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ABSTRACT 

Background: H3K9 methylation is one of the essential histone post-translational 

modifications for heterochromatin formation and transcriptional repression. Recently, 

several studies have demonstrated that H3K9 methylation negatively regulates the type I 

interferon response. 

 

Results: I report the application of EHMT1 and EHMT2 specific chemical inhibitors to 

sensitize CML cell lines to interferon and imatinib treatments. Inhibition of EHMT1 and 

EHMT2 with BIX01294 enhances the cytotoxicity of IFNα2a in four CML cell lines, 

K562, KCL22, BV173 and KT1. Chromatin immunoprecipitation assay shows that 

BIX01294 treatment enhances type I interferon response by reducing H3K9me2 at the 

promoters of interferon-stimulated genes. Additionally, BIX01294 treatment augments 

IFNα2a- and imatinib-mediated apoptosis in CML cell lines. Moreover, my data suggest 

that the expression level of EHMT1 and EHMT2 inversely correlates with the type I 

interferon responsiveness in CML cell lines. 

 

Conclusions: My study sheds light on the role of EHMT1 and EHMT2 as potential 

targets in improving the efficacy of standard treatments of CML. 
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ABSTRAK 

Latar Belakang: H3K9 metilasi adalah salah satu pengubahsuaian penting bagi histone 

selepas translasi untuk pembentukan heterochromatin dan penindasan transkripsi . Baru-

baru ini , beberapa kajian telah menunjukkan bahawa tindakbalas Interferon jenis I 

dikawal oleh H3K9 metilasi secare negatif. 

 

Hasil: Saya melaporkan Penggunaan inhibitor kimia EHMT1 dan EHMT2 yang khusus 

untuk merangsang sel CML terhadap rawatan interferon dan imatinib. Perencatan 

EHMT1 dan EHMT2 dengan BIX01294 meningkatkan sitotoksisiti sel CML terhadap 

IFNα2a termasuk sel K562, KCL22 , BV173 dan KT1 . Kromatin immunoprecipitation 

assay menunjukkan bahawa rawatan BIX01294 meningkatkan tindakbalas interferon 

dengan mengurangkan H3K9me2 di promoter “interferon-stimulated gene”. Selain itu, 

rawatan BIX01294 mempercepatkan apoptosis sel CML dengan rawatan IFNα2a- dan 

imatinib. Akhir sekali, data saya mencadangkan bahawa hubung-kait tahap ungkapan 

EHMT1 dan EHMT2 dengan interferon jenis I adalah songsang.  

 

Kesimpulan: Kajian saya mencadangkan peranan EHMT1 dan EHMT2 sebagai sasaran 

yang berpotensi dalam meningkatkan keberkesanan rawatan penyakit CML. 
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CHAPTER 1: INTRODUCTION 

1.1 Epigenetics – An overview 

In a multicellular organism, cells with the same genetic material may perform very 

diverse functions. For example, “Why are there skin cells and liver cells if each of 

human cells contains the same DNA materials?” This simple question clearly points out 

that there are additional factors that run in parallel to the genome that determine which 

sets of genes are expressed and which are suppressed at particular times, making a skin 

cell a skin cell and a liver cell a liver cell.  

 

Cell-cell differences are determined by expression of different sets of genes with 

genes that are not needed being switched off during its development. This is crucial as it 

is the number of active genes that determined the cells capability to carry out their 

respective routine according to the cell type and location in the body. Therefore 

different types of cells, their roles and functions are discriminated by epigenetics. 

 

The term epigenetics, which was coined by Conrad H. Waddington in 1942 

(Waddington, 1942, 2012), was derived from the Greek word “epigenesis” which 

originally describes the influence of genetic processes on development. In Biology, 

epigenetics is defined by the heritable changes in gene activity and expression that do 

not involve changes to the underlying DNA sequence; or a change in phenotype without 

a change in genotype (A. Bird, 2007).  

 

Different factors including age, lifestyle, health status and environment can 

influence epigenetics changes (Latham, Sapienza, & Engel, 2012). In some cases 

epigenetic changes may be inherited by future generations (Bossdorf, Richards, & 

Pigliucci, 2008).  
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Epigenetics marks dictate whether particular genes are expressed or not and 

form the molecular basis of epigenetics. Epigenetics marks including methylation of 

DNA and covalent modification of histone proteins are features not directly governed 

by the genetic code. DNA modification typically relates to long-term epigenetics 

memory: once methylated, genomic DNA remains methylated through generations 

(Adrian Bird, 2002). On the other hand, histone modifications provide short-term 

epigenetic memory and can be reversed after a few cell division cycles (Turner, 2002).  

 

DNA methylation was first postulated in 1975 to be a heritable modification 

capable of influencing gene expression (Holliday & Pugh, 1975). Methylation of DNA 

at cytosine bases remains the best-studied DNA modification and the methylated genes 

are usually being silenced and are not transcribed.  

 

Histones are highly alkaline proteins that package and order the DNA into 

nucleosomes. Histones can be tagged with acetyl, methyl, ubiquitin, phosphate, 

poly(ADP)ribose and other biochemical groups (Strahl & Allis, 2000). These groups 

and their particular pattern of protein modification modify the function of the tagged 

proteins and influence gene expression. For example, H3K9 di-methylation is an 

epigenetic determinant of interferon (IFN) and interferon-stimulated gene (ISG) 

expression. Fang et al. describe a reverse correlation between H3K9me2 occupancy at 

IFN and ISG promoters and the expression of the ISG genes (Fang et al., 2012).  

 

1.1.2 Histone modification 

Histone modification is a post-translational epigenetic modification mechanism for 

modifying chromatin structure (A. J. Bannister & Kouzarides, 2011). It alters the 

properties of the nucleosome and affects its interactions with other proteins.  
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Histones are highly basic proteins that act as spools around which DNA winds in 

chromatin, which allows the DNA to fit into a smaller space than it would otherwise. 

Within a nucleosome DNA are wrapped around a histone octamer (H3, H4, H2A and 

H2B) and the long N-terminal tails of histones which composed mainly of basic amino 

acids residues are subjected to modifications (B. E. Bernstein, Meissner, & Lander, 

2007). Post-translational histone modifications usually take place on the basic side-

chains in histone tails (Figure 1) in the form of methylation, acetylation and 

ubiquitinylation (A. J. Bannister & Kouzarides, 2011).  

 

Figure 1.1: Acetylation and methylation of basic side-chain of histone tails. Retrieved November 8, 2014, 
from: http://www.atdbio.com/content/56/Epigenetics 

 

Among the different histone modifications, histone methylation is one of the 

most well-studied histone modifications and involves the process of transferring methyl 

group(s) onto the amino acids of histone proteins (Figure 1.2). Depending on the target 

site, methylation and demethylation of histones may turn the gene in DNA “off” or “on” 

(Kouzarides, 2002a). For example, histone H3 lysine 4 di- (H3K4me2) and tri-

methylation (H3K4me3) are associated with positive regulation of transcription and 
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recruitment of chromatin remodelling factors and histone acetyltransferases (Bradley E. 

Bernstein et al., 2002). Conversely, methylation at H3K9 and H3K27 are generally 

associated with heterochromatin formation associated with HP1 and silencing of 

transcription through the poly-comb group proteins (Lachner, O'Carroll, Rea, Mechtler, 

& Jenuwein, 2001). Methylation of histones regulates gene expression either through 

allowing or blocking transcription factors and other proteins to access the DNA. 

 

Figure 1.2: Chemical reaction of methylation of lysine. Retrieved November 8, 2014, from: 
http://www.atdbio.com/content/56/Epigenetics 

 

While methylation of H3K4, H3K36, and H3K79 has been implicated in the 

transcriptional activation process; methylation of lysine 9 on histone 3 (H3K9) which is 

the major histone modification studied in this study is generally associated with 

repression (Krogan et al., 2003; Lachner et al., 2001). There are three types of H3K9 

methylation (Figure 1.3). H3K9 methylation (H3K9me1) is linked to transcriptional 

repression. Nonetheless, H3K9 monomethylation represents a specific tag for HP1 

protein recruitment to the methylated histones for epigenetic transcriptional repression 

(Jin, Li, & Robertson, 2011). H3K9 dimethylation (H3K9me2) is one of the prominent 
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marks of transcription repression (Wang et al., 2008). For examples, insulin is only 

expressed in beta cells and not in other cells, such as HeLa cells and human bone 

marrow-derived mesenchymal stem cells (hBMMS). It was shown that H3K9me2 is 

enriched at the promoter of insulin gene in HeLa cells and hBMMS cells but is depleted 

in beta cells (Mutskov, Raaka, Felsenfeld, & Gershengorn, 2007). H3K9 trimethylation 

(H3K9me3) also repress transcription and it is always linked to various disease 

conditions, including cancer and metabolic disorder (Muller-Tidow et al., 2010; 

Villeneuve et al., 2008).  

 

Figure 1.3: Three types of Lysine methylation. Retrieved November 9, 2014, from: 
http://www.atdbio.com/content/56/Epigenetics 

 

1.1.3 Histone methyltransferases 

Histone methyltransferases are the histone modifying enzymes, catalysing the histone 

methylation process by transferring one, two or three methyl groups from cofactor S-

Adenosyl methionine (SAM) onto the lysine or arginine residues of histone H3 and H4 

(Andrew J. Bannister & Kouzarides, 2005).  

 

1.1.3.1 Histone lysine methyltransferases 

Protein lysine methylation is one of the major post-translation modifications that 

regulate signal transduction in eukaryotic cells. This process has been intensively 

studied in the context of epigenetic regulation of gene expression through methylation 

of lysine residues of histones, but the discovery of a growing number of known non-
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histone substrates also suggests that the impact of lysine methylation is not limited to 

chromatin biology.  

 

Since the Su(var)3-9–Enhancer of zeste–Trithorax (SET) domain of 

Suv39h1/KMT1a was demonstrated to be the catalytic domain for lysine methylation 

(Rea et al., 2000), many SET domain-containing molecules have been found to be novel 

histone lysine methyltransferases (HKMTs) in various species, including viruses, 

bacteria, yeast, fungi, and other multicellular organisms (Qian & Zhou, 2006). All 

lysine-specific transferases, except DOT1L, have a SET domain (Min, Feng, Li, Zhang, 

& Xu, 2003; Qian & Zhou, 2006). Protein lysine methyltransferases (PKMTs) catalyse 

the transfer of a methyl group from SAM to the ε-amino group of lysine residues of 

proteins, including histones.  

 

Histone methyltransferases that have methylation activity towards lysine 9 of 

Histone 3 are SUV39H1, SUV39H2, ESET, EHMT1, EHMT2, RIZ and SETDB1 (Qian 

& Zhou, 2006; Tachibana, Sugimoto, Fukushima, & Shinkai, 2001). Among them, 

EHMT1 and EHMT2 are likely the major euchromatic H3K9 histone 

methyltransferases in mammals. There is a drastic decrease of H3K9 methylation in 

euchromatic regions when and EHMT1 and EHMT2 gene were disrupted (Tachibana et 

al., 2002). 

 

1.1.3.2 Euchromatin Histone Methyltransferases (EHMT) 

EHMT1 and EHMT2 are members of the Suv39h subgroup of SET domain-containing 

molecules. Both EHMT1 and EHMT2 are the key HKMTs for H3K9me1 and 

H3K9me2 (Jenuwein, Laible, Dorn, & Reuter, 1998; Tachibana et al., 2002). EHMT2 

was reported as the second HKMT and can methylate histone H1 and H3 (K9 and K27) 

Univ
ers

ity
 of

 M
ala

ya



7 
 

in vitro (Tachibana et al., 2001; Tachibana et al., 2002). EHMT2 is also involved in 

H3K9me3 modification in vivo (Shinkai & Tachibana, 2011). EHMT1 was originally 

described as a gene encoding a G9a-like protein (Shinkai & Tachibana, 2011). Other 

than H3K9, EHMT1 also weakly methylated Lysine-27 of histone H3. Others molecular 

functions of EHMT1 and EHMT2 include zinc binding and p53-methylation at K373 

(Chen et al., 2010; Ueda, Tachibana, Ikura, & Shinkai, 2006). Since then, various 

biochemical studies have demonstrated that EHMT1 and EHMT2 possess the same 

substrate specificities on histones. Moreover, EHMT2 and EHMT1 form a homomeric 

and heteromeric complex via their SET domains (Tachibana et al., 2005). 

 

Among the mammalian HKMTs, EHMT2 and EHMT1 have been extensively 

investigated at the biochemical and physiological levels and some specific inhibitors 

have been developed against these methyltransferases.  

 

1.1.4 EHMT2 and EHMT1 inhibitors 

Since the first PKMT was characterized in 2000, more than 50 human PKMTs have 

been identified (Rea et al., 2000). PKMTs show substantial variations in protein 

substrate selectivity and the degree of methylation on lysine, from mono- to di- to 

trimethylation. Selective pharmacological inhibition of individual PKMTs' catalytic 

activity in cellular systems is a useful strategy for deciphering the complex signalling 

mechanisms of histone and protein lysine methylation. However, very few small-

molecule tools are currently available for probing the activity of individual PKMTs. 

 

Growing evidence suggests that PKMTs are important in the development of 

various human diseases. In particular, EHMT2 (also known as KMT1C or G9a), which 

was initially identified as a histone H3 Lys9 (H3K9) methyltransferase, is 

Univ
ers

ity
 of

 M
ala

ya



8 
 

overexpressed in various human cancers including leukemia, prostate carcinoma, 

hepatocellular carcinoma and lung cancer (Vedadi et al., 2011). Thus, selective, potent 

and cell- active chemical probes for EHMT2 and EHMT1 would be extremely valuable 

tools for investigating the cellular role of these PKMTs, as well as for assessing their 

potential as therapeutic targets. 

 

Chaetocin, a competitive inhibitor of SAM, was the first HKMT inhibitor 

discovered, and it specifically inhibits the enzymatic activities of HKMTs belonging to 

members of the SUV39 family, including SUV39H1, dSU(VAR)3-9, EHMT2, DIM-5, 

EHMT1, and ESET (Shinkai & Tachibana, 2011).  

 

BIX01294, a small-molecule inhibitor of EHMT2 and EHMT1, is a selective 

protein lysine methyltransferases inhibitor and is non-competitive with the cofactor 

SAM (Figure 1.4) (Kubicek et al., 2007).  BIX01294 was discovered through chemical 

library screening. BIX01294 inhibits the methyltransferase activity of EHMT1 and 

EHMT2 by binding to the substrate peptide groove at the location where the histone H3 

residues N-terminal to the target lysine (Chang et al., 2009).  

 

UNC0321, the next generation of BIX01294, is designed to improve the 

toxicity/function ratio. Even though UNC0321 is a selective chemical probe of EHMT1 

and EHMT2, it is less potent than BIX01294 in cellular assay. The poor cell membrane 

permeability caused the poor cellular potency of UNC0321. Besides that, another 

variant, UNC0224 also faced similar difficulty to meet the need for a better probe. To 

improve the cellular potency of the probe, several new generation of this series of 

compounds have been designed. Another outstanding synthesized compound is 

UNC0638, which has balanced physicochemical properties and in vitro potency aiding 
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cell penetration, showing high potency in cellular assays and was less toxic to the cells 

compared to BIX01294. UNC0638 is a better tool for better understanding of epigenetic 

and cellular roles of EHMT1 and EHMT2 (Vedadi et al., 2011).  

 

With the advancement of molecular technique and discovery of small molecule 

chemical inhibitor such as BIX01294, the functional roles of EHMT1 and EHMT2 have 

been vigorously studied. Studies have shown that EHMT1 and EHMT2 negatively 

regulate type I interferon response by promoting H3K9me2 at the promoters of ISGs (C. 

K. Ea, S. Hao, K. S. Yeo, & D. Baltimore, 2012; Fang et al., 2012). Thus, inhibiting the 

H3K9me2-specific methyltransferases, EHMT1 and EHMT2 via chemical inhibitors or 

RNAi approach could lift the repression off the ISGs promoter.  

 

Figure 1.4: Biochemical action of BIX01294 mediated inhibition of EHMT1 and EHMT2.  Retrieved 
November 9, 2014, from: http://www.atdbio.com/content/56/Epigenetics 

 

1.2 JAK/STAT pathway 

The Janus Kinase/ signal transducers and activators of transcription (JAK/STAT) 

pathway is a cascade used to transduce a multitude of signals for development and 

homeostasis in human (Rawlings, Rosler, & Harrison, 2004). The JAK/STAT pathway 

is the principle signalling mechanism for a wide array of cytokines and growth factors 

especially interferons.  
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Type I Interferons, including IFNα, IFNβ and Type II Interferons IFNγ are 

secreted glycoproteins that act as ligands for JAK/STAT pathway to stimulate gene 

expression, with anti-proliferative, anti-viral and immunoregulatory properties (Piehler, 

Thomas, Garcia, & Schreiber, 2012). In response to ligand binding, the JAK/STAT 

pathway receptors, Interferon (Alpha, Beta and Omega) Receptor 1 and Interferon 

(Alpha, Beta and Omega) Receptor 2 (IFNAR1 and IFNAR2) dimerize. The 

dimerization of receptors triggers activation of JAKs by bringing two JAKs into close 

proximity. Activated JAKs phosphorylate STAT1 and STAT2, which then dimerize 

through interaction of a conserved Src homology 2 (SH2) domain and interact with a 

third transcriptional regulator, IFN regulatory factor 9 (IRF9) to stimulate gene 

expression (Piehler et al., 2012) (Figure 1.5). 

 

IFNα and IFNβ are the main innate anti-viral cytokine and is essential for 

effective immune response to viral infection (Price, Gaszewska-Mastarlarz, & 

Moskophidis, 2000; Samuel, 2001). IFNα is also an important therapeutic cytokine that 

exerts anti-tumor activity in a variety of tumor cells especially in chronic myeloid 

leukemia (CML) (Bonifazi et al., 2001). 

Univ
ers

ity
 of

 M
ala

ya



11 
 

 

Figure 1.5: Type I interferons mediated JAK/STAT signalling. Adapted from Atsuko Masumi (2013). 
Hematopoietic Stem Cells and Response to Interferon, Stem Cell Biology in Normal Life and Diseases, 
Prof. Kamran Alimoghaddam (Ed.), ISBN: 978-953-51-1107-8, InTech, DOI: 10.5772/54689. 

 

1.3 Chronic myeloid leukemia (CML) 

CML is a cancer of white blood cells. At 2009, Rohrbacher et.al reported that the 

incidences rates of CML varied from 0.6 to 2.0 cases per 100 000 inhabitants, increased 

with age and is higher in men than women (Rohrbacher & Hasford, 2009).  The most 

distinctive characteristic of CML is the presence of Philadelphia chromosome. The 

Philadelphia chromosome is formed when the Abelson murine leukemia viral oncogene 

homolog 1 gene (Abl) from chromosome 9 translocates and fuses to the breakpoint 

cluster region protein gene (Bcr) on chromosome 22 (Rowley, 1973). This event formed 

the oncogenic Bcr-Abl fusion gene, which encodes an abnormally regulated tyrosine 

kinase (Lugo, Pendergast, Muller, & Witte, 1990). Tyrosine kinase is a common 

signalling molecule that promotes cell division. The fusion of Bcr-Abl gene leads to a 

constitutively active tyrosine kinase, stimulate the hematopoietic stem cells to 
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proliferate at an abnormally high rate. This results in overproduction and accumulation 

of immature white blood cells. Unlike other cancer, these over-produced immature 

white blood cells do not form clumps. However, they may interfere with the production 

of red blood cells and functional immune cells. 

 

There are 3 phases of CML including chronic phase, accelerated phase and 

blastic phase (Sessions, 2007). Most patients are present in the chronic phase and are 

usually asymptomatic until it is detected in a routine blood test or have only mild 

symptoms of fatigue, left side pain, joint and/or hip pain, or abdominal fullness. 

However, if left untreated, CML will eventually progresses to a blastic phase, often 

through the accelerated phase, with a fatal outcome. CML was treated with 

chemotherapy agents for years as these agents are able to control the clinical 

manifestations of the disease (Pavlovsky, Kantarjian, & Cortes, 2009). However, they 

are incapable of eliminating the malignant clone. Thus, the natural history of the disease 

was left unchanged until the introduction of recombinant IFNα, which has the ability to 

induce cytogenetic responses, and allogenic stem cell transplant which it is only suitable 

to small fraction of patients due to limiting factors such as stage of disease, treatment 

related morbidity and mortality and availability of donor (Maziarz & Mauro, 2003; 

Pavlu, Szydlo, Goldman, & Apperley, 2011). The use of tyrosine kinase inhibitors also 

improve the survival rates of CML patients dramatically (Huang, Cortes, & Kantarjian, 

2012).  

 

1.3.1 CML treatment 

1.3.1.1 Interferon 

Interferon alfa (IFNα) has been extensively studied as treatment for patients with CML 

since 1981, initially using partially purified IFNα (Talpaz, McCredie, Mavligit, & 
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Gutterman, 1983), followed by recombinant IFNα2a (Talpaz et al., 1986). Prior to the 

development of the tyrosine kinase inhibitor (TKI) imatinib, interferon was the non-

transplant treatment of choice for most patients with CML. IFNα suppresses the 

proliferation of Philadelphia-positive CML cells, and induces both hematologic and 

cytogenetic remission with disappearance of Philadelphia clones (Borden & Ball, 1981). 

Several clinical trials suggested that interferon-alpha treatment was associated with a 

superior survival advantage over conventional chemotherapy agents (Urabe, 1997). 

However the use of recombinant-interferon incurs heavy cost. Moreover, the activity of 

single agent IFNα was found to be modest in late chronic and accelerated phase of CML 

(Kantarjian, O'Brien, Anderlini, & Talpaz, 1996).  

 

1.3.1.2 Bone marrow transplant 

Bone marrow transplant or stem cell transplant was a common and popular treatment 

option for CML (Maziarz & Mauro, 2003). Today, despite the breakthrough in treating 

CML patients with tyrosine kinase inhibitors or interferons, bone marrow transplant 

remains a viable offer to reverse the state of CML. There are two main types of stem 

cell transplants, which are allogeneic and autologous, with the difference in the source 

of the blood-forming stem cells. 

 

Allogeneic stem cell transplants are the main type of transplant carried out for 

patients with CML (Copelan, 2006). In an allogeneic transplant, the stem cells come 

from a donor. The donor can be related, syngeneic or unrelated but whose tissues’ 

human leukocyte antigens (HLAs) are almost identical to the patient’s and has no other 

health problems. However the chance of getting a compatible donor is very low. The 

closer the donor’s tissue matches the recipient, the better the chance the transplanted 
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cells will "take" and begin making new blood cells as well as limiting the risk of 

transplanted stem cell rejection or of severe graft-versus-host disease.  

 

In an autologous stem cell transplant, the patient's own stem cells are removed 

from the bone marrow or peripheral blood and stored away (Santos, Yeager, & Jones, 

1989). During this period, the patient receives high-dose chemotherapy and/or radiation 

treatment to the entire body to eradicate the malignant cells at the cost of destroying the 

patient’s own bone marrow cells. Subsequently, the stored stem cells are given back to 

the patient via intravenous infusion. Compare to allogeneic stem cell transplant, 

autologous stem cell transplant is less commonly used to treat CML due to the 

possibility of collecting some leukemia cells along with the stem cells which are then 

given back to the patient after chemotherapy and/or radiation treatment. However, a 

process called purging can be used to maximally remove the leukemia cells from the 

collected stem cells (Baynes et al., 2000). 

 

One of the most serious short-term complications from bone marrow/ stem cell 

transplant is the increased risk of infection from the environment. This is due to the low 

white blood cell count following the transplant. During this time, antibiotics are given 

and the patients are watched closely for fever or any signs of infection. Other side 

effects include low blood cell count, nausea, vomiting, loss of appetite, mouth sores and 

hair loss (Bellm, Epstein, Rose-Ped, Martin, & Fuchs, 2000). With allogeneic stem cell 

transplant, graft-versus-host disease occurrence which leads to fatality are possible even 

drugs is given to weaken the immune system to keep graft-versus-host disease under 

control. This happens when the donor immune system cells attack tissues of the 

recipient. Symptoms can include weakness, fatigue, dry mouth, rashes, nausea, 

diarrhoea, jaundice and muscle aches (Glucksberg et al., 1974). The expensive cost, 
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lack of suitable donors, stringent requirement for recipient, lengthy hospitalization and 

complex treatment make stem cell transplant last option to be considered even it did 

promise a permanent cure, theoretically. 

 

1.3.1.3 Imatinib 

Imatinib or its marketed name, Gleevec/Glivec, is a tyrosine kinase inhibitor that targets 

the Bcr-Abl fusion gene which encodes for an abnormal tyrosine kinase protein found in 

most CML patients (B. J. Druker, 2002). Imatinib synthesized in the lab enter clinical 

trials after its successful testing in cell culture which shows a 92%-98% decrease in the 

number of Bcr-Abl colonies formed, while causing no decrease in normal colony 

formation, suggesting that imatinib was effective, safe and did not harm healthy cells 

(Brian J. Druker et al., 1996). With its remarkable tolerance and excellent cytogenic 

remission data collected during clinical trials, imatinib have been approved by Food and 

Drug Administration (FDA) for its use in CML treatment. However imatinib resistance 

does exist in a proportion of patients particularly those in more advanced disease phases 

(Brian J. Druker, Sawyers, et al., 2001). Another significant limitation of imatinib is the 

inability of most CML patients to discontinue the imatinib therapy and maintain the 

remission due to imatinib halts the function of abnormally function tyrosine protein but 

the mutated Bcr-Abl gene is still present (Cortes, O'Brien, & Kantarjian, 2004; 

Rousselot et al., 2007). Therefore, there is an urge for a better treatment of advance 

phase CML. To this end, clinical trials have been carried out were reported significant 

and rapid response rates with the combination of imatinib and IFNα compared with the 

imatinib alone, suggesting that the addition of IFNα may broaden imatinib’s therapeutic 

potential in CML treatment (Hehlmann et al.; Preudhomme et al.).  
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1.4 Rationale of study 

Histone H3 lysine 9 methylation is an epigenetic signal which correlates with gene 

silencing (Kouzarides, 2002b; Snowden, Gregory, Case, & Pabo, 2002). Previous study 

from our group shows that EHMT1 negatively regulates type I interferon response (C.-

K. Ea, S. Hao, K. S. Yeo, & D. Baltimore, 2012) and type I interferon have been 

approved and used for treating several kinds of cancer including chronic myeloid 

leukemia. Inhibition of EHMT1 will potentially enhance the interferon mediated cancer 

cell death (C.-K. Ea et al., 2012). Our group’s preliminary results suggest that inhibiting 

EHMT1 and EHMT2 with BIX01294, an EHMT1 and EHMT2 specific inhibitor, 

enhances the interferon response in K562 cells (a CML cell line) and sensitizes K562 

cells to IFNα2a treatment. These results warrant a more thorough investigation into the 

potential of EHMT1 and EHMT2 to serve as a new target for treating cancer and 

BIX01294 as a new anti-cancer drug. 

 

1.5 Research objectives  

To determine the anti-cancer efficacy of BIX01294 on CML cell lines by inhibiting 

EHMT1 and EHMT2. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Materials 

List of Materials 

Generic Name [Brand Name/Model]   (Company, Country) 

Absolute Ethanol (Molecular Grade)    (Merck & Co., Germany) 

Absolute Isopropanol      (Thermo Scientific, USA) 

Acrylamide       (Sigma-Aldrich, Germany) 

Adenosine 5’-triphosphate (ATP)    (Sigma-Aldrich, Germany) 

BIX01294       (Sigma-Aldrich, Germany) 

Dimethyl Sulfoxide (DMSO)     (Sigma-Aldrich, Germany) 

Dithiothreitol (DTT) powder     (Sigma-Aldrich, Germany) 

DNase I (RNase Free) (2000 units/mL)   (New England Biolabs, 

USA) 

dNTP Mix (10 mM each)     (Thermo Scientific, USA) 

Dulbecco’s Modified Eagle’s Medium (1X) [Gibco®] (Life Technologies, USA) 

Fetal Bovine Serum (FBS) [Gibco®]    (Life Technologies, USA) 

Interferon-α2a       (Peprotech, USA) 

Interferon-β       (Merck & Co., Germany) 

Interferon-γ       (Merck & Co., Germany) 

Lint-free Tissue [Kimtech Science Kimwipes]  (Kimberly-Clark, USA) 

M-MuLV Reverse Transcriptase (200000 units/mL)  (New England Biolabs, 

USA) 

M-MuLV Reverse Transcriptase Reaction Buffer (10X) (New England Biolabs, 

USA) 

Random Hexamer (50mM)     (Thermo Scientific, USA) 
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RNase Inhibitor, Murine (40000 units/mL)   (New England Biolabs, 

USA) 

Penicillin-Streptomycin Mixture (10000 units/mL) 

[Gibco®]       (Life Technologies, USA) 

Phosphate Buffered Saline (10X)    (Fisher Scientific, USA) 

Primer        (1st BASE, Singapore) 

GeneJET RNA Purification Kit    (Thermo Scientific, USA) 

Roswell Park Memorial Institute Medium (1X) [Gibco®] (Life Technologies, USA) 

Sodium Dodecyl sulfate     (Thermo Scientific, USA) 

SYBR® Select Master Mix [Applied Biosystems®]  (Life Technologies, USA) 

Tris Base       (Thermo Scientific, USA) 

Tryhan blue       (Life Technologies, USA) 

Trypsin [TrypLE™ Express (1X), no phenol red (Gibco®)] (Life Technologies, USA) 

UNC0638       (Sigma-Aldrich, Germany) 

Vesicular stomatitis Virus (VSV)    (Charles River, USA) 

2-Mercaptoethanol      (Sigma-Aldrich, Germany) 
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List of Apparatus 

Generic Name [Brand Name/Model]   (Company, Country) 

Conical Centrifuge Tubes (15 mL)    (Thermo Scientific, USA) 

Conical Centrifuge Tubes (50 mL)    (Thermo Scientific, USA) 

Nalgene® Mr. Frosty Cryo 1 °C Freezing Containers (Thermo Scientific) 

Nunc™ CryoTube™ Vials     (Thermo Scientific, USA) 

Cell Culture Dishes (10 cm)     (Corning, USA) 

Glass Slides       (Sail Brand, China) 

Haemocytometer      (Hecht, Germany)  

Microcentrifuge Tubes (1.5 mL) [Axygen]   (Corning, USA) 

Micropipettes [Pipetman]     (Gibson, USA) 

Pasteur Pipettes (150 mm)     (Hurst Scientific, Australia) 

PCR 8-well Tube Strip [Axygen]    (Corning, USA) 

Pipette-Aid [Macroman™ Pipette Controller]  (Gilson, USA) 

Pipette Tips [Axygen]      (Corning, USA) 

Sealing Film [Microseal® ‘C’ Film]    (Bio-rad, USA) 

Serological Pipettes (5 mL) [Fisherbrand™]   (Fisher Scientific, USA) 

Serological Pipettes (10 mL) [Fisherbrand™]  (Fisher Scientific, USA) 

6-well Plates       (Corning, USA) 

12-well Plates       (Corning, USA) 

Multiplate™ 96-well PCR Plate, Clear   (Bio-rad, USA) 
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List of Equipment 

Generic Name [Brand Name/Model]   (Company, Country) 

Biosafety Cabinet [Thermo Scientific 1300 Series A2] (Thermo Scientific, USA) 

Centrifuge [Heraeus™ Multifuge X1R]   (Thermo Scientific, USA) 

CO2 Incubator [Forma™ Steri-Cycle™ CO2 Incubators] (Thermo Scientific, USA) 

Electronic Balance      (Ohaus, USA) 

Inverted Microscope [Inverted Microscope CKX31]  (Olympus, Japan) 

Microcentrifuge [Centrifuge 5424]    (Eppendorf, Germany) 

PCR tube centrifuge [Sprout® Micro-Centrifuge]  (LabScientific) 

Power Supply [PowerPac Basic Power Supply]  (Bio-rad, USA) 

Real-Time Thermal Cycler 

[CFX ConnectTM Real-Time PCR Detection System] (Bio-rad, USA) 

Sonicator [Bioruptor Plus UCD-300]    (Diagenode, Belgium) 

Spectrophotometer [NanoDrop 2000c]   (Thermo Scientific, USA) 

Thermal Cycler 

[Veriti® 96-well Thermal Cycler (Applied Biosystems®)] (Life Technologies, USA) 

Thermomixer [Thermomixer® Compact]   (Eppendorf, Germany) 

Vacuum Pump [Fisherbrand® Oil-free]   (Thermo Scientific, USA) 

Vortex Mixer [PV-1 Vortex Mixer]    (Grant, UK) 

Water bath [Isotemp™ Digital-Control Water Baths] (Fisher Scientific, USA) 

-20 °C Freezer       (Thermo Scientific, USA) 

-80 °C Freezer [Forma™ 88000 Series]   (Thermo Scientific, USA) 
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2.2 Methods 

2.2.1 Cell culture conditions 

K562, KCL22, BV173, KT1 and Jurkat cell lines were maintained in RPMI with 

penicillin (100 U/ml), streptomycin (100 µg/ml) and supplemented with 10% of fetal 

bovine serum (FBS). Cell passage was performed when the cells reached >70% 

confluency. HeLa S3, HEK293T and HaCat cell lines were cultured in DMEM 

supplemented with 10% fetal bovine serum (FBS), penicillin G (100 U/ml), and 

streptomycin (100 µg/ml). The cells were incubated at 37oC with 5% of carbon dioxide 

(CO2).   

 

2.2.2 Cell lines storage and recovery 

Cells were cryopreserved in 90% of FBS and 10% of DMSO in liquid nitrogen.  

 

2.2.3 Enumeration of cells 

Cell counting was performed using a hemacytometer. A small amount of the cells 

suspension was mixed with tryphan blue at equal volume before counting. The viable 

cells appear as unstained cells and number of viable cells in 1.0 ml was estimated as 

follow.  

 

Number of cells/ml = average number of cells per quadrant x dilution factor x 104 

 

2.2.4 Cell proliferation assay 

Cells were treated with or without various concentration of BIX01294 together with or 

without various concentration of IFNα2a in 96-well plates. After incubation for four 

days, 25 µl of 2mg/ml 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 
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(MTT) in 1X PBS was added and cells were further incubated for three hours at 37℃ in 

a CO2 incubator. The absorbance was measured with a M200 PRO microplate reader 

(Tecan) at the wavelength of 540nm. 

 

2.2.5 Establishment of shRNA stable clone 

2.2.5.1 Generation of shRNA carrying lentivirus 

ShRNAs plasmids against human EHMT1 (sc-62261-SH), human EHMT2 (sc-43777-

SH) and vector tet-pLKO-puro (Addgene) were purchased. Lenti-viruses were produced 

according to the Addgene’s protocol.  

 

2.2.5.2 Generation of K562 stable clone 

One million K562 cells in 1 ml culture media was seeded into 6 wells plate and 

incubated with 1 ml of shRNA carrying lenti-viruses. Twenty-four hours post-

incubation, the medium was topped-up to 10ml and transferred the cells into T-75 flask 

for puromycin selection. 

 

2.2.6 Establishment of mEHMT1- and mEHMT2-expressing KT1 

stable clone 

Three hundred thousand KT1 cells in 2 ml of culture media were seeded into 6 wells 

plate and incubated overnight. pMSCV-FLAG-mEHMT1 and pCDNA3-HA-mEHMT2 

plasmids were co-transfected into KT1 cells using lipofectamine 2000 according to 

manufacturer’s protocol. Forty eight hours post-transfection, 1 µg/ml puromycin and 1.2 

mg/ml G418 were added to the medium for two weeks to select cells stably expressing 

mEHMT1 and mEHMT2.  

 

Univ
ers

ity
 of

 M
ala

ya



23 
 

2.2.7 Determining ISGs expression level 

2.2.7.1 Ribonucleic acid (RNA) extraction and quantification 

RNA was harvested from the BIX01294 treated cells and control cells based on the 

GeneJET RNA Purification Kit’s protocol (Thermo Scientific, UK). The concentration 

of RNA was determined using NanoDrop 2000c spectrophotometer (Thermo Fisher 

Scientific, USA).  The purified RNA was kept at -80oC. 

 

2.2.7.2 Complementary DNA (cDNA) synthesis 

Reverse transcription polymerase chain reaction (RT-PCR) was carried out for cDNA 

synthesis. Two microgram of RNA sample was used as starting materials. RT-PCR was 

performed with master mix including 10x M-MuLV RT buffer, DNaseI, 10 mM dNTP 

Mix, random hexamer, RTase, RNase Inhibitor and 10x RT M-MuLV buffer. Finally, 

each product was diluted with 40 μl of milliQ water for quantitative PCR. 

 

2.2.7.3 Quantitative-PCR (qPCR) 

Complementary DNA synthesized was analysed with Real Time-quantitative PCR to 

determine the expression of genes before and after drug treatment. Forward and 

reversed primers were design with Primer3 and Blast (sequences of the primers refer 

Appendix 1). After that, forward and reversed primers and SYBR® Select Master Mix 

(Life Technologies) was used to quantify the transcript as fluorescence signal is emitted 

when the non-saturating dye intercalates between the double stranded DNA amplified. 

qPCR was performed using CFX ConnectTM Real-Time PCR Detection System 

(BioRad, USA). Data was analysed by comparative quantification using BioRad CFX 

Manager 3.1 Software (BioRad, USA). The expression of each gene was normalized to 

a human housekeeping gene, L32. Histograms were derived from data which 
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representing the fold change induction against cDNA synthesize from cells that were 

treated with DMSO (negative control). Average and standard deviations were calculated 

between three biological replicates to ensure data accuracy and reliability of the results. 

 

2.2.8 Cell cycle profiling 

2.2.8.1 Flow cytometry 

Flow cytometry was used for cell cycle analysis. Samples were prepared with ethanol 

fixation. Propidium iodide (PI) staining was used as a fluorochrome as it is capable of 

binding and labelling DNA and cell cycle profiling was done with MACSQuant 

Analyzer (Miltenyi Biotec) (Riccardi & Nicoletti, 2006). Data collected were further 

analysed with FlowJo software. 

 

2.2.9 Chromatin Immunoprecipitation (ChIP) 

ChIP assay was performed as previous described with some minor modifications 

(Attema et al., 2013). Antibodies included anti-histone H3 (ab1791; Abcam), and anti-

dimethyl histone H3K9 (ab1220; Abcam), anti-RNA Polymerase II (05-623B; UpState) 

and normal mouse IgG (I5381; Sigma) were purchased from respective sources. Briefly, 

12 million cells were cross-linked in 1% formaldehyde for 8 minutes at room 

temperature with gentle rocking or inversion every 2-3 minutes. Cells were pelleted by 

centrifugation (500xg for 5 minutes), and washed twice in ice-cold 1x PBS. The cells 

were lysed in 300 µl of lysis buffer (10 mM Tris pH 7.5, 1 mM EDTA, 1% SDS) 

containing protease inhibitor cocktail (PIC; Sigma) and incubated on ice for 10 minutes. 

After lysis, 900 µl of 1x PBS containing PIC was added and 300 µl was aliquoted into 

individual 1.5 ml tubes. Each 300 µl aliquot was sonicated by using a bioruptor plus® 

sonicator (Diagenode), which was empirically determined to give rise to genomic 

fragments ~200-500bp. The soluble chromatin was collected by 4°C ultracentrifugation 
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(13,000 rpm for 10 minutes) and pooled into a new 15ml falcon tube. The supernatant 

was diluted 2-fold with 2x RIPA buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 1% 

Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate, 100 mM NaCl, PIC), 1/10 

volume (40 µl) input was removed, and 400 µl of soluble chromatin (equivalent to 2 x 

106 cells) was distributed to new 1.5 ml tubes. Each respective antibody was added at 

appropriate amount as tested in titration experiments using control promoters. 

Immunoprecipitations were performed overnight at 4°C with rotation, and antibody: 

protein:DNA complexes were then collected through binding to 15 µl of protein A and 

G magnetic beads (Thermo Fisher) for 4 hours of rotation. The beads were washed three 

times using 200 µl of RIPA buffer and once with TE (10 mM Tris-HCl, pH 8.0, 10 mM 

EDTA) buffer, then incubated with 200 µl of fresh elution buffer with proteinase K for 

2 hours in a thermomixer (1300 rpm, 68°C) to reverse the protein:DNA cross-links. 

After incubation, eluates were collected into new 1.5 ml tubes. Genomic DNA was 

recovered by using phenol chloroform extraction and ethanol precipitation. Pellets were 

washed in 70% ethanol, briefly air-dried, and resuspended in TE buffer. Quantitation of 

ChIP DNA (relative enrichment) was performed using a CFX Connect™ Real-Time 

PCR Detection System (Bio-Rad) with SYBR® Select Master Mix (Life Technologies) 

and ChIP qPCR primer sequences as listed in Appendix. Enrichment of histone 

modifications at genomic regions were expressed as % input. % Input was calculated 

using the formula % (ChIP/ Total input)= 2^[(Ct(x%input) – log(x%)/log2) - 

Ct(ChIP)]x 100% to account for chromatin sample preparation differences. Ct (ChIP) 

and Ct (x%input) are threshold values obtained from exponential phase of qPCR for the 

IP’d DNA sample and input sample respectively; the compensatory factor 

(log(x%)/log2) is used to take into account the dilution 1:x of the input. 
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2.2.10 Immunoblotting 

2.2.10.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) 

The 15.0% SDS-PAGE resolving gel and 5% SDS PAGE stacking gel was prepared. 

The cells pallets were lysed using 50 µl nuclear lysis buffer (1% SDS, 10% glycerol, 10 

mM Tris-Cl, pH 6.8, 1 mM ethylene diamine tetraacetic acid (EDTA), dithiothreitol 

(DTT), 1mM PMSF and protease inhibitor cocktail). The denatured protein samples in 

SDS-PAGE sample buffer (20 µl) was loaded into gel for electrophoresis. After the 

electrophoresis, the stacking gel was removed and the resolving gel was recovered for 

use in Western blotting.  

 

2.2.10.2 Western blotting  

Western blotting was performed using a wet blotting system. The transfer cassette was 

assembled the following sequence of 1 piece of Scotch Brite pad, 2 pieces of filter paper, 

1 piece of nitrocellulose membrane, SDS PAGE gel, 2 pieces of filter paper and 1 piece 

of Scotch Brite pad. The assembly was placed into the transfer chamber filled with pre-

chilled transfer buffer, with the nitrocellulose membrane towards anode (+) core and 

SDS PAGE gel towards cathode (–) core. The electrophoretic transfer was carried out at 

250mA for 1 hour with an ice pad in the transfer tank. The nitrocellulose membrane was 

blocked with 5% skimmed milk and followed by respective primary antibody 

incubation. The membrane was washed 3 times with TBS-Tween 20 and incubated with 

suitable biotinylated secondary antibodies. The unbound antibodies were removed by 

washing 3 times with TBS-Tween 20 for 10 minutes each. The membrane was then 

incubated with freshly prepared 4-chloro-1-naphtol substrate solution. The dark purple 

bands were then photographed for record purposes.  
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CHAPTER 3: RESULTS 

3.1 Inhibition of EHMT1 and EHMT2 with BIX01294 enhances type I 

interferon response in K562 cells 

Previous research finding showed that inhibition of EHMT1 either with RNA 

interference (RNAi) or a chemical inhibitor enhances interferon response and protects 

cells from virus infection (C. K. Ea et al., 2012; Fang et al., 2012). Before any 

experiment was started, the effectiveness of an EHMT1 and EHMT2 specific chemical 

inhibitor, BIX01294 was determined. Hence, a simple Immunoblotting experiment was 

carried out. Immunoblotting result showed 83% reduction of the global level of 

H3K9me2 (Figure 3.1A) in K562 cells after being treated with BIX01294 for twenty-

four hours.  K562 cells used in this assay are human bone marrow chronic myeloid 

leukemia cells. This result confirmed the inhibition of EHMT1 and EHMT2 by 

BIX01294 in K562 cells. 

 

To determine whether the inhibition of EHMT1 and EHMT2 in CML cells 

enhances their response to interferon, K562 cells were treated with IFNα2a in the 

presence and absence of BIX01294. The expressions of ISGs were measured using 

Real-Time qPCR, including IFIT2, IFIT3, GBP1, GBP3, OAS2, OAS3 and IRF7 in a 

dose dependent manner (Figure 3.2A). In the presence of BIX01294, 100 IU/ml IFNα2a 

produced a comparable ISGs expression pattern and level to that of 1000 IU/ml IFNα2a-

stimulated DMSO-treated K562 control cells. Moreover, IRF7 protein level increased in 

response to IFNα2a stimulation. Pretreating K562 cells with BIX01294 induce the 

protein level of IRF7 even in the absence of IFNα2a stimulation (Figure 3.2B). 
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Figure 3.1: BIX01294 reduce the global level of H3K9me2, while increase the IRF7 protein production. 
(A) K562 cells were incubated with 2.5 µM BIX01294 and 5 µM of UNC0638 for 24 hours. The cells 
were then lysed and check for H3K9me2 protein level with Immunobloting technique. (B) K562 cells 
were pretreated with BIX01294 for 24 hours before stimulated with 1000 IU/ml IFNα2a. After two hours 
of IFNα2a stimulation, the protein level of IRF7 was check with specific antibody. 
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To test if BIX01294 treatment enhances the expression of ISGs induced by other 

interferons in K562 cells, K562 cells was pretreated with or without BIX01294 

followed by IFNβ (a type I interferon) or IFNγ (a type II interferon) stimulation. 

Consistent with IFNα2a stimulation, pretreating K562 cells with BIX01294 enhanced 

IFNβ-induced, but not IFNγ-induced expression of IFIT2 and IFIT3 (Figure 3.2B).  

 

Taken together, these results indicate that inhibition of EHMT1 and EHMT2 in 

K562 cells significantly enhances the expression of ISGs in response to type I 

interferons, but not type II interferon stimulation. 

 

3.2 BIX01294 sensitizes CML cell lines to IFNα2a treatment 

IFNα2a is approved by the US FDA as an anti-cancer drug against CML. However, 

K562 cells have been shown to be resistant to interferon treatment in vitro (IC50> 105 

IU/ml) (Colamonici, Domanski, Platanias, & Diaz, 1992; Sakai, Takeuchi, Yamauchi, 

Narumi, & Fujita, 2002). To test whether inhibition of EHMT1 and EHMT2 renders 

K562 cells sensitivity to interferon treatment, proliferation of K562 cells treated with or 

without IFNα2a in the presence or absence of BIX01294 was measured using MTT 

assays. Consistent with the previous reports, MTT assay result showed that K562 cells 

were resistant to IFNα2a treatment because K562 cells proliferation only reduced by 10% 

after treating with 105 IU/ml of IFNα2a alone (Figure 3.3A). On the other hand, in the 

presence of BIX01294, IFNα2a strongly inhibited the proliferation of K562 cells. For 

example, in the presence of 2 µM of BIX01294, 1000 IU/ml of IFNα2a achieved 40% 

inhibition of cell proliferation and 105 IU/ml of IFNα2a inhibited cell proliferation by 60% 

(Figure 3.3A). Moreover, treating K562 cells with 2 µM BIX01294 alone had no effect 

on their proliferation. These findings demonstrate the inhibition of EHMT1 and 

EHMT2 does not kill the cells but sensitizes K562 cells to interferon treatment. 
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Figure 3.2: BIX01294 enhances the expressions of ISGs in K562 cells. (A) K562 cells were incubated 
with 2.5µM BIX01294 for 24 hours. The cells were then treated with various concentrations of IFNα2a as 
indicated. After two hours of IFNα2a stimulation, the expression of various ISGs was measured with RT-
qPCR. Error bars represent the variation range of duplicate experiments. *: p < 0.05, **: p < 0.01. (B) 
K562 cells were incubated with 2.5µM BIX01294 for 24 hours. The cells were then treated with IFNβ or 
IFNγ for two hours. The expression of IFIT2 and IFIT3 was measured with RT-qPCR. Error bars 
represent the variation range of duplicate experiments. *: p < 0.05.  Univ
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Three additional CML cell lines, KCL22, BV173 and KT1 were included to 

ensure the phenomenon observed is not unique to K562 cells.  Among these cell lines, 

KT1 cells were sensitive to IFNα2a treatment, while KCL22 and BV173 cells were 

IFNα2a resistance (Figure 3.3B-D). A similar pattern of anti-proliferation was observed, 

BIX01294 treatment significantly sensitized KCL22 and BV173 cells to IFNα2a 

treatment. Furthermore, inhibition of EHMT1 and EHMT2 with BIX01294 moderately 

but still enhanced the cytotoxicity of IFNα2a in interferon-sensitive KT1 cells.  

 

In additional to CML cell lines, three non-CML cell lines with different origins 

also included in the experiment. They are Jurkat (a T cell lymphoma), HeLa (a cervical 

cancer cell), and HaCat (an immortal human keratinocyte). None of these cells were 

sensitive to IFNα2a treatment as only about 20% inhibition of cell proliferation was 

observed at the highest concentration of IFNα2a treated (105 IU/ml) (Figure 3.4). Unlike 

responses observed in CML cell lines, inhibition of EHMT1 and EHMT2 in Jurkat, 

HeLa and HaCat cells had moderate or little effect on the sensitivity of these cells to 

interferon treatment. 

 

In summary, these results suggest that inhibition of EHMT1 and EHMT2 with 

BIX01294 sensitizes CML cells, and to a lesser extent on Jurkat, HeLa or HaCat cells to 

interferon treatment. 
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Figure 3.3: BIX01294 sensitizes CML cell lines to IFNα2a treatment. K562 (A), KCL22 (B), BV173 (C) 
and KT1 (D) cells were cultured with various concentrations of BIX01294 and IFNα2a as indicated. After 
four days, cell proliferation was measured with a MTT assay. Results represent the mean ± SD in 
quadruplicate experiments. 
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Figure 3.4: BIX01294 slightly enhance IFNα2a-induced anti-proliferation in non-CML cells. Jurkat (A), 
HeLa (B) and HaCat (C) cells were cultured with various concentrations of BIX01294 and IFNα2a as 
indicated. After four days, cell proliferation was measured with a MTT assay. Results represent the mean 
± SD in quadruplicate experiments. 
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3.3 Inhibition of EHMT1 and EHMT2 with UNC0638 enhances 

Interferon response in K562 cells 

A second commercially available EHMT1- and EHMT2-specific inhibitor, UNC0638 

was included to minimize the possibility that the effect observed with BIX01294 

treatment was caused by an off-target effect (Vedadi et al., 2011). Comparable to 

BIX01294, global level of H3K9me2 was reduced by 79% when K562 cells were 

treated with UNC0638 for twenty-four hours (Figure 3.1A).  

 

Furthermore, the effect of UNC0638 on IFNα2a-mediated anti-proliferation was 

tested and similar phenomenon as in BIX01294 treatment was observed. The inhibition 

of EHMT1 and EHMT2 with UNC0638 sensitizes K562 cells to interferon treatment 

(Figure 3.5A). Nonetheless, Interferon response of K562 cells after UNC0638 treatment 

was measured with RT-qPCR. The result showed that treating K562 cells with 

UNC0638 enhanced the expression of several ISGs in response to IFNα2a stimulation. 

IFIT2, IFIT3, OAS2, OAS3, GBP1, GBP3 and IRF7 genes expression were all up-

regulated (Figure 3.5B). 

 

3.4 EHMT1 and EHMT2 RNAi knocked down enhanced Interferon 

response in K562 cells 

In addition, the expression of either EHMT1 or EHMT2 was knocked down by stable 

transducing short hairpin RNAs (shRNAs) against EHMT1 and EHTM2 in K562 cells 

(Figure 3.6A). Infecting K562 cells with lenti-viruses carrying shRNAs against EHMT1 

or EHMT2 achieved a 50-60% knockdown of the mRNA as well as the protein levels 

reduction of EHMT1 and EHMT2. It has been previously reported that EHMT1 and 

EHMT2 form functional heterodimer and knocked out of either EHMT1 or EHMT2 

destabilizes EHMT2 or EHMT1 respectively (Tachibana et al., 2005). The similar 
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phenomena were observed as the expression of IFIT2 and IFIT3 were dramatically 

enhanced with the knocked-down of either EHMT1 or EHMT2 in shRNAs-transduced 

K562 cells upon IFNα2a treatment. Moreover, knocked down expression of either 

EHMT1 or EHMT2 in shRNAs-transduced K562 cells sensitized the cells towards 

interferon treatment (Figure 3.6B).  

 

These results concluded that two different EHMT1- and EHMT2-specific 

chemical inhibitors, as well as knocking down the expression of either EHMT1 or 

EHMT2 enhance interferon response in CML cell lines, implying that inhibition of 

EHMT1 and EHMT2 sensitizes interferon resistant CML cell lines to interferon-

mediated anti-proliferation. 

 

3.5 EHMT1 and EHMT2 catalyze H3K9 methylation at the promoters 

of ISGs 

To determine if EHMT1 and EHMT2 catalyze the H3K9 methylation at the promoters 

of ISGs, the levels of H3K9me2 at these promoters were determined in DMSO- or 

BIX01294-treated K562 cells stimulated with or without IFNα2a. In BIX01294 treated 

K562 cells, the basal levels of H3K9me2 was reduced by 75-80% at the GBP3 and 

IFIT3 promoters, and 36% at the β-globin promoter (Figure 3.7A). Accordingly, low 

level of H3K9me2 was detected at the promoter of highly expressed housekeeping gene, 

GAPDH. Furthermore, IFNα2a induced more polII recruitment to the GBP3 and IFIT3 

genes in BIX01294 treated K562 cells than in DMSO treated K562 cells (Figure 3.7B). 

This is consistent with the observation that higher GBP3 and IFIT3 expression in 

BIX01294 treated K562 cells in response to IFNα2a stimulation (Figure 3.2). 
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Figure 3.5: UNC0638 inhibits the proliferation of K562 cells and potentiates the expression of ISGs. (A) 
K562 cells were cultured with various concentrations of UNC0638 and IFNα2a as indicated. After four 
days, cell proliferation was measured with a MTT assay. Results represent the mean ± SD in 
quadruplicate experiments. (B) K562 cells were incubated with 5 µM UNC0638 for 24 hours followed 
with various concentrations of IFNα2a stimulation as indicated. After two hours of IFNα2a stimulation, 
the expression of various ISGs was measured with RT-qPCR. Error bars represent the variation range of 
duplicate experiments. *: p < 0.05, **: p < 0.01. 
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Figure 3.6: EHMT1 and EHMT2 RNAi knocked down enhanced interferon response in K562 cells. (A) 
Whole cell extracts or total RNA were generated from K562 cells infected with control or lentiviruses 
carrying EHMT1- or EHMT2-specific shRNAs (left). EHMT1 or EHMT2 protein levels were analysed 
by immunoblotting using indicated antibodies while mRNA levels were measured with RT-qPCR. Error 
bars represent the variation range of duplicate experiments. The same cells were stimulated with 1000 
IU/ml IFNα2a for two hours (right). The expression of various ISGs was measured with RT-qPCR. Error 
bars represent the variation range of duplicate experiments. **: p < 0.01. (B) K562 cells as in (A) were 
cultured with various concentrations of IFNα2a as indicated. After four days, cell proliferation was 
measured with a MTT assay. Results represent the mean ± SD in quadruplicate experiments.
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Figure 3.7: EHMT1 and EHMT2 promote H3K9 methylation at the promoters of GBP3 and IFIT3. (A-B) K562 cells treated with DMSO or BIX01294 were stimulated with IFNα2a 
for 2 hours, and were analysed by ChIP (H3K9me2 (A) and polII (B); mean ± SD; *: p<0.05;**: p<0.01; representative data of three independent experiment).
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These results suggest that EHMT1 and EHMT2 are the major H3K9 HMT that 

catalyzes H3K9me2 at the GBP3 and IFIT3 genes. 

 

3.6 Inhibition of EHMT1 and EHMT2 with BIX01294 enhances 

cytotoxicity of imatinib in K562 cells 

CML is a unique disease, universally characterized by the presence of Bcr-Abl fusion 

genes, which encodes a constitutively active tyrosine kinase, and is considered 

responsible for the pathogenesis of CML (Lugo et al., 1990). Imatinib (Gleevec) is the 

first Bcr-Abl specific tyrosine kinase inhibitor approved by the FDA for treating CML 

(Henkes, van der Kuip, & Aulitzky, 2008).  

 

To test if inhibition of EHMT1 and EHMT2 also enhances the anti-cancer effect 

of imatinib in CML, the cytotoxicity of imatinib is investigated in the presence or 

absence of BIX01294. K562 cells were very sensitive to imatinib treatment in that 

150nM of imatinib reduced the proliferation of K562 cells by 57% (Figure 3.8A). More 

importantly, treating K562 cells with imatinib together with BIX01294 significantly 

enhanced the anti-proliferation effect of imatinib (Figure 3.8A).  

 

3.7 Inhibition of EHMT1 and EHMT2 with BIX01294 enhances 

IFNα2a- and imatinib-induced apoptosis 

To investigate if BIX01294 enhances the anti-proliferation effect of IFNα2a and 

imatinib by inducing cell cycle arrest or apoptosis, cell cycle analysis by FACS was 

performed for K562 cells treated with IFNα2a or imatinib in the presence or absence of 

BIX01294. The result showed S phase arrested when K562 cells were treated with 

IFNα2a, while imatinib treatment slightly increased the percentage of cells in the sub-

G1 phase (Figure 3.8B). In the presence of BIX01294, cells in the sub-G1 phase were 
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significantly increased after prolonged IFNα2a or imatinib treatments (p<0.05). The 

increase of cell death was definitely not caused by BIX01294 itself, as treating K562 

cells with BIX01294 alone did not increase the number of sub-G1 cells. However 

BIX01294 treatment did lead to a slight increase of cells in the G2 phase (Figure 3.7B). 

These results suggest that inhibition of EHMT1 and EHMT2 enhances IFNα2a- and 

imatinib-induced cell death.  

 

To further test if BIX01294 enhances IFNα2a- and imatinib-induced cell death 

through apoptosis, the cleavage of the nuclear caspase substrate poly-ADP-ribose 

polymerase (PARP) and procaspase3, two biochemical markers for apoptosis was 

examined. DMSO treated K562 cells did not undergo apoptosis in response to IFNα2a 

or imatinib treatments as no cleaved PARP and activated caspase 3 were detected 

through immunoblotting (Figure 3.8C). On the other hand, combination of BIX01294 

with IFNα2a or imatinib induced apoptosis in K562 cells as indicated by the generation 

of a shorter form of PARP (p85) and activated caspase 3 (p17 and p19) (Figure 3.8C). 

Therefore, by inhibiting EHMT1 and EHMT2, BIX01294 sensitizes K562 cells to 

IFNα2a- and imatinib-induced apoptosis. 

 

3.8 CML cell lines show different amplitude of interferon response 

In Figure 3.3, K562, KT1, KCL22 and BV173 cells are shown to exhibit different 

sensitivity to IFNα2a treatment. To determine if IFNα2a induces different expression 

levels of ISGs among K562, KT1, KCL22 and BV173, these cells were treated with 

1000 IU/ml IFNα2a and the ISGs expression level were determined by RT-qPCR. The 

result demonstrates that KT1 cells expressed relatively higher basal and induced levels 

of IFIT2 and IFIT3 relative to K562, KCL22 and BV173 (Figure 3.9A-B).  
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Figure 3.8: BIX01294 enhances imatinib- and IFNα2a-induced apoptosis in K562 cells. (A) K562 cells 
were cultured with various concentrations of BIX01294 and imatinib as indicated. After four days, cell 
proliferation was measured with a MTT assay. (B) K562 cells were stimulated with or without IFNα2 
(15k IU/ml), or imatinib (150 nM) in the presence or absence of BIX01294 (2 µM) for 2 days. Cells were 
washed with PBS and fixed with 70% ethanol. Fixed cells were then stained with PI and analyzed with 
FACS. (C) K562 cells were stimulated with or without IFNα2a (10k IU/ml), or imatinib (75 nM) in the 
presence or absence of BIX01294 (2µM) for 2 days. Whole cell extracts were prepared and subjected to 
immunoblotting using the indicated antibodies. Results showed were representative data of three 
independent experiments. 
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Since type I interferons are potent anti-viral agents, these CML cell lines with 

different IFNα2a sensitivity profile could response differently to viral infection. To 

investigate if KT1 cells (with higher basal and ISGs expression level) are more resistant 

to viral infection, vesicular stomatitis virus carrying a GFP reporter (VSV-GFP) used to 

infect K562, KT1, BV173 and KCL22 cells at a multiplicity of infection (MOI) of 0.5. 

Twenty-four hours post-infection, infected cells were quantified by sorting the GFP 

positive cells using FACS. Consistent with the higher interferon response observed in 

KT1 cells, KT1 cells were more resistant to VSV-GFP infection compared to K562, 

BV173 and KCL22 cells (Figure 3.9B). At the MOI of 0.5, 40.9% of K562 cells, 20.8% 

BV173 cells and 78.3% KCL22 cells expressed GFP, while only 5.5% of KT1 cells 

were GFP positive at twenty-four hours post-infection. 

 

It has been previously shown that the magnitude of type I interferon response is 

influenced by and inversely correlates with the expression level of EHMT1 and EHMT2. 

To test if the expression level of EHMT1 and EHMT2 contributes to different 

expression level of ISGs among KT1, BV173, KCL22 and K562 cells, the protein levels 

of EHMT1 and EHMT2 were compared among KT1, BV173, KCL22 and K562 cells 

(Figure 3.10). K562, BV173 and KCL22 cells expressed EHMT1 and EHMT2 at a 

slightly higher protein level compared to KT1 cells. Furthermore, the relative mRNA 

level of EHMT1 and EHMT2 in BV173, KCL22, K562 and KT1 cells were also 

measured with RT-qPCR.  The results consistently showed that KT1 cells expressed 

less mRNA levels of EHMT1 and EHMT2 than those in BV173, KCL22 and K562 cells 

(Figure 3.10B).  
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To further test if the high ISGs expression in KT1 cells in response to interferon 

stimulation is due to the lower expression of EHMT1 and EHMT2, FLAG-mEHMT1 

and HA-mEHMT2 were co-expressed in KT1 cells and the interferon response was 

again measured with RT-qPCR. The FLAG-specific and HA-specific antibodies and 

RT-qPCR were used to verify the expression of exogenous mouse EHMT1 and EHMT2 

(Figure 3.10A-B). The results show that IFNα2a-induced expression of IFIT2 and IFIT3 

were significantly reduced when EHMT1 and EHMT2 are overexpressed (Figure 

3.10C).  

 

Taken together, these results imply that intrinsic expression level of EHMT1 and 

EHMT2 correlates with the type I interferon responsiveness of CML cells. 
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Figure 3.9: Expression level of EHMT1 inversely correlates with the sensitivity of CML cells to 
interferon. (A) KT1, K562, KCL22 and BV173 cells were treated with 1000 IU/ml IFNα2a for 2 hours, 
the expression of IFIT2 and IFIT3 was measured with RT-qPCR. Error bars represent the variation range 
of duplicate experiments. *: p < 0.05, **: p < 0.01. (B) KT1, K562, KCL22 and BV173cells were 
incubated with or without 2.5 µM BIX01294 for 24 hours. Cells were then infected with VSV-GFP at a 
MOI of 0.5 for 24 hours. GFP positive cells were sorted by FACS. Results represent the mean ± SD in 
triplicate experiments. Univ
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Figure 3.10: Different EHMT1 profile among CML cells. (A) Whole cell extracts were prepared from 
K562, KT1, BV173 and KCL22 cells, and examined by immunoblotting using the indicated antibodies. 
(B) The relative mRNA level of EHMT1 and EHMT2 was measured with RT-qPCR. Results represent 
the mean ± SD in quadruplicate experiments. *: p < 0.05. (C) KT1 empty vector or FLAG-mEHMT1-
HA-mEHMT2 cells were treated with or without IFNα2a (1000IU/ml) for two hours, the expression of 
various IFIT2 and IFIT3 was measured with RT-qPCR. Error bars represent the variation range of 
duplicate experiments. *: p < 0.05, **: p < 0.01.  
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CHAPTER 4: DISCUSSION 

Treatment of CML has changed from chemotherapy (busulfan, hydroxyurea) in the past 

to interferon, and finally to tyrosine kinase inhibitors such as imatinib. Interferon was 

previously given to CML patients based on the reasons that IFNα is capable of 

modulating gene expression, induces apoptosis, inhibits cell proliferation, and induces 

an immunomodulatory response (Goldman, 2010). It is also widely used in other cancer 

treatment (Guilhot, Roy, Saulnier, & Guilhot, 2009; Rubin, 1988). However, several 

studies in the past have pointed out that interferon treatment is only effective in treating 

patient with chronic phase CML and patients who developed accelerated and blastic 

phase tend to have poor prognosis and are irresponsive to interferon treatment (Guilhot 

et al., 2009). In addition, high dose of interferon may lead to severe toxicity, including 

neurotoxicity and depression especially after 3-5 years of treatments (Vial, Choquet-

Kastylevsky, Liautard, & Descotes, 2000). Although interferons have now been 

dropped out from the first-line treatment regimens for CML, it still has a role in 

chemotherapy, bone marrow transplantation and for those tolerance to tyrosine kinase 

inhibitor treatment (Hoffman & Wadler, 1993).  

 

Here, I showed that inhibiting the H3K9me2 specific methyltransferases, 

EHMT1 and EHMT2, either with a chemical inhibitor, BIX01294 or RNAi sensitizes 

CML cell lines to interferon treatment. EHMT1 and EHMT2 negatively regulates type I 

interferon response by promoting H3K9me2 at the promoters of ISGs. Using a second 

generation and commercially available EHMT1 and EHMT2 specific inhibitor, 

UNC0638, I managed to show that the sensitization of CML cell lines by BIX01294 to 

interferon treatment was not due to off-target effects. Doses of IFNα in clinical trials 

have ranged from 2 to 5 million IU/m2. The current standard tolerated dose is 5 million 

IU/m2, given daily by subcutaneous injection. The combination treatment of BIX01294 
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and IFNα would be more ideal as it could significantly reduce the dosage of interferon 

required to achieve therapeutic response. Therefore, the combined treatment regimen 

provides an alternative to reduce the toxicity side effects of the interferon mentioned 

earlier. 

 

Before tyrosine kinase inhibitors are introduced, therapies for CML such as 

interferons and chemotherapeutic agents only provide temporary disease control but do 

not alter its progression to advanced disease. It is not until 1990 did the researchers 

linked the constitutive tyrosine kinase activity of Bcr-Abl to the pathogenesis of CML, 

as the tyrosine kinase promote the growth of CML cells (Lugo et al., 1990). This 

discovery spurred the development of the molecular-targeted therapy. Imatinib, the first 

approved tyrosine kinase inhibitor, functions by blocking the adenosine triphosphate 

(ATP) binding site on the Bcr-Abl kinase, is selective for killing cells expressing the 

Bcr-Abl kinase. The results of clinical trials with imatinib demonstrated impressive 

response rates in patients who had not responded to IFNα therapy (Brian J. Druker, 

Talpaz, et al., 2001). Moreover, successful large-scale clinical trials have proven 

imatinib has high and persistent efficacy in treating CML by maintaining patients in 

chronic phase and therefore improved long-term survival (Hochhaus et al., 2009). 

However, 25% of patients with imatinib monotherapy in Fausel’s study show primary 

refractory disease and drug resistance (Fausel, 2007). The resistance is more often 

caused by the evolution of mutations in blocking imatinib interactions with the Bcr-Abl 

ATP binding site. Since then, several new generations of tyrosine kinase inhibitors were 

developed. However, imatinib and its kinds are also inhibitor of cytochrome P450 

enzymes, thus requires careful monitoring of concomitant medications metabolized by 

these enzymes (Filppula, Laitila, Neuvonen, & Backman, 2012). 
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Despite all the side effects and inconsistent performances, some studies do 

provide evidence about the curative potential of the IFNα (Mahon et al., 2002). 

Mahon’s study recorded 47% of the patients who received interferon treatment did not 

relapse after discontinuation of the treatment. This is important, especially for imatinib-

resistance CML patients. Other than imatinib monotherapy, several clinical trials have 

shown some advantages for combining imatinib with IFNα treatment (Talpaz, 

Hehlmann, Quintas-Cardama, Mercer, & Cortes, 2013). One of the rationales for the 

combination therapy is that imatinib kills CML cells but not CML primitive progenitors 

while IFNα preferentially target CML stem cells. My study here shows that inhibition of 

EHMT1 and EHMT2 by the BIX01294 augments the cytotoxicity of imatinib. 

Therefore, inhibition of EHMT1 and EHMT2 will potentiate the efficacy of the imatinib 

and interferon combination therapy. 

 

By comparing type I interferon response between interferon-resistant (K562, 

KCL22 and BV173) and interferon-sensitive (KT1) cells, I show that the levels of ISGs 

expression are important and may partially explained the different sensitivity of these 

cell lines to interferon treatment. For example, KT1 cells which contain higher ISGs 

expression upon IFNα2a stimulation are more resistant to viral infection and more 

sensitive to IFNα2a treatment. The reason behind the interferon sensitive may due to 

lower EHMT1 and EHMT2 profile in KT1 compare to interferon-resistance CML cells. 

With the result obtained, I further showed that EHMT1 and EHMT2 levels were 

inversely correlated with the expression of ISGs which was in agreement with other 

publications studying fibroblasts and dendritic cells (Fang et al., 2012). In a previous 

study by Ea and his co-workers, they reported that p50 recruits EHMT1 to the 

promoters of type I interferons response genes and repress the gene expression (C. K. 

Ea et al., 2012). They further showed that silencing and reduction of EHMT1 levels 
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enhances interferons production and strengthens the interferon-mediated inhibition of 

virus replication. Similarly, I showed that ectopic expression of EHMT1 and EHMT2 in 

KT1 cells reduced the type I ISGs expression in KT1 cells. Thus, cells that have low 

EHMT1 and EHMT2 profile are expected to be more resistant to viral infection and 

response better to interferon treatment. Therefore, the expression levels of EHMT1 and 

EHMT2 in CML cells might potentially be a biomarker to predict the interferon 

response of CML patients. Further experiments with the use of primary cells extracted 

from CML patients rather than commercial CML cell lines are required. 

 

To further demonstrate the combined BIX01294 and interferon treatment’s 

efficacy towards CML, it would be necessary to determine its effect in vivo. Previously, 

in vivo animal study was unable to be carried out due to some technical constraints: (1) 

poor pharmacokinetic property of BIX01294 limits the in vivo animal study. Several 

trials and routes of injections have been tested. BIX01294 have been injected into mice 

through peritoneal, subcutaneous and retro-orbital injection, but only less than 1% of 

total injected BIX01294 can be detected in the blood. (2) High dose of BIX01294 can 

kill CML cells through unknown mechanism, which is similar to the data obtained in 

Figure 3.3 and Figure 3.4, whereby I show that BIX01294 is toxic to all tested cell lines, 

with dosage higher than 2 µM. Hence, EHMT1 and EHMT2-specific chemical 

inhibitor’s with better pharmacokinetic profile is required for future in vivo study.  

 

In this study I found that BIX01294 treatment reduced the H3K9me2 level at the 

promoter of β-globin in K562 cells (Figure 3.7). These results imply that EHMT1- and 

EHMT2-regulated gene may play a role in β-globin expression in K562 cells. However, 

our group previous study showed that EHMT1 is dispensable for the H3K9me2 

modification at the promoter of β-globin in HeLa cells (C. K. Ea et al., 2012). This 
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contradictive result may due to the expression of β-globin is restricted to erythrocytes. 

In 2015, Renneville’s study also shows that EHMT1 and EHMT2 inhibition has the 

ability to induce γ-globin expression and HbF synthesis in primary adult human 

erythroid cells (Renneville et al., 2015). K562 cells are of the erythroleukemia type. 

Thus β-globin is considered a permissive gene in K562 and a non-permissive gene in 

other cell types, such as HeLa cells, a cervical cancer cell line. EHMT1 and EHMT2 are 

mainly associated with euchromatin where most of the permissive genes are located, 

while SUV39H1 and SUV29H2 are mainly present in heterochromatin that is enriched 

with non-permissive genes (Peters et al., 2001; Tachibana et al., 2002). Further study to 

test if β-globin is located within euchromatin in K562 cells while within 

heterochromatin in other cell types, and thus regulates the accessibility of β-globin by 

EHMT1 and EHMT2 in different cell types, would provide valuable insight on the 

mechanism of EHMT1- and EHMT2-mediated gene regulation.  
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CHAPTER 5: CONCLUSION 

This study demonstrates the importance and role of histone methyltransferase, EHMT1 

and EHMT2, in the treatment of CML. Experiment data presented also illustrated the 

relationship between the levels of EHMT1 and EHMT2 and the response of the CML 

cells towards type I interferon treatment. The cells with higher EHMT1 and EHMT2 

profile tends to have lower ISGs expression and are less sensitive towards interferon 

treatment. Inhibition of EHMT1 and EHMT2 using chemical inhibitors or RNAi is 

capable to sensitize CML cells to type I interferon and imatinib treatments. Henceforth 

this study provides evidence and insight that targeting EHMT1 and EHMT2 is a 

potential new approach to improve existing CML treatments, including imatinib and 

interferon therapies. 
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