downstream regulated gene 1 

10493666 1.68E-05 Nup210l chr3 + 89975971 89976099 nucleoporin 210-like 

10363312 2.60E-05 Ccdc138 chr10 + 57960696 58038990 coiled-coil domain containing 138 

10499366 0.00013293 Pmf1 chr3 - 88198060 88214256 polyamine-modulated factor 1 

10559446 0.00014126 Lilrb3 chr7 - 3664134 3671984 
leukocyte immunoglobulin-like receptor, subfamily 

B (with TM and ITIM domains), member 3 

10431872 0.00020623 Slc38a1 chr15 - 96402753 96403121 solute carrier family 38, member 1 

10432511 0.00020571 Racgap1 chr15 - 99450722 99482062 Rac GTPase-activating protein 1 

10501164 8.32E-05 Csf1 chr3 - 107543975 107563387 colony stimulating factor 1 (macrophage) 

10499904 0.00025879 Ivl chr3 - 92374824 92377637 involucrin 

10606064 0.00021096 Rgag4 chrX - 99261883 99266643 retrotransposon gag domain containing 4 

10374060 4.75E-05 Ankrd36 chr11 + 5528765 5545156 ankyrin repeat domain 36 Ankrd36 

10406982 0.00025319 Adamts6 chr13 + 105077915 105286775 
a disintegrin-like and metallopeptidase (reprolysin 

type) with thrombospondin type 1 motif, 6 

Supplementary Table S2.7. Top 50 differentially regulated genes in FDM cells expressing p.R3C compared to WT or MIG 
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Supplementary Table S2.7 

 

10554325 0.00027187 5730590G19Rik chr7 + 86805082 86843246 RIKEN cDNA 5730590G19 gene 

10583203 0.00033547 Phxr4 chr9 + 13234581 13235971 per-hexamer repeat gene 4 

10382321 0.00017856 Kcnj2 chr11 + 110927478 110936965 
potassium inwardly-rectifying channel, subfamily J, 

member 2 

10577326 0.00034532 Xkr5 chr8 - 18932729 18950975 
X Kell blood group precursor-related family, 

member 5 

10566574 0.0005248 Gvin1 chr7 - 113300049 113358854 GTPase, very large interferon inducible 1 

10542249 0.00038397 Tas2r123 chr6 + 132797160 132798161 taste receptor, type 2, member 123 

10519857 0.00029055 Hgf chr5 + 16059368 16125257 hepatocyte growth factor 

10544171 0.0002866 Slc37a3 chr6 - 39285970 39327671 
solute carrier family 37 (glycerol-3-phosphate 

transporter), member 3 

10513805 0.00031017 Dbc1 chr4 - 68422406 68615431 deleted in bladder cancer 1 (human)1 

10469867 0.00038246 Pnpla7 chr2 + 24831582 24909577 patatin-like phospholipase domain containing 7 

10449672 0.00022989 Tmprss3 chr17 - 31316210 31335304 transmembrane protease, serine 3 

10374043 2.66E-05 Ankrd36 chr11 + 5469688 5514689 ankyrin repeat domain 36 

10487340 0.00056632 Ncaph chr2 - 126929562 126959679 non-SMC condensin I complex, subunit H 

10576403 0.00034189 Urb2 chr8 + 126547373 126572404 
URB2 ribosome biogenesis 2 homolog (S. 

cerevisiae) 

10472128 0.00054218 Arl6ip6 chr2 + 53051145 53078060 ADP-ribosylation factor-like 6 interacting protein 6 

10430825 0.00049154 Cenpm chr15 - 82064191 82075178 centromere protein M 

10548859 0.00044136 Wbp11 chr6 - 136762175 136776649 WW domain binding protein 11 

10519472 0.00047196 Gm9897 chr5 + 4192367 4197652 predicted gene 9897 

10598507 0.00045125 Slc38a5 chrX + 7848520 7857300 solute carrier family 38, member 5 

10557326 0.00056141 Il4ra chr7 + 132695796 132722988 interleukin 4 receptor, alpha 
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Supplementary Table S2.7 

 

10506680 0.00063168 Tmem48 chr4 + 107040389 107086946 transmembrane protein 48 

10601011 0.00061743 Kif4 chrX + 97821076 97922553 kinesin family member 4 

10491300 0.00052821 Skil chr3 + 30993983 31021499 SKI-like 

10359890 0.00060161 Nuf2 chr1 - 171428065 171461595 
NDC80 kinetochore complex component, homolog 

(S. cerevisiae) 

10586184 0.00065827 Tipin chr9 + 64129414 64152601 timeless interacting protein 

10530156 0.00065143 Tmem156 chr5 - 65454457 65482794 transmembrane protein 156 

10363845 0.00071348 Ccdc6 chr10 + 69560048 69652026 coiled-coil domain containing 6 

10385822 0.00048864 Gm10447 chr11 - 53269795 53270202 predicted gene 10447 

10407435 7.89E-05 Akr1c18 chr13 - 4131861 4149877 aldo-keto reductase family 1, member C18 

10604832 0.00091577 Mir505 chrX - 57647578 57647667 microRNA 505 

10384423 0.00040848 Cobl chr11 - 12136611 12364807 cordon-bleu 

10373918 0.00072172 Lif chr11 + 4157571 4172517 leukaemia inhibitory factor 

10366335 0.00078603 Bbs10 chr10 + 110735735 110738781 Bardet-Biedl syndrome 10 (human) 
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3.1 Introduction 

MPN and adult AML have a considerable overlap in mutations indicating the 

involvement of common pathways which include JAK2, EZH2 and ASXL1. 

However, the identification of mutations associated specifically with MPN or 

leukaemic transformation indicates that specific genetic changes direct disease 

course [(Rocquain, et al 2010) and reviewed in (Tefferi 2010)]. The aim of the 

following study was to investigate the presence and frequency of mutations in PHF6, 

commonly mutated in leukaemia, and histone H3 encoding genes which have been 

reported to be mutated in glioma (Schwartzentruber, et al 2012; Wu, et al 2012). 

These two proteins may potentially be interacting in a chromatin modifying complex; 

NUcleosome RemoDelling (NURD) complex which has an important role in cancer 

[(Todd, et al 2012) and reviewed in (Lai, et al 2011)]. 

3.1.1 PHF6 

The plant homeodomain finger-6 (PHF6) gene was recently identified as a novel 

tumour suppressor gene mutated in T-cell acute lymphoblastic leukaemia (T-ALL) 

and AML at a frequency of 20% and approximately 3% respectively (Chao, et al 

2010; Van Vlierberghe, et al 2010; Van Vlierberghe, et al 2011). 70% of the 

mutations observed in PHF6 were frameshift and the remaining 30% were missense 

mutations. 2.4% of Ph
+
 blast crisis CML has also been found to harbour a mutation 

in PHF6 (Li, et al 2012). Additionally, a whole genome sequencing approach for 24 

AMLs identified one mutation in PHF6 in one patient sample (Welch, et al 2012), 

however, no screens have been reported in Ph-negative chronic phase MPN. 
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PHF6 was initially reported to harbour mutations in the inherited intellectual 

disability disorder Borjeson Forssman Lehman syndrome [BFLS, (Lower, et al 

2002)] (Figure 3.1 shows the gene location, protein structure and the mutations 

identified thus far in BFLS, AML, and T-ALL). The protein encoded by this gene 

belongs to a large family of zinc finger genes known as the plant homeodomain-like 

family (PHF) and consists of two PHD domains, suggesting a role in chromatin 

regulation. Chromatin modifying proteins are of particular interest in myeloid 

malignancies given that a number of these proteins have been shown to be mutated in 

MPN such as ASXL1 (has a PHD domain) and EZH2 (interacts and trimethylates 

histone H3 at K27).  

 

The PHF family includes factors which have a role in chromatin remodelling, for 

example PHF1 (Musselman, et al 2012), PHF2, and PHF8 [reviewed in 

(Fortschegger, et al 2011)]. PHF1 is involved in maintaining global histone 

H3K27me
3
 and has been suggested to be a component of the polycomb repressive 

complex 2 (PRC2 complex), in addition to EZH2 (Sarma, et al 2008). PHF2 and 

PHF8 are known histone lysine demethylases which catalyse the removal of di-

methyl groups on lysine residues (K4 and K9) of histone H3 and histone H4 (K20). 

Although the role of PHF6 is not completely determined, it has been speculated it 

may play a role in transcriptional regulation possibly as a component of the NURD 

complex. Todd and colleagues have reported the co-purification of PHF6 with 

NURD complex proteins along with several ribosomal proteins, spliceosomal 

proteins and histone H3 (Todd, et al 2012). 
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  A. 

 

 
 

 

B.  

 

Figure 3.1 Genomic location and protein structure of PHF6. (A) human PHF6 

is present on X chromosome (ChrXq26.2) and is a member of a large family of 

zinc-finger genes. PHF6 is transcribed as a 4.5kb mRNA and has two major 

isoforms which differ in the inclusion or exclusion of intron 10 from the mRNA. 

This alternative splicing does not change the PHF6 protein. The figure depicts a 

minor isoform along with the two major isoforms. PHF6 is highly conserved in 

vertebrates but has no obvious ortholog (s) in lower organisms [i.e., insect or 

yeast, adapted from NCBI genome browser]. (B.) PHF6 is 365 amino acids long 

and has two PHD domains, which suggests an important cellular (nucleus and 

nucleolus) role of the protein. Figure depicts known mutations of PHF6 in BFLS, 

AML, and T-ALL. The diamonds indicate to position and residue affected. 

Different coloured diamonds represent the mutations in the three separate 

disorders. NLS, nuclear localisation sequence; X, Stop codon; fs, frameshift; del, 

deletion.  

Exon 2 Exon 10 
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3.1.2 Histone H3  

To complement the study focussed on PHF6, mutations in histone H3 genes were 

also investigated. A potential role for histone H3 in MPN is supported by the 

discovery of a number of somatic mutations in genes encoding histone H3-

interacting-proteins such as EZH2, ASXL1 and JAK2. The discovery of somatic 

mutations in the histone H3 genes; H3F3A (encoding for H3.3) and HIST1H3B 

(encoding for H3.1) in glioblastomas (Schwartzentruber, et al 2012; Wu, et al 2012) 

and subsequently in a number of other studies (Behjati, et al 2013; Behjati, et al 

2014; Huether, et al 2014; Je, et al 2013; Je, et al 2014) demonstrates potential for 

the occurrence of pathogenic mutations in genes encoding histone H3 in MPN. There 

are 17 known histone H3 genes in the human genome which encode for three histone 

H3 variant proteins (H3.1, H3.2 and H3.3). (Figure 3.2 shows the conservation of 

amino acid residues across the H3 variants). 11 of the histone H3 genes encode for 

histone H3.1 (including the testicular cell specific histone H3.1t), 3 for histone H3.2 

and 3 for histone H3.3. Histone H3.3 is a unique histone which, unlike the classic 

histone H3 proteins, has a poly-A tail and has specialised functions which are 

independent of cell cycle. These specialised roles include chromatin assembly, 

chromatin maintenance, and telomere maintenance (Ahmad, et al 2002; Lewis, et al 

2010; Lin, et al 2013; Tagami, et al 2004). The telomere maintenance role of H3.3 is 

particularly interesting as it has been previously reported that telomeres are shorter in 

MPN patients compared to control samples (Bernard, et al 2009; Elena, et al 2011b). 

  

In this study, a somatic mutation was identified in an initial screen of MPN patient 

gDNA samples using Sanger sequencing of PHF6 targeting exons 9 and 10 (terminal 

exons). The mutation screening was subsequently extended using a custom amplicon  
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B.

 

Figure 3.2. Conservation of human Histone H3 variants, H3.1, H3.2 and 

H3.3. A. Universal Protein Resource (UniProt) database annotations for the 

Histone H3 variants along with Histone H3 genes encoding the variants. 

UniProt database predicts ~89.706% homology between the variants with 122 

of the 135 amino acids identical between the proteins. B. Amino acid 

conservation across human Histone H3 variants. Blue boxes represent post-

translationally modified residues and grey boxes indicate similarity of residues 

at specific positions. * indicates conserved amino acids; ‘:’ indicates one 

dissimilar amino acid; ‘.’ indicates >1 dissimilar amino acid. 
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based next generation sequencing approach to include the remaining coding exons of 

PHF6 and also the 17 histone H3 genes. 

3.2 Materials and Methods: 

3.2.1 Patients and genomic DNA (gDNA) preparation 

Approval for this study was obtained from the Human Research Ethical Review 

Committees of the Royal Adelaide Hospital, The Queen Elizabeth Hospital and 

Flinders Medical Centre (ethics approval number details have been given in Chapter 

2 section 2.2.1). Informed written consent, peripheral blood, and buccal swab 

samples were collected from MPN patients, and samples were screened for the 

presence of JAK2V617F or exon 12 mutations of JAK2. U-MPN patients were 

individuals at an advanced or early stage of MPN (did not meet some of the 

diagnostic criteria and/or were being tested for mutations in JAK2 exon 12/MPL), 

were JAK2V617F-negative, and had other underlying conditions which could have 

obscured diagnosis. PBMNC, granulocyte, and buccal cell isolation techniques have 

been described in Chapter 2, section 2.2.4. gDNA from cell populations was 

prepared using the QIAmp™ spin procedure (QIAGEN™, USA). 

3.2.2 PCR amplification and Sanger sequencing of PHF6 exon 9 and exon 10  

MPN patient gDNA samples (n=124) were investigated for mutations in PHF6 exons 

9 and 10. 77 of the 97 PV patient PBMNC or granulocyte gDNA samples were 

confirmed for the presence of JAK2V617F. Additionally, 9 ET (n=15), 3 PMF (n=5) 

and 2 U-MPN (n=7) patient gDNA samples had the JAK2V617F mutation. Primers 

and PCR amplification conditions for coding exons of PHF6 (exon 9 and exon 10) 

(Genbank # NM_175629.1) were as previously described (Crawford, et al 2006). 

PBMNC or granulocyte gDNA sample amplification, purification, and sequencing 

were as described previously in Chapter 2, section 2.2.6. Analysis of the sequences 
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was performed using SoftGenetics® Mutation Surveyor
TM

 Version 3 and 

ChromasLite 2.1.1 software. The sequences containing novel variants were further 

verified using the Santa Cruz Human Genome Browser (UCSC genome browser), 

Ensembl|1000 Genomes (hg18 and hg19), and the Exome Variant Server (EVS, 

NHLBI Exome sequencing Project). 

3.2.3 Blast Forming Units Erythroid (BFUE) colony forming assays 

EPO-independent and EPO-dependent Blast forming units-Erythroid (BFUE) were 

scored and isolated from PBMNC as described previously (Butcher, et al 2008). 

Briefly, cells were plated at a concentration of 1.6x10
6
-1.6x10

7 
cells/mL in 

methylcellulose-based media (Methocult; Catalog number 4230; STEMCELL 

Technologies Australia Pty Ltd, Australia) supplemented with 20ng/mL recombinant 

human Interleukin-3 (rhIL-3; Peprotech, Abacus-ALS, Australia), 50ng/mL human 

stem cell factor (hSCF, Peprotech, Abacus-ALS, Australia) with or without 2U/mL 

human EPO (EPREX
®

40,000 IU/mL prefilled Syringe, JANNSEN-CILAG Pty. 

LTD., Australia). Erythroid colonies were haemoglobinised with a characteristic red 

colour and were composed of small circular cells. Colonies were scored and picked 

from culture on days 10 to 14 depending on the morphology and size of the colony.  

3.2.4 Roche 454 sequencing platform 

A. Sample preparation for PCR amplification 

70 PV (64 were JAK2V617F
+
), 20 ET (8 were JAK2V617F

+
) and 10 PMF (3 were 

JAK2V617F
+
) PBMNC or granulocyte gDNA samples (see Chapter2, sections 2.2.5 

for preparation of gDNA) were separately diluted to 2ng/µL and pooled to generate 

10 pools of gDNA samples (10 patients in each pool) (see Supplementary Table 

S3.1 for pool summaries). The JAK2V617F-negative PV gDNA samples were 

included in the study as these samples were in the process of being updated for the 
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presence of exon 12 mutations of JAK2 and clinical information. The final 

concentration of gDNA in each sample pool was verified using the Nanodrop 2000 

spectrophotometer V1.0 (Thermo Scientific, Australia). 

B. Primer Design and PCR amplification 

Pooled gDNA at a concentration of 2ng/µL was used as template in PCRs in a total 

reaction volume of 25µL. Histone H3 primers were designed using online software 

tools (Supplementary Table S3.2) and the specificity of the primers was validated by 

amplifying and sequencing HEL gDNA. All histone H3 primers were designed such 

that the amplicon size was 250-350 bp with overlapping amplicon regions so as to 

allow sequencing of a complete histone H3 gene. Primers for PHF6 coding exons 

(Genbank # NM_175629.1) were designed as described by Crawford and colleagues, 

and these primers fulfilled all criteria of primer design (Crawford, et al 2006). PCR 

products were sequenced using the BigDye® (Applied Biosystems, Life 

Technologies Australia Pty Ltd, Australia) terminator cycle sequencing protocol as 

described previously (Wen 2001). The sequences were verified using the UCSC 

genome browser’s BLAT search tool.  

C. Amplicon quantitation, pooling and purification 

PCR products generated from each PCR were quantified using the MultiNA™ 

(Shimadzu-Biotech Australia Pty Ltd, Australia) microchip-based electrophoresis 

system. MultiNA™ viewer software was used to determine the size estimation and 

amplicon concentration. In addition, products were also detected by agarose gel 

electrophoresis and a concentration estimate was assessed for pooling the products. 

D. Next generation amplicon library sequencing  

A sequencing library of the amplicons covering all coding exons and splice junctions 

of histone H3 genes and PHF6 was generated by pooling the 59 amplicons in equal 
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concentrations to generate a sequencing master library at a concentration of 31ng/µL 

(Figure 3.3 shows the workflow). DNA for each library was purified using the 

QIAquick™ PCR Purification Kit. The purified amplicon pools were re-amplified to 

attach multiplex identification (MID) adaptors and re-purified (Supplementary 

Figure S3.1 shows an example of purified amplicon library from sample pool#1 

before and after MID ligations). The 10 resultant MID-ligated libraries were 

amplified on DNA beads followed by bidirectional pyrosequencing using the Roche 

454 GS Roche Junior technology. Roche raw sequencing data files were converted to 

‘.bam’ and ‘.bam.bai’ file formats by Dr. Andreas Schreiber. Data analysis was 

performed using Integrative Genomics Viewer version 2.1.2 software [(Robinson, et 

al 2011), IGV2.1.2, Broad Institute] comparing to hg19 genomic references. Data 

analysis was also performed in parallel with Dr. Andreas Schreiber, who assisted 

with further variant filtering. 

3.3 Results  

3.3.1 Sanger sequencing identified a PHF6R335fs mutation in exon 10 in a 

JAK2V617F
+
 PV patient  

A screen of 124 MPN (97 PV, 15 ET, 5 PMF and 7 U-MPN) patients was initially 

screened using Sanger sequencing of PHF6 exons 9 and 10 (spanning amino acids 

from position 278-365). This detected a heterozygous mutation in two independent 

PBMNC samples from a single patient (the first sample was obtained at the time of 

diagnosis in 2008 and the second in 2011). The mutation, a four nucleotide 

frameshift (fs) deletion causes a frameshift from the arginine (R) at position 335 

(PHF6:c.1004GAGA>GAGA_del, p.R335fs; referred as PHF6R335fs) and results in   
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Step 1. 100 MPN patient gDNA samples pooled to generate 10 patient pools 

        

 

 

Step 2. Amplicon Generation (n=59) (590 PCRs) (Amplicon size 250-350bp) 

 

    

 

Step 3. Quantitation and pooling of amplicons (10 pools, 10 patients each pool, 

59 amplicons) 

                     

 

Step 4. MID ligation and Library Preparation (n=10) 

 

             

 
Step 5. Emulsion PCR (emPCR) (1.5 molecules of DNA) 

 

               

 

Step 6. Roche 454 Sequencing 

  

                 

 

Step 7. Bioinformatics based mapping and filtering for 

variants (IGV 2.1.2) 

 

                  

Step 8. Validation of variants by Sanger sequencing of each of the 10 patient 

gDNA samples in the relevant pool 

 

 

Figure 3.3. Workflow for Roche 454 sequencing.  

 

 

 

 

 

 

 

Step 7. Bioinformatics based mapping and filtering for 

variants (IGV 2.1.2) 
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 a truncated protein (Figure 3.4A). The PHF6R335fs mutation was found to be 

somatic as it was not observed by Sanger sequencing of two independent buccal 

samples from this patient. Although this mutation has been reported in a single case 

of AML (Van Vlierberghe, et al 2011), the functional significance is undetermined 

since the mutation occurs distal to the second PHD domain at the C-terminus of the 

protein (Figure 3.4B). However, given that the mutation affects the last 30 amino 

acids, it can be speculated that the mutation may lead to altered potential of the 

mutant protein to localise in the nucleus, associate with the chromatin or mediate 

transcriptional regulation as recently suggested by Liu and colleagues (Liu, et al 

2014; Lower, et al 2002). Additionally, the mutation may also affect the structural 

stability of the protein.  

3.3.2 Patient PV108 BFUE colony genotyping  

An investigation into the timing of acquisition of the PHF6R335fs mutation with 

regard to JAK2V617F was performed by genotyping BFUE colonies (n=15) isolated 

from patient PV108 (Figure 3.5). The presence of the PHF6R335fs mutation in 

colony analysis did not correlate with the presence or absence of JAK2V617F. 

Interestingly, colonies with a high allele load of JAK2V617F (presumed 

homozygous) were observed with no mutations in PHF6, and colonies with 

heterozygous mutations in PHF6 were observed with low JAK2V617F allele load. 

While based on a small number of colonies, these observations are suggestive of 

mutations having arisen independently of each other with the homozygous 

JAK2V617F mutation arising in an independent clone that is wildtype for PHF6. The 

two scenarios have been illustrated in Figure 3.6. Scenario 1 suggests that, in 

PV108, the PHF6 mutation may have been acquired in a wildtype JAK2 HSPC clone 

followed by the acquisition of JAK2V617F. Scenario 2 suggests JAK2V617F may 

have occurred first in a separate HSPC, followed by either the mutation in PHF6 or   
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Patient characteristics PV108 
Normal 

Reference range 

Gender/Age at diagnosis 

(years) 
F/82 NA 

JAK2V617F mutation positive NA 

Haemoglobin 115g/L 115-155 g/L 

Red Blood Cell count 5.50 x 1012/L 3.8-5.20 x 1012/L 

White Cell count 7.21 x 109/L 4.0- 11.0 x 109/L 

Serum EPO 4mU/ml 3.3-16.6 mU/ml 

Presence of EPO-independent 

erythroid colonies (e-BFUE) 
Yes NA 

sequence trace depicting the 

heterozygous PHF6R335fs 

change in PV108 PBMNC  and 

JAK2V617F % 

 

PHF6 sequence trace in buccal 

And JAK2V617F % 

 

  

59%

0%

 

B. 

A. 

Figure 3.4. A. Clinical characteristics of PV108 with the PHF6R335fs variant. 

PV108 was diagnosed with PV based on the 2008 WHO diagnostic criteria. Before 2012 

this patient was having regular venesections to manage PV. In 2012 the management 

therapy included hydroxyurea and anagrelide to control high platelet count and 

neutropenia. Values in normal reference range column indicate normal female range 

used at diagnosis. Patient values are from the year of diagnosis (2008). The sequence 

traces for PBMNC and buccal gDNA for PHF6 is suggestive of the R335fs mutation 

being somatic. The JAK2V617F allele loads have also been depicted above the sequence 

trace for each sample. Granulocyte samples from this patient were not amplifiable and 

additional samples were not available. NA, not applicable. B. Structure of PHF6 and 

the location of the p.R335fs as depicted by the arrow.  
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         3.5 A 

                             

Colony # PHF6R335fs
T G A G A G A G A

JAK2V617F %

BFUE#1 0

BFUE#2 0

BFUE#3 0

BFUE#4 0

BFUE#5 82

BFUE#6 92

BFUE#7 91

BFUE#8 94

BFUE#9 100

BFUE#10 87

Continued on the next page 

PHF6R335fs JAK2V617F% 
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           3.5 B           

       
                     

Colony # PHF6 R335fs
T G A G A G A G A

JAK2V617F %

e-BFUE #1 23

e-BFUE #2 25

e-BFUE #3 72

e-BFUE #4 19

e-BFUE #5 65

Figure 3.5. Genotyping of BFUE from PV108. PBMNC from 

PV108 were plated in methylcellulose media (A) with and (B) 

without EPO and colonies isolated. The colonies were 

genotyped for JAK2V617F and PHF6R335fs using Sanger 

sequencing. The sequence traces are representative of two 

independent PCRs from each colony.  

PHF6R335fs 
JAK2V617F% 
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Figure 3.6 Possible scenarios for BFUE colonies with and without 

PHF6R335fs. See text for details. WT, wildtype; JAK2V617F
het

, 

heterozygous JAK2V617F; JAK2V617F
hom

, homozygous JAK2V617F. 

HSPC 

JAK2V617F
het 

First hit 

Second hit 

PHF6R335fs 

JAK2V617F 

 

Scenario I Scenario II 

JAK2V617F
hom

 

PHF6R335fs 

PHF6
WT 

JAK2
WT
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another JAK2V617F event. These two scenarios may explain the allele burden 

observed in colonies grown with EPO; for example, a mutually exclusive presence of 

either a heterozygous PHF6 mutation (BFUE#1-4) or homozygous JAK2V617F 

mutations (BFUE#5-10). With regards to the allele burden of BFUE# 5-8 and 10, 

inconsistencies in the picking of single cell colonies most likely explain the range of 

allele load (82%-97%) observed. However, given that the allele burdens were close 

to approximately 100%, it was inferred that these were homozygous for 

JAK2V617F%.  

 

With regards to e-BFUE#1-5, the technical issues described above may not entirely 

explain the low JAK2V617F allele burdens in some colonies. It is possible that 

additional mechanisms may need to be evaluated such as the possibility of 

acquisition of an additional chromosome 9. This would result in either an additional 

wildtype JAK2 or JAK2V617F, and could explain the allele loads for colonies 1, 2 

and 4 (presence of two wildtype JAK2 alleles and one JAK2V617F allele) and, 3 and 

5 (presence of one wildtype JAK2 and two JAK2V617F alleles) respectively. 

 

It may also be worth noting that none of the colonies displayed homozygous 

PHF6R335fs possibly suggesting that homozygous mutations in PHF6 may not be 

tolerated.  

3.3.3 Next generation sequencing approach: mapping and filtering for potential 

variants 

The above screen was extended to the remaining exons of PHF6 and to 17 histone 

H3 genes using a next generation sequencing approach. 100 MPN (70 PV, 10 PMF 

and 20 ET) PBMNC and granulocyte gDNA samples were pooled to make 10 pools. 

PV, ET, and PMF patient gDNA were grouped separately to make up pools of only 
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one disease type. PBMNC and granulocyte samples were also kept separate wherever 

possible. It is important to note that the individual gDNA samples used overlapped 

with the samples already screened in section 3.3.1 and included a PV108 granulocyte 

gDNA sample. Samples were chosen depending on the availability of germline 

gDNA to allow for validation of possible changes detected through sequencing. 

Primers were designed to amplify 250-350bp of a genomic region, which resulted in 

59 PCRs to amplify the 17 histone H3 genes and 9 PHF6 coding exons from each of 

the 10 gDNA pools (total PCRs=590). Each of the 59 amplicons generated for a 

sample pool were combined in equal concentrations and purified, following which 

MID were ligated to all the amplicon pools. These MID-tagged amplicon pools (or 

amplicon libraries) were then sequenced using the Roche 454 sequencing platform 

(see Figure 3.3 for the workflow). The number of passed filter beads were visualised 

to determine the success of the sequencing runs. The read lengths and output quality 

were also assessed by calculating the percent of control DNA match to the reference 

sequences. All the 10 libraries contained reads predominantly in the range of 250-

300bp which represented most of the input amplicon DNA (Supplementary Figure 

S3.2 represents an example output). Quality scores were assigned to all bases and 

were generated using a Phred base-calling algorithm (Supplementary Figure S3.3 

shows a plot of quality scores of the reads generated using the Roche 454 sequencing 

technology). Read files above the quality score of 15 were mapped to the human 

genome (hg19). SNP and variant calling was performed and potential novel variants 

were further analysed using the Polymorphism Phenotype (PolyPhen-2) and Sorting-

Intolerant-From-Tolerant (SIFT) algorithms, to indicate significance. Three inclusion 

criteria were used to accept valid variant sequences for further analysis: 1. variants 

found in either 1% of forward or reverse sequences, 2. at least 1% of sequences had 

to have the variant and; 3. at least 20 times sequence coverage of the amplicons with 
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the suspected novel variant of the total reads. Two exclusion criteria were also used: 

1. variants detected in a homopolymeric tract of ≥4, and 2. mutations found in the 

last nucleotide of the sequence with frequencies of less than 1%. A sequencing run of 

healthy individual DNA samples was not performed as there was a specific interest 

in detecting somatic non-synonymous changes occurring in MPN patients and any 

potential somatic variants identified would be confirmed by Sanger sequencing of the 

individual germline gDNA samples, which was available for a number of patients. 

3.3.4 Identification and validation of novel variants  

Based on the above outlined criteria, a number of potential candidate variants were 

identified using the IGV 2.1.2. The IGV 2.1.2 browser allowed visual analysis of 

reads aligned to hg19 aligned reads (forward and reverse reads) along with 

chromosome position. The IGV 2.1.2 browser also allowed viewing of specific pool-

related details such as pool ID, depth of reads, and depth of a single base at specific 

position (see Figure 3.7A). So that the validation process was manageable, 71 of the 

total 94 potential variants were selected. These included the mutations identified in 

the studies performed by Schwartzentruber and colleagues, and Wu and colleagues 

(Wu, et al 2012);(Schwartzentruber, et al 2012) [these have been listed in 

Supplementary Table S3.3]. From this screen a single heterozygous coding region 

variant was validated by Sanger sequencing in a histone H3 gene; HIST1H3E:c.287 

C>T; p.A96V (Figure 3.7A and B) in the PBMNC gDNA sample from a PV patient 

(PV44 in Pool #7, see Figure 3.8). The somatic or germline status of this variant was 

not ascertained as unaffected tissue was not available for this patient. However the 

PBMNC sequence trace showing a 50% presence of the novel variant which was 

suggestive of the germline presence of the variant. This novel variant was not 

detected in EVS, dbSNP or Ensembl|1000 Genomes databases. However, time  
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A.

 
        

  B. 

               

Single pool with an identified 

variant occurring at ≥1%

All pools with an identified variant 

1

2

3

4

Total count:2485

A: 1

C:2367 (95%)

G:0

T:117 (5%)

Figure 3.7. Identification of a coding variant in HIST1H3E in the sequencing 

output from pool #7. A. view in the IGV.2.1.2 genome browser which was used to 

visualise and analyse mapped reads from sequencing runs. 1 shows the position of 

the gene on the chromosome, 2 depicts the pools 1 to 10 and blue box indicates the 

identification of a heterozygous variant in a pool. Here the blue box represents a 

variant in pool #7. 3 indicate reads from a pool and also includes statistics such as 

read quality and depth. The statistics for pool #7 depicted that the number of reads 

with the novel substitution of ‘T’ constituted approximately 5% of the total 2485 

reads at that specific position. 4 shows the RefSeq gene and the codon details for the 

gene HIST1H3E. B. Shows the conservation of the alanine at position 95 in Histone 

H3.1 across a number of species and has been highlighted with an arrow. The 

residues highlighted in grey are conserved residues with high conservation 

(indicated with *). 
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Patient characteristics Patient PV44 Normal Reference range 

Gender/Age at diagnosis F/75 NA 

JAK2V617F mutation positive NA 

Haemoglobin 137g/L 115-155g/L 

Red Blood Cell 3.56 x 1012/L 3.8-5.20 x 1012/L 

White Cell 5.12 x 109/L 4.0 - 11.0 x 109/L 

Serum EPO 1.7 mU/ml 3.3-16.6 mU/ml 

Presence of EPO-

independent BFUE 
Yes NA 

 

Figure 3.8. HIST1H3E sequence trace and clinical characteristics of 

patient PV44. A. HIST1H3E sequence trace of Pool#7 and PV44 

PBMNC depicting the affected nucleotide (by *). Sanger re-sequencing 

of Pool#7 did not detect the change however sequencing of the patient 

PBMNC sample identified the heterozygous c.287 C>T, p.A96V variant. 

Germline gDNA sample was not available for this patient. B. Clinical 

characteristics of PV44. PV44 was diagnosed with PV. Values in the 

right column represent the normal female range used at diagnosis. This 

patient was diagnosed in the year 2009 and the values in the table depict 

the values at the time of diagnosis.  

 

  A    G     G   C    C      T     G 

 

 

  A     G     G    C     C    T      G 

 

* 

T 

Pool# 7, HIST1H3E PV44, HIST1H3E:c.284 C>T, p. A96V 

* 
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constraints did not permit functional assessment of this change and therefore, 

currently it is difficult to interpret the significance of this mutation. No further 

variants of PHF6 identified in the Roche 454 sequencing were confirmed by Sanger 

sequencing. 

3.4 Discussion: 

The PHF6 tumour suppressor gene encodes a PHD protein containing four nuclear 

localization signals and two zinc-finger domains (Voss, et al 2007)
 
with a proposed 

role in transcriptional regulation and/or chromatin remodelling (Lower, et al 2002). 

Since the identification of mutations in PHF6 in T-ALL, adult AML, and blast-crisis 

Ph
+
 CML [frequency of approximately 2.4%, (Li, et al 2012)], one of the aims of this 

study was to perform a screen in MPN for mutations in PHF6. Identification of novel 

coding variants in genes encoding for histone H3 was the second aim of the study. 

Standard Sanger sequencing and Roche 454 sequencing identified a single somatic 

variant in PHF6 (in PV108) and a coding region variant in HIST1H3E in a separate 

patient (PV44). The PHF6R335fs mutation was identified in a JAK2V617F
+
 chronic 

phase PV patient and was heterozygous (PHF6 is located on the X chromosome).  

 

The current study is the first to report a screen of PHF6 and the identification of a 

mutation in chronic MPN. This study suggests that mutations in PHF6 are rare but 

do occur in chronic phase MPN. To further understand the relevance of this 

mutation, functional studies will be important. 

  

This is also the first known study to report a screen of histone H3 genes in MPN. 

This screen identified a novel coding variant in the histone H3.1 (HIST1H3E); 

involving substitution of alanine at position 96 to valine (a list of known somatic 

coding region variants from the COSMIC database are listed in Table 3.1). Somatic 
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mutations in histone H3 genes have been identified and associated with aggressive 

paediatric gliomas and a number of other cancers (Behjati, et al 2013; Huether, et al 

2014; Je, et al 2013; Je, et al 2014; Schwartzentruber, et al 2012; Wu, et al 2012). 

Recurrent mutations in gliomas were observed in two genes; H3F3A and HIST1H3B. 

Although this study in this chapter did not validate changes in either of these histone 

H3 genes, the Roche 454 sequencing did identify a 1% occurrence of G35R variant 

in H3F3A in pool#10. While this was not detected in the disease gDNA samples 

from that pool using Sanger sequencing, we cannot exclude that the mutation may be 

present in a patient sample at a level below the detection of Sanger sequencing (that 

is ≤10%). To exclude this possibility it will be necessary to establish a sensitive 

assay for detecting specific mutations in individual samples from this pool.  

 

The Roche 454 sequencing approach was undertaken in this study because of the 

increased depth of coverage achieved when compared with Sanger sequencing. The 

flexibility with the use of MID-tagged pools allowed for pooling of 59 amplicons 

generated from 10 patients to achieve a minimum read depth of >200 reads. Roche 

454 sequencing protocol allowed 100 samples (total of 590 PCR products) to be 

sequenced in 10 sequencing runs. Although these advantages were significant, there 

were a number of issues with the output data and filtering process. Given that 

Histone H3 genes are highly conserved with a high degree of sequence similarity, the 

next generation sequencing output depicted a high occurrence of homopolymer tracts 

in the sequencing output. Occurrence of homopolymer tracts in a sequencing output 

can result in false-positive nucleotide deletions/insertions. This can be problematic if 

small size reads (approximately 50bp) map to multiple genes which made the 

filtering (for variants) problematic. The ability to differentiate between errors and  
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Gene Somatic non-synonymous coding region variants of histone H3 

HIST1H3A c.60G>T p.Q20H c.125A>G p.Y42C c.190C>A p.R64S c.236T>G p.F79C c.247C>A p.L83M c.331T>A p.T119A 

c.377A>C p.Q126P      

HIST1H3B c.83A>T p.K28M c.95C>A p.A32D c.97A>G p.T33A c.139G>A p.V47M c.151G>C p.E51Q c.220G>A p.E74K 

c.274G>A p.A92T c.282G>T p.Q94H     

HIST1H3C c.7C>G p.R3G c.16C>G p.Q6E c.34A>G p.T12A c.69T>A p.T23T c.91C>T p.P31S c.121C>T p.R41C 

c.151G>A p.E51K c.308G>A 

p.G103E 

c.361A>C 

p.M121L 

c.379C>A p.L127M c.396_397insG p.E134fs*>4 

HIST1H3D c.7C>G p.R3G c.79C>G p.R27G c.110A>T p.K37M c.131C>A p.P44H c.178G>T p.E60* c.199C>T p.P67S 

c.240G>C p.K80N c.244G>C p.D82H     

HIST1H3E c.5C>T p.A2V c.54C>A p.R18R c.142G>T p.A48S c.200C>A p.P67Q c.340C>A 

p.H114N 

c.350G>A p.R117H 

HIST1H3F c.115C>A p.P39T c.142G>A p.A48T c.168G>T p.Q56H c.195G>C p.K65N c.237C>G p.F79L c.292G>A p.E98K 

c.299A>T p.Y100F      

HIST1H3G c.127C>T p.R43C c.130C>A p.P44T c.137C>A p.T46N c.161G>A p.R54H c.166C>T p.Q56* c.290G>T p.C97F 

c.302_303insACTT p.V102fs*6     

HIST1H3H c.10A>G p.T4A c.18G>T p.Q6H c.25C>G p.R9G c.80G>A p.R27Q c.81G>T p.R27R c.109A>G p.K37E 

c.110A>T p.K37M c.250C>T p.R84C c.259A>T p.S87C c.382G>C p.A128P c.406G>T p.A136S  
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Table 3.1. Somatic non-synonymous coding region variants of histone H3. The COSMIC database was used to identify variants in the 17 histone 

H3 genes. Histone H3 genes; HIST2H3A and HIST2H3C were not found in the database possibly due to the lack of any coding region variants in 

these genes. Changes highlighted in bold have been identified in glioma. 

Gene Somatic non-synonymous coding region variants of histone H3 

HIST1H3I c.79C>T p.R27C c.97A>T p.T33S c.218G>T p.R73L c.240G>C p.K80N c.244G>A p.D82N c.292G>A p.E98K 

c.298T>C p.Y100H c.322A>G p.T108A c.371A>G p.D124G c.411A>C p.*137Y   

HIST1H3J c.37G>T p.G13C c.47C>T p.A16V c.95C>T p.A32V c.202T>C p.F68L c.332G>C p.C111S c.364C>A p.P122T 

c.386G>A p.R129H      

HIST2H3D c.23C>T p.A8V c.24C>T p.A8A c.82A>T p.K28* c.120C>G p.H40Q c.127C>T p.R43W c.166C>T p.Q56* 

c.355A>G p.T119A c.381G>T p.L127F     

HIST3H3 c.103G>A p.G35S c.137C>T p.T46M c.149G>A p.R50H c.218G>A p.R73H c.220G>A p.E74K c.305T>C 

p.V102A 

c.385C>T p.R129C      

H3F3A c.7C>T p.R3C c.26G>A p.R9H c.60A>C p.Q20H c.83A>T p.K28M c.103G>A p.G35R c.104G>T p.G35V 

c.110A>G p.K37R      

H3F3B c.52_53insC 

p.R18fs*80 

c.79A>G p.R27G c.128G>A p.R43K c.260G>T p.S87I 

 

c.262G>A p.A88T c.315C>G p.F105L 

c.358A>G p.I120V c.379T>G p.L127V     

H3F3C c.89C>T p.T30I c.97A>G p.T33A c.103G>A p.G35R c.118C>T p.R40C c.119G>A p.R40H c.140C>A p.A47E 

c.145C>T p.R49* c.169T>A p.S57T c.239C>T p.T80I c.240T>C p.T80T c.265G>A p.V89I c.289G>A p.E97K 

c.364A>G p.K122E c.386G>T p.R129L c.392G>T p.R131L c.401G>A p.R134K   
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true changes will need to be optimised to improve detection of variants. Another 

important variable in the experimental approach was the possible preferential 

amplification of samples within a gDNA pool. This may explain why PV108 

PHF6R335fs was not detected in the Roche 454 sequencing output data. It is 

important to note that the granulocyte gDNA sample used for Roche 454 sequencing 

did not amplify when amplified by standard PCR followed by Sanger sequencing, 

suggesting that the granulocyte sample may have been of low quality or had 

impurities which prevented successful amplification. 

 

In conclusion, Roche 454 sequencing allowed the rapid sequencing of 100 MPN 

patients (for 59 genomic regions) at a depth ranging from 250 to 3500 reads. 

However, preferential gDNA amplification, presence of homopolymer tracts in 

sequencing reads and difficulties with the variant filtering process limited the success 

of this approach. This approach did detect a large number of potential low-level 

novel variants in genes encoding PHF6 and histone H3. Given the detection of a 

number of coding variants at a low level and the difficulties in using Sanger 

sequencing, further validation with sensitive and specific assays would be required to 

determine significance of these coding variants.  

3.5 Supplementary data: 
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Patient pool POOL 1 POOL 2 POOL 3 POOL 4 POOL 5 

 

 

ID of Patient 

gDNA 

Samples in 

each pool 

↓ 

PMF4 granulocyte ET20 granulocyte PV23 granulocyte PV105 granulocyte PV124 granulocyte 

PMF5 granulocyte ET21 granulocyte PV25 granulocyte PV108 granulocyte PV125 granulocyte 

PMF6 granulocyte ET23 granulocyte PV34 granulocyte PV109 granulocyte PV126 granulocyte 

PMF7 granulocyte ET24 granulocyte PV38 granulocyte PV110 granulocyte PV129 granulocyte 

PMF8 PBMNC ET25 granulocyte PV40 granulocyte PV111 granulocyte PV133 granulocyte 

PMF9 granulocyte ET26 granulocyte PV47 granulocyte PV114 granulocyte PV134 granulocyte 

PMF3 granulocyte ET27 granulocyte PV57 granulocyte PV115 granulocyte PV136 granulocyte 

PMF 10 granulocyte ET28 granulocyte PV97 granulocyte PV116 granulocyte PV137 granulocyte 

PMF12 granulocyte ET29 granulocyte PV101 granulocyte PV120 granulocyte PV139 granulocyte 

PMF13 granulocyte ET30 granulocyte PV104 granulocyte PV123 granulocyte PV140 granulocyte 

Patient pool POOL 6 POOL 7 POOL 8 POOL 9 POOL 10 

 

 

ID of Patient 

gDNA 

Samples in 

each pool 

↓ 

ET1 PBMNC PV29 PBMNC PV63 PBMNC PV7 PBMNC PV76 PBMNC 

ET2 PBMNC PV35 PBMNC PV67 PBMNC PV66 PBMNC PV77 PBMNC 

ET3 PBMNC PV36 PBMNC PV106 PBMNC PV68 PBMNC PV78 PBMNC 

ET4 PBMNC PV37 PBMNC PV99 PBMNC PV83 PBMNC PV80 PBMNC 

ET5 PBMNC PV41 PBMNC PV54 PBMNC PV88 PBMNC PV91 PBMNC 

ET6 PBMNC PV42 PBMNC PV96 PBMNC PV89 PBMNC PV60 PBMNC 

ET7 PBMNC PV44 PBMNC PV62PBMNC PV90 PBMNC PV55 PBMNC 

ET8 PBMNC PV48 PBMNC PV53 PBMNC PV92 PBMNC PV45 PBMNC 

ET9 PBMNC PV49 PBMNC PV8 PBMNC PV95 PBMNC PV52 PBMNC 

ET10 PBMNC PV58 PBMNC PV82 PBMNC PV103 PBMNC PV107 PBMNC 

Supplementary Table S3.1. 10 patient pools and patient gDNA samples comprising each pool. Similar MPN subtypes and gDNA samples 

were pooled in one pool wherever possible.  



Page | 141 

                                                                                                         Supplementary Table S3.2 

Supplementary Table S3.2. Primers and conditions for amplification of the 17 histone H3 genes. 

Gene-amplicon# Accession ID 
Forward Primer (bp) Primer Tm 

(C°) 
Genome position Product size (bp) 

Reverse Primer (bp) 

H3F3A-1 NM_002107 
cctccattgtgtgtgattgg 59.81 

chr1:226250337-226250639 322 
gctcctcacctccatttctg 59.8 

H3F3A-2 NM_002107 
atcgtggcaggaaaagttgt 59.6 

chr1: 226251962-226252221 260 
caagagagactttgtcccattttt 60.04 

H3F3A-3 NM_002107 
tttctttgaagctgcccact 59.99 

chr1: 226253281-226253567 287 
ctgttcttggtacacaacaggaat 59.49 

H3F3A-4 NM_002107 
ttgggtcttaactattggaaataaca 59.31 

Chr1: 226258993-226259263 271 
cgttcagaactaccaataacagga 59.61 

H3F3A-5 NM_002107 
gaacaagtttcagcggttca 59.13 

Chr1: 226259433- 226259749 317 
tggaatataattgtagggcaagg 59.18 

H3F3A-6 NM_002107 
tgccaaaagacatccagcta 59.42 

Chr1: 226259131- 226259408 278 
atgctttacgtctccgcatt 59.72 

H3F3A-7 NM_002107 
caggtattggcagtttttcca 59.98 

Chr1: 226259339 - 226259636 298 
tgtacttgcatgtaggacaactca 59.78 

H3F3C-1 NM_001013699 
gttggaccagtgtcggttct 60.01 

Chr12: 31944941 - 31945209 269 
aacgacgaatctctcgaagc 59.58 

H3F3C-2 NM_001013699 
aggaaaagcaccccctctac 59.58 

Chr12: 31944738  - 31945022 285 
gggcatgatggtgactctct 60.08 

H3F3C-3 NM_001013699 
tggtgggtctgttggaagat 60.36 

Chr12: 31944507  - 31944802 296 
tcctgagcaacagtgctgac 60.19 

H3F3C-4 NM_001013699 ggtccttttgcaataaaactgg 59.88 Chr12: 31944099  - 31944380 282 
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atgacaagactccccaccac 59.82 

HIST1H3A-1 NM_003529 
ggcgtatttgcgctagtgtt 60.29 

Chr6: 26020670  - 26020977 308 
ctctggaaacgcaggtctgt 60.44 

HIST1H3A-2 NM_003529 
ttgcgcaggactttaaaaca 59.49 

Chr6: 26020941  - 26021250 310 
aacgaaaagtgctcccaatg 60.11 

HIST1H3B-1 NM_003537 
tttcctttcctccacagacg 60.22 

Chr6: 26032027 -26032340 313 
gctctggaagcgaagatcg 61.18 

HIST1H3B-2 NM_003537 
agaaatcgcccaagacttca 59.81 

Chr6: 26031752  -  26032070 319 
gggggtccttagaaatttgttc 60.06 

HIST1H3C-1 NM_003531 
aggccacttgctctcagttc 59.60 

Chr6:26045589   - 26045886 298 
aggtcggttttgaagtcctg 59.18 

HIST1H3C-2 NM_003531 
gaaatccgtcgctaccagaa 60.21 

Chr6:26045789   - 26046134 346 
caaccgaatgggttacaactg 60.27 

HIST1H3D-1 NM_003532 
tgccttgtccaatcagaaca 60.24 

Chr6:26197265   - 26197575 311 
ctagacgctggaatggcagt 60.42 

HIST1H3D-2 NM_003532 
ctgccattccagcgtctagt 60.42 

Chr6:26196966   - 26197283 318 
ccagtttacggacagcaaca 59.76 

HIST1H3D-3 NM_003532 
accaaggctgctcgaaagag 61.98 

Chr6:26197145   - 26197412 268 
cgcataggttggtgtcctca 62.06 

HIST1H3E-1 NM_003532.2 
tcgtccacaatccaatcaga 60.05 

Chr6:26225298  - 26225627 330 
tcggtcttgaagtcctgagc 60.53 

HIST1H3E-2 NM_003532.2 
ggtgcgagaaatagctcagg 59.18 

Chr6: 26225595  - 26225943 349 
gagggaactgaatgccactatt 59.49 

HIST1H3E-3 NM_003532.2 actaaggcagctcgcaagag 59.92 Chr6: 26225449  - 26225725 277 
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catgaatagcgcacaggttg 60.28 

HIST1H3F-1 NM_021018.2 
ttcggaccaatcagaaggac 60.05 

Chr6: 26250629  - 26250922 294 
ggaatggtagcttgcgaatc 59.67 

HIST1H3F-2 NM_021018.2 
aggacttcaagaccgacctg 59.3 

Chr6:26250304  - 26250604 301 
cctccaccctccttgtttta 59.02 

HIST1H3F-3 NM_021018.2 
gctacaggcctggtactgtc 57.41 

Chr6:26250693  -26250459 254 
gatgtccttgggcatgatag 57.96 

HIST1H3G-1 NM_003534.2 
gccaagtggctgagtttttc 59.86 

Chr6:26271377   - 26271648 272 
aagtcctgagcgatttctcg 59.57 

HIST1H3G-2 NM_003534.2 
agattcgccgctatcagaag 59.57 

Chr6:26271184  - 26271461 278 
attactgcccggaaacctct 59.96 

HIST1H3G-3 NM_003534.2 
ggctctttgaggataccaacc 59.95 

Chr6:26271056 - 26271305 250 
tttagccaatcaaatgaggactt 59.17 

HIST1H3H-1 NM_003536.2 
ttgggtaggccttcagcata 60.6 

Chr6:27777748 - 27778032 285 
gctcggtggacttctggtag 59.87 

HIST1H3H-2 NM_003536.2 
ctatcggcctggtacagtgg 60.27 

Chr6:27777974 - 27778227 254 
ggatgtccttgggcatgata 58.96 

HIST1H3H-3 NM_003536.2 
gctctttgaggacaccaacc 59.7 

Chr6:27778160- 27778409 250 
gattgtataacgtctggaaatgg 57.59 

HIST1H3I-1 NM_003533.2 
acgcgagggcagctataaat 61.09 

Chr6:27839879- 27840170 292 
accaagcgctgaaaaggtag 59.52 

HIST1H3I-2 NM_003533.2 
agaagtcgaccgagctgcta 60.3 

Chr6:27839879- 27839927 274 
ggacagacttcttgggctga 60.39 
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HIST1H3I-3 NM_003533.2 
cctacctggtggggctattt 60.2 

Chr6: 27839543- 27839798 256 
taccacgttttgtccacagc 59.62 

HIST1H3J-1 NM_003535 
ttcagctgcttgctttcaga 60.01 

Chr6: 27858316- 27858607 292 
gaaacgaaggtcggttttga 60.09 

HIST1H3J-2 NM_003535 
gagatccgccgttatcagaa 60.18 

Chr6: 27858114 - 27858420 307 
tttggaagcttggaagcaat 59.82 

HIST1H3J-3 NM_003535 
tctgtgctattcacgccaag 60.01 

Chr6:  27857993 - 27858242 250 
gaatgaacaacccttgacgac 59.44 

HIST2H3D-1 NM_001123375.2 
ttttcaggcccaatcaagag 60.18 

Chr1:120904601 - 120904863 264 
ggatcagcagctccgtagac 59.98 

HIST2H3D-2 NM_001123375.2 
gcaggactttaagacggacctg 62.37 

Chr1: 120904901 -120905170 264 
gagagccggtacagctgctc 62.58 

HIST2H3D-3 NM_001123375.2 
gatcgcgcaggactttaaga 60.49 

Chr1: 120904895 -120905165 265 
ccggtacagctgctcttgat 60.42 

HIST3H3-1 NM_003493 
acgcggcaagctctataaaa 60.01 

Chr1: 228612830  - 228613104 275 
aacttgcggattagcagctc 59.62 

HIST3H3-2 NM_003493 
ccgctaccagaagtccactg 60.84 

Chr1: 228612591  - 228612868 278 
cctctcaggtggcgagatag 59.97 

HIST3H3-3 NM_003493 
gctgtttgaggacaccaacc 60.55 

Chr1: 228612447  - 228612718 272 
agcctcccaccctaatcaga 60.98 

HIST2H3A/C-1 NM_001005464.2 
ccaatcgggaaaagactgtg 60.49 

Chr1: 149812549 - 149824397 282 
gctccgtggacttctggtag 59.87 

HIST2H3A/C-2 NM_001005464.2 cgctggtaagcctgtgtttt 60.3 Chr1: 149824189 - 149824456 268 
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cttaaagtcctgcgcgatct 59.61 

HIST2H3A/C-3 NM_001005464.2 
gcccttccagcggctggt 68.25 

Chr1: 149812549 - 149824399 319 
aggagcacggagggcaagc 67.35 

H3F3B-1 NM_005324.3 
gagcgcggcggccttatctt 69.78 

Chr17: 73775048 - 73775302 255 
cagcgagcaggggaggagtga 69.53 

H3F3B-2 NM_005324.3 
gatttcaaaaccgacctgag 57.24 

Chr17:  73775303-73774941 266 
ttaagctctctctccccgta 56.79 

H3F3B-3 NM_005324.3 
aggaaaagcgctccctctac 59.98 

Chr17:  73774874-73775177 304 
ccaggcctttgtcttacctg 59.73 

H3F3B-4 NM_005324.3 
cgtacctggtgggtctgttc 60.42 

Chr17:  73774474-73774791 318 
agcaacttgtcactcctgagc 59.66 

 

 

 

 

 

 

 

Supplementary Table S3.2. Histone H3 primer details. All 17 Histone H3 genes were amplified as 250-350bp PCR products. This required 2-7 

primer sets to cover each Histone H3 gene. The primers were designed to have similar annealing temperature and the optimized annealing 

temperature for PCRs was 57C°. Cycling conditions for all Histone H3 amplicons was 94C° for 2 minutes followed by 30 cycles of 94C° for 15 

seconds; 57C° for 30 seconds (annealing); extension at 72C° for 30 seconds. The final extension was performed at 72C°for 7 minutes. All primers 

were designed using the Primer3 Output online software. 
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Supplementary Figure S3.1. Agilent Bioanalyser analysis of A. 

pooled amplicons and B. MID ligated amplicon libraries for pool#1. 

Plots depict purity of library pools following four column purifications. 

All samples were washed three times with the ethanol based wash buffer 

from the QIAquick™ PCR Purification kit (QIAGEN™ Australia Pty 

Ltd, Australia) and double loaded on separate columns during elution. 

Pool #2 

Pool #4 

Pool #6 

Pool #8 

Pool #10 

A. 

          

       
 

 

B. 
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Supplementary Figure S3.2 

 

          

          

Supplementary Figure S3.2. Data output from a sequencing run. The plot 

depicts number of reads (y-axis) versus read length (x-axis) following sequencing 

of sample pool#1. The maximum number of reads was observed for read lengths of 

250-300 bases which were the predicted size for the amplicons. 
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Supplementary Figure S3.3. Read qualities (linear phred 

scale) of each pool output. The plot shows the average read 

or base phred quality for each sequencing run output from 

different pools. The x-axis depicts pools # 1-10 and the y-axis 

is the read output quality scale where a scale of 0-15 is poor, 

15-20 are moderate quality reads and ≥ 25 are good quality 

reads.  
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Supplementary Table S3.3. Histone H3 and PHF6 gene changes identified in the Roche 454 sequencing chosen for validation with Sanger sequencing. 

Chr Position Sample Bases at 

this 

position 

Number 

of 

Variant 

Allele 

Reads 

Variant 

Allele 

Base 

Quality 

(ABQ) 

score 

Number of 

Reference 

Allele 

Reads 

Reference 

Allele 

Quality 

(RBQ) 

score 

Reference 

Allele 
Alternate 

Allele 
Gene ID Codon 

Variant 
Amino 

Acid 

Variant 

1 226252155 pool10 G/A 14 21 2041 22 G [A] H3F3A Ggg/Agg G35R 

1 226252148 pool5 T/C 32 35 1346 34 T [C] H3F3A tcT/tcC S32S 

1 226252085 pool7 G/C 12 17 1105 35 G [C] H3F3A tcG/tcC S11S 

1 226252084 pool7 C/A 12 18 1107 34 C [A] H3F3A tCg/tAg S11* 

17 73775174 pool1 T/C 13 20 734 22 T [C] H3F3B Aaa/Gaa K28E 

17 73775221 pool1 G/T 25 18 889 25 G [T] H3F3B aCc/aAc T12N 

17 73774689 pool3 C/T 20 18 1140 24 C [T] H3F3B gGa/gAa G133E 

17 73774724 pool3 C/G 27 20 1514 34 C [G] H3F3B atG/atC M121I 

17 73775141 pool7 G/C 25 18 2242 32 G [C] H3F3B Cct/Gct P39A 

17 73774707 pool8 A/C 29 27 1061 35 A [C] H3F3B tTg/tGg L127W 

17 73774928 pool9 T/C 53 18 1927 30 T [C] H3F3B gAc/gGc D82G 

12 31945037 pool10 C/T 7 20 641 27 C [T] H3F3C Gcc/Acc A22T 

12 31945066 pool3 G/T 22 16 1605 26 G [T] H3F3C aCc/aAc T12N 

12 31944733 pool7 T/C 8 22 327 32 T [C] H3F3C gAc/gGc D123G 

6 26020959 pool3 C/A 61 19 2669 29 C [A] HIST1H3A aCa/aAa T81K 

6 26045750 pool2 A/G 77 22 5638 31 A [G] HIST1H3C Aaa/Gaa K38E 
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6 26045876 pool3 A/C 203 23 4287 28 A [C] HIST1H3C Aaa/Caa K80Q 

6 26045879 pool3 A/C 46 22 4199 28 A [C] HIST1H3C Acc/Ccc T81P 

6 26197367 pool10 T/C 10 18 885 30 T [C] HIST1H3D Aag/Gag K38E 

6 26197364 pool10 G/C 23 18 771 24 G [C] HIST1H3D Ccc/Gcc P39A 

6 26197444 pool10 G/T 7 17 513 30 G [T] HIST1H3D aCg/aAg T12K 

6 26197136 pool3 C/G 53 18 2597 36 C [G] HIST1H3D Gcc/Ccc A115P 

6 26225752 pool3 G/A 40 20 2053 36 G [A] HIST1H3E Gac/Aac D123N 

6 26225497 pool3 C/G 13 20 841 27 C [G] HIST1H3E Ccc/Gcc P39A 

6 26225669 pool7 C/T 117 35 2455 36 C [T] HIST1H3E gCc/gTc A96V 

6 26271216 pool10 C/A 39 18 2009 22 C [A] HIST1H3G Ggg/Tgg G133W 

6 27777919 pool3 C/A 10 18 521 35 C [A] HIST1H3H aCc/aAc T23N 

6 27840030 pool10 C/T 8 20 528 31 C [T] HIST1H3I Gcc/Acc A22T 

6 27840056 pool10 C/T 10 17 524 31 C [T] HIST1H3I gGc/gAc G13D 

6 27839741 pool10 A/T 28 19 2196 34 A [T] HIST1H3I gTc/gAc V118D 

6 27839742 pool10 C/A 29 19 2197 34 C [A] HIST1H3I Gtc/Ttc V118F 

6 27839990 pool8 C/T 17 18 762 34 C [T] HIST1H3I gGc/gAc G35D 

6 27858326 pool3 T/C 45 17 2096 31 T [C] HIST1H3J gAc/gGc D82G 

6 27858327 pool3 C/G 45 16 2455 30 C [G] HIST1H3J Gac/Cac D82H 

6 27858489 pool5 T/C 7 36 363 22 T [C] HIST1H3J Aaa/Gaa K28E 

6 27858503 pool6 G/C 24 18 1104 33 G [C] HIST1H3J aCc/aGc T23S 

1 149812693 pool10 C/G 11 17 802 33 C [G] HIST2H3C Ggc/Cgc G13R 

1 149812689 pool10 C/G 11 19 830 30 C [G] HIST2H3C gGc/gCc G14A 
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1 149812695 pool10 G/T 18 19 810 32 G [T] HIST2H3C aCc/aAc T12N 

1 149812620 pool2 T/C 13 18 1188 30 T [C] HIST2H3C aAg/aGg K37R 

1 149812662 pool3 G/T 23 19 1053 34 G [T] HIST2H3C aCc/aAc T23N 

1 149812627 pool6 C/G 15 20 1426 25 C [G] HIST2H3C Ggg/Cgg G35R 

1 228612617 pool3 T/A 23 16 2155 31 T [A] HIST3H3 tAg/tTg *137L 

1 228612616 pool3 C/G 39 16 2086 32 C [G] HIST3H3 taG/taC *137Y 

1 228612684 pool3 C/G 29 18 2468 37 C [G] HIST3H3 Gcc/Ccc A115P 

X 133547613 pool1 A/T 8 15 481 16 A [T] PHF6 Aat/Tat N137Y 

X 133549119 pool1 T/G 12 20 1092 34 T [G] PHF6 gTa/gGa V268G 

X 133511751 pool10 A/G 9 26 744 26 A [G] PHF6 gAa/gGa E35G 

X 133511702 pool10 T/C 17 19 741 23 T [C] PHF6 Ttt/Ctt F19L 

X 133559249 pool10 T/A 20 19 1837 33 T [A] PHF6 caT/caA H295Q 

X 133549208 pool10 A/G 12 20 1199 29 A [G] PHF6 Aga/Gga R299G 

X 133559250 pool10 A/T 21 18 1819 33 A [T] PHF6 Agt/Tgt S296C 

X 133549202 pool2 A/T 7 22 567 26 A [T] PHF6 Aaa/Taa K297* 

X 133547658 pool3 G/T 12 20 763 35 G [T] PHF6 Gga/Tga G152* 

X 133547625 pool3 C/G 40 19 751 31 C [G] PHF6 Ctg/Gtg L141V 

X 133512072 pool3 A/T 13 24 665 36 A [T] PHF6 aAt/aTt N59I 

X 133511679 pool3 C/G 34 18 3338 30 C [G] PHF6 cCt/cGt P11R 

X 133512108 pool3 A/C 8 23 495 26 A [C] PHF6 cAa/cCa Q71P 

X 133547895 pool4 C/A 11 20 767 32 C [A] PHF6 Cct/Act P176T 

X 133549223 pool5 T/A 19 25 525 27 T [A] PHF6 Ttt/Att F304I 
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X 133547927 pool6 A/G 16 19 863 21 A [G] PHF6 gaA/gaG E186 

X 133559309 pool7 A/G 24 24 1696 23 A [G] PHF6 aaA/aaG K315 

X 133512122 pool7 A/G 10 21 267 27 A [G] PHF6 Aga/Gga R76G 

X 133559310 pool7 G/T 23 21 2072 28 G [T] PHF6 Gta/Tta V316L 

X 133547937 pool8 G/A 10 16 662 33 G [A] PHF6 Gca/Aca A190T 

X 133547912 pool8 C/G 15 20 653 32 C [G] PHF6 tgC/tgG C181W 

X 133547936 pool8 A/G 10 16 624 33 A [G] PHF6 aA/gaG E189 

X 133512096 pool8 T/A 9 17 551 37 T [A] PHF6 aTt/aAt I67N 

X 133547898 pool8 A/T 7 17 592 29 A [T] PHF6 Aaa/Taa K177* 

X 133512114 pool9 A/G 16 20 681 20 A [G] PHF6 Aa/gGa E73G 

X 133549047 pool9 T/G 18 24 1194 31 T [G] PHF6 tTg/tGg L244W 

 

 

 

Supplementary Table S3.3. Changes identified in the Roche 454 sequencing chosen for validation with Sanger sequencing. 71 changes were 

sequenced in individual patient gDNA samples for validation. * indicates to Stop codon; Chr, chromosome. The HIST1H3E variant in Pool#7 has 

been highlighted in red. 



Page | 153 

Chapter 4: Clonal and lineage analysis of somatic DNMT3A 

and JAK2 mutations in a chronic phase polycythemia vera 

patient    

Statement of 

Authorship Title 

of Paper 

Clonal and lineage analysis of somatic DNMT3A and JAK2 

mutations in a chronic phase polycythemia vera patient 

Publication Status  

 

Publication Details Rao N, Butcher CM, Lewis ID, Ross DM, Melo JV, Scott HS, 

Bardy PG, D'Andrea RJ.  

British Journal of Haematology. 2012;156(2):268-270. 

Author Contributions 

By signing the Statement of Authorship, each author certifies that their stated 

contribution to the publication is accurate and that permission is granted for the 

publication to be included in the candidate’s (Nisha Rao) thesis. 

 

Name of Principal 

Author (Candidate) 

Nisha Rao 

Contribution to the 

Paper 

50%, performed the research, analysed and interpreted data 

and edited the manuscript 

Signature 

 

Date 10/03/2013 

 

 

 

 

Name of Co-Author Carolyn M. Butcher 

Contribution to the 

Paper 

15%, designed the research study, analysed and interpreted 

data and wrote the manuscript 

Signature 

 

Date 07/03/2013 

 



Page | 154 

 

 

 

Name of Co-Author Ian D. Lewis 

Contribution to the 

Paper 

2%, contributed and interpreted clinical information and 

edited the manuscript 

Signature 

 

Date 07/03/2013 

 

 

Name of Co-Author David M. Ross 

Contribution to the 

Paper 

2%, contributed and interpreted clinical information and 

edited the manuscript 

Signature 

 

Date 1/3/13 

 

Name of Co-Author Junia V. Melo 

Contribution to the 

Paper 

2%, edited the manuscript 

Signature 

 

Date 05/03/2013 

 

 

Name of Co-Author Hamish S. Scott 

Contribution to the 

Paper 

2%, edited the manuscript 

Signature 

 

Date 05/03/2013 

 

 

Name of Co-Author Peter G. Bardy 

Contribution to the Paper 7%, coordinated sample collection/contributed 

and interpreted clinical information 

Signature 

 

Date 08/03/2013 



Page | 155 

 

 

Name of Co-Author Richard J D’Andrea 

Contribution to the Paper 20%, contributed and interpreted clinical 

information and edited the manuscript 

Signature 

 

Date 07/03/2013 

 



P a g e  | 156 

4.1 Summary  

Numerous somatic mutations have been identified in common with MPN and de 

novo AML, including somatic mutations of TET2, ASXL1, CBL, IKZF1, EZH2, IDH1 

and IDH2 [reviewed in (Tefferi 2010)]. In 2011, a number of studies reported 

somatic mutations in the DNA methyltransferase, DNMT3A, in AML (Abdel-Wahab, 

et al 2011; Ley, et al 2010; Stegelmann, et al 2011; Walter, et al 2011; Yan, et al 

2011). These mutations have subsequently been shown to alter the global 

methylation pattern of HSPC in AML patients (Holz-Schietinger, et al 2012). 

 

DNMT3A is a DNA methyltransferase recruited to chromatin via interaction with 

histone H4 and histone H3 N-terminal tail residues, such as histone H4R3 (Zhao, et 

al 2009a) and histone H3K4 (Zhang, et al 2010). Thus, the histone H4R3 non-

synonymous variant identified in a previous screen for histone gene mutations 

(Chapter 2) has clear potential to indirectly affect DNMT3A-induced methylation. 

As mutations in DNMT3A have been identified in AML, we wished to test whether 

similar mutations in DNMT3A may directly affect DNMT3A function in MPN. As 

the terminal exon of DNMT3A (amino acids 866–912) encodes part of the 

methyltransferase domain and was reported as the most commonly mutated region of 

DNMT3A in AML (Abdel-Wahab, et al 2011; Ley, et al 2010; Stegelmann, et al 

2011; Yan, et al 2011), we used Sanger sequencing to screen this exon for mutations 

in gDNA samples isolated from 75 PV, 16 ET, 5 PMF and 2 U-MPN patients.  

 

Heterozygous missense variants of DNMT3A affecting amino acid residues R882 and 

M880 were detected in PBMNC from two JAK2V617F
+
 PV patients and these were 

confirmed in granulocyte samples. Sequencing of matched buccal DNA samples 

indicated that both variants were somatically acquired in these patients (see Fig 1) 
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suggesting a low frequency (2.67%) of mutations for this DNMT3A exon in chronic-

phase PV. Further, an investigation into the timing of acquisition of one of the 

somatic mutations of DNMT3A which affects R882 (R882C), suggested that the 

acquisition of the mutation preceded the acquisition of JAK2V617F (see Fig 2). 

  

These findings have been subsequently confirmed in another study of MPN patients 

(Brecqueville, et al 2011; Stegelmann, et al 2011) with an overall frequency of 10% 

for DNMT3A mutations in MPN which also included sAML. The frequency in 

chronic MPN was 7.5%. The R882 residue is the most commonly mutated residue in 

AML/MPN with substitution to histidine or cysteine the most frequent change. Of 

interest, is that the R882H mutation has been reported to reduce methyltransferase 

activity of DNMT3A (Yamashita, et al 2010) and has been associated with poor 

prognosis in AML (Ribeiro, et al). 
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Chapter 5: Summary and significance 

PV, ET and PMF are clonal disorders which are characterised by the presence of 

genetic lesions in JAK2 (JAK2V617F and exon 12 mutations of JAK2), MPL, CALR 

and in epigenetic regulators including DNMT3A, ASXL1, and EZH2. A number of the 

mutated proteins in MPN are epigenetic modifiers and interact with histone PTMs, 

and given that histone gene mutations have been shown to be important in selected 

cancers, we focussed on the identification of coding region variants in MPN that 

could result pathogenesis via a similar mechanism (Chapter 1, sections 1.7 and 1.9). 

A combination of Sanger sequencing and next generation sequencing approaches 

was used to screen our MPN cohort for novel variants of histone H3, histone H4, and 

chromatin associated factors, DNMT3A and PHF6. 

5.1 Role of histone H4 and DNMT3A variants in MPN  

The first aim of the project was to identify coding variants in the histone H4 genes 

(Chapter 2). Histone H4 genes are highly conserved, and for histone H4 there are no 

known protein variants which play different functional roles such as the protein 

variants known for histone H3 (H3.1, H3.2 and H3.3). Given the extreme level of 

conservation, it was proposed that non-synonymous coding region variants in the 

histone H4 genes may be of significance in MPN (section 1.11, Project Aim 1).  

 

Following screening of 128 MPN patients by Sanger sequencing two JAK2V617F
+
 

PV patients were identified with non-synonymous coding region changes in the 

histone H4 gene HIST1H4C; HIST1H4C:c.10C>T, p.R4C (patient PV109) and 

HIST1H4C:c.167G>A, p.R56Q (patient PV115). 
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The HIST1H4C:c.10C>T, p.R4C affects the R3 residue on the mature histone H4 

protein (as the methionine is removed after translation). The R3 residue is post 

translationally modified by a number of enzymes such as PRMT5 (Zhao, et al 

2009a), PRMT1 (Wang, et al 2001), PRMT7 (Lee, et al 2005) and PAD4 (Wang, et 

al 2004). Of interest, histone H4R3 undergoes di-methylation of two types; 

symmetric di-methylation (H4R3me
2
s) and asymmetric di-methylation (H4R3me

2
a). 

These distinct PTMs on R3 play an important role in the recruitment of proteins. For 

example, P300/CBP-associated protein has been reported to interact with H4R3me
2
a, 

facilitating the acetylation of lysine residues on histone H3 [K9 and K14, (Li, et al 

2010)]. The resulting histone H3 acetylation has been reported to affect transcription 

of β-globin genes in erythroid cells and can be a mark of transcription activation [(Li, 

et al 2010) and reviewed in (Bannister, et al 2011)]. Furthermore, in a study of the 

developing murine cortex, the state of the histone H4R3 modification was observed 

to be a mark for specific differentiation states of neuronal precursors (Chittka 2010). 

It has also been reported that undifferentiated neuronal precursors displayed 

H4R3me
2
s with the H4R3me

2
a modification more predominant at the onset of 

neurogenesis (Chittka 2010). It is speculated that neuronal growth factors such as 

BTG2 and nerve growth factor (beta-polypeptide) may drive the specific PRMT(s) 

involved in directing methylation and thereby the differentiation state of the neuronal 

precursors (Chittka 2010). While the specific downstream effects and the proteins 

recruited due to H4R3me
2
s and H4R3me

2
a in neuronal precursors are yet to be 

determined in mammalian primary erythroid cells, DNMT3A has been shown to be a 

reader of H4R3me
2
s. DNMT3A binds to the two methyl groups on R3 and 

methylates DNA leading to the silencing of the globin genes [for example γ-globin 

gene, (Zhao, et al 2009a)]. This association of DNMT3A with histone H4R3 was 

crucial in the reasoning for the study described in Chapter 4 (section 1.11, Project 
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Aim 2). The terminal exon of DNMT3A was screened for mutations in MPN. Two 

separate mutations were identified in two patients, DNMT3A:c.2638A>G, p.M880V 

(patient PV113) and DNMT3A:c.2644C>T, p.R882C (patient PV120). Subsequent to 

this study, mutations in DNMT3A, particularly those affecting the R882 residue, have 

been reported in many studies of myeloid malignancies including MPN (Abdel-

Wahab, et al 2011; Rao, et al 2012; Stegelmann, et al 2011). In addition, given that 

JAK2V617F phosphorylates PRMT5, thereby reducing methyltransferase activity 

(Liu, et al 2011) and presumably histone H4R3 methylation, this may also affect 

recruitment of DNMT3A to chromatin. Thus several mechanisms including 

mutations affecting histone H4R3 have potential to impact DNMT3A recruitment; 

activity and gene expression (see Figure 5.1).  

 

In the human genome, there are 15 histone H4 genes which are highly conserved and 

tightly regulated. Given that 14 of the 15 genes encode for the identical protein, a 

single missense mutation in one of the genes may not be functional in all cell types. 

However, two lines of supporting evidence from the studies performed in Chapter 2 

suggested that the p.R4C variant of HIST1H4C may play a functional role in 

haematopoietic cells (Project Aim 1). Firstly, the expression of HIST1H4C in 

primary and haematopoietic cell lines made a significant contribution to the total 

Histone H4 mRNA, and secondly, over-expression of the p.R4C variant in FDM 

cells showed a significant differential expression of two genes (Il4rα and Dock10) 

relative to cells expressing the wildtype histone H4 (Chapter 2, sections 2.3.8 and 

Figure 2.14). However, further studies are needed to confirm these changes in 

expression in independent FDM cell populations with equivalent levels of histone H4 

expression. It would also be of interest to perform global DNA    
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Figure 5.1. Model of cooperation between DNMT3A mutation and JAK2V617F. DNMT3A mutations (red triangle) are associated with reduced 
methyl transferase activity and may lead to partial activation of oncogenes. The JAK2V617F mutation results in phosphorylation of PMRT5 (green 
circles) which reduces arginine methyltransferase activity, recruitment of DNMT3A and adjacent DNA methylation. The combination of reduced 
DNMT3A activity and reduced recruitment via PRMT5-mediated H4R3me2s is predicted to result in further oncogene activation. Figure adapted from 
(Zhao, et al 2009a).

A 
NOTE:   

     This figure/table/image has been removed  
         to comply with copyright regulations.  
     It is included in the print copy of the thesis  
     held by the University of Adelaide Library. 
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methylation and histone modification profiles in cells expressing the p.R4C (and 

p.R56Q) variants to detect alterations associated with gene expression changes. 

5.2 Identification of histone H3 and PHF6 variants using Sanger and next-

generation sequencing approach 

5.2.1 Histone H3 

In Chapter 3, 17 histone H3 genes were also investigated for novel coding region 

variants. Histone H3 is the binding partner of histone H4 and forms the histone H3-

H4 heterodimer (Project Aim 2). Also, further reasoning for such a screen was 

provided when mutations in histone H3 genes, H3F3A and HIST1H3B, were 

identified in patients with gliomas (Schwartzentruber, et al 2012; Wu, et al 2012). A 

next-generation sequencing screen (Roche 454 sequencing) and Sanger sequencing 

based validation of all histone H3 genes identified a coding variant in HIST1H3E 

(HIST1H3E:c.287C>T; p.A96V) in patient PV44 (Chapter 3, sections 3.3.4, Figure 

3.7 and 3.8).  

 

Using this next-generation sequencing approach, we also identified changes in 

histone H3 that have previously been reported in glioma. These included a G35R 

variant (G34 on the mature protein) in H3F3A in pool#10 (1% of the total reads in 

that pool). In addition, G35R and G35D variants were also observed in two separate 

sample pools [G35R (HIST2H3A/C in pool#6) and G35D (HIST1H3I in pool#8)]. 

The K28E variant (K27 on the mature protein) was observed at a low frequency of 

reads in two histone H3 genes [H3F3B in pool#1 (approximately 1.7% of total reads) 

and HIST1H3J in pool#5 (approximately 1.9% of total reads)]. While these were not 

confirmed in the individual disease gDNA samples by Sanger sequencing, we cannot 

exclude that the mutations may be present in an individual patient sample at a level 
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below the detection limit of Sanger sequencing (see Chapter 3, Supplementary 

Table S3.3 for further details and section 3.4 for discussion). Thus, sensitive 

techniques such as allele-specific PCR will be necessary for validation of these 

variants of particular interest. 

 

Interestingly, somatic coding region variants of histone H3 and H4 have been 

described in the COSMIC database in cancer samples such as squamous-cell 

carcinoma, glioma, and adenocarcinoma. A list of histone H3 and histone H4 genes 

with coding region variants that could potentially affect protein function have been 

listed in Table 5.1 and Table 5.2 respectively. Apart from the variants observed in 

glioma, variants affecting R2, K36 and Y41 residues were observed for a number of 

histone H3 genes. For histone H4 genes, variants affecting initiator methionine (M), 

S1 and termination codon were frequently observed. In addition, histone H4R3 

variants were identified for HIST1H4B (HIST1H4B:c.10C>T, p.R4C, confirmed 

somatic) and HIST1H4F (HIST1H4F:c.11G>A, p.R4K) in cancer. Thus, recurrent 

somatic variants affecting the same residues of Histone H3 and H4 have been 

reported at a low frequency in cancer, consistent with a role of these genes in disease 

pathogenesis. However, given that these variants have been detected in advanced 

malignancies, it is not clear whether these mutations are causal or occur late in 

malignancy. The altered gene expression associated with forced expression of the 

histone H4R3 variant in myeloid cells (section 5.1) is consistent with a potential to 

contribute to changes in progenitor behaviour, although further functional studies are 

necessary as outlined above.  
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Gene Somatic non-synonymous coding 

region variants of histone H3 

Disease type Mutation 

Count  

Confirmed 

Somatic 

Altered PTM/ 

Effect on protein 

Relevant References 

HIST1H3A c.125A>G p.Y42C  Squamous cell carcinoma  1 No Phosphorylated (Y41) (Stransky, et al 2011) 

HIST1H3B c.83A>T p.K28M  Glioma 10 Yes Methylated and Acetylated(K27) (Wu, et al 2012) 

HIST1H3C 
c.7C>G p.R3G  

c.34A>G p.T12A 

Serous carcinoma  

non small cell carcinoma  

1 

1 

Yes,  

No 

Methylated (R2)  

Phosphorylated (T11) 

(Network 2011)  

(Liu, et al 2012) 

HIST1H3D 

c.110A>T p.K37M,  

c.178G>T p.E60*, 

 c.240G>C p.K80N  

Adenocarcinoma,  

Breast cancer,  

Endometrioid carcinoma 

1 

1 

1 

Yes  

Yes 

Yes  

Methylated and Acetylated (K36) 

Truncated protein (E59) 

Acetylated (K79)  

(Network 2012) 

(Stephens, et al 2012) 

(COSMIC study ID 

COSU419) 

HIST1H3F 
c.195G>C p.K65N Small cell carcinoma 1 Yes Methylated (K64) (Network 2012; Rudin, et al 

2012) 

HIST1H3G 

c.166C>T p.Q56*,  

c.302_303insACTT p.V102fs*6 

Squamous cell carcinoma,  

Plasma cell myeloma 

1 

1 

Yes  

No 

Truncated protein 

Altered a.a. sequence 

(COSMIC study ID 

COSU418) 

(Walker, et al 2012) 

HIST1H3H 

c.10A>G p.T4A, 

 c.25C>G p.R9G,  

c.109A>G p.K37E,  

c.110A>T p.K37M  

Small cell carcinoma,  

Serous carcinoma, 

Adenocarcinoma,  

Malignant melanoma 

1 

1 

1 

1 

No  

Yes 

No 

No 

Phosphorylated (T3) 

Methylated (R8)  

Methylation and Acetylated (K36) 

Methylation and Acetylated (K36) 

(Peifer, et al 2012)  

(Network 2011)  

(Imielinski, et al 2012) 

 (Krauthammer, et al 2012) 

HIST1H3I 

c.79C>T p.R27C  , 

 

 c.240G>C p.K80N  , 

 

 c.411A>C p.*137Y 

Squamous cell carcinoma, 

  

Endometrioid carcinoma,  

 

Adenocarcinoma 

1 

 

1 

 

1 

Yes 

 

 Yes 

 

 No 

Methylation (R26) 

 

Methylated and Acetylated (K79)  

 

Altered termination of translation 

(COSMIC study ID 

COSU418)  

(COSMIC study ID 

COSU419) 

 (Imielinski, et al 2012; 

Seligson, et al 2009) 

 

 

Table 5.1 

Continued on the next page 
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Gene Somatic non-synonymous 

coding region variants of 

histone H3 

Disease type Mutatio

n Count  

Confirmed 

Somatic 

Altered PTM/ 

Effect on protein 

Relevant References 

HIST2H3D 

c.82A>T p.K28*,  

c.166C>T p.Q56* 

Hepatocellular carcinoma 

Endometrioid carcinoma  

1 

1 

Yes 

 Yes 

Truncated protein 

Truncated protein 

(Li, et al 2011b) 

 (COSMIC study ID 

COSU419) 

H3F3A 

c.7C>T p.R3C, 

c.83A>T p.K28M, 

c.103G>A p.G35R, 

c.104G>T p.G35V  

c.103G>T p.G35W  

c.?, p.G35L  

c.?, p.G35R  

 

c.110A>G p.K37R  

c.111G>T p.K37N  

c.?,p.K37M 

Squamous cell carcinoma, 

Glioma, 

Glioma 

Glioma 

Sarcomas,Giant cell tumour of bone 

Giant cell tumour of bone 

Osteosarcoma 

 

Carcinoma (urinary tract) 

Endometroid Carcinoma 

Chondroblastoma,Chondrosarcoma 

1 

166 

21 

1 

1,48 

1 

1 

 

1 

1 

5,1 

No 

Yes 

Yes 

Yes 

Yes, Yes 

Yes 

Yes 

 

Yes 

No 

Yes,Yes 

Methylated (R2) 

Methylated and Acetylated (K27) 

Altered DNA Methylation  

Altered  DNA Methylation 

 

 

Altered  DNA Methylation 

 

Methylated and  Acetylated (K36) 

Methylated and  Acetylated (K36) 

Methylated and  Acetylated (K36) 

(Stransky, et al 2011) 

(Schwartzentruber, et al 

2012; Wu, et al 2012)  

(Behjati, et al 2013; 

Joseph, et al 2014)  

(Behjati, et al 2013) 

 (Behjati, et al 2013)  

(COSMIC study ID 

COSU413)  

(COSMIC study ID 

COSU419)  

(Behjati, et al 2013) 

H3F3B 

c.52_53insC p.R18fs*80  

c.?, p.G35R  

c.?,p.K37M 

Serous carcinoma Adenocarcinoma 

Osteosarcoma 

Chondroblastoma, Chondrosarcoma 

1 

1 

68,1 

Yes 

Yes 

Yes,Yes 

Altered a.a sequence 

Decreased methylation of K36  

Methylated and Acetylated  

(K36) 

(Network 2012; Network 

2011) (Behjati, et al 

2013)  

(Behjati, et al 2013) 

H3F3C 

c.145C>T p.R49*, 

c.169T>A p.S57T,  

c.239C>T p.T80I  

Prostate cancer,  

Adenocarcinoma,  

NS 

1 

1 

1 

Yes 

No 

Yes 

Truncated protein (at R48) 

Phosphorylated (S56)  

Phosphorylated (T79) 

(Lindberg, et al 2013) 

 (Imielinski, et al 2012) 

 (COSMIC study ID 

COSU376) 

 

 

Table 5.1. Somatic non-synonymous coding region variants of histone H3. The COSMIC database was used to identify variants in the 17 histone H3 genes 

which could potentially alter PTM or the protein. NS, Not Specified. Diseases identified with common mutations have been highlighted in bold and italized. 

Details on potential effect on protein were taken from the UniProt database and any cited studies. ? indicates that the nucleic acid change was not reported in 

the study. a.a, amino acid. 
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Table 5.2. Somatic non-synonymous coding region variants of histone H4. The COSMIC database was used to identify variants in the Histone H4 

which could potentially alter PTM or the protein. Bold and italized variant affects residue R3 on the mature Histone H4 protein. Details on potential 

effect on protein were taken from the UniProt database. 

Gene Somatic non-

synonymous coding 

region variants of 

histone H4 

Disease type Mutation 

Count 

Confirmed 

Somatic 

Altered PTM/ 

Effect on protein 

Relevant References 

HIST1H4B c.10C>T, p.R4C  Clear cell renal carcinoma 1 Yes Methylated (R3) (Sato, et al 2013) 

HIST1H4C c.4T>G, p.S2A  Plasma cell myeloma 1 No Phosphorylated (S1) (Walker, et al 2012) 

HIST1H4D c.26A>G, p.K9R, 

c.310T>C, p.*104R  

Breast carcinoma, 

Endometroid carcinoma 

1 

1 

Yes  

Yes 

Acetylated (K8) 

Altered termination of translation 

(Stephens, et al 2012)  

(COSMIC study ID COSU419) 

HIST1H4F c.11G>A, p.R4K  Squamous cell carcinoma 1 No Methylated (R3) (Stransky, et al 2011) 

HIST1H4H c.5C>G, p.S2C, 

c.16A>G, p.K6E  

Serous carcinoma, 

Adenocarcinoma 

1 

1 

Yes 

 Yes 

Phosphorylated (S1) 

Acetylated (K5) 

(Network 2011)  

(COSMIC study ID COSU417) 

HIST1H4J c.5C>T, p.S2F  Squamous cell carcinoma 1 Yes Phosphorylated (S1) (Agrawal, et al 2012) 

HIST1H4K c.3G>C p.M1I,  

c.5C>G, p.S2C  

c.311G>C, p.*104S  

 

Adenocarcinoma 

1 

1 

1 

No 

Yes 

No 

Altered Initiation of Translation (M)  

Phosphorylated (S1)  

Altered termination of translation 

(COSMIC study ID COSU435) 

 (Imielinski, et al 2012)  

(Imielinski, et al 2012) 

HIST1H4L c.1A>G p.M1V,  

c.3G>T p.M1I,  

c.38A>T p.K13I, 

c.311G>T p.*104L  

Adenocarcinoma, 

Small cell carcinoma, 

Squamous cell carcinoma 

Adenocarcinoma 

1 

1 

1 

1 

No 

No 

No 

No  

Altered Initiation of Translation (M)  

Altered Initiation of Translation (M) 

Acetylated (K12)  

Altered termination of translation 

(Imielinski, et al 2012)  

(Rudin, et al 2012) 

 (Stransky, et al 2011)  

(Imielinski, et al 2012) 
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5.2.2 PHF6 

In addition to the histone H3 screen, the coding exons of PHF6 were also screened 

for mutations. PHF6 (located on the X chromosome) encodes for a PHD domain 

protein with possible roles in transcription (Lower, et al 2002; Wang, et al 2013). In 

addition, reports of PHF6 as a possible component of the NURD complex, with an 

association with histone H3 (Todd, et al 2012) was further reasoning to perform 

mutational screening of PHF6 in MPN patients.  

 

An initial targeted sequencing screen of PHF6 exons 9 and 10 identified a frameshift 

mutation, PHF6R335fs, in one chronic phase PV patient (PV108) (Chapter 3, 

section 3.3.1, Figure 3.4 and Figure 3.5). The PHF6R335fs mutation was identified 

in a chronic phase JAK2V617F
+
 PV patient and was heterozygous. This mutation has 

previously been reported as a homozygous change in one adult male patient with 

trisomy 8 AML (Van Vlierberghe, et al 2011) suggesting a role for this PHF6 

mutation in the development or progression to AML.  

 

Subsequently, a screen of all coding exons of PHF6 using next-generation 

sequencing identified 26 coding region variants however, these did not validate with 

Sanger sequencing. Inability to validate these variants can be attributed either to 

technical difficulties associated with the sequencing platform or lack of sensitivity of 

Sanger sequencing to detect variants present at a threshold below the detection limits 

of the approach. However, given that mutations in PHF6 are recurrent in AML and 

have been associated with poor prognosis and survival (Patel, et al 2012), the 

identification of a mutation in PHF6 in MPN suggested that genetic alterations to 

PHF6, although rare, may have functional importance in MPN. In a recent 

conference report, mutations in PHF6 have been identified by targeted next-
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generation deep sequencing and Sanger sequencing in 19 of 809 cases (2.5%) (Shen, 

et al 2013). These cases included MPN/MDS, AML, MDS, and MPN. It was 

indicated that mutations in PHF6 occurred at a low frequency in aggressive myeloid 

malignancies. Given that Shen and colleagues have speculated that mutations 

affecting PHF6 may act as drivers in aggressive myeloid malignancies (Shen, et al 

2013), in future it will be crucial to relate PHF6R335fs mutation to molecular or 

diagnostic alterations and progression occurring (if any) in patient PV108. This 

would provide prognostic relevance of mutations in PHF6 in chronic MPN and in 

progression to AML. 

 

In conclusion, this project identified rare and significant coding region variants in 

genes encoding for histone H3, histone H4, DNMT3A and PHF6. The central role of 

the histone H4R3 residue in PTM and for DNMT3A recruitment highlight the 

potential of this novel histone variant to contribute to pathogenesis in this group of 

diseases, and the preliminary functional studies indicate a potential functional role. 

The presence of low frequency mutations affecting histone H3K27 and H3G34 may 

also be of significance given the highlighted role of altered global DNA methylation 

in gliomas (Bender, et al 2013; Lewis, et al 2013; Schwartzentruber, et al 2012; 

Sturm, et al 2012). Future projects will focus on more detailed functional analysis of 

epigenetic and gene expression changes following introduction of the novel disease-

associated histone variants in in-vitro models of normal and malignant myeloid 

development. 
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Response to Examiner’s Comments: 

A. REFERENCES AND REFERENCING 

(1) As identified by the examiner, all references with incorrect journal names, cases 

of journals and incomplete references have been modified.  

 

(2) Care has been taken to ensure the first author’s name is written correctly. Please 

see page 25 for the specific example which was raised by the examiner. 

 

(3) As highlighted by the examiner, the reference: Olcaydu et al, 2009, has now been 

cited on page 44 of the thesis. 

 

B. Introduction 

(1) Factual error: As highlighted by the examiner, the factual error on page 26 has 

been rectified. The sentence now reads as follows: “These mutations occur in 

virtually all of JAK2V617F-negative PV cases (which constitute 3-4% of all PV 

cases)”. 

 

Additional references have been included on page 40 to denote other studies which 

highlight the role of JAK2V617F in contributing to MPN phenotypes. 

 

(2) Figure 1.4A on page 12 has been altered to depict the percentage contribution of 

each genotype in relation to the entire MPN population.  
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