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Abstract 

Despite the production of live cloned animals from a range of mammalian species, the efficiency 

of (nuclear transfer) NT still remains low. Inadequate reprogramming of epigenetic marks in the 

donor cells has been identified as the key cause of this inefficiency. One repressive epigenetic 

mark which is known to be very stable and difficult to remove during reprogramming is 

H3K9Me3.  The aim of this project has been to test the hypothesis that removal of H3K9me3 via 

over expression of its specific demethylase, jmjd2b, in donor cells prior to NT would enhance 

reprogramming. To test this hypothesis, mouse embryonic stem (ES) cells with tet inducible 

expression of jmjd2b were generated. Induction of jmjd2b in these ES cells resulted in 62-65% 

reduction in H3K9me3 as determined by immunofluorescence and western analysis. Use of ES 

cells that were induced for jmjd2b as donors during NT resulted in 8% higher number of 

blastocysts and 10% higher overall in vitro development compared to non-induced ES cells. 

However, following embryo transfers no live cloned mice could be generated. To test the 

pluripotency of the jmjd2b ES cells, one live germ-line chimera was generated. The overall 

efficiency of generating a live germline chimera was very low of 0.5%. However, the generation 

of this chimera enabled the generation of jmjd2b inducible mice and subsequent derivation of 

somatic mouse embryonic fibroblasts (MEFs), which enabled the examination of the effects of 

using somatic donor cells with reduced level of H3K9me3 during NT. Induction of jmjd2b in 

MEFs resulted in a dramatic decrease in H3K9me3 by 85-90% and 99% as determined by 

immunofluorescence and western analysis respectively. In contrast to the results seen with 

jmjd2b ES cells, use of MEFs induced for jmjd2b as donors in NT, resulted in 10 fold higher 

number of blastocysts and 3 fold higher overall in vitro development compared to non-induced 

MEFs. Although, following embryo transfers no live clones were generated, this was probably 

because of the small number of reconstructs (33) transferred. Thus it appears that reduction of 

H3K9me3 via over-expression of jmjd2b in donor cells improves in vitro reprogramming 

efficiency of NT reconstructs, but the greater effect seen with MEFs suggests that this type of 

chromatin therapy is more suitable for somatic NT.  
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Chapter 1: Introduction 

1.1 Overview: The total genomic information present in all the cells that form an organism is the 

same. However, in each cell type there is a complex organization that controls which genes are 

expressed and this determines the phenotype of the cell. These differences between cell types 

arise early during development and are essential for determining cell fate and development [1, 2]. 

It is thought that this complex organisation of the cellular machinery that determines how a 

genotype becomes a specific phenotype is controlled by epigenetic modifications [1, 2]. 

Epigenetic modifications are generally defined as changes to the genome, not involving any 

changes to the DNA sequence, that result in differential or tissue/cell specific gene expression 

[3-7]. Molecular mechanisims underlying epigenetic changes include DNA methylation and 

chromatin/histone modifications [3]. These modification are especially important during 

fertilization and development. During gametogeneis the gametes (oocyte and sperm) undergo a 

phase of epigenetic reprogramming whereby they are reformatted to carry all the information 

required to intiate development following fertilization [1, 2]. Following fertilization, the 

epigenetic marks in both maternal (oocyte) and paternal (sperm) genomes are again 

reprogrammed to ensure correct embryonic genome activation occurs in the zygote [1, 2]. 

Nuclear transfer (NT) is almost a reversal of this normal process where the nucleus of a 

differentiated cell is transferred into an enucleated oocyte to generate an organism, genetically 

identical to the donor cell [7-11]. Thus NT requires that the genome of a differentiated cell which 

unlike the sperm is not formatted to initiate development must be reprogrammed from a 

restricted cell lineage-appropriate gene expression profile to a totipotent state that allows access 

to nearly the full gene complement in order to successfully orchestrate embryonic development. 

The successful generation of live clones from adult differentiated cells has shown that oocytes 

can reprogram the nuclei of terminally differentiated cells to an embryonic state [10, 12, 13]. 

However, the viability of many of these NT embryos is low and only small proportion reach 

adulthood [10, 12, 13]. In addition a range of abnormalities have been described in the surviving 

clones [10, 12, 13]. These observations indicate that reprogramming of a differentiated cell to an 

embryonic state is an inefficient process. Incorrect reprogramming of epigenetic marks in the 

donor cells has been thought to be the main cause of the low efficiency in NT [3, 4]. While 

genetic aberrations have been seen in some clones, the fact that many of the phenotypic 

anomalies following NT are similar between clones of different species and the absence of these 
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anomalies in offspring of the clones suggests that faulty epigenetic reprogramming is the sole 

cause of low efficiency in NT [3, 14-16]. In this chapter I have reviewed some of the historical 

work done in NT in mammals, common epigenetic modifications and their function and 

modifiers responsible for their synthesis and finally the growing class of histone demethylases 

and their potential use in manipulating epigenetic marks during NT.    

 

1.2 Historical overview of NT in mammals:  Initial cloning experiments in mammals were 

attempted via the virus-induced fusion technique whereby an inactivated sendi virus is used to 

fuse mouse somatic cells with non-enucleated fertilized or unfertilized eggs [17-19]. These 

studies were essentially unsuccessful as the embryos generated failed to develop beyond the 

cleavage stage. Later on in 1975, Bromhall, using microinjection or virus induced fusion, 

transferred somatic nuclei into non-enucleated fertilized rabbit embryos and reported the 

generation of some embryos that survived until the morula stage [20]. In all these early studies 

the recipient eggs were not enucleated hence it was unlikely that the resulting triploid or 

tetraploid embryos would have developed to late fetal stages [17-20].  

The first successful NT experiment that led to the generation of adult mammals was reported by 

Illmensee and Hoppe in 1981 [21]. They described the birth of three live mice, following 

injection of inner cell mass (ICM) nuclei into enucleated zygotes [21]. Following this, three 

years later, using donor nuclei from zygotes and same developmental stage enucleated recipient 

zygotes, McGrath and Solter (1983) also reported the generation of live cloned mice [22]. 

However, when they repeated these experiments using donor nuclei from later stages of 

development they found that while nuclei from two cell embryos supported development until 

the morula and blastocyst stage, nuclei from four-cell, eight-cell and ICM nuclei failed to 

produce any successful development [23].  One of the reasons for these failures could have been 

the utilization of enucleated zygotes rather than unfertilized oocytes as recipients, as it was 

thought that the cytoplasm of a zygote may be more conducive to support development [9]. 

Indeed the switch to enucleated oocytes for NT delivered a first breakthrough. In 1986, 

Willadsen published the production of live sheep clones after reconstruction of NT embryos by 

fusing enucleated metaphase II arrested oocytes with embryonic cells isolated from 8-16 cell 

embryos [24].  Soon after, cloning using embryonic cells from cleavage stage embryos was 

successfully reported in pigs [25], rabbits [26], mice [27] and monkeys [28]. Apart from 
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cleavage stage embryonic cells, microinjection of bovine ICM nuclei into enucleated metaphase 

II arrested oocytes was also reported to successfully generate two live clones [29]. However, the 

main goal was to test the totipotency of somatic differentiated cells. The first step in this 

direction came with the successful production of live calves using nuclei from cultured ICM cells 

[30]. Although in these experiments ICM cells were able to retain totipotency for a month in 

culture, this was the first indication that the nuclei of cells that have undergone a few passages 

could support development [30]. Further progress was made in 1996, when Campbell et al. 

performed nuclear transfer using donor nuclei from an established cell line isolated from the 

embryonic disc of a day 9 sheep embryo [31]. These cells, although embryonic in origin, had 

differentiated in vitro into epithelial cells after six passages and were found to express the 

differentiation markers cytokeratin and nuclear laminin A/C [31]. For the nuclear transfer 

experiments Campbell and co-workers induced these donor cells to quiescence by serum 

starvation before electrofusing them to enucleated oocytes [31]. Induction to quiescence was 

thought to modify the chromatic structure of the donor nuclei and make it more permissible to 

reprogramming [31]. These attempts proved to be successful and resulted in two healthy live 

lambs [31]. The next year the same group pushed the limits even further when they used the 

same technique but with nuclei from adult somatic cells. Using cultured adult mammary gland 

cells as nuclei donors, they reported the successful generation of a healthy lamb, Dolly, the first 

mammal cloned from adult differentiated cells [32]. This success represented a key milestone 

and soon after resulted in the successful cloning of a growing number of mammalian species 

from adult somatic donor cells [10, 12, 13, 33-35]. In spite of the widespread success, in all these 

experiments only less than 1% of the reconstructed embryos resulted in live births and many 

developmental defects in fetuses and placentas, high rates of pregnancy loss and chromosomal 

abnormalities have been described in significant proportion of the clones [3, 12, 36, 37]. Much of 

the success in NT depends on the reprogramming of donor nuclei from a restricted cell lineage 

profile to an embryonic state. Some donor nuclei like those of embryonic origin are much more 

amenable to reprogramming than nuclei of somatic cells which have a very restricted cell lineage 

associated profile [10].   

 

1.3. Donor nuclei: Dolly was the first mammal to be cloned from somatic cells [32, 38]. Dolly 

was cloned from the mammary cells isolated from an adult ewe [32]. Subsequently animals have 
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been cloned from numerous somatic cells including that of fibroblast cells from skin and internal 

organs, sertoli cells, neuronal cells, oviductal cells, macrophages and blood leukocytes [38]. 

However, in spite of these successes the efficiency of somatic NT is considerably lower than 

upon using cells of embryonic origin [39]. In mice percentage of NT reconstructs developing to 

blastocysts and live animals was found to gradually decline as the differentiation status of the 

donor cells increased [39].  For development to live offspring, NT reconstructs from zygotes 

have an efficiency of 90-100% which decreases to 10-30% when using a blastomere or 

embryonic stem (ES) cell nuclei and decreases even further when using cumulus cells which 

show an efficiency of 1-3% [39]. In case of cells of non-embryonic origin this efficiency 

decreases even further with fibroblasts showing an efficiency of 1% or less [39]. Thus cells of 

embryonic origin appear to be still the current choice for NT in mouse. However, since 

blastomeres cannot be cultured for many passages in vitro and also cannot be used for genetic 

manipulation, ES cells are the preferred choice of donor cells. ES cells are derived from the inner 

cell mass of mammalian blastocysts and posses an unrestricted potential for self renewal and the 

ability to differentiate into any cell type [40].  Several factors are involved in maintaining the 

pluripotency of ES cells and these include ES selective transcription factors like Oct-4, Nanog 

and Sox-2, extracellular signalling molecules like leukaemia inhibitory factor and bone 

morphogenic factor and unique combinations of chromatin and histone modifications [40].  The 

pluripotent potential of ES cells can also be seen from the observation that following 

hybridization with ES cells somatic cells like thymocytes are epigenetically reprogrammed to 

acquire pluripotency. In these experiments following hybridization with ES cells, thymocytes 

showed expression of Oct-4 which is normally repressed in these terminally differentiated cells, 

reactivation of the inactive X-chromosome and modification of the chromatin into a 

transcriptionally permissive state due to hyperacetylation at histones H3 and H4 and hyper-di 

and tri methylation at H3K4 [41-43]. Thus these results show that ES cells themselves have some 

reprogramming ability. However, in spite of the comparatively higher nuclear transfer success 

rate, many of the ES cell derived clones also show abnormalities of placental and fetal growth 

[39, 44-46]. Numerous chromosomal abnormalities and dysregulation in a number of genes, 

abnormal DNA methylation and histone modifications have also been reported in cloned 

offspring [47, 48]. The existence of these abnormalities suggests that reprogramming errors can 

occur even in these highly pluripotent cells. Inadequate reprogramming of the donor nuclei 
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particularly of various epigenetic marks has been proposed to be the major cause of this low 

efficiency in NT with both ES and somatic cells.  

 

1.4 Epigenetic modifications: DNA in the cell nucleus is compacted with histones and non-

histone proteins and packaged into a structure called chromatin [5, 49, 50]. The basic repetitive 

unit of the chromatin is the nucleosome which consists of 147 bp of DNA wrapped around an 

octamer of core histones H2A, H2B, H3 and H4 [5, 50]. Nucleosomes are separated by short 

linker DNA and linker histone H1 [5]. Epigenetic regulation occurs at each of these levels [51, 

52]. DNA can undergo methylation; histones are modified by various post translation 

modifications particularly at their N-termini or tails and the assembly of chromatin as a whole 

can be modified through remodelling by various chromatin associated proteins [49]. Together 

these epigenetic modifications control gene expression by organising the chromatin into 

accessible (euchromatin) and inaccessible (heterochromatin) subdomains [5, 50]. The three 

epigenetic processes listed above are key components of the epigenetic regulatory network that 

underlay phenomena like genomic imprinting, X chromosome inactivation, telomere shortening 

and various other cell growth, survival and repair processes [49]. All these process have been 

reported to be deregulated in many of the cloned animals implying that it is likely that there are 

some errors in reprogramming of the underlying epigenetic mechanisms [3, 5, 44, 47, 48, 53-58]. 

However, while DNA methylation and chromatin remodelers are equally important for 

regulating gene expression; access of the remodelers to the DNA and packaging of DNA into the 

chromatin relies strongly on the post translation modification of the histones tails [5, 50]. In 

particular post translation modification on histone tails can affect their interaction with DNA 

which can alter the confirmation of chromatin itself [49, 59, 60]. Depending on how the histone 

is modified it can also regulate which chromatin remodelling factors are recruited to the DNA 

and thereby modify gene expression accordingly [49, 59, 60]. In this review while I have 

discussed some of the main features of chromatin remodelling proteins and DNA methylation the 

main focus will be on histone modifications, as this was the main topic of interest for this 

project.  

 

1.5 Remodelling of chromatin associated non-histone proteins: The transcriptional potential 

of a gene depends on the underlying chromatin organisation [49, 59, 60]. For gene expression to 
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occur the chromatin must be organised in an open confirmation that makes the underlying DNA 

accessible to all factors required for its transcription. An open chromatin configuration that 

facilitates gene transcription would involve less DNA methylation and repressive histone 

modifications and more of the activating histone modifications [49, 59, 60]. In contrast a closed 

chromatin that inhibits gene transcription would consist of abundance of DNA methylation and 

repressive histone modifications [49, 59, 60]. Two classes of chromatin remodelers are involved 

in this process and thereby play a role in regulating gene expression.  

The first class of chromatin remodelers are the modifying enzymes that are responsible for 

catalyzing DNA methylation and histone modifications. Chromatin modifying enzymes comprise 

of DNA methyltransferases and histone methyltransferases, demethylases, acetyltransferases, 

deacetylases, phosphorylases, ubiquitinases and deubiquitinases. Depending on the level of DNA 

methylation or type of histone modification generated the configuration of the chromatin will be 

altered. For example, establishment of histone acetylation will open up the chromatin and allow 

gene transcription to occur, while establishment of repressive histone lysine methylation or DNA 

methylation will keep the chromatin in a condensed state and prevent gene expression [49, 59, 

60]. The functions of the various chromatin modifiers and the associated modification are 

discussed in detail in the subsequent sections.    

The second class of remodelers are the proteins that associate with the modified DNA or histones 

[49, 59, 60]. Depending on the type of modification a specific set of chromatin factors are 

recruited to the site of modification to mediate gene repression or activation [49, 59, 60]. This 

class of remodelers can be divided into ten different families:  SWI/SNF complex, nucleosome 

remodelling and deacetylase complex, polycomb, bromodomain, chromodomain, chromobox, 

plant homeodomain (PHD) finger proteins, inhibitors of growth, methyl CpG binding and zinc 

finger proteins. These proteins once recruited to target sites, modify the chromatin further to 

either repress or activate gene expression.  

The SWI/SNF complex, nucleosome remodelling and deacetylase complex, bromodomain, and 

chromodomain proteins have an ATPase subunit; hence use ATP hydrolysis to remodel the 

nucleosome [61-64]. The SWI/SNF complex via its ATPase activity has been proposed to 

destabilize the nucleosome, reduce histone-DNA interactions and facilitate the access of 

transcription factors to the nucleosome all of which results in gene transcription [61-64]. 

Nucleosome remodelling and deacetylase complex primarily interacts and co-operates with 
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histone deacetylases to maintain transcriptional repression [64]. Chromodomain and 

bromodomain proteins have a strong affinity for activating histone modifications like acetylated 

histones and activating histone lysine methylation marks to promote gene transcription [65-69]. 

However, in some instances they can also interact with repressive histone modification marks 

and suppress transcription [65-69].  

Polycomb group proteins primarily mediate gene repression by maintaining the repressive 

histone 3 lysine 27 methylation marks at target sites [70]. Similarly, the chromobox protein 

family is involved in gene suppression and consists of heterochromatin associated proteins and 

some of the polycomb group proteins [71]. The plant homeodomain finger protein family is 

another class of factors with predominantly repressive activity. It consists of proteins that are 

involved in repression via their association with polycomb group proteins but this family also 

comprises of some factors that function as demethylases and remove repressive histone lysine 

methylation marks [72-74]. Members of the inhibitors of growth family can interact with histone 

acetylases and deacetylases and modulate gene transcription accordingly [75]. Methyl CpG 

binding proteins bind to methylated CpG sequences and mediate gene repression [76, 77] while 

zinc finger remodelling proteins have been implicated in imprinting of genes [78]. Thus it 

appears that many of these factors, via their interaction with activating and repressive 

modifications, generate a very sophisticated chromatin network that controls gene transcription 

in a highly regulated and specific manner.  

 

1.6 DNA methylation: DNA methylation is by far the most extensively studied epigenetic 

modification involved in nuclear reprogramming. Methylation mainly occurs at the 5’position in 

the pyrimidine ring of cytosine and is primarily associated with transcriptional repression [5, 79]. 

There are approximately 3 x10
7
 5’ methylated cytosine residues in the mammalian genome and 

are mostly present within CpG dinucleotides [80]. DNA methylation is an essential feature of 

normal development and has been described in many process including X chromosome 

inactivation, imprinting, differentiation, tissue-specific gene expression, maintenance and 

regulation of chromatin structure, tumorigenesis, ageing and in genomic defence involving the 

silencing of specific genomic sequences like long terminal repeats of endogenous retroviruses [5, 

6, 80, 81]. The effects of DNA methylation on the regulation of these functions appear to be 

mediated via the family of methyl CpG binding proteins [5, 80, 82]. The ability of some of the 
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members of this family to repress transcription and associate in complexes with histone 

deacetylases and other genes involved in chromatin structure has been well established [82]. 

Methylation at the cytosine residues are catalyzed by the DNA methyltransferases (Dnmts) [80]. 

At present, there are three known classes of Dnmts [80]. Dnmt1 plays a role in maintaining 

methylation patterns during mitosis i.e. methylation of hemi-methylated DNA after replication 

[80]. Presence of Dnmt1 has been shown to be important for genomic stability of ES cells, 

mouse embryo development, X-chromosome inactivation and also appears to play a role in 

regulating genomic imprinting [83-86]. The second known mammalian methyltransferase is 

Dnmt2 [80]. The biological significance of this enzyme is not yet clear and unlike Dnmt1, 

targeted mutation in the Dnmt2 gene in mouse ES cells did not seem to affect the overall 

methylation levels [80]. Dnmt3a and 3b are de novo methyltransferases that have been shown to 

be essential for regulating methylation patterns during mammalian development [80, 87]. While 

Dnmt3a is essential for later development and can also induce non CpG methylation, Dnmt3b is 

important during early developmental stages for methylation of centromeric minor satellite 

repeats [87].  

Abnormal DNA methylation pattern has been described in a number of clones [3]. 

Characterization of DNA methylation in in vitro fertilized (IVF) and cloned fibroblast bovine 

embryos using a 5’methyl cytosine antibody have indeed revealed aberrant methylation patterns 

in clones [51]. These cloned reconstructs failed to show the correct DNA methylation cycles that 

occurs in IVF embryos and maintained the methylation pattern of the donor nuclei indicating a 

failure in reprogramming of DNA methylation marks [36, 51, 88]. Cloned bovine embryos have 

also been shown to posses abnormal hyper DNA methylation at the centromeric heterochromatin 

mainly in the trophoectodermal cells which may account for the placental abnormalities 

commonly seen in clones [89]. In cloned mice, using restriction landmark genomic scanning, 

methylation at approximately 1500 loci have been examined in the placenta, skin and kidney 

[90]. While the clones showed correct methylation patterns at 99% of these loci, some CpG 

islands, in particular those involved in tissue specific expression, were differently methylated in 

the clones compared to the controls and the extent of aberrations varied among the clones [90]. 

However, in spite of the key role of DNA methylation, studies have shown that it is histone 

modification in particular Suv39h mediated histone 3 lysine 9 tri methylation mark (H3K9me3) 

that guides DNA methyltransferase Dnmt3b to the heterochromatin to maintain DNA 
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methylation [91]. Other histone methyltransferases have also been shown to be essential for 

regulating DNA methylation [92]. However, the presence of these histone methyltransferases is 

not crucial for DNA methylation and it can occur in their absence but these links suggest the 

existence of complex interplay and cross talks between histone and DNA modifications [92].  

 

1.7 Histone modifications: Histones are mainly modified by acetylation, phosphorylation, 

ubiquitination and methylation [50]. These post translation modifications occur on residues 

mostly on the N-termini but some globular residues also undergo post translation modification 

(Figure 1.1). Depending on how and which amino acid on what histone is modified, it can open 

or close the chromatin and thereby turn gene transcription on or off respectively, which in turn is 

important for the selective usage of genetic information during development and differentiation 

[5, 50]. While acetylation, phosphorylation and ubiquitination are reversible marks, histone 

methylation are thermodynamically very stable and have long been regarded as permanent 

epigenetic marks [49, 60]. All of these modifications do not occur in isolation but rather in a 

combinatorial manner [49, 60]. Different histone modifications can progressively induce 

synergistic or antagonistic affinities for chromatin binding proteins and thereby switch gene 

expression on or off  [5, 49, 59, 60]. This combined action of distinct histone modifications has 

been described as the histone code which greatly extends the information potential of the genetic 

code and is important for correct and specific gene expression [93]. Additionally this epigenetic 

regulation by histone modifications has also been implicated in a variety of pathological 

conditions [50].  
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Figure 1.1: Sites of various post-translation modifications on the core histones H3, H4, H2A and 

H2B. The amino acid sequence represents the N-termini and the open circles represent the 

globular moiety of the histone proteins. Numbering indicates the position of the appropriate 

amino acid. Most modifications occur on the histone tails. Globular lysine 79 on H3, lysine 119 

on H2A and lysine 120 on H2B are the exceptions. Image has been adapted from Zhang et al 

(2001) [94]. 

 

1.7.1 Histone acetylation: Histone acetylation is the most extensively studied histone 

modification. Acetylated histones are generally associated with transcriptionally active 

chromatin while deacetylation of histones is associated with transcriptional repression [60]. 

Often conserved lysine residues at amino acid positions 9, 14, 18 and 23 of H3 and at positions 

5, 8, 12 and 16 of H4 are targeted for acetylation (Figure 1.1) [95, 96]. Acetylation is thought to 

neutralize the basic charge of the histone tails which reduces their affinity for DNA and alters 

interactions between histones of adjacent nucleosomes and enhances interactions of the 

acetylated histones with transcription activating chromatin associated proteins; thereby 

contributing towards a transcriptional permissive chromatin [49, 60]. It has been shown that in 

the acetylated state, histone tails bind to bromodomain, chromodomain and SWI/SNF complexes 

which promote chromatin remodelling and transcriptional activation [95-98]. Aberrations in 

histone acetylation patterns have been associated with cell transformation as seen in cancer and 

loss of differentiated phenotype [95-98]. In the deacetylated state, histones bind to repressor 

proteins and block transcription [95-98]. Deacetylated histones are found to be enriched in the 
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heterochromatin (along with histone lysine methylation marks) and have been shown to associate 

with DNA methyltransferases and associated proteins [99]. The dynamic balance between 

acetylated and deacetylated histone states are maintained by histone acetyltransferases and 

histone deacetylases, both of which can target specific regions of the genome and also are found 

in complexes with various histone methylases and demethylases [95-98].  

 

1.7.2 Histone phosphorylation: Phosphorylation occurs on serine residues at the N-termini of 

histones [60, 96] and activation of gene expression has been suggested as a functional role for 

histone tail phosphorylation [96]. The addition of negatively charged phosphate groups to the 

histone tails during phosphorylation is thought to neutralize the basic charge and reduce their 

affinity for DNA and hence make the chromatin accessible for transcriptional activation [96]. 

Phosphorylation has been shown to contribute towards transcriptional activation by stimulating 

histone acetyltransferase activity at the phosphorylated histone tails [100, 101].  In particular 

phosphorylation at serine 10 on H3 (p-H3S10) is a well studied epigenetic mark. This mark is 

interesting in that it is involved in both transcriptional activation and also in chromatin 

condensation during mitosis [102, 103]. In interphase differentiated cells like mouse embryonic 

fibroblasts (MEF) p-H3S10 is present in very low levels [102, 103]. However, in mitotic cells its 

levels increase from the G2 phase onwards [103]. During M-phase the presence of p-H3S10 

destabilizes the interaction of H3K9me3 marks with heterochromatin protein 1 (HP 1) which 

results in the dislocation of HP1 from the M-phase chromosome [102, 103]. This dislocation of 

HP1 from the chromosome is thought to be important for making the chromatin more accessible 

to factors required for mediating proper chromatin condensation and segregation during mitosis 

[102, 103].  

 

1.7.3 Histone ubiquitination: Histone ubiquitination mainly occurs on lysine residues of H2A 

and H2B histones (Figure 1.1) [60, 96]. Ubiquitin is a highly conserved globular protein of 76 

amino acids that is involved in several cellular process like protein degradation, DNA repair, cell 

cycle and differentiation [104]. Ubiquitination involves the addition of an ubiquitin moiety to 

specific amino acids of a particular histone, which represents a bulky structural change to 

histones, hence as a result one would expect it to have major effects on chromatin structure [104, 

105]. However, structural studies have revealed that H2A/H2B ubiquitination has no effect on 
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nucleosomal structure and chromatin folding [104, 105]. Histone ubiquitinases have been 

identified to be part of polycomb repressive complex I (PRC1) which is one of the two repressive 

complexes formed by polycomb-group proteins [70, 72]. The polycomb group proteins are 

involved in the generation and maintenance of histone 3 lysine 27 methylation which will be 

discussed in detail below [70, 72]. It has been shown that PRC1 is recruited to sites of H3K27 

methylation where the ubiquitinases in the PRC1 catalyze H2A ubiquitination at lysine 119  a 

modification that results in the inhibition of RNA polymerase II activity and thereby prevents 

transcription [70, 72]. Histone deubiquitinases have also been identified and the associated 

deubiquitination reaction is associated with transcriptional activation [104].  

 

1.7.4 Histone methylation: Histone methylation occurs on lysine or arginine residues [60]. The 

positions of many of these methylated residues have been identified (Figure 1.1) and the histone 

methyltransferases that catalyse these methylations belong to three distinct families of proteins; 

the protein arginine methyltransferase family (Prmt) which are specific for only methylation of 

arginine residues, the SET-domain containing and the non-SET-domain containing histone lysine 

methyltransferases [49]. The SET and non-SET domain containing methyltransferases catalyze 

histone lysine methylation. Almost all of these methyltransferases use S-adenosyl-methionine as 

methyl donors [106].  

 

1.7.5 Histone arginine methylation: Histone arginine methylations can occur as mono or di 

methyl modification, but mono methyl states are usually thought to exist as an intermediate on its 

way to the di methyl state [107-109]. The di methyl state can exist in symmetric and asymmetric 

configurations (Figure 1.2) [107-109]. Arginines on histone H3, H4 and H2A are primarily 

targeted for this modification (Figure 1.1) [107-109]. The enzymes that catalyse arginine 

methylation are divided into two classes; type I and type II Prmts [107-109]. Both type I and type 

II enzymes generate mono arginine methylation as intermediates [107-109]. But type I Prmts 

convert mono arginine methylation to asymmetric arginine di methylation while type II Prmts 

converts it to symmetric arginine di methylation [107-109]. However, in some instances type II 

enzymes like Prmt7 can only generate the mono methyl state and do not convert mono methyl 

arginine to the di methyl state [108]. The methylation of arginine residues of histones has been 

linked to transcriptional regulation; while mono methylation and asymmetric di methylations are 
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usually associated with transcriptional activation; symmetric di methylation is associated with 

transcriptional repression [108-110]. However, asymmetric di methylation at arginine 2 on H3 is 

an exception and methylation at this residue is associated with transcriptional repression [108]. 

Histone arginine methylation has been implicated in RNA processing, signal transduction during 

post-translational protein modification and DNA repair [107-109]. Mono methylated arginine 

residues can be removed by a deamination reaction catalyzed by peptidyl arginine deaminases 

(PAD) [107-109]. PAD is a calcium dependent deaminase and converts mono methylated 

arginine to citrulline and methyl ammonia and hence blocks the generation of the di methyl state 

[108]. Recently an arginine specific demethylase; jmjd6 was discovered [111]. This enzyme 

belongs to the family of jmjC containing demethylases which catalyze histone demethylation by 

mediating a hydroxylation reaction [112]. Jmjd6 was reported to demethylate di arginine 

methylation at arginine 2 on H3 and arginine 3 on H4 and was found to be able to demethylate 

both symmetric and asymmetric di methylated configurations [111].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Structure of arginine and methylated arginine. Both type I and type II enzymes 

generate mono arginine methylation as intermediates. But type I Prmts convert mono arginine 

methylation to asymmetric arginine di methylation while type II Prmts converts it to symmetric 

arginine di methylation. Methyl groups have been shown in red.  Image is adapted from Klose et 

al., 2007 [112]. 
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1.7.6 Histone lysine methylation: In recent years histone lysine methylation has emerged as a 

major epigenetic mark. By contrast to arginine methylation, in which the adjacent imino group 

can destabilize the guanido C-N bond and thereby make it more prone to enzymatic conversions, 

the amino-methyl bond in histone lysine methylation is thermodynamically very stable [113]. 

Indeed for a very long time histone lysine methylations were regarded as stable irreversible 

epigenetic marks that were required for stable gene expression and for inheritance of cell type 

identities [113]. Histone lysine methylation mainly appears to occur at specific positions on the 

N-terminus of histones H3 and H4 and methylation reactions are catalysed by histone 

methyltransferases. In some cases the same lysines on H3 and H4 tails can be targeted by 

multiple histone methyltransferases which may then lead to different outcomes depending on the 

methylation status [114]. All histone lysine methyltransferases belong to two families, the SET-

domain containing proteins and the non-SET domain containing proteins (Table 1.1) [49, 94, 

114-116]. Known members of SET domain containing proteins with methyltransferase activity 

include the Su(var) gene family, some polycomb-group proteins, G9a, GLP, Ash1, Nsd1, 

Smyd2, Smyd3 and Set8/PR-Set7. All enzymes of this group contain the 130-amino acid SET 

domain that appears to be important for its catalytic activity but also may require the adjacent 

cysteine rich domains (pre-post SET domains) [49, 94, 114-116]. However, with the discovery of 

the S.cerevisiae Set1 and Set2 methyltransferases that have only the post-SET domain and the 

isolation of the methyltransferase Set7/9 from Hela cells that lack both of the cysteine rich 

domains, it appears that the pre and post SET domains may not be essential for enzymatic 

activity [49, 94, 114-116]. On the other hand with the discovery of non-SET domain containing 

methyltransferases the precise requirement of the SET domain for methyltransferase activity is 

unclear and it may be possible that the SET domain and /or its adjacent motif only functions as a 

recognition motif. Dot1/Dot1L is a non-SET domain containing histone methyltransferase [49, 

94, 117]. The methyltransferase activity of this enzyme appears to be mediated via its methylase 

fold [49, 94, 117]. 
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Table 1.1: List of the substrate specificity of some well characterized lysine methyltransferases. 

Mammalian, yeast and drosophila enzymes have been shown. The yeast enzymes have a ‘y’ and 

drosophila‘d’ as prefix. Except Suz12, Eed, yDot1L and Dot1L which are non-SET domain 

contain methyltransferases (marked with asterisk); all other methyltransferases shown belong to 

the SET domain containing family of methyltransferase.  

 

Five well characterized positions of histone lysine methylation are on lysine 4, 9, 27 and 36 on 

histone H3 and lysine 20 on histone H4 (Figure 1.1) [114]. While methylation at lysine 9 and 27 

on H3 and lysine 20 on H4 are associated with transcriptional repression, methylation at lysine 4 

and 36 on H3 are associated with transcriptional activation [49]. Histone lysine methylation has 

also been identified within the core of H3 at lysine 79 (H3K79) [106, 118]. The functional 

significance of H3K79 methylation is not yet clear but a role has been suggested in DNA repair 

mechanisms [49]. In contrast to arginine methylation which exists in the mono and di methyl 

states, each of these histone lysine methylations can exist in mono (me1), di (me2) or tri-methyl 

(me3) states (Figure 1.3) [114]. The distinct states add an additional regulatory layer as the 

strength or effect of the modification increases with the number of methyl groups present [114]. 

The number of methyl groups present also appears to regulate the strength of the binding affinity 

of chromatin remodelling factors to the methylated histone lysines [114]. 

 

 

 

 



16 

 

 

 

 

 

 

 

 

Figure 1.3: Structure of lysine and methylated lysines. Lysine can be methylated to the mono, di 

or tri methyl state. Red highlights the methyl groups. Image is adapted from Klose et al., 2007 

[119]. 

 

1.7.7 Transcription activating histone lysine methylation marks: Methylation at histone 3 

lysine 4 (H3K4me), lysine 36 (H3K36me) and at lysine 79 are associated with transcriptional 

activation [49].  

 

1.7.7.i H3K4 methylation: Several methyltransferases that catalyze H3K4 methylation have 

been identified and all contain the conserved SET domain [49, 60]. The first H3K4 

methyltransferase discovered was the yeast Set1, which is the sole H3K4 methyltransferase in 

this organism and is capable of generating all three H3K4 methyl states [120]. Homologues of 

yeast Set1 have been identified in other species and include the thrithorax proteins TRR and 

TRX in drosophila and the MLL family in human [121]. Ash1 is another thrithorax protein that 

is involved in catalyzing H3K4 methylation in drosophila [122]. Apart from the MLL family 

other mammalian H3K4 methyltransferases include the SET-domain containing Set7/Set9 and 

Smyd3 [60]. All of these methyltransferases have been shown to associate with RNA polymerase 

II [60].  Methylation at H3K4 has been found to serve as binding sites for chromatin remodelling 

complexes like the yeast ISWI-ATP remodelling complex, chromodomain proteins like Chd1 

and the chromodomain of WDR5 all of which are involved in transcriptional activation [49]. 

Chd1 is a component of SAGA, a histone acetyltransferase complex, and binding of Chd1 to 

H3K4me has been shown to be favourable for the recruitment of SAGA and promote its 

acetyltransferase activity at regulatory regions [49]. In addition to transcriptional activators the 
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inhibitor of growth protein Ing2 has also been shown to associate with H3K4me suggesting a 

possible role of H3K4me in gene suppression [123].  

 

1.7.7.ii H3K36 methylation: H3K36 methylation is catalyzed by the yeast Set2 and mammalian 

Nsd1 and Symd2 SET domain containing enzymes [124, 125]. Apart from H3K36me3, Nsd1 is 

also able to catalyze the repressive H4K20me3 mark suggesting that this enzyme can function to 

regulate both transcriptional activation and repression [125].  

 

1.7.7.iii H3K79 methylation: Unlike other lysine methylations which occurs on the histone tails, 

lysine 79 is located in the core domain of H3 and methylation at this position is catalyzed by a 

non-SET domain containing methyltransferase Dot1 (yeast) or Dot1L (human) [49]. In yeast, 

Dot1 has been shown to convert silent inactive regions of the chromosome into active regions by 

preventing the spread of histone deacetylases [49, 118]. During DNA damage, methylation of 

H3K79 by Dot1L was observed to result in the recruitment of the tudor-domain containing 

mammalian DNA repair protein 53BP1, thus indicating a role for Dot1L and H3K79 methylation 

in DNA repair mechanisms [49].  

 

1.7.8 Transcription repressing histone lysine modifications: Histone lysine modifications 

involved in transcription repression include methylation of H4 at lysine 20 (H4K20me), 

methylation of H3 at lysine 27 (H3K27me) and at lysine 9 (H3K9me) [49]. 

 

1.7.8.i H4K20 methylation: H4K20 methylation is catalyzed primarily by the Suv4-20h1/h2 

SET domain containing enzymes [49]. However, this activity of Suv4-20h1/h2 appears to be 

dependent on Suv39h mediated tri-methylation of H3K9 [126]. Other enzymes involved in 

catalyzing this modification are the SET domain containing yeast Set9 [127], mammalian 

Set8/Pre-Set7 [127] Ash1L [49] and Nsd1 [125]. The H4K20me3 mark is associated with gene 

repression and is enriched at pericentric heterochromatin regions [126] whereas H4K20 mono 

and di methyl marks are associated with the silent inactive euchromatic regions [49]. Moreover, 

the methylation of H4K20 has also been implicated in cell cycle progression in drosophila [128]. 

 



18 

 

1.7.8.ii  H3K27methylation: H3K27 methylation is a repressive mark that has been implicated 

in homeotic gene silencing, X chromosome inactivation and imprinting [49]. The histone 

methyltransferases responsible for this modification belong to the polycomb-group family [70]. 

Polycomb-group proteins were first identified in drosophila; where they are required for 

maintaining Hox gene silencing during development [129]. Mammalian homologues have been 

identified and like their drosophila counterparts they are also involved in gene silencing during 

development [129]. The proteins are organized into two complexes; PRC1 and PRC2 [70]. 

H3K27 methylation is catalyzed by the components of the PRC2 complex while PRC1 functions 

to maintain and mediate the repression of H3K27me3 [129]. Principle components of the PRC2 

complex are the SET domain containing protein enhancer of zeste E(Z) in drosophila or the 

human homologue Ezh2, the extra sex combs in drosophila (ESC) or the human embryonic 

ectoderm development (Eed) and the suppressor of zeste-12 (SUZ12) [49]. The 

methyltransferase activity of the PRC2 complex has been shown to require the presence of these 

three proteins [129, 130]. The PRC1 complex consists of a number of proteins including Ring1, 

Rnf2, BmiI, Phc1/2 and some Cbx proteins [72, 131]. The Ring1 and Rnf2 are ubiquitinases that 

can catalyze H2A ubiquitination at lysine 119 a mark that inhibits RNA polymerase activity [72, 

131]. It has been proposed that PRC1 when recruited to sites with H3K27 methylation functions 

to represses gene expression by inhibiting RNA polymerase activity via its ubiquitinase activity 

[72, 131]. Apart from Hox gene silencing H3K27 methylation plays an important role in X 

chromosome inactivation and genomic imprinting [49, 132]. It appears that these functions are 

mediated by the tri methyl form of H3K27 [49]. The mono and di methyl forms are enriched at 

the heterochromatin and are implicated in maintaining heterochromatin stability [49]. However, 

in the absence of H3K9me3, which is the principle epigenetic mark of heterochromatin 

introduced by the methyltransferase Suv39h1, it has been shown that heterochromatin 

accumulates H3K27me3 marks [133, 134]. Similarly during pre-implantation development, since 

the paternal heterochromatin lacks Suv39h mediated H3K9me3, repression at the 

heterochromatin is maintained by accumulation of H3K27me3 and targeting of the maternal 

PRC1 complex [135]. This targeting of maternal PRC1 was found to be independent of PRC2 

activity [135]. Apart from its functions in various cellular processes H3K27me3 also plays an 

important role in maintain pluripotency of mouse ES cells [130]. ES cells were found to contain 

regions that contained abundant H3K27me3 mark and small amount of H3K4me3, a mark 
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associated with gene activity [136]. These regions have been termed bivalent domains and were 

found to occur at the promoters of genes associated with development [136]. It has been 

proposed that these bivalent domains ensure that developmental genes are kept repressed due to 

the presence of abundant levels of H3K27me3 but the presence of H3K4me3 marks ensures that 

these genes remain poised for activation upon ES cell differentiation [136]. Other components of 

the PRC1 complex have been implicated in a variety of functions; like Phc2 in cell cycle 

progression while Cbx proteins has been shown to bind to other methylated histone 

modifications [137, 138]. Thus there is considerable cross talk between H3K27 or polycomb-

group proteins with other histone modifications.  

 

1.7.8.iii H3K9 methylation: H3K9 methylation is another repressive mark that is associated 

with maintaining heterochromatin stability and repression but also has roles in maintaining X 

chromosome inactivation, silencing of euchromatic genes and recruiting DNA methyltransferase 

to the heterochromatin [49]. H3K9me3 marks the pericentric heterochromatin and some regions 

of the euchromatin, while H3K9me1 and me2 are restricted only to the euchromatin regions [49]. 

The methyltransferase responsible for the introduction of H3K9me3 marks in pericentric 

heterochromatin are the SET domain containing enzymes Suv39h1 and Suv39h2 [91, 133, 134]. 

The Suv39h enzymes are the mammalian homologues of a protein identified as a suppressor of 

position effect variegation in drosophila, Su(var)3-9, and its yeast homologue Clr4 [49]. 

Depletion of Suv39h enzymes in ES cells was found to decrease H3K9me3 levels at pericentric 

heterochromatic regions and in the accumulation of H3K9me1 marks in these regions [91, 133, 

134]. These results suggested that Suv39h is specific for generating H3K9me3 marks at 

pericentric heterochromatin and H3K9me1 is the likely substrate for the reaction [91, 133, 134].  

The primary enzyme responsible for generating the euchromatin associated H3K9me3 is the SET 

domain containing methylase Setdb1 [49, 139]. The activity of this methyltransferase has been 

shown to involve the binding of KRAB zinc finger proteins that function as co-repressors [139].  

Mono and di methyl H3K9 methylation marks are generated by the SET domain containing 

histone methyltransferases G9a and GLP [92, 140]. Both these methyltransferases form 

heteromeric complexes via their SET domains and are essential for maintaining global H3K9me1 

and me2 levels in the euchromatin [92, 140]. G9a and GLP deficiency results in embryonic 

lethality and severe reduction in mono and di methyl H3K9 levels in euchromatic regions with 
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no effect on the levels of the tri-methyl mark but paralleled by an increase in unmodified H3K9 

[140, 141]. Thus it appears that G9a/GLP uses unmodified H3K9 as substrates to generate mono 

and di methyl states [92, 140]. In euchromatic regions G9a/GLP mediated generation of 

H3K9me1/me2 primarily seems to be involved in gene silencing [92, 140]. Evidence for this 

comes from the observation that in G9a or GLP deficient ES cells, reduction in H3K9me1 and 

me2 resulted in the up regulation of a number of genes in the MageA family [140].    

H3K9me2 marks have also been detected on the facultative heterochromatin of the inactivated X 

chromosome in females [49]. This modification seems to persist through mitosis and hence may 

represent a stable epigenetic mark required for the inheritance of this inactive state [132]. The 

methyltransferase responsible for this methylation has not yet been identified but does not appear 

to involve SUV39h1/2 and it is not known for sure whether the G9a/GLP methyltransferases 

play a role in this process [132].   

The existence of the distinct states of H3K9 methylation reflects the distinct states of stability of 

this modification. It appears that stability of the modification increases with the number of 

methyl groups present [114]. In particular the H3K9me3 mark has been shown to be robust as it 

appears to be mitotically stable at heterochromatic regions [142]. H3K9 methylation marks are 

thought to mediate their function in gene silencing via recruitment of various chromatin 

associated factors [49]. The distinct states of H3K9 methylation have been shown to generate 

different affinities for some of these chromatin associated proteins [114]. For example the 

chromobox protein HP1 binds to all three states of H3K9 but while its affinity for H3K9me3 and 

me2 is similar it has weak affinity for the me1 state [114]. Similar findings were observed for 

other chromobox proteins [114, 143]. Cbx2, 4, 5 and 7 are chromobox polycomb group proteins 

that can bind to H3K9 methylation marks [138]. All four Cbx proteins show affinity for 

H3K9me3 but this affinity gradually declines as the methylation state declines [138]. The 

repressive complex PRC1 was shown to only have affinity for the tri methyl state of H3K9 

[144].  

Levels of the distinct states of H3K9 methylation also appear to vary depending on the 

differentiation status of the cell. In ES cells of the total H3, H3K9me3 is only 10%, me2 is 15% 

and me1 is 30% [145]. In contrast in MEFs which are differentiated cells, the levels of all three 

states are similar with me3 being 18%, me2 being 25% and me1 being 22% of total H3 [145]. 

Lower levels of H3K9me3 in pluripotent ES cells probably ensure that their chromatin is more 
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decondensed and accessible for transcription. Thus it appears that the H3K9me3 mark is a stable 

mark that ensures a tight and compact chromatin is maintained. Additionally H3K9 methylation 

marks were found to fail to reprogram in aberrant cloned bovine embryos [37]. Due to these 

characteristics of H3K9me3 and its failure to reprogram during NT, in this project this mark was 

chosen as the prime target for determining whether manipulation of repressive epigenetic marks 

improves reprogramming during NT.   

 

1.7.9 Histone 3 lysine 9 tri methylation: H3K9me3 is increasingly recognised as an important 

epigenetic mark which has generated much interest towards its function and dynamic. It has been 

shown to be a stable mark that persists over several divisions [37]. It is a hallmark of the 

constitutive heterochromatin and essential for maintaining its stability [49]. However, unlike 

histone modifications involving acetylation or phosphorylation that affect chromatin 

condensation by altering the charge of the modified histone residue, histone methylation does not 

affect the charge but alter chromatin structure by serving as docking sites for other chromatin 

associated proteins [49]. H3K9me3 has been shown to be able to associate with chromatin 

remodelling proteins to mediate its repressive function in maintaining heterochromatin stability 

and function, DNA methylation and euchromatin gene silencing [49]. These functions of 

H3K9me3 also involve cross talks with other modifications [49]. Some of the key functions of 

H3K9me3 are discussed below: 

 

1.7.9.i H3K9me3 role in maintaining heterochromatin stability and silencing: H3K9me3 as 

mentioned before, is crucial for maintaining constitutive heterochromatin stability and this 

activity is maintained via the Suv39h enzymes [49, 91, 133, 134]. Constitutive heterochromatin 

consists of regions like centromeres and teleomeres that remain tightly compacted and condensed 

throughout the cell cycle [49]. Heterochromatin is essential for maintaining chromosome 

stability and ensuring proper segregation of chromosomes during meiosis [49, 91, 133, 134]. 

Mice lacking Suv39h enzymes, display impaired viability and chromosomal instabilities, 

indicating that the presence of these enzymes and generation of H3K9me3 marks is essential for 

maintaining genome stability in vivo [133]. The DNA packaged into heterochromatin mainly 

comprise of repetitive sequences with satellite repetitive sequences; major (pericentric) and 

minor (centric) satellites as some of its key components [134, 146]. Chromatin 
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immunoprecipitation assays have shown that the level of transcripts originating from both the 

major and minor satellites is significantly up-regulated in Suv39h double null cells [134, 146], 

indicating a role for H3K9me3 in transcriptional silencing in the heterochromatic regions.  

Another key component in the Suv39h and H3K9me3 mediated mechanism in maintaining 

heterochromatin repression is HP1 [91]. Suv39h-mediated introduction of H3K9me3 marks into 

heterochromatin has been shown to create binding sites for HP1 isoforms; HP1α and HP1β [91, 

143]. This recruitment of HP1 is thought to be essential for heterochromatin formation and 

stabilization [91, 143]. In Suv39h double null cells, H3K9me3 levels were reduced at the 

heterochromatin and as a result binding of HP1α and HP1β were abrogated [91]. Binding of HP1 

to H3K9me3 appears to create a platform for recruitment of other histone modifiers and 

chromatin factors which assist HP1 to maintain heterochromatin in a stable and repressed state. 

HP1 once bound to H3K9me3 at the heterochromatin has been shown to recruit the H4K20me3-

specific methyltransferases Suv4-20h1/h2 to these regions [126]. This recruitment of Suv4-

20h1/h2 was shown to be dependent on Suv39h mediated generation of H3K9me3 and HP1 

binding, as in the absence of Suv39h enzymes or HP1 proteins, H4K20me3 marks were lost at 

heterochromatic sites [126].  

Another target of HP1 is the activity dependent neuroprotective protein (ADNP). ADNP has 

been shown to localize to the pericentric heterochromatin regions and was found to play a role in 

maintaining repression of major satellite repeats [147]. However, localization of ADNP to the 

pericentric regions and its function as a transcriptional silencer of major satellite repeats was 

dependent on the presence of H3K9me3-recruited HP1α and HP1β proteins [147].  

Apart from histone modifiers and chromatin factors, the generation of H3K9me3 marks by 

Suv39h and subsequent binding of HP1α and HP1β to these marks were found to recruit Dnmt3b 

dependent DNA methylation to the pericentric major satellite repeats of the heterochromatin 

[91]. This recruitment of Dnmt3b and subsequent DNA methylation was abolished in Suv39h 

double null cells [91]. In contrast to wild type cells in which Dnmt3b was found to associate with 

HP1 proteins and accumulate at the pericentric foci [91]. Since no decrease of H3K9me3 was 

seen at pericentric heterochromatin in Dnmt1 deficient or Dnmt3a and Dnmt3b double deficient 

cells, it appears that it is Suv39h generated H3K9me3 and HP1 binding that directs DNA 

methylation to the heterochromatin [91]. The function of this recruitment mechanism resulting in 

DNA methylation is probably to reinforce the repression at the heterochromatin and maintain 
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chromatin stability [91]. Interestingly Suv39h itself interacts and forms complexes with HP1 

[148]. Such a complex then attracts methyl CpG binding proteins like Mbd1 which functions as a 

transcriptional repressor and in turn can recruit histone methyltransferases and histone 

deacetylases [149]. Thus probably via its interaction with Suv39h and HP1, Mbd1 is involved in 

maintaining repression at the heterochromatin. Mbd1 can bind to methylated CpG sequences 

[149], hence recruitment of Dnmt3b and subsequent DNA methylation at the heterochromatin 

would also trigger the recruitment of this protein [150]. The association of Suv39h with histone 

deacetylases via its interaction with Mbd1 adds further complexity to this regulatory network 

[149].  

In addition to HP1, H3K9me3 recruits Cdyl1b, a chromodomain protein to the heterochromatin 

[151]. This association of Cdyl1b with H3K9me3 involves its chromodomain and 

multimerization of its ECH-like domain [151]. Cdyl1b is a member of the CoREST complex that 

also contains histone deacetylases [151]. Deacetylation at lysine 9 on H3 has been shown to be a 

requirement for H3K9me3 generation [149]. Hence, recruitment of deacetylases by Mbd1, 

Cdyl1b or even Suv39h would probably result in a self reinforcing system that promotes the 

generation of H3K9me3 and subsequent recruitment of chromatin associated proteins like HP1 

and Cdyl1b [150]. This type of self reinforcing system would ensure complete silencing and 

lock-in of silenced states at the  heterochromatin [150]. 

 

1.7.9.ii H3K9me3 role in DNA methylation: Considerable cross talk exists between H3K9me3 

and DNA methylation. Suv39h mediated generation of H3K9me3 and subsequent binding of 

HP1 triggers DNA methylation at heterochromatic regions [91]. However, there is also evidence 

that DNA methylation directs H3K9me3 establishment. For instance, in zebrafish knockdown of 

Dnmt1 in embryos resulted in a marked decrease in global levels of DNA methylation and 

H3K9me3 [152]. However, knockdown of Suv39h in the embryos only resulted in decrease in 

H3K9me3 and DNA methylation remained unaltered [152]. Additionally, Mbd1 which binds to 

methylated sequences in DNA was found to associate with the histone methylase Setdb1 and 

during replication it recruits Setdb1 to the chromatin assembly factor CAF1 to form an S phase 

specific CAF1-MBD1-Setdb1 complex that maintains H3K9 methylation during replication and 

DNA synthesis [76, 139]. Thus these results suggest that DNA methylation directs H3K9me3 

establishment. However, as previously mentioned Mbd1 is also recruited by Suv39h and HP1. 
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Thus there are complex cross talks between H3K9me3 and DNA methylation. It could be 

speculated that both act in synergy to generate a reinforcing silencing mechanism to add an 

additional layer of silencing over the pre-existing one.  

 

1.7.9.iii H3K9me3 in euchromatin silencing: In addition to its major role in heterochromatin 

silencing, H3K9me3 is also involved in euchromatin gene silencing [49]. However, the silencing 

function of H3K9me3 in euchromatin is quite specialised and mainly targets imprinted genes and 

genes involved in the lineage commitment of cells [49, 153]. Differential DNA methylation and 

histone modification between parental chromosomes have been detected at the imprinting gene 

promoters of many imprinted genes [153-155]. The active allele does not undergo DNA 

methylation and is enriched in activating histone modifications, while the inactive allele is 

methylated and enriched in repressive histone modifications [153-155]. H3K9me3 marks have 

been detected to accumulate on the methylated inactive allele, indicating a role for this mark in 

imprinting related gene repression [153-155]. H3K9me3 is a stable repressive mark and hence 

has been associated with gene repression that results in determining cell fate. Role for H3K9me3 

in determining cell fate was observed from the findings that retinoblastoma (RB), the co-

repressor protein involved in silencing of S-phase genes, recruits Suv39h/HP1 to the promoters 

of several S-phase genes like that of cyclin E, cyclin D1 and cyclin A1 in terminally 

differentiating cells but not in cycling cells [49, 156, 157]. Comparison of cycling and terminally 

differentiated cells have indeed revealed a marked increase in H3K9 methylation in the latter and 

deletion of Suv39h in these cells was found to result in a decrease in H3K9 methylation and 

increased activity of S-phase gene promoters [157]. These results also suggest that Suv39h 

enzymes are involved in H3K9me3 mediated gene silencing in the euchromatic regions. Apart 

from its role in gene silencing in differentiated cells, H3K9me3 is involved in maintaining ES 

cells in a state of pluripotency [158]. In mouse ES cells, chromatin immunoprecipitation and 

DNA sequencing analysis indicated that Setdb1 and H3K9me3 are present in many bivalent 

regions where they in association with H3K27me3 and polycomb group proteins function to 

repress developmental genes and prevent ES cell differentiation [158]. Based on these findings it 

appears that H3K9me3 functions in the euchromatin as a transcriptional repressor of specific 

genes depending on the cell type. This mechanism of context dependent repression ensures that 

the identity of particular cell is maintained. In addition to transcriptional repression, some studies 
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have identified H3K9 di and tri methylation along with H4K20 mono methylation to be 

associated with transcriptionally active regions of euchromatin [159]. H3K9 di and tri 

methylation and the associated HP1γ protein were observed to occur in the transcribed regions of 

active genes and their presence appeared to be depended upon elongation by RNA polymerase II 

[159]. However, given the abundance of evidence that shows H3K9me3 functions as a repressor, 

a role for this mark in gene activation is still considered to be controversial.   

 

1.8 Histone demethylation: Histone modifications like acetylation, phosphorylation and 

ubiquitination are transient marks and several deacetylases, phosphatases and deubiquitinases 

have been identified [60]. However, histone methylation were regarded as stable and irreversible 

marks for a long time [113]. Particularly lysine methylation was found to be thermodynamically 

very stable and the amino methyl group turned out to be refractory to attempts of direct cleavage 

[113, 114]. The idea of irreversibility came about from several lines of evidence. Firstly it was 

shown that the turn-over rate of the methyl lysine groups were identical to that of the histones 

themselves. [160]. Secondly since methyl lysine marks like H3K9me3 are required for 

heterochromatin formation, which represents  a stable part of chromatin, and for cell lineage 

establishment it was assumed that these marks needed to be thermodynamically very stable to 

ensure inheritance of these silenced states [113, 114].  However, it became increasingly evident 

that epigenetic reprogramming does occur during differentiation and development as evidenced 

by the NT work in mammals [118]. Then several molecular studies provided the first direct 

evidence that histone lysine methylation can be dynamic [160]. One such example is that H3K9 

methylation associated with certain inducible inflammatory genes was erased following 

activation of these genes and restored during post-induction transcriptional repression [161]. 

Another illustration of the dynamic nature of H3K9 methylation is the repression of the cyclin E 

promoter by H3K9 methylation in the G1 phase of the cell cycle which is later activated in the 

G1/S transition phase suggesting that a reversal in H3K9 methylation might have occurred to 

mediate this activation [160].  

Similar dynamic changes were also observed for other histone methylation marks. H3K27 

methylation on the inactive X-chromosome in trophoblast cells has been observed to disappear 

during differentiation and trimethylated H3K4 marks at transcriptionally active promoters in 

yeast where shown to become dimethylated upon repression of the promoters [160, 162].  
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Initially to explain this turnover of methyl groups in histones it was proposed that removal of 

methylation may occur either via clipping of histone tails or by replacement of the methylated 

histones with variant histones [160]. However, subsequently it was shown that arginine 

methylation can be reversed by a deamination reaction which converts arginine to citrulline 

[107]. This deamination was catalyzed by PADI4/PAD4 deiminases (Figure 1.4) [107].  

Following the discovery of this deamination reaction, histone lysine demethylation by amine 

oxidation reaction was discovered [163]. The enzyme responsible for this reaction was identified 

as lysine dependent amine oxidase (LSD1) (Figure 1.4) [113, 164, 165]. However, both PAD4 

and LSD1 can only mediate removal of mono arginine and mono or di lysine methylation 

respectively but the discovery of these reactions showed that the introduction of histone 

methylation marks is reversible [107, 108, 113, 163]. Recently the jmjC domain containing 

histone demethylases that can target all states of histone methylation were discovered [112]. 

These enzymes mediate demethylation by catalyzing hydroxylation of the methylated histones 

with most members of this family of demethylases targeting lysine methylation [112]. So far for 

arginine demethylation the functional activity as a histone demethylase has been demonstrated 

for only one jmjC domain demethylase, namely Jmjd6 [111]. Table 1.2 lists some of the well 

characterized histone demethylases. In this review, I have focussed on histone lysine 

demethylases and have reviewed their functions in detail below 

 

 

 

 

 

 

 

Figure 1.4: Reaction mechanism of removal of histone arginine mono methylation by PAD. 

PAD is a calcium dependent deaminase that removes methyl groups from mono methylated 

arginine by deamination reaction. Red indicates methyl groups. Image has been adapted from a 

review by Klose et al (2006)[112]. 
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Table 1.2: List of substrate specificity of some well characterized histone demethylases. *jmjd6 

can demethylate both asymmetric and symmetric methylation marks.  

 

1.8.1 Lysine specific demethylase-1 (LSD1): LSD1 also known as BHC110/AOF2 was the first 

histone lysine specific demethylase to be identified [163]. The enzyme has been characterized as 

a flavin-dependent amine oxidase due to extensive sequence homology to members of this 

family but also contains a nuclear localization signal and a SWIRM domain that is often found in 

chromatin-associated proteins [163, 164].  RNAi knockdown of LSD1 in Hela cells resulted in 

an increase in methylated H3K4me1 and me2 at promoters of several neuron specific genes and 

subsequent transcriptional up regulation of these genes, suggesting that H3K4me1/me2 are the 

primary targets of LSD1 [163]. Demethylation by LSD1 does not involve direct cleavage of the 

N-CH3 bond but amine oxidation of the methylated histone lysine that results in the formation of 

an imine intermediate with concomitant reduction in flavin adenine dinucleotide (FAD) to 

FADH2 which then gets reoxidized by oxygen to hydrogen peroxide  (Figure 1.5) [113, 163, 

165]. The imine then gets hydrolyzed by a non-enzymatic reaction to a carbinol amine which in 

the following reaction step is degraded to formaldehyde, all of which ultimately results in an 
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unmodified lysine [113, 163, 165]. Since the formation of the imine requires a protonated lysine 

only mono or di-methylated and not tri-methylated lysines are targeted by LSD1 [113, 163, 165].  

 

 

 

 

 

 

 

 

Figure 1.5: Reaction mechanisms of demethylation of histone lysine methylation by LSD1. The 

activity of the enzyme is dependent on FAD and the reaction generates an imine intermediate 

which gets converted to an un-modified lysine. Only demethylation of mono methylated lysine is 

shown, but LSD1 can catalyze demethylation of di methylated lysines. Red indicates the methyl 

group.  Image has been adapted from a review by Klose et al (2006)[112]. 

 

LSD1 has been shown to associate with Co-REST and BHC80 co-repressor complexes both of 

which appear to regulate its activity in vivo [164, 166].The enzyme is evolutionary conserved 

from S. pombe to mammals but interestingly homologues or orthologs of LSD1 have not yet 

been identified in S. cerevisiae which is enriched in methylated H3K4 [163]. Another interesting 

feature of LSD1 is that when it is complexed with androgen receptors its substrate preference 

changes from H3K4 to mono and di-methyl H3K9 [167].  

 

1.8.2 JmjC domain containing histone lysine demethylases: In the quest of identifying other 

potential histone lysine specific demethylases and more specifically a tri-methyl specific one, it 

was proposed that more potent mechanisms such as oxidative methylation or hydroxylation 

catalyzed by enzymes containing 2-oxoglutarate dependent dioxygenases could be involved 

[168]. 2-oxoglutarate (OG) Fe II dependent dioxygenases use Fe II in their active site to activate 

a molecule of dioxygen to form highly reactive oxo-ferryl species which are capable of 

hydroxylating the specific substrate [168]. The reaction of histone demethylation catalyzed by 

these putative enzymes was proposed to be similar to how DNA repair demethylase AlkB, a 2-

OG Fe II dependent dioxygenase, hydroxylates the methyl groups implicated in certain forms of 

DNA methylation damage [168].  
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EpeI a protein in yeast that regulates heterochromatin integrity was predicted to be a histone 

demethylase [168]. This protein contains a conserved jmjC domain and could be modelled into 

the structure of factor inhibiting hypoxia, a protein hydroxylase that also contains a jmjC domain 

and belongs to the family of 2-OG Fe II dependent dioxygenases, hence was thought to be able 

to catalyze demethylation by oxidative hydroxylation [168]. Subsequently sequence alignment 

analysis showed that several other jmjC domain containing proteins have distinct features of 2-

OG Fe II dependent dioxygenases suggesting that many of them could be capable of catalyzing 

demethylation [168]. Thus it was hypothesised that jmjC domain containing proteins were 

histone demethylases.  

The jmjC domain originates from the jmj or jumoji gene that was initially identified in mouse as 

a key gene important for development [169]. It contains a DNA binding ARID domain and two 

conserved jmj domains, jmjN and jmjC [169]. The jmjC domain is highly conserved between 

species and approximately 30 jmjC domain containing proteins have been identified in the 

mouse genome [169]. Based on sequence homology the jmjC domain containing proteins with 

histone demethylase activity have been classified into six families; JARID, UTX, JHDM1, PHF, 

JHDM2/jmjd1 and JHDM3/jmjd2 families (Figure 1.6) [142, 165]. Although the jmjC domain is 

present in all six families, additional domains also appear to be essential for their catalytic 

activity [112]. The catalytic mechanism of all jmjC-domain containing demethylases is 

hydroxylation and depends on Fe II and α-ketoglutarate cofactors [165].  

Structural analyses have shown that the jmjC domain folds into eight β-sheets to form the 

enzymatically active site that co-ordinates Fe II and α–ketoglutarate [165]. Consistent with their 

important function, the three amino acids that co-ordinate Fe II binding at the active site, are 

fully conserved in all members [165]. In the first step, the reaction generates a carbinol amine 

intermediate and succinate [165]. Carbinol amine then gets hydrolyzed by non-enzymatic 

reactions to formaldehyde which results in the production of an unmodified lysine and removal 

of the methyl modification (Figure 1.7) [165]. While many more members of the various jmjC 

demethylase families have been identified, the detailed description below has been limited to 

those with histone lysine demethylase activity. 
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Figure 1.6: Structural features of the different jmjC domain containing demethylases. The Jarid 

family contains two subgroups Jarid1 and Jarid2 and both groups differ slightly in their structure. 

In the UTX/UTY family jmjd3 is an exception in that it only contains the jmjC domain. In the 

JHDM1 family JHDM1A and JHDM1B differ in the number of leucine rich repeats domain. In 

the JHDM3/jmjd2 family, jmjd2d stands out as it lacks the PHD and tudor domains. Image is 

adapted from a review by Klose et al (2006)[112]. 
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Figure 1.7: Reaction mechanisms of demethylation of histone lysine methylation by jmjC 

domain containing demethylases. JmjC demethylases remove methyl groups by hydroxylation 

and use Fe II and α-ketoglutarate (αKG) as cofactor. Only removal of mono methyl group is 

shown but members of this group can also target di and tri methyl lysine. Red indicates the 

methyl group.  Image has been adapted from a review by Klose et al (2006)[112]. 

 

1.8.2.i Jarid family: The Jarid family of demethylases is divided in two subgroups Jarid1 and 

Jarid2 [112]. Jarid1 subgroup contains the jmjC, jmjN, AT-rich interactive Arid, C5HC2 zinc 

finger and PHD finger domains, while the Jarid2 demethylases possess all domains found in the 

Jarid1 subgroup with the exception of the PHD finger domain (Figure 1.7) [112]. Jarid1 

subgroup in mammals consists of four members; Jarid1a, Jarid1b, Jarid1c and Jarid1d [112]. All 

four demethylases target H3K4 methylation [170]. Jarid1b can remove all three states while 

Jarid1a, Jarid1c and Jarid1d can demethylate only the me3 and me2 forms [138, 170-172].  

Jarid1a is also known as retinoblastoma binding protein 2 and was first characterized as a 

binding partner of the tumour suppressive protein retinoblastoma [171, 172]. It has been 

implicated in Hox gene silencing in drosophila and has been shown to be displaced from Hox 

genes during ES cell differentiation [171, 172].  

The second member, Jarid1b, was found to associate with androgen receptor and regulate its 

transcription activity whereas Jarid1c, also known as SMCX, co-localizes with the X 

chromosome [173, 174]. Its association with the X-chromosome is achieved through binding of 

the N terminal PHD domain of jarid1c to H3K9me3 marks [173, 174]. It appears that this 

binding helps to coordinate demethylation of H3K4me3 with H3K9 methylation to maintain 

transcription repression [173, 174].  A point mutation revealed further information about the 

functional role of Jarid1c which was associated with X-linked mental disorder and characterized 

by reduced H3K4me3 demethylation and H3K9me3 binding [173, 174].  
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Similar to Jarid1c, Jarid1d sometimes called SMCY, is also associated with a sex-chromosome, 

in this case with the Y chromosome [173]. However, no specific cellular role has been identified 

for this demethylase in mammals.  

Jarid2 has not been shown to have demethylase activity towards any histone residue [175]. 

However, in ES cells Jarid2 has been implicated in recruiting components of the PRC2 complex 

to target regions and thereby maintaining PRC2 and subsequently PRC1 activity [175].   

 

1.8.2.ii UTX/UTY family: UTX or ubiquitously transcribed tetracopeptide is located on the X 

chromosome and escapes X inactivation while the UTY is located on the Y chromosome [112]. 

Members of this family consists of the jmjC domain and tetracopeptide domains [112]. One 

exception is jmjd3, which only contains the jmjC domain but lack the tetracopeptide domains  

(Figure 1.6) [112]. However, this enzyme has been grouped into this family due to its extensive 

sequence homology inside and outside the jmjC domain with UTX and UTY [112]. Both UTX 

and jmjd3 have been shown to posses demethylase activity towards H3K27me3/me2 marks 

[176]. UTX was also identified as component of a multiprotein complex that contains MLL2 a 

methyltransferase with specificity for H3K4me3 [176]. During retinoic acid induced 

differentiation of mouse ES cells UTX and MLL2 binding at Hox1b promoter was found to 

increase and subsequently H3K27me3 levels decreased and H3K4me3 levels increased [176]. 

Thus it appears that during differentiation UTX and MLL2 protein complexes are recruited to 

mediate transcriptional activation of Hox genes [176]. Role for UTY in histone demethylation 

has not yet been described.  

 

1.8.2.iii JHDM1 family: The JHDM1 family consists of many related proteins but key ones that 

have been shown to posses demethylase activity include JHDM1A/FBXL11, JHDM1B/FBXL1 

and the yeast homologue EpeI [177]. Apart from the key jmjC domain, members of this family 

contain four additional domains the F-box, CXXC zinc finger, Leucine rich repeat and PHD 

domains (Figure 1.6) [112]. Demethylase activity of JHDM1 enzymes have been shown to 

mainly depend on the jmjC domain although deletions of the CxxC zinc finger, PHD domain and 

leucine rich repeats were found to partially impair enzymatic activity [177]. However, this class 

of enzymes can only target mono and di-methyl states [177]. It is not yet clear why JHDM1 

enzymes are not able to demethylate tri-methylated histones but it has been proposed that it may 
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be due to limited substrate recognition or restricted potential of the catalytic site to accommodate 

tri-methyl histones [165, 177].  

Both JHDM1A and JHDM1B are specific for mono and di methyl H3K36 but the efficiency for 

removal of the me2 state was much higher than for me1 [177, 178]. Consistent with this in Hela 

cells over-expression of JHDM1 resulted in decreased levels of di-methyl H3K36 [177]. In 

drosophila, KDM2 (JHDM1A and 1B) was identified as a component of the polycomb complex 

dRAF [179]. This complex also contains the H3 ubiquitin ligase dRing and demethylation of 

H3K36me2 by KDM2 was found to be essential for efficient H2A ubiquitination activity of 

dRAF [179].  

 

1.8.2.iv Phf family: Three demethylases; Phf2, Phf8 and KDM7 have been identified in this 

family [112, 180]. With the exception of Phf2, which has a histidine to tyrosine substitution in 

the third iron binding residue of the jmjC domain, the remaining regions of this domain are 

identical to the jmjC domain of the JHDM1 demethylases [112, 180]. Apart from the jmjC 

domain, members of this family also contain a PHD finger domain (Figure 1.6) [112]. Both Phf2 

and Phf8 are recruited to the promoters of ribosomal RNA genes through their interaction with 

H3K4me3 marks where they function as H3K9me1/me2 specific demethylases [74, 181]. Phf8 is 

also specific for demethylating H4K20me1 and its presence was found to be essential for brain 

development in zebra fish [73]. Interestingly, KDM7 appears to function as dual demethylase 

with specificity for H3K9me1/me2 and H3K27me1/me2 [180]. Deletion of KDM7 in zebra fish 

was found to result in abnormal brain development [180].  

 

1.8.2.v JHDM2/jmjd1 demethylase family: The JHDM2 family of demethylases consists of 

three members, JHDM2A/jmjd1a, JHDM2B/jmjd1b and JHDM2C/jmjd1c/TRIP8 [166]. JHDM2 

enzymes can only target mono and di-methyl states, and are specific for H3K9 methylation 

[182]. Structurally all members of this family contain the jmjC domain and a zinc finger domain 

(Figure 1.6) [112]. Both jmjC and zinc finger domains were found to be essential for their 

catalytic activity [112]. A functional role that was demonstrated for jmjd1a is to maintain the self 

renewal potential of ES cells. Jmjd1a was found to be involved in transcriptional activation of 

the pluripotency genes Tcl1, Tcl1, Tcfcp2l1 and Zfp57 by mediating demethylation of H3K9me2 

at their promoter regions [183]. RNAi mediated knockdown of jmjd1a resulted in the stimulation 
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of differentiation of ES cells and decreased Oct-4 expression [183]. Oct-4 is an important 

regulator of pluripotency in ES cells and jmjd1a and even jmjd1c have been identified as its 

downstream targets [183, 184].  

Both jmjd1a and jmjd1c share another common feature in that they are involved in hormone 

dependent transcriptional activation [182]. Jmjd1a and jmjd1c are recruited to androgen 

receptors upon ligand binding, where they demethylate H3K9me1/me2 and activate androgen 

receptor associated gene transcription [184-186]. Apart from androgen receptor, jmjd1c also 

interacts with the thyroid hormone receptor in a hormone dependent manner [112]. Jmjd1b is 

primarily implicated in cancer [187].  

 

1.8.2.vi JHDM3/jmjd2 demethylase family: JHDM3/jmjd2 family consists of four histone 

demethylases; jmjd2a, jmjd2b, jmjd2c and jmjd2d [166]. All four members contain the jmjC 

domain, the jmjN domain and the conserved amino acids associated with Fe II binding and α-

ketoglutarate at the active site [112]. Jmjd2d is an exception in this family as it lacks the two 

PHD and two tudor domains present in the other three demethylases (Figure 1.6) [142, 166]. 

Unlike JHDM1 and JHDM2, members of this family are able to catalyze demethylation of tri 

methylated histones and this catalytic activity depends on the presence of the jmjC and jmjN 

domains [142]. Listed below are the substrate preference and functions of these demethylases.  

 

1.8.2.via) Jmjd2a: Jmjd2a is tri-methyl specific histone demethylase that shows specificity for 

the demethylation of H3K9me3 and H3K36me3 [188, 189]. Evidence for this comes from 

studies in cultured cells where over expression of jmjd2a resulted in a decrease in H3K9me3 and 

H3K36me3 levels [188, 189]. Furthermore, in C. Elegans, knockdown of the jmjd2a homologue 

by RNAi resulted in a localized increase in H3K36me3 on the X chromosome and that of 

H3K9me3 on the meiotic chromosomes and triggered p53 mediated germline apoptosis [189]. 

However, the demethylation reaction was reported to only result in the conversion of the tri 

methyl lysine to di methyl and not to mono or un-methylated states [189]. In contrast another 

study showed that jmjd2a is capable of demethylating H3K9 and H3K36 me3/me2 states to the 

me1 state [188].  

H3K9me is a repressive mark while H3K36me is an activating mark hence via its action on both 

these marks it appears that jmjd2a has dual roles in transcriptional activation and repression. 
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Consistent with its dual role the tudor domain of jmjd2a was found to bind to the activating mark 

H3K4me3 and repressive marks H4K20me2/me3, although the physiological significance of this 

binding is not known [190]. To mediate its transcriptional repressive role jmjd2a has been found 

to associate with the tumour suppressor protein retinoblastoma, histone deacetylases and the co-

repressor N-CoR and roles for this demethylase have been implicated in cell proliferation and 

oncogenesis [166]. Similar to some of the members of other families, jmjd2a has affinity for 

ligand bound androgen receptors where its binding stimulates androgen receptor mediated 

transcriptional activation [191].  

 

1.8.2.vib) Jmjd2b: Jmjd2b catalyzes demethylation of H3K9me3 and H3K36me2 [142]. 

Mutational analysis demonstrated that both the jmjC and jmjN domains and the presence of the 

conserved amino acids involved in Fe II and α-ketoglutarate co-ordination are essential for its 

activity, while the PHD, tudor and zinc finger domains are dispensable [142]. In mouse 

fibroblast cells induction of jmjd2b protein resulted in a selective decrease in H3K9me3 by 90% 

at the pericentric heterochromatin and a 80% decrease in bulk histones suggesting that jmjd2b is 

the main demethylase involved in removing heterochromatin associated H3K9me3 [142]. The 

removal of me3 marks in these fibroblasts resulted in a concomitant increase in H3K9me1 marks 

while H3K9me2 level remained unchanged. This led the authors to suggest that jmjd2b probably 

converts H3K9me3 to the me1 state [142]. Moreover, disruption of Suv39h1 in cells, generated 

the same changes, a decrease of H3K9me3 and an increase in H3K9me1 at the pericentric 

heterochromatin, that were triggered by the over expression of the jmjd2b demethylase [133, 

134]. Thus these results suggest that H3K9me3 levels at pericentric heterochromatin and 

associated regions are regulated by the activity of Suv39h and jmjd2b enzymes [133, 134, 142].  

Additionally all target regions of the H3K9me3 specific methylase Suv39h1 like the major 

satellite repeats which are regions of the pericentric heterochromatin and other repetitive 

elements like LINE L1 and IAPLTR1 showed greater than 20 fold reduction in H3K9me3 upon 

over-expression of jmjd2b [142]. Apart from pericentric H3K9me3, mass spectrometry analysis 

on bulk histones also revealed a small decline in the activating mark H3K36me2 by 10% in 

jmjd2b over-expressing cells, and concomitant increase in H3K36me1 levels [142]. Thus it 

appears that jmjd2b may have a dual role and functions as a transcriptional repressor and 
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activator. However, given that its action on H3K36me2 is small, it appears that jmjd2b has a 

strong preference for the repressive H3K9me3 mark.  

Jmjd2b has been identified as a component of the MLL2 complex [192]. This complex catalyzes 

H3K4 methylation and has been shown to associate with the estrogen receptor [192]. Estrogen 

receptor activated transcription stimulation was found to require demethylation of H3K9 and 

methylation of H3K4 with demethylation of H3K9 being a pre-requisite for H3K4 methylation 

by MLL2 methyltransferase [192]. Jmjd2b itself was found to be a target of estrogen receptor 

activity, indicating that the interaction between the two forms a positive feedback loop in the 

estrogen dependent signalling pathway [192]. Consistent with this interaction with estrogen 

receptors, high level of jmjd2b has been detected in estrogen receptor positive breast tumours 

[193].  

 

1.8.2.vic) Jmjd2c: Jmjd2c also known as GASCI can demethylate di as well as tri methyl H3K9 

[194]. Consistent with this over expression of jmjd2c decreased H3K9me2/3 and increased 

H3K9me1 levels suggesting that jmjd2c converts H3K9me3 to me2 and then to the me1 state 

[194]. Jmjd2c mediated removal of H3K9me3 was found to adversely affect heterochromatin 

formation by delocalising HP1 [194].  In ES cells jmjd2c has an essential role for maintaining 

pluripotency [183]. Deletion of jmjd2c in these cells resulted in a decrease in Oct-4, Nanog and 

other pluripotency associated genes and subsequent differentiation [183]. It was shown that 

jmjd2c activity is essential for removing H3K9me3 marks from the Nanog promoter which 

removes the binding sites of repressive proteins like HP1 and KAP1 and positively regulates 

Nanog expression [183]. A role for jmjd2c in androgen receptor dependent transcriptional 

activation has also been described [195]. Apart from H3K9me3, jmjd2c posses demethylase 

activity towards the activating mark H3K36me3, indicative of a dual role for this demethylase in 

transcriptional activation and repression [189, 194]. 

 

1.8.2.vid) Jmjd2d: Unlike other jmjd2 enzymes jmjd2d lacks the PHD and tudor domains [189]. 

The function of this enzyme is not clear but mass spectrometry analyses have revealed that 

jmjd2d can covert H3K9me3 to me2 and me1 and like other members in this group has been 

implicated in hormone receptor dependent transcriptional activation [189, 191, 196]. 
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1.9 Histone reprogramming during normal embryogenesis: Epigenetic reprogramming plays 

an important role during embryogenesis. Both maternal and paternal gametes are differentiated 

cells that have a tight compacted transcriptionally inactive genome. Reprogramming of both 

these genomes is essential for establishing a single uniform diploid genome and for orchestrating 

gene expression profiles required for correct development [5]. This reprogramming of maternal 

and paternal genomes occurs in two phases [2, 3, 6, 37, 197]. The first phase occurs during 

gametogenesis when methylation marks are erased from primordial germ cells and re-established 

as they differentiate into the chromatin structure of sperm or oocytes [2, 3, 6, 37, 197]. In most 

species the sperm is highly compacted and packaged with protamines, while the oocyte is 

arrested at metaphase II and packaged with histones [5]. Upon fertilization, the paternal genome 

undergoes remodelling in which the sperm protamines are replaced with histones that are highly 

acetylated and also carry H3K27me1 and H3K9me1, but have reduced levels of other histone 

modifications including the more robust repressive H3K9me3 mark [2, 198]. In contrast, on 

fertilization the maternal genome completes meiosis and stains heavily for H3K9me3 and also 

appears to be abundant in other activating and repressive histone marks [2, 198]. Soon after the 

paternal genome acquires histones the second phase of reprogramming begins [2, 3, 6, 37, 197]. 

The paternal genome undergoes active de novo DNA demethylation while the maternal genome 

undergoes passive DNA demethylation during cleavage and this loss of methylation is required 

for remodelling of the chromatin structure [2, 3, 6, 37, 197]. Low methylation levels are 

maintained in the embryos until about the 8 cell stage [2, 3, 6, 37, 197]. At the blastocyst stage 

de novo methylation is associated with lineage establishment [2, 3, 6, 37, 197].  

H3K9 methylation pattern has been shown to mirror DNA methylation during development [2, 3, 

6, 37, 197]. Consistent with this loss of H3K9me3 methylation after fertilization H3K9me3 

demethylases show stage specific expression pattern in the embryo [199, 200]. Jmjd2a is 

expressed at high levels in the zygote but thereafter levels begin to decline. At the 2 cell and 4 

cell stages, its expression is at moderate levels with a slight increase at the eight cell stage that 

drops to low levels in the morula and blastocysts [200]. Jmjd2b follows a similar pattern as 

jmjd2a, but does not increase in levels at the 8-cell stage. Instead after the zygote stage it keeps 

decreasing and is expressed at low levels in the morula and blastocysts [200]. In contrast to 

jmjd2a and jmjd2b, jmjd2c is not expressed in the zygote and levels increase at the 2-cell stage 

and peaks at the 4-cell stage [200]. Thereafter levels decline and like jmjd2a and jmjd2b it is also 
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expressed at low levels in the morula and blastocysts [200]. Thus this stage-specific expression 

pattern of these demethylases ensures that H3K9me3 marks are stripped off during early 

development and their decrease in expression by the blastocysts stage allows for the re-

establishment of these marks which is essential for establishing lineage commitment in the 

embryos [2]. Distribution of H3K27me3, like H3K9me3 has been shown to decline from the 2-

cell stage onwards until about the 8-cell stage and thereafter increases to higher levels at the 

blastocysts stage [201].    

De novo DNA methylation at the blastocysts stage results in a hypermethylated ICM and under 

methylated trophectoderm (TE) [2]. While in both the ICM and TE, H3K9me3 marks the 

pericentric heterochromatin and H3K9me2 is evenly distributed, H3K27me1/2/3 marks are 

predominantly associated with the ICM and H3K27me2/me3 modification are restricted to the 

inactive X chromosome in the TE [2]. 

 

1.10 Histone reprogramming in nuclear transfer: The histone modifications of the donor 

nucleus are specific for its tissue or cell type and are required to establish and maintain the 

specific expression patterns in support of its normal function. During NT, the donor chromatin 

must be reprogrammed to the extent that it will be capable of supporting development [3, 37]. 

However, the oocyte cytoplasm has been mainly designed for the remodelling of the sperm 

genome and the low efficiency of cloning with the existence of a number of chromosomal 

abnormalities in live clones suggests that the reprogramming of donor cell genomes is 

inadequate [3, 37, 50].  

To address the question of histone reprogramming in NT, patterns of constitutive 

heterochromatin associated H3K9 methylation and euchromatin associated H3K9 acetylation 

have been analysed in bovine embryos after in vitro fertilization (IVF) and following NT using 

fibroblast donor cells [37]. In IVF embryos as per normal, DNA methylation reduces between 

the 2 to 4 cell stages with de novo methylation occurring at the 8 cell stage and the distribution 

and intensity of H3K9 methylation paralleled that of DNA methylation [37]. By contrast, the 

majority of the NT embryos displayed hypermethylated DNA that was paralleled with H3K9 

hypermethylation at all stages of development [37]. Similar dysregulation was also seen for 

H3K9 acetylation, a mark of the active euchromatin or facultative heterochromatin [37]. 

Compared to IVF embryos in which levels of H3K9 acetylation decline after the 4-cell stage and 
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start to increases again following the 8-cell stage coinciding with transcriptional activation, the 

majority of the NT embryos remained hyperacetylated at all stages [37]. Dysregulation of H3K9 

modifications in NT embryos was seen during ICM and TE lineage establishment [37]. While in 

IVF embryos, DNA and H3K9 were more heavily methylated in the ICM than in the TE, a 

similar epigenetic asymmetry was absent in NT embryos with the TE being as highly methylated 

as the ICM [37]. Dysregulation in H3K9 acetylation in the ICM and TE was also reported, 

although the pattern was not as dramatic as for H3K9 methylation [37]. Thus it may be 

speculated that the abnormally high levels of H3K9 methylation in the extraembryonic tissues 

may be the underlying cause of down regulation of a number of genes in cloned placentas and 

other placental abnormalities seen in clones [50].  

In the above study although the majority of the clones exhibited these aberrant histone patterns, 

those with normal epigenotype showed developmental success indicating that aberrant histone 

modifications may be one of the causes of low cloning efficiency but in some cases these marks 

do get adequately reprogrammed [37]. Thus it appears from these studies that reprogramming of 

H3K9 methylation is essential for successful NT development.  

The use of donor cells in the G0 phase of the cell cycle has been shown to be the most effective 

for nuclear transfer [202]. A study by Baxter et al. (2004) which compared global changes in 

histone modifications between quiescent G0 and cycling B lymphocytes reported that induction 

to quiescence reduces levels of H3K4, H3K9, H3K27 and H4K20 methylations, heterochromatin 

associated HP1β and that of Ezh2 and Setdb1 histone lysine methyltransferases [202]. Baxter et 

al analyzed the reactivation of EGFP fluorescent marker gene following transfer of G0 and 

cycling lymphocyte nuclei into a fertilized one cell embryo [202]. They used EGFP gene as 

marker as it was normally found to be inactive in lymphocyte nuclei following transfer into one-

cell embryos [202]. They found that the reactivation of the EGFP transgene on day four of in 

vitro development was three times higher in embryos generated from G0 than from cycling 

lymphocytes [202]. These findings suggest that the high success rate with G0 cells may be due to 

the associated histone hypomethylation [202].  

ES cells are pluripotent cells and compared to somatic cells have been associated with higher 

efficiency in NT [39]. Levels of H3K9me3 repressive marks are tightly regulated by the 

demethylases jmjd1a and jmjd2c [183]. These demethylases have been shown to remove 

H3K9me3/me2 marks from the promoter of many pluripotency genes like Oct-4 and thereby 
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prevent differentiation [183]. The existence of such key regulatory mechanisms probably account 

for the high efficiency seen with ES donor cells. However, in spite of these unique modifications 

in ES cells, several chromosomal abnormalities, dysregulation in numerous imprinted genes and 

abnormal fetal and placental growth have been observed in ES-cell derived clones, suggesting 

that adequate reprogramming has not occurred [44, 48, 203]. In ES cells, significant levels of the 

repressive mark H3K9me3 are present at loci of  lineage control genes, pericentric 

heterochromatin, at tandem repeats (major and minor satellites, telomeric repeats and long 

terminal repeats) and at imprinting control regions [41, 91, 146, 204, 205]. Thus it may be 

postulated that the presence of such repressive marks could be one of the reasons underlying 

inadequate reprogramming that results in chromosomal abnormalities and gene dysregulation in 

ES cell clones.  

 

1.11 Summary: Overall while the technique of NT has improved over the years and live cloned 

animals have been generated in a number of species, the efficiency still remains low [3, 50]. 

While NT with ES cells or cells of embryonic origin do show better development compared to 

differentiated cells, several placental and epigenetic abnormalities have been detected in clones 

derived from ES cells [3, 50]. One of the key requirements for successful NT appears to be the 

reprogramming of epigenetic marks. In general an increase of activating marks and reduction of 

repressive marks in the donor nuclei has been proposed to provide conditions that are more 

amenable for the efficient reprogramming of the donor genome [3, 50].  

Several studies have attempted to modify histone modifications in donor cells by treating them 

with pharmacological agents like the histone deacetylase inhibitors trichostatin A and 5-aza-

deoxy-cytadine to increase histone acetylation and thereby make the chromatin more permissive 

for reprogramming [38]. It appears that although histone epigenetic marks can be modified by 

using these agents, they do not target specific repressive modification like H3K9me3 [38]. Since 

the failure to efficiently reprogram repressive marks like H3K9me3 represents one of the major 

difficulties for successful NT, a reduction of existing levels of this mark in donor cells prior to 

NT may provide an effective strategy to improve overall cloning efficiencies. Consistent with 

this idea, G0 cells which have reduced levels of H3K9me3 show increased reprogramming 

efficiency [202]. Thus based on these findings it could be postulated that use of donor cells, ES 

or somatic cells, with reduced levels of H3K9me3 could result in better reprogramming 
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efficiency during NT. One way to reduce native H3K9me3 levels would be to over express one 

of its specific cognate demethylase in the donor cells prior to NT. Over-expression of jmjd2b in 

NIH3T3 fibroblasts was shown to markedly reduce H3K9me3 marks [142].  However, these 

NIH3T3 cells posses karyotypic abnormalities hence failed to develop beyond the 2-cell stage 

during NT [206]. Hence the generation of a similar inducible demethylase system in cells 

suitable for NT would allow the controlled induction of the demethylase in donor cells prior to 

NT and provide a test system to investigate whether the use of donor cells with reduced 

H3K9me3 levels would improve reprogramming.  

1.12 Aims: The aims of this thesis were to 

1. Generate ES donor cells with inducible expression of jmjd2b. 

2. Analyze changes in histone modification particularly of H3K9me3 in jmjd2b induced vs. 

non induced cells  

3. Analyze changes in the expression of genes that form part of the chromatin remodelling 

machinery.  

4. Use jmjd2b inducible ES cells as donors in NT and compare in vitro and in vivo 

developmental potential of induced vs. non induced cells.  

5. Generate somatic cells with inducible expression of jmjd2b and repeat the analysis 

performed in ES cells and compare the changes to those seen in ES cells. 
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Chapter 2: Materials and methods 

2.1 Materials Required: All chemicals and organic solvents used were purchased from 

reputable companies and were of Laboratory Reagent grade. The chemicals, reagents, kits, 

enzymes, buffers and their composition used have been listed in tables 2.1 to 2.6. Tissue culture 

reagents and media composition have been listed in tables 2.7 and 2.8. The hormones and 

chemicals used for animal work are listed in table 2.9. Antibodies used and their dilutions are 

listed in table 2.10. Primer sequences their annealing temperature and extension time are listed in 

table 2.11. All primers were synthesized by Invitrogen. Plasmids and mammalian cell lines used 

are listed in table 2.12 and 2.13 respectively. The equipments and software used have been 

shown in table 2.14.  

 

Table 2.1 Common chemicals or reagents used 

Chemicals/Reagents Manufacturer Local supplier 

NaCl JT baker Thermo Fisher Scientific, NZ 

Sodium dodecyl sulfate (SDS) Bio Rad, Bio Rad, NZ 

KCl Sigma Sigma, NZ 

KH2PO4 Sigma Sigma, NZ 

MgSO4.7H2O Sigma Sigma, NZ 

Ammonium persulfate Bio Rad Bio Rad, NZ 

D-glucose Sigma Sigma, NZ 

Sucrose Sigma Sigma, NZ 

Luminal Sigma Sigma, NZ 

p-Coumaric acid Sigma Sigma, NZ 

Glycine JT Baker Thermo Fisher Scientific, NZ 

Tris (ultra pure) JT baker Thermo Fisher Scientific, NZ 

Di sodium-Ethylenediaminetetraacetic acid 

(EDTA) 

Sigma Sigma, NZ 

EDTA (Ultra pure) Invitrogen Invitrogen, NZ 

Bromophenol blue Bio Rad Bio Rad, NZ 

Glycerol JT baker Thermo Fisher Scientific, NZ 

Paraformaldehyde (PFA) Sigma Sigma, NZ 

TritonX Sigma Sigma, NZ 
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BSA Sigma Sigma, NZ 

Comassie blue R-250 Bio Rad Bio Rad, NZ 

Ponceau Stain Sigma Sigma, NZ 

Low fat milk powder Pams Food Pams Food, NZ 

Tween Bio Rad Bio Rad, NZ 

Hydrogen peroxide (30%) solution JT Baker Thermo Fisher Scientific, NZ 

Luminal Sigma Sigma, NZ 

p-Coumaric acid Sigma Sigma, NZ 

Lactic acid (60%) Sigma Sigma, NZ 

Phenol Red Sigma Sigma, NZ 

Di methyl  sulfoxide (DMSO) Sigma Sigma, NZ 

2-mercaptoethanol Sigma Sigma, NZ 

30% Acrylamide Bio Rad Bio Rad, NZ 

Syber Safe Invitrogen Invitrogen, NZ 

Sabiosciences Syber green master mix SABiosciences Qiagen, NZ 

Takara Syber green master Ex Taq Takara Norrie Biotech, NZ 

ABI Syber green Applied Biosystems, Applied Biosystems, NZ 

H33342 Sigma Sigma, NZ 

DAKO fluorescent medium DAKO DAKO, Australia 

Phosphate buffered saline (PBS) tablets MP Biomedicals MP Biomedicals, Australia 

SeeBlue plus2 prestained protein ladder Invitrogen Invitrogen, NZ 

1 Kb+ DNA ladder Invitrogen Invitrogen, NZ 

Bovine Serum albumin (BSA) Sigma Sigma, NZ 

Agarose Ray lab Ray lab, NZ 

Luria Broth (LB) powder Sigma Sigma, NZ 

Agar powder Sigma Sigma, NZ 

SOC medium Invitrogen Invitrogen, NZ 

DH5α bacterial cells In-house made  

Stbl2 bacterial cells Invitrogen Invitrogen, NZ 

Ampicillin Sigma Sigma, NZ 

Deoxy Di nucleotide (dntp) Roche Roche, NZ 

Glacial acetic acid JT Baker Thermo Fisher Scientific, NZ 

Acetone JT Baker Thermo Fisher Scientific, NZ 
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Sulphuric acid JT Baker Thermo Fisher Scientific, NZ 

Nitric acid JT Baker Thermo Fisher Scientific, NZ 

NaOH 1 M JT Baker Thermo Fisher Scientific, NZ 

Methanol (Analytic grade) Fisher chemicals Thermo Fisher Scientific, NZ 

Ethanol Fisher chemicals Thermo Fisher Scientific, NZ 

 

 

Table 2.2 Enzymes used in DNA and molecular techniques 

Enzymes/ enzyme buffers Manufacturer Local Supplier 

Restriction enzymes and buffer Roche Roche, NZ 

Klenow fragment of Ecoli polymerase Roche Roche, NZ 

NEB buffer 2 New England Biolab Thermo Fisher Scientific, NZ 

Shrimp Alkaline phosphatase (SAP) and buffer Roche Roche, NZ 

T4 ligase and buffer Roche Roche, NZ 

TAQ polymerase  and PCR buffer Roche Roche, NZ 

DNAseI and buffer Qiagen Qiagen, NZ 

Proteinase K Invitrogen Invitrogen, NZ 

 

 

 

Table 2.3 Kits used in DNA and molecular analysis 

Kits Manufacturer Local Supplier 

Plasmid Mini and Maxi prep kit Qiagen Qiagen, NZ 

DNA gel and solution extraction kit Promega In vitro technologies, NZ 

EpiQuik
TM

 Total histone extraction kit Epigenetick Epigenetick, USA 

RNeasy Mini RNA extraction kit Qiagen Qiagen, NZ 

RT
2
 first strand kit SABiosciences Qiagen, NZ 

Lipofectamine 2000 lipofection kit Invitrogen Invitrogen, NZ 

Mouse ES cell nucleofection kit Lonza Lonza, USA 

384-well mouse epigenetic remodelling factors array SABiosciences Qiagen, NZ 

384-well mouse epigenetic remodelling enzymes array SABiosciences Qiagen, NZ 

 

 



45 

 

 

Table 2.4 Solutions used in DNA and PCR techniques 

 

 

 

Table 2.5 Solutions used in immunofluorescence analysis 

 

 

 

 

 

 

 

 

Solutions Composition 

TAE 40 mM Tris-HCl, 20 mM glacial acetic acid, 1 mM EDTA in H2O 

5X DNA loading dye 0.25% Bromophenol blue and 30% glycerol made in  MilliQ H2O 

Ampicillin Stock concentration made at 50 mg/ml in MilliQ H2O 

LB broth 20 g LB broth powder dissolved in 1 L MilliQ H2O and heat sterilized 

60% glycerol 60 ml of glycerol (w/v) dissolved in 100 ml of MilliQ H2O and heat sterilized 

PBS 1 PBS tablet dissolved in 100 ml of dH2O 

DNA lysis buffer 100 mM NaCl, 50 mM Tris pH8, 25 mM EDTA, 0.1% SDS and 1 mg/ml Proteinase K 

10 mM Tris pH8 0.6 g Tris base dissolved in 500 ml of  MilliQ H2O and pH was adjusted to 8 with HCl 

Solution Composition 

4% PFA 4% paraformaldehyde, 4% sucrose, few drops of phenol red and 

few drops of NAOH to adjust pH to 7-7.5 

10% Triton X 10% w/v diluted in PBS 

4% PFA and 1% Triton X solution 4% PFA solution to which 10% Triton X 1:10 diluted was added 

H33342 Stock made as 1 mg/ml in ddH2O 

Blocking buffer 2.5% BSA dissolved in PBS 
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Table 2.6 Solutions used for western blotting analysis 

Solution Composition 

15% resolving gel 0.375 mM TrisHCl pH8.8, 15% acrylamide, 0.1% SDS, 0.05% 

ammonium persulfate, 0.005% TEMED dissolved in MilliQ H2O 

4% stacking gel 0.125 mM Tris HCl pH 6.8, 4% acrylamide, 0.1% SDS, 0.05% 

ammonium persulfate, 0.01% TEMED dissolved in MilliQ H2O 

6x Denaturing protein loading 

buffer 

6.25 mM Tris, 40% glycerol, 5% 2-mercaptoethanol and 1%SDS 

dissolved in MilliQ H2O 

Electrophoresis running 

buffer 

25 mM Tris, 192 mM glycine and 0.1% SDS dissolved in MilliQ H2O 

Transfer buffer 25 mM Tris, 192 mM glycine, 20% methanol and 0.1% SDS dissolved in 

MilliQ H2O 

 

0.5% Comassie blue R-250 0.5 g Comassie blue R-250 dissolved in 100 ml MilliQ H2O 

0.2% Ponceus 0.2 g Ponceus dissolved in 100 ml MilliQ H2O 

Destaining solution 10% acetic acid and 45% methanol dissolved in MilliQ H2O 

Blocking buffer 1% low fat milk powder dissolved in PBS 

Wash buffer 0.025% tween dissolved in PBS 

 

0.1M Tris-HCl pH 8.6 

 

1.21 g Tris dissolved in 100 ml of MilliQ H2O. pH was adjusted to 8.6 

with HCl 

ECL solution A 5.5 mg of luminal added to 60 µl of DMSO 

ECL solution B 2.8 mg of p-Coumari acid added to 100 µl of DMSO 

ECL signal development 

solution 

10 ml 0.1 M Tris-HCl pH8.6, 24 µl ECL Solution A, 4 µl ECL Solution 

B and 3 µl H2O2 
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Table 2.7 Chemicals or regents used in tissue culture and culture of oocytes and embryos 

Reagents Composition Manufacturer Local supplier 

Mouse ES cell 

nucleofection kit 

 Lonza Lonza, USA 

LIF Stock concentration made at 10
7
units/ml in 

PBS containing 0.02% tween 

GenScript GenScript, USA 

PD0325901 Stock concentration made as 10 mM in 

DMSO 

Stemgent Stemgent, USA 

Gelatin 0.1% solution made in ddH2O Sigma Sigma, NZ 

Mytomycin C Stock concentration made at 1 mg/ml in PBS Sigma Sigma, NZ 

Nocodazole Stock concentration made at 1 mg/ml in 

DMSO 

Sigma Sigma, NZ 

0.025% trypsin  Invitrogen Invitrogen, NZ 

2-mercaptoethanol tissue 

culture grade 

 Sigma Sigma, NZ 

Na-Pyruvate 0.15 g dissolved in 5 ml ddH2O to make a 

stock of 1000X 

Sigma Sigma, NZ 

CaCl2. 2H2O 0.94 g dissolved in 5 ml ddH2O to make a 

stock of 1000X 

Sigma Sigma, NZ 

FBS ES cell suitable  Gibco Invitrogen, NZ 

DMEM/F12  Gibco Invitrogen, NZ 

Non-essential amino 

acids 100x 

 Gibco Invitrogen, NZ 

Doxycyline Stock concentration made at 1 mg/ml in 

MilliQ H2O 

Sigma Sigma, NZ 

Hygromycin  Invitrogen Invitrogen, NZ 

Di methyl sulfoxide cell 

culture grade (DMSO) 

 Sigma Sigma, NZ 

Penicillin and 

streptomycin (100X) 

Used at 1x Gibco Invitrogen, NZ 

Fungizone™ 

Antimycotic, liquid 

(1000x) 

Used at 1x Gibco Invitrogen, NZ 
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Polyvinylpyrrolidone 

(PVP) 

 

Stock 10% solution made in ddH2O Sigma Sigma, NZ 

HCZB media 4.760 g NaCl, 0.360 g KCl, 0.160 g KH2PO4, 

0.040 g EDTA, 0.420 g NaHCO3, 4.760 g 

Hepes, 3.7 ml of Lactic acid (60%), 1 g D-

glucose, 0.290 g MgSO4.7H2O, 1 ml 0.5% 

phenol red, 1X Na-pyruvate and 1X 

CaCl2.2H2O dissolved in 1 L of ddH2O 

 

  

M2 media  Sigma Sigma, NZ 

M16 media  Sigma Sigma, NZ 

Hyaluronidase Working solution made at 300 µg/ml in M2 

media 

Sigma Sigma, NZ 

Acid Tyrodes solution  Sigma Sigma, NZ 

Mineral oil for culture of 

embryos and oocytes 

 Sigma Sigma, NZ 

 

Table 2.8 Tissue and embryo culture media composition 

Media/ solutions Composition 

STO fibroblast media DMEM/F12, 10%FBS and 1x Na-pyruvate 

ES cell passaging media DMEM/F12, 20%FBS, 100 µM 2-mercaptoethatno and 1x MEM non 

essential amino acids 

ES cell culture media DMEM/F12, 20%FBS, 100 µM 2-mercaptoethatnol, 1x MEM non essential 

amino acids, 1000 units/ml LIF, PD 

HEK293 culture media DMEM/F12, 10% FBS and 1x Na-pyruvate 

MEF culture media DMEM/F12, 10%FBS and 1X MEM non essential amino acids 

Cryoprotectant solution 80% FBS and 20% DMSO 

NT cell preparation media HCZB, 0.5% FBS, 0.5 µg/ml Nocodazole 

Oocyte recovery media HCZB and 0.1% PVP 

Aggregation media M16 and 10 mg/ml BSA 
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Table 2.9 Hormones or chemicals used animal work 

Hormones/chemicals  Stock Manufacturer Local Supplier 

Chorulon Pregnant mare serum 

gonadotropin (PMSG) 

Made at 50 IU in ddH2O Intervet International Intervet, NZ 

Chorulon Human chorionic 

gonadotropin (hCG) 

Made at 50 IU in ddH2O Intervet International Intervet, NZ 

Ketamine Made at 100 mg/ml Parnell Living 

Science 

Parnell Living 

Science, 

Australia 

Xylaine Made at 20 mg/ml Ethical Agents Ethical Agents, 

NZ 

Acepromaizine Made at 2 mg/ml Ethical Agents Ethical Agents, 

NZ 

Mouse anaesthetic 10 mg/ml Ketamine, 1 mg/ml 

Xyaine and 0.1 mg/ml 

Acepromaizeine made in 

ddH2O 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



50 

 

Table 2.10 Antibodies used and their dilutions  

Antibody Dilution for 

immunofluorescence 

Dilution for 

western 

Manufacturer or Source 

Mouse anti Oct4 1:500  Santa Cruz, USA 

Rabbit anti EGFP 1:1000  Invitrogen, NZ 

Mouse anti-EGFP 1:1000  Invitrogen, NZ 

Rabbit anti H3K9me3 1:1000 1:3000 Dr. Thomas Jenuwein (Max Planck 

Institute, Freiberg, Germany) 

Rabbit anti H3K9me2 1:1000 1:3000 Dr. Thomas Jenuwein (Max Planck 

Institute, Freiberg, Germany) 

Rabbit anti H3K9me1 1:1000 1:3000 Dr. Thomas Jenuwein (Max Planck 

Institute, Freiberg, Germany) 

Rabbit anti H3K27me3 1:1000 1:3000 Dr. Thomas Jenuwein (Max Planck 

Institute, Freiberg, Germany) 

Goat anti mouse 568 1:1000  Invitrogen, NZ 

Goat anti rabbit 488 1:1000  Invitrogen, NZ 

Donkey anti mouse 488 1:1000  Invitrogen, NZ 

Goat anti rabbit 568 1:1000  Invitrogen, NZ 

Goat anti rabbit 
*
HRP 

conjugated 

 1:10000 Santa Cruz, USA 

*Horseradish peroxidase 
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Table 2.11 Primer sequences  

Primer Sequence Product 

size 

Annealing 

temperature 

(
0
C) 

Extension time 

GL459 f TGTACGACGATGACGTGGCG Sequencing   

GL471 f 

GL279 r 

GTTTTCCCAGTCACGACGTT 

AGCAATCGCGCATATGAAAT 

1.2 kb 55 1 minute 30 seconds 

GL285 f 

GL279 r 

CTCCCTTTAGGGTTCCGATT 

AGCAATCGCGCATATGAAAT 

597 bp 55 45 seconds 

GL277 f 

GL279 r 

CAGCAGGCAGAAGTATGCAA 

AGCAATCGCGCATATGAAAT 

804 bp 55 1 minute 

GL585 f 

GL586 r 

GCTCGCACGTACTTCATTCC 

GAGAGTTCCTTGAGGGCTGG 

400 bp 55 30 seconds 

GL481f 

GL482 r 

CACCATCATCCCTTACAACG 

TTCAGCAGCTGGTACTCCTG 

502 bp 55 45 seconds 

GL550 f 

GL551 r 

TACCCTGTACTGGCACGTGA 

CAATTGCTTGTCTCAGAAGTGG 

500 bp 55 45 seconds 

GL618f 

GL642 r 

GCTGTT TTG GAGGCAGGAAG 

TGCCAATGCTCTGTCTAGGG 

700 bp 58 45 seconds 

GL785f 

GL786 r 

TGGGACTGGTGACAATTGTC 

GAGTACAGGTGTGCAGCTCT 

402 bp 55 45 seconds 

GL800f 

GL801r 

AGAAGACACCGGGACCGATC 

TGAATTCATCCATGGTGGGG 

185 bp qRT  

GL802f 

GL803r 

AGAAGCCTTCCTGTTCTCAG 

TGTACTGACTGGCTGTAGGG 

189 bp qRT  

*Oct-4 f 

*
Oct-4 r 

CCAGGACATGAAAGGCCTGCA 

AGA ACC ATA CTC GAA CCA 

220 bp qRT  

*
GAPDH f 

*
GAPDH r 

TGCACCACCAACTGCTTAG 

GATGCAGGGATGATGTTC 

175 bp qRT  

f: forward primer         r: reverse primer 

All primers were synthesized by Invitrogen, NZ. Primers were reconstituted at 1mM in sterile H2O. 
*
Oct-4 

and GAPDH primers were kindly provided by Dr Craig Smith (Agresearch, NZ) 
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Table 2.12 Plasmids used for cloning and transfection 

Plasmid Functional sequence Source 

pI-jmjd2b-EGFP Truncated 1-424 a.a jmjd2b fused 

to EGFP 

Dr. Thomas Jenuwein (Max Planck 

Institute, Freiberg, Germany) 

pI-jmjd2b-EGFP (H189A) Truncated 1-424 a.a jmjd2b with 

a point mutation of H189A fused 

to EGFP 

Dr. Thomas Jenuwein (Max Planck 

Institute, Freiberg, Germany) 

pI-jmjd2b-EGFP (full length) Full length (1-1086a.a) jmjd2b 

fused to EGFP 

Dr. Thomas Jenuwein (Max Planck 

Institute, Freiberg, Germany) 

pBS-EGFP flp-in vector EGFP flp-in vector Dr. Caroline Beard (Whitehead 

Institute for Biomedical Research, 

Cambridge, Massachusetts) 

 

Functional jmjd2b-EGFP flp-in 

vector 

Jmjd2b-EGFP fusion transgene  

Mutant jmjd2b-EGFP flp-in 

vector 

Mutant jmjd2b-EGFP  

EGFP flp-in vector used with 

HEK293 cells 

EGFP transgene Dr Catriona Graham (Agresearch, 

Ruakura, Hamilton) 

TPEGFP EGFP transgene Dr Catriona Graham (Agresearch, 

Ruakura, Hamilton) 

pTRE-hygro Hygromycin gene Clonetech 

F70L recombinase plasmid F70L recombinase Invitrogen 

FlpO recombinase plasmid FlpO recombinase Addgene plasmid (deposited by 

Raymond CS) 

 

 

Table 2.13 Mammalian cell lines used for analysis 

Cell lines Source 

HEK 293 cells Invitrogen, NZ 

KH ES cells Open Biosystems, USA 

STO fibroblasts ATCC, USA 
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Table 2.14 Equipment and software used 

Equipment/software Manufacturer Local supplier 

Agarose gel casting mould  and combs Bio Rad Bio Rad, NZ 

DNA gel electrophoresis tank Bio Rad Bio Rad, NZ 

37
o
C incubator for growing bacterial cultures Infros HT Ecotron Infros HT Ecotron, 

Switzerland 

Gel Doc
 
1000 Bio Rad Bio Rad, NZ 

Safe imager UV transilluminator and UV goggles Invitrogen Invitrogen, NZ 

Nano-Drop 1000 Spectrophotometer Thermo Scientific Bio-Strategy, NZ 

Thermomixer compact Eppendorf Bio-Strategy, NZ 

Thermal cycler Bio Rad Bio Rad, NZ 

Mini protean tetra SDS gel casting system Bio Rad Bio Rad, NZ 

SDS electrophoresis tank Bio Rad Bio Rad, NZ 

Transfer cassette and tank Bio Rad Bio Rad, NZ 

PowerPac basic supply Bio Rad Bio Rad, NZ 

100plus X-Ray processor JZ imaging JZ imaging, USA 

GS800 scanner Bio Rad Bio Rad, NZ 

ABI 7900 HT Applied Biosystems Applied Biosystems, NZ 

Corbett Rotorgene 6000 Corbett Life science Bio-Strategy, NZ 

Sonicator (Thyristor Regler TR50) IKA works IKA works, USA 

Cell culture incubator Forma scientific Thermo Fisher Scientific, 

NZ 

Nucleofector II device Lonza Lonza, USA 

Nikon TMS inverted phase contrast microscope Nikon Nikon, USA 

Leica DM1L inverted phase contrast microscope Leica Bio-Strategy, NZ 

Leica DFC290 camera Leica Bio-Strategy, NZ 

Olympus BX50 microscope Olympus Olympus, NZ 

Nikon TMS Nikon Nikon, USA 

Nikon SMZ1500 stereomicroscope Nikon Nikon, USA 

Nikon SM2800 stereomicroscope Nikon Nikon, USA 

Nikon Object marker Nikon Nikon, USA 

Sony Cyber shot digital camera Sony Sony, USA 
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Spot RT3 camera Spot imaging 

solutions 

Spot imaging solutions, 

USA 

FACS Scan analyser Becton Dickinson Becton Dickinson, NZ 

Lecia application suit software Leica Bio-Strategy, NZ 

Spot Basic and Advanced software Spot imaging 

solutions 

Spot imaging solutions, 

USA 

Image J software National Institutes of 

Health 

National Institutes of 

Health, USA 

Quantity One software Bio Rad Bio Rad, NZ 

Microsoft Excel 2007 Microsoft Microsoft, USA 

Vector NTI Invitrogen Invitrogen, NZ 

Cellquest Pro Becton Dickinson Becton Dickinson, USA 
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2.2 DNA Techniques: The compositions of the solutions used are listed in table 2.4. 

2.2.1 Restriction enzyme digests: Single or double enzyme digests were performed for 

mapping, cloning and linearization of DNA. Digests were carried out at the recommended 

temperatures and in the appropriately supplied buffers. Enzymes were used at concentration of 

1unit per 1 µg of DNA. For isolation of insert or vector backbone 5 µg of DNA and for mapping 

purposes 500 ng of DNA was used. Digestion was carried out in volumes 10-20 µl.  

 

2.2.2 Agarose gel electrophoresis: Digested DNA was separated on 0.8% agarose gel. To make 

a gel the gel casting mould was taped on both sides and the appropriate well combs were placed 

in it. 0.8% agarose was added to TAE buffer (Table 2.4) and solution was microwaved to 

dissolve the agarose. Syber safe diluted 1:10000 was added to the gel solution for visualization. 

Once the gel solution had cooled a bit it was poured into the mould and left aside to set. When 

the gel had set the combs were removed and the casting mould containing the set gel was placed 

in the electrophoresis tank containing TAE buffer. Samples were mixed with 1X DNA loading 

dye (Table 2.4) and electrophoresed at 100V. To identify the band sizes, 1 kb+ DNA ladder was 

run alongside the samples in each gel. Gels were visualized and photographed using the Gel 

Doc1000 UV transilluminator. 

 

2.2.3 LB agar-Ampicillin plates: 12.5g of LB and 7.5g of Agar was added to 500 ml of MilliQ 

H2O. Solution was mixed and sterilized by autoclaving. Following sterilization the LB-Agar 

solution was cooled by placing it in 60
0
C. 50 mg/ml of Ampicillin was added to the solution at a 

dilution of 1:1000 to achieve a final concentration of 50µg/ml. ~10ml of LB-Agar was poured 

onto each 10 cm petridish. Plates were allowed to set at room temperature then flipped to prevent 

condensation on the agar. Plates were directly used to plate transformation or stored away at 4
0
C.  

 

2.2.4: DNA transformation: For regular plasmid transformation the in-house made Ecoli strain 

DH5α was used, but for transformation of ligated constructs the Ecoli strain Stbl2 from 

Invitrogen NZ was used. For ligation samples; ½ of the reaction (which was less than 0.1 µg) 

was used, while for whole plasmids 1 µg of DNA was used for transformation. Transformations 

were carried out as described: 
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1. 200 µl of DH5α and 100 µl of Stbl2 cells were used. Cells were thawed out on ice, mixed 

with DNA and left on ice for 5minutes in case of DH5α and 30 min for Stbl2 cells.  

2. Cells were then heat shocked at 42
0
C for 75 seconds (DH5α) or 25 seconds (Stbl2) and 

returned to ice for 2-5 minutes. 900 µl of SOC media was added to the cells and tubes 

were left at 37
0
C (DH5α) for 60 minutes or 30

0
C (Stbl2) for 90 minutes with shaking at 

250 rpm.  

3. Cells were then centrifuged at 3000rpm for 10 minutes and resuspended in 150 µl of LB 

broth (Table 2.4) and plated onto LB agar plates containing 50 µg/ml of Ampicillin. 

Plates were incubated overnight at 37
0
C (DH5α) or 30

0
C (Stbl2) and colonies were 

picked and grown overnight in 5 ml of LB broth containing 50 µg/ml of Ampicillin at 

37
0
C (DH5α) or 30

0
C (Stbl2) with shaking at 250 rpm in an Infros HT incubator, for 

mini-plasmid preparation.  

2.2.5 Plasmid preparations: For small scale purposes like for screening ligation transformation 

a 5ml culture from a single colony was grown overnight in LB broth containing 50µg/ml of 

Ampicillin at 37
0
C (DH5α) or 30

0
C (Stbl2) with vigorous shaking at 250 rpm in a Infros HT 

incubator. Plasmids were then extracted from the cultures using the Qiagen Mini-prep kit 

following the protocol described by the manufacture. For generation of large amounts of plasmid 

DNA, a colony from the plate or a glycerol stock was used to inoculate ~250-500 ml of LB broth 

containing 50µg/ml of Ampicillin. The large cultures were then grown overnight at 37
0
C (DH5α) 

or 30
0
C (Stbl2) with vigorous shaking at 250 rpm in an Infros HT incubator, following which 

plasmids were extracted using the Qiagen Maxi prep kit according to the manufacture’s 

recommended guidelines.  

 

2.2.6 Glycerol stock preparation: For making glycerol stock of plasmids, 500 µl of grown 

bacterial culture was mixed with 500 µl of sterile 60% glycerol (Table 2.4). Stocks were stored 

away at -80
0
C.  

 

2.2.7 DNA extraction and purification from agarose gels or solutions: For extraction from 

gels; restriction enzyme digested DNA was run on 0.8% agarose gel as described in section 

2.2.2. Bands were visualized on the Safe Imager UV transilluminator and while wearing UV 



57 

 

goggles bands were excised from the gel with a sterile scalpel blade. DNA was then extracted 

from the bands using the Promega DNA extraction kit, following the manufactures 

recommended guidelines. For purification from solutions, the reaction was directly used in the 

kit following the manufactures guidelines. DNA was eluted in 10 mM Tris pH 8 (Table 2.4) and 

concentration was determined on the Nano-drop. 

2.2.8 Cloning of jmjd2b-EGFP flp-in vectors 

2.2.8.i Restriction enzyme digestion to isolate required fragments: The jmjd2b-EGFP 

transgenes were isolated from the plasmids used by Fodor et al [142]. The flp-in vector was 

based on the flp-in system used to successfully flp-in EGFP into KH2 ES cells by Beard et al 

[207]. 5 µg of Fodor et al’s jmjd2b plasmids were digested with HindIII and 5 µg of EGFP flp-in 

vector was digested with EcoRI. Digestion was carried out at 37
0
C as described in section 2.2.1. 

Digested samples were electrophoresed on 0.8% agarose gel as described in section 2.2.2, the 2 

kb jmjd2b-EGFP fragment and 5 kb flp-in vector backbone fragments were isolated and DNA 

was extracted from the bands as described in section 2.2.7.  

 

2.2.8.ii Blunting of restriction enzymes digested fragments: If the vector and the insert are cut 

with different restriction enzymes and have non-complimentary ends, they must be blunted by 

end filling with either the Klenow fragment of Ecoli DNA polymerase I for 5
’
 overhangs or with 

T4 DNA polymerase for 3
’ 
overhangs. Both EcoR1 and HindIII enzymes generate 5’ overhangs, 

hence Klenow fragment of DNA polymerase was used to blunt the vector and insert. The enzyme 

has a 5’-3’ polymerase and 3’-5’ exonuclease activity. To generate blunt ends, DNA fragments 

were incubated with 1 unit of Klenow per µg of DNA, 1x NEB buffer 2 and 1 mM dntp for 15 

minutes at 37
0
C. DNA was cleaned up using the Promega DNA extraction kit as described in 

section 2.2.7. 

 

2.2.8.iii Vector dephosphorylation: If the vector backbone is cut with only one restriction 

enzyme it needs to be dephosphorylated with a phosphatase to prevent re-circularization. To 

dephosphorylate EcoRI cut and blunted flp-in vector backbone, the Shrimp alkaline phosphatase 

(SAP) was used. DNA was incubated with 1 unit of SAP pre ng of DNA and 1X SAP buffer for 
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1 hour at 37
0
C. At the end of the reaction SAP was inactivated by the heating the mix for 15 

minutes at 65
0
C. The mix was then directly used in ligation reactions.  

 

2.2.8.iv Ligation reactions: For generation of jmjd2b-EGFP flp-in plasmids; 4 different molar 

ratios of flp-in vector to jmjd2b-EGFP insert; 1:0, 1:1, 1:3 and 1:5 ligation reactions were set up. 

In each case 100 ng of vector (5 kb) was used and the amount of the 2 kb insert was varied 

appropriately. Since it was a blunt ligation 5 units of T4 ligase was used and the reaction was 

carried out in the provided ligase buffer and the total volume of the reaction was set at 10-12 µl. 

Reactions were carried out at 14
0
C for 14 hours. Half the volume of the reaction was transformed 

into competent Stbl2 bacteria and plated onto Ampicillin LB-agar plates as described in section 

2.2.4.  The obtained colonies were picked individually and grown in 5ml of LB broth containing 

50 µg/ml of Ampicillin overnight at 30
0
C with vigorous shaking at 250 rpm in an Infros HT 

incubator. Glycerol stocks of the overnight cultures were made and frozen away as described in 

section 2.2.6. DNA was extracted from the overnight cultures using Qiagne Mini-prep kit as 

described in section 2.2.5. Correct cloning of jmjd2b-EGFP was confirmed via restriction 

enzymes digests using KpnI and PvuII enzymes as described in section 2.2.1. Once a correct 

clone was determined, a larger DNA preparation was made using the Qiagen Maxi prep kit as 

described in section 2.2.5. 

 

2.2.8.v Sequencing reactions:  For confirming the correct cloning of the jmjd2b-EGFP inserts 

into the parental flp-in vector, the plasmid confirmed by restriction enzyme digests were sent for 

sequencing at the DNA sequencing centre of Waikato University (Hamilton, NZ). For 

sequencing the plasmids, GL459 primer was generated using Vector NTI software. Sequences of 

primers are shown in table 2.11. These primers flank the jmjC domain in the region where the 

H189A mutation occurs in the mutant jmjd2b-EGFP plasmid. Hence, sequencing would confirm 

the presence of this mutation in the mutant plasmid.   

 

2.3 Cell culture techniques: All key reagents and media used are listed in table 2.7 and table 

2.8. 

2.3.1 ES cells: ES cells can either be grown on 0.1% gelatin coated dishes to provide substrate 

for attachment and in media supplemented with Leukemia inhibitory factor (LIF), a protein that 



59 

 

prevents differentiation. Alternatively they can be grown on mitotically inactivated feeder layers. 

These feeder cells are fibroblasts and they secrete LIF into the media for ES cell growth and 

maintenance. For expansion and freezing, ES cells were grown on feeder layers, in ES cell media 

supplemented with LIF. STO fibroblasts were used as feeders. For short cultures, like in cases 

when cells will be used up and not frozen away such as for immunofluorescence staining, 

histone, RNA or DNA extraction and NT runs, cells were grown on 0.1% gelatin coated dishes 

and in ES cell medium supplemented with LIF. For this project the KH2 ES cell line which is 

designed to allow for tet inducible expression of a gene of interest after FLP recombinase 

mediated integration into a proven locus was used. It contains an expression cassette for the 

reverse tetracycline transactivator (rtTA) inserted at the Rosa26 locus and FLP recognition target 

(FRT) sites for FLP recombinase mediated integration at the ColA1 locus which has been shown 

to support good inducible expression of the gene of interest. FRT sites are 34 bp long sequences 

comprising of two 13 bp palindromic sequences separated by an 8 bp asymmetric sequence. FLP 

recombinase binds to the plaindromic sequences while DNA breakage occurs at the asymmetric 

sequence. Following flp-in (insertion of jmjd2b-EGFP flp-in vector between the FRT sites) of 

jmjd2b-EGFP as shown in figure 2.1, flped-in clones (clones in which jmjd2b-EGFP flp-in 

vector has inserted between the FRT sites) can be selected via hygromycin resistance; hence to 

culture ES cells during selection, hygromycin resistant STO fibroblasts were generated. 
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Figure 2.1: Schematic of the flp-in system in KH2 ES cells. KH2 ES cell are engineered such 

that at the ColA1 locus they contain FRT flanked neomycin resistance gene under the control of 

the pgk promoter and also a non-functional hygromycin gene as it lacks a promoter and a start 

codon. Following co-transfection with the jmjd2b-EGFP flp in vector and a FLP recombinase, 

the FLP recombinase catalyzes inter and intra homologous recombination between FRT sites 

such that the pgkNeopA gene loops out and the whole flp-in gene gets integrated whereby the 

jmjd2b-EGFP gene becomes under the control of inducible TetO promoter and since a promoter 

and start codon is integrated before the hygromycin gene, it becomes active and flped-in cells 

can be selected via hygromycin resistance.     

 

2.3.2 Growth and preparation of feeders (STO fibroblasts): STOs were cultured in STO 

culture media (Table 2.8). Cells were grown at 37
0
C in 95% air/5% CO2. STO fibroblasts were 

grown to 70-80% confluency, following which they were mitotically inactivated with mitomycin 

C. 1 mg/ml of mitomycin C was added to the culture media at a dilution of 1:100 and cells were 

incubated for 2-3 hours. Following incubation, cells were washed twice with pre-warmed PBS. 

0.02 ml/cm
2
 of pre-warmed 0.25% trypsin-EDTA was added to the cells. The culture dish was 

rotated to ensure even spreading and incubated in the 37
0
C cell culture incubator for 2 minutes. 

To neutralize the trypsin, five times volume of pre-warmed STO culture media (Table 2.8) was 

added to the cells. The suspension was centrifuged at 3000rpm for 3 minutes. The pellet was 
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resuspended in STO culture media and cells were plated at 5.4 x 10
4 

cells/cm
2
 onto 0.1% gelatin 

coated dishes or frozen down at 5x10
5
 cells/vial as described in section 2.3.13.  

 

2.3.3 Generation of hygromycin resistant STO fibroblasts: For generating hygromycin 

resistant STO fibroblasts, the pTRE-hygro plasmid (Table 2.12) which contains the hygromycin 

gene was used. Prior to transfection, pTRE-hygro was linearized with BamHI as described in 

section 2.2.1 and the linearized plasmid was purified from the restriction digest using the DNA 

extraction Promega kit as described in section 2.2.7. To obtain ~70-80% confluency of cells at 

the time of transfection, 2 days prior, ~3 x 10
5
 cells/ well was seeded on to 4 wells of a 6-well 

plate. Cells were cultured in STO culture media. For transfection, Lipofectamine 2000 was used. 

Transfections were carried out according to the manufactures guidelines. Each well was 

transfected with 4 µg of BamHI linearized pTRE-hygro plasmid and a 1:3 ratio of DNA to 

Lipofectamine 2000 was used. Three of the four wells were transfected with the plasmid and the 

4
th

 well was used as a control to which only lipofectamine was added. 24 hours after transfection, 

media was changed and 150 µg/ml of hygromycin was added to the cells. Cells were selected in 

hygromycin for 11 days, following which all surviving cells were pooled and expanded. No 

surviving cells were obtained from the control experiment. Hygromycin resistant STO fibroblasts 

were maintained and mitotically inactivated as described in 2.3.2 or frozen down as described in 

section 2.3.13.  

 

2.3.4 Growth and maintenance of ES cells: The day before ES cell cultures were started, 

culture dishes were coated with 0.1 % gelatin following which mitotically inactivated STO 

feeders were seeded at 5.4 x 10
4 

cells/cm
2
. Next day, STO media was removed and ES cells were 

thawed out as described in section 2.3.14 and seeded on to the feeders at 3 x 10
4
 cells/cm

2
. 

Alternatively, ES cells were directly seeded onto the 0.1% gelatin coated dishes. Cells were 

cultured in ES cell media (Table 2.8) at 37
0
C in 95% air/5% CO2. Culture media was changed 

daily and cells were split when 80% confluency was reached which was every two to three days. 

Cells were trypsinized as follows: Media was removed and cells were washed once with pre-

warmed PBS. 0.02 ml/cm
2
 of pre-warmed 0.25% trypsin-EDTA was added to the cells. The 

culture dish was rotated to ensure even spreading and incubated in the 37
0
C cell culture 

incubator for 2 minutes. To neutralize the trypsin, five times volume of pre-warmed ES cell base 
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media (Table 2.8) was added to the cells. The suspension was centrifuged at 3000rpm for 3 

minutes; pellet was resuspended in ES cell culture media and pipetted up and down several times 

with a glass pasture pipette to make a single cell suspension. Cells were then seeded either 

directly onto 0.1% gelatin coasted dishes or onto feeders in 0.1% gelatin coasted dishes or were 

frozen down at 5x10
5
 cells/vial, 1x10

6
 cells/vial or 2x10

6
  as described in section 2.3.13.  

 

2.3.5 Nucleofection of ES cells: Cells were grown to 80% confluency on STO feeders in ES 

culture media prior to nucleofections. Media was changed from the cells three hours before 

nucleofections. Typically for each nucleofection 3-5 million cells were used; the amount of DNA 

was varied accordingly.  

 

2.3.5.i Testing the nucleofection programs: Cells were seeded and cultured as described in 

section 2.3.4. Five programs; A-13, A-23, A-24 and A-30 were tested; hence cells were cultured 

such that on the day of nucleofection a total of 15 million cells were recovered. Cells were 

trypsinized as described in section 2.3.4, resuspended in ES cell media and seeded onto a non 

gelatin coated T-75 flask and left in the cell culture incubator for 30 minutes. This would allow 

the feeders to settle while the ES cells would remain unattached. Following 30 minute 

incubation, floating cell suspension was collected, counted and centrifuged at 3000 rpm for 3 

minutes and resuspended at a concentration of 3 million cells per 100 µl of nucleofector solution 

provided in the mouse ES cell nucleofection kit (Table 2.7). 100 µl suspensions of three million 

cells were aliquoted out into five different cuvettes. 4 µg of TPEGFP (Table 2.12) in a volume of 

less than 10 µl was added to each of the cells in the cuvette. Cells were then nucleofected using 

one of the five selected programs on the nucleofector II device. Following nucleofection cells 

from each nucleofection was added to 5ml of ES cell media and seeded onto one T-25 flask. 24 

hours after nucleofection cells were trypsinized and 10,000 cells were analyzed for EGFP 

expression via flow cytometry as described in section 2.3.8.  

 

2.3.5.ii Nucleofection to generate functional and mutant jmjd2b-EGFP flp-in ES cells: Cells 

were cultured as described in section 2.3.4. Five million cells were used for each nucleofection. 

Cells were nucleofected as follows: 
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1. Day before nucleofections were to be carried out required number of 6-well plates were 

coated with 0.1% gelatin. Hygromycin resistant STO fibroblasts were inactivated as 

described in 2.3.2 and seeded at 5.4 x 10
4 

cells/cm
2
 onto the gelatin coated 6-well plates. 

2. On the day of nucleofections ES cells were trypsinized as described in 2.3.4 and 

resuspended in ES culture media and plated onto non gelatin coated dishes and incubated 

in the 37
0
C cell culture incubator for 30 minutes. This would allow the feeders to settle, 

while ES will remain unattached and can be recovered.  

3. After incubation, suspension of unattached ES cells was removed. Cells were counted, 

centrifuged at 3000 rpm for 3 minutes, and resuspended in the nucleofection solution 

supplied with the mouse ES cell nucleofection kit at 5 million cells per 100 µl. 100 µl 

aliquots were placed in the nucleofection cuvettes. 

4. Appropriate amounts of plasmids (jmjd2b-EGFP flp-in vector and pOG44 or FlpO 

recombinase) were added to the 5 million cells in the cuvettes and mixed well by 

pipetting. Total combined volume of all plasmids used was limited to 10 µl. Control 

nucleofections without FLP recombinase and only with the flp-in vector was also carried 

out. Nucleofections were carried out using the A-13 program on the nucleofector II 

device.  For nucleofections with flp-in vector and F70L FLP recombinase, molar ratios of 

2:1, 9:1 and 0:1 of F70L FLP recombinase to flp-in vector were used. For nucleofections 

with the FlpO recombinase molar ratios of 1:1, 3:1, 1:3 and 3:0 of FlpO to flp-in vector 

were used. The amount of flp-in vector was set at 5 µg and the amount of FLP 

recombinase was varied accordingly.   

5. Following nucleofections, cells from each nucleofection was resuspended in 36 ml of 

pre-warmed ES cell culture media and seeded at ~2.7 x 10
5
 cells/ well onto hygromycin 

resistant feeders prepared in three 6-well plates. 

6. The recommended 140 µg/ml of hygromycin selection was added to the ES cells 48 

hours after nucleofections [207]. Media was changed every one to two days. Selection 

was continued until colonies were seen and picked which took ~10-12 days.  

2.3.6 Picking and expansion of nucleofected and hygromycin selected ES clones: Plates were 

screened under 10X magnification and clones were marked using a Nikon object marker. Prior to 

picking hygromycin resistant ES cell clones, STO feeders were prepared as described in 2.3.2 
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and seeded at 5.4x10
4
cells/cm

2
 in 24 well plates. Clones were picked under Nikon TM 

microscope placed in the laminar flow and set at 10 X magnification. Clones were also viewed 

under the Leica DM1L microscope set at 20X magnification and photographed using the Leica 

DFC290 camera. Images were processed using the Leica application suit software. Clones were 

picked as described in the following steps:  

1. Prior to picking colonies, STO media was removed from the feeders prepared in 24 well 

plates the day before and replaced with pre-warmed ES cell culture media.  

2. For picking colonies ES cell media was removed from the 6 well plates, cells were 

washed once with pre-warmed PBS and replaced with 2 ml/well of ES cell media without 

FCS. 

3. The Nikon TMS microscope was placed in the laminar hood. While viewing at 10X 

magnification the clones were picked from the surface of the plate using a 200 µl pipette 

set at 20 µl and transferred individually to a well of a 96-well plate containing 20 µl of 

ES cell media without FCS. Clones were picked in batches of 24. Once a batch of 24 

clones were picked and transferred, 50 µl of 0.25% trypsin-EDTA was added to each 

well and incubated in the 37
0
C cell culture incubator for 5 minutes. Cell were then 

pipetted up and down several times to make a single cell suspension using a glass pasture 

pipette and thereafter cells from each clone was seeded onto STO feeders in one well of a 

24-well plate.   

4. Clones were then allowed to grow until confluent. Each clone was then trypsinized and 

seeded onto STO feeders in 2 wells of a 24 well plate and 1 well of a 96 well plate that 

was only 0.1% gelatin coated and did not contain feeders. Cells from the 2 wells of the 24 

well plate were frozen down into 2 vials as described in section 2.3.13  and cells from the 

1 well of the 96 well plate was used for preparation of genomic DNA for PCR analysis as 

described in 2.4.1. 

2.3.7 Derivation and culture of jmjd2b-EGFP mouse embryonic fibroblasts (MEFs): MEFs 

were derived from jmjd2b-EGFP and rtTA transgenic mice. To generate jmjd2b-EGFP 

hemizygous MEFs; a homozygous jmjd2b-EGFP male mice was mated with a wild type Swiss 

female while for generating homozygous jmjd2b-EGFP MEFs homozygous male and female 

jmjd2b mice were mated. Day of copulation plug formation was noted and on day 13.5 of 
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gestation pregnant mice were sacrificed by cervical dislocation and MEFs were derived as 

follows:  

1. All steps were carried out in a sterile laminar hood. The sacrificed pregnant mouse was 

wiped down with 70% ethanol. Using sterile scissors and forceps the abdomen was cut 

open and the uterine horns were removed and placed in a sterile petridish. 

2. Uterine horns were washed in pre-warmed PBS. The embryonic sacs were then cut open 

to release the embryos. 

3. Embryos were washed in PBS and the visceral tissue was removed and discarded. 

4. Each embryo was placed in a separate 10 cm petridishes and minced separately using 

scissors and surgical blade into grain sized pieces.  

5. 5 ml of 0.25% trypsin-EDTA diluted 1:4 in DMEM/F12 media was added to each of the 

minced embryos and incubated in the 37
0
C cell culture incubator for 15-20 minutes.  

6. 10 ml of pre-warmed MEF culture media (Table 2.8) containing 1 x penicillin 

streptomycin and 1x Fungizone™ Antimycotic solution was added to the tissues and 

pipetted several times using a glass pasture pipette. Each embryo was plated into one T-

75 flask. Media was changed when required and penicillin streptomycin and fungizone 

was kept in the media until cells were frozen down. 

7. Cells were grown until 80% confluent and then trypsinized. Cells were washed once with 

pre-warmed PBS. 0.02 ml/cm
2
 of pre-warmed 0.25% trypsin-EDTA was added to the 

cells. The culture dish was rotated to ensure even spreading and incubated in the 37
0
C 

cell culture incubator for 2 minutes. To neutralize the trypsin, five times volume of pre-

warmed MEF culture media was added to the cells. The suspension was centrifuged at 

3000rpm for 3 minutes. Cells were then frozen away as describe in section 2.3.13 at 

5x10
5
 cells/vial or 1x10

6
 cells/ vial. Following thawing, MEFs were cultured in MEF 

culture media without antibiotics.  

 

2.3.8. Flow cytometry analysis: Cells were trypsinized, centrifuged and resuspended in PBS. 

EGFP fluorescence was analyzed in cells on the Becton and Dickinson FACS Scan analyser 

using the Cellquest pro software. Results were obtained as histograms with fluorescence 
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intensity on the X-axis and number of cells on the Y-axis. Typically 10
4
 cells from each sample 

were analyzed.  

 

2.3.9 Tet induction of jmjd2b-EGFP cells: For inducing the jmjd2b-EGFP fusion protein, 

growing cultures of the selected flped-in KH2 ES cells were trypsinized and seeded at 3 x 10
4
 

cells/cm
2
 onto 0.1% gelatin coated dishes. For induction in MEFs, growing cultures were 

trypsinized and seeded at 3 x 10
4
 cells/cm

2
. Cells were induced by adding doxycycline to the 

culture media. Following induction cells were analyzed for EGFP expression via flow cytometry 

as described in section 2.3.8. Optimum concentration of doxycycline was determined by 

culturing ES cells initially in 1, 2 and 3 µg/ml of doxycycline for 48 hours following which cells 

were trypsinized and analyzed for EGFP fluorescence as describe in 2.3.8. These analyses 

revealed 1 µg/ml as optimum concentration. Optimum time period for induction was determined 

by culturing jmjd2b-EGFP ES cells in 1 µg/ml for 24, 48, 72, 96 and 120 hours and by culturing 

jmjd2b-EGFP homozygous MEFs for 24, 48 and 72 hours. These analyses revealed that 48 hours 

of induction is optimum for ES cells while for MEFs both 24 and 48 hours are optimum.  

 

2.3.10 Metaphase arrest of jmjd2b-EGFP donor cells for nuclear transfer (NT): One or two 

days prior to NT growing cultures of jmjd2b-EGFP expressing ES cells or MEFs were 

trypsinized or were thawed out of liquid nitrogen. ES cells were seeded at 5 x 10
4
 cells/well onto 

all four wells of a 0.1% gelatin coated 4-well plate. MEFs were seeded at 5 x 10
4
 cells/well onto 

all four wells of two 4-well plates. In both cases, cells in two wells of both plates were induced 

by adding 1 µg/ml of doxycycline to the culture media, for 48 hours in case of ES cells and for 

24 hours in case of MEFs, while cells in the other two wells were cultured in the absence of 

doxycycline. On the day of NT, i.e. 48 hours after seeding and inducing ES cells or 24 hours 

after seeding and inducing MEFs, media was removed from cells in one 4-well plate and washed 

twice with pre-warmed PBS to remove dead and floating cells.  Fresh respective culture media 

containing 1µg/ml of doxycycline and 0.5 µg/ml of nocodazole was added to the induced cells 

and culture media containing only 0.5 µg/ml of nocodazole was added to the non-induced cells. 

Cells were left in the 37
0
C incubator for 2-3 hours. Following incubation, cells were visualized 

under the Nikon TM microscope and the dish was tapped to dislodge the metaphase cells. Cell 

suspension was transferred to a 15 ml conical tube and centrifuged at 3000rpm for 3 minutes. 
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Media was aspirated and cells were resuspended in 250 µl of NT cell preparation media (Table 

2.8). 1 µg/ml of doxycycline was added to the induced cells. 30 µl droplets of cell suspension 

was pipetted onto a 6cm petridish and overlaid with pre-warmed mineral oil. The plate was then 

transferred to the cloning group for nuclear transfer. To confirm induction of jmjd2b-EGFP; on 

the day of NT, induced and non-induced cells growing in the second 4-well plate that were not 

treated with nocodazole were trypsinized and analyzed for EGFP expression via flow cytometry.  

 

2.3.11 NT using jmjd2b-EGFP ES or MEF cells: NT experiments using ES cells were done by 

Fleur Oback (Agresearch, NZ) and experiments using MEFs were done by Dr Jingwei 

(Agresearch, NZ). Reconstructs were cultured in vitro in M16 media till day 4, following which 

in vitro development was scored. MEF reconstructs were cultured by Dr Jingwei, while ES cell 

reconstructs were cultured by me. The number of blastocysts and morulae generated were 

determined on day 4. Results from all NT runs performed for each cell line or type was pooled. 

Development rate to blastocysts and morulae was determined as a percentage of the total number 

of reconstructs that extruded one polar body. Bar graphs of percentage of development ± 

standard error (SEM) were drawn and statistical significance between the groups was determined 

using Fisher 2x2 test. All analysis, significance testing and creation of bar graphs were done 

using the Microsoft Excel 2007 software.  

 

2.3.12: Culture of human embryonic kidney (HEK) 293 cells: HEK 293 cells were used as 

controls to check the efficiency of F70L FLP recombinase. These cells were engineered by 

Invitrogen. They contain a stably integrated cassette of laz and zeocin under the control of the 

SV40 promoter and an FRT site. Upon co-transfection of F70L FLP recombinase with a flp in 

vector (generated by Catriona Graham) that contains the EGFP gene, hygromycin resistance 

gene and an FRT site, the FLP recombinase catalyzes homologous recombination between the 

FRT sites in the host HEK 293 cells and the flp-in vector. Integration of flp-in vector results in 

the expression of EGFP and of hygromycin thereby allowing selection of flped-in clones via 

hygromycin resistance.  

 

2.3.12.i Growth and maintenance of HEK 293 cells: Cells were cultured in HEK culture media 

(Table 2.8) at 37
0
C in 95% air/5% CO2. Cells were grown to 70-80% confluency, following 
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which they were trypsinized as follows: Media was aspirated from the cells and washed once 

with pre-warmed PBS. 0.02 ml/cm
2
  of pre-warmed 0.25% trypsin EDTA was added to the cells. 

The culture dish was rotated to ensure even spreading and incubated in the 37
0
C cell culture 

incubator for 2 minutes. To neutralize the trypsin, five times volume of HEK culture media was 

added to the cells. The suspension was centrifuged at 3000 rpm for 3 minutes. The pellet was 

resuspended in culture media and cells were seeded as required for experiments. 

 

2.3.12.ii Lipofection of HEK 293 cells: To achieve 70-80% confluency at the time when 

lipofection were to be carried out, two days prior, growing cultures of HEK 293 cells were 

trypsinized and seeded at 2 x 10
5
 cells/well onto a 6-well plate. Cells were lipofected using 

Lipofectamine 2000 according to the manufactures guidelines. Total DNA to lipofectamine ratio 

of 1:3 was used. F70L FLP recombinase to flp-in vector were transfected at ratios of 9:1, 2:1, 

1:1, 1:0, 0:1 and 0:0. For each ratio cells from one well were used. Media was changed from the 

cells four hours after lipofections. 24 hours after lipofection, cells were trypsinized and seeded 

onto 10 cm dishes (1 dish per lipofection). The recommended 100 µg/ml of hygromycin 

selection was added to the culture media 48 hours after lipofections. Media was changed daily 

while the cells were in selection. Selection was continued until growing clones were seen and 

picked which took ~10 days. Number of clones obtained was counted and 3-5 clones were 

picked from each lipofection. For picking clones, cells were viewed under the Nikon TM 

microscope set at 10X magnification and clones were marked using the Nikon object marker. 

Clones that were well spaced apart were chosen. Media was aspirated and cells were washed 

once with PBS. 3 µl of 0.25% trypsin-EDTA was added to each colony, cell were quickly 

scraped with a 20 µl pipette, aspirated and transferred to a well of a 96-well plate containing 20 

µl of 0.25% trypsin-EDTA. Cells in each picked clone were pipetted up and down several times 

to disperse them, following that 100 µl of culture media was added.  Cells were cultured in the 

96-well plate until 80% confluency was achieved; thereafter they were used for genomic DNA 

preparation for PCR analysis.  

 

2.3.13 Cell freezing: Cells were trypsinized, centrifuged and resuspended in the respective 

culture media. Equal volume of cryoprotectant solution (Table 2.8) was added to the cells to 

achieve a final 1:1 ratio of cell culture media to cryoprotectant solution. Cells were frozen down 
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in 1 ml volumes at densities of 5 x10
5
, 1 x 10

6
 and 2 x 10

6
 cells per vial. Following aliquoting of 

cells into cryovials, vials were placed in de frost containers at -80
0
C for 24 hours to allow slow 

freezing of cells. Cryovials were then transferred to liquid nitrogen for long term storage.  

 

2.3.14 Thawing cells: Cells were removed from liquid nitrogen and rapidly transferred to a 37
0
C 

water bath. Once the cells were almost thawed, vials were wiped with 70% ethanol and cells 

were transferred to a tube containing 10 ml of the respective culture media. Cells were 

centrifuged at 3000 rpm for 3minutes, media was removed and pellet was resuspended in the 

appropriate culture media and plated onto culture dishes. For ES cells, cells were pipetted up 

down several times with a glass pasture pipette to disperse them into a single cell suspension. 

Media was changed after 24 hours.  

2.4 Molecular analysis techniques 

2.4.1 Genomic DNA preparation: Genomic DNA was prepared from cultured cells or mouse 

tail samples. For cultured cells, cells were trypsinized, centrifuged at 10000 rpm for 5minutes 

and pellet was resuspended in DNA lysis buffer. 5 µl of DNA lysis buffer (Table 2.4) was added 

to cells from one well of 96-well plate. For larger number of cells the volume of lysis buffer was 

scaled accordingly. Mouse tail samples were directly transferred to 1 ml eppendorf and 200 µl of 

lysis buffer was added to it. Both were heated at 55
o
C for 1 hour in case of cells and for 2 hours 

in case of tail samples in the thermomixer compact set at 300rpm. Samples were then briefly 

centrifuged to collect condensation. To the DNA preparation from cells, 9 times the volume of 

sterile H2O was added. Both cell and tail DNA were then heated at 95
0
C for 5 minutes to 

inactivate the proteinase K. Samples were briefly centrifuged to collect condensation. In case of 

cultured cells, 1 µl of this DNA preparation was used for each PCR reaction. 200 µl of prepared 

tail DNA was diluted 1:5 in sterile H2O, of which 1 µl was used for each PCR reaction.  

 

2.4.2 PCR for DNA analysis: PCR analysis were done to screen ES, MEFs, HEK cells and 

mouse tail samples to detect the presence of the transgene and also in some cases to determine 

homozygosity of the transgenes. 1 µl of samples were added to the PCR reaction which was 

performed in mixes of 15 µl volume. Each reaction contained 1x PCR reaction buffer, 0.6 µl of 

10 µM dntp, 0.6 µl of 10 µM forward primer, 0.6 µl of 10 µM reverse primer and 1 unit of Taq 
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polymerase. Volume was made up to 15 µl with sterile H2O. Each reaction was prepared in 

individual PCR tubes and reactions were carried out in thermal cyclers. The conditions used for 

amplification were: 95
0
C for 5 minutes to heat start the polymerase, followed by 35 cycles at 

95
0
C for 30 seconds to denature the DNA, 55

0
C or 58

0
C for 30 seconds for annealing of primers 

and extension at 72
0
C for 30 seconds to 1.5 minutes depending on the length of the amplicon. 

The extension time for a 500 bp amplicon was set at 30 seconds and scaled accordingly for larger 

amplicons. Finally the reaction was heated at 72
0
C for 10 minutes to complete any unfinished 

extension. Table 2.10 shows the sequences of the primers used their amplicon sizes, annealing 

temperature and extension time. All primers were designed using the Vector NTI software and 

synthesized by Invitrogen NZ. 

 

2.4.3 RNA extraction: Jmjd2b-EGFP ES and MEFs were cultured and induced for 48 hours as 

described in section 2.3.9. After 48 hours of culture the induction rate was determined via flow 

cytometry as described in section 2.3.8. If the induction rate was above 80% then induced and 

non-induced cells were used for RNA extraction. RNA was extracted using Qiagen RNeasy Mini 

RNA extraction Kit following the manufacturer’s guideline and typically 10x10
6
 cells from each 

sample were used. The recommended on-column DNAase treatment was performed to eliminate 

the presence of genomic DNA. RNA concentration and quality was determined on the Nano-

drop at absorbance 260nm and 280nm. A threshold optical density ratio of greater than 2 was set 

as baseline for selecting samples for subsequent quantitative reverse transcriptase (qRT) PCR 

reactions. RNA concentration between samples ranged from 700 ng/µl to 1 µg/µl. 

 

2.4.4 cDNA synthesis: 2 µg of RNA from each sample was used make cDNA. cDNA was 

synthesized using the SABiosciences RT
2
 first strand kit following the manufacture’s guidelines. 

In the final step cDNA was diluted in a volume of 110 µl which was then stored away at -20
0
C. 1 

µl of this diluted cDNA was used for individual qRT PCR reactions and 102 µl for a 384-well 

qRT PCR array.  

 

2.4.5 qRT PCR arrays (Epigenetic chromatin remodelling factors and modifier array): The 

384 well plate mouse epigenetic chromatin remodelling factors and modifier array from 

SABiosciences were set up according to the manufacturers guidelines. For each 384 well array a 
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total of 102 µl of cDNA was used. SABiosciences Syber green master mix was used and 

reactions were carried out on the ABI 7900 HT instrument following the reaction steps described 

in the manufacturer’s manual. For the induced and non-induced functional and mutant jmjd2b-

EGFP ES cells samples were analyzed in triplicates in the epigenetic chromatin remodelling 

array and in duplicates in the epigenetic modifier array. For MEFs induced and non-induced 

samples were analyzed in quadruplicates in both arrays. Average Ct values from the replicates 

was determined and normalized with arithmetic mean of five house keeping genes. These house 

keeping genes were glucuronidase beta, hypoxanthine guanine phosphoribosyl transferase1, heat 

shock protein 90kDa class B member1, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

and beta actin. Results from the PCR array was analyzed using the 2
-ΔΔCt 

 method and fold 

changes in induced samples compared to non-induced samples were determined. The formulas 

used for determining fold changes are described below: 

1. ΔCt for each gene = average Ct for the gene –arithmetic mean Ct of five house keeping 

genes  

2. ΔΔCt for each gene=  ΔCt experimental – ΔCt control 

3. Fold change in induced group vs. non-induced was determined as 2
-ΔΔCt

 

Statistical significance for the change seen was determined by comparing the Ct values in the 

experimental and control via 2 tailed t-test. In most cases the experimental group was induced 

cells and the control was non-induced cells. Bar graphs showing the fold change in induced 

group as a percentage of non-induced groups were plotted. Significance testing and bar graph 

creation was done using Microsoft Excel 2007 software.  

 

2.4.6 qRT PCR for determining changes in Oct-4 between induced vs. non-induced ES 

cells:  

Each reaction consisted of 1X ABI syber green master mix, 1 µl of 10 µM forward primer, 1 µl 

of 10 µM reverse primer and 1 µl of cDNA template. Total volume of each reaction was made up 

to 20 µl with sterile H2O. For normalization with an endogenous control, GAPDH was also 

amplified using cDNA from each of the induced and non-induced samples. Primers for Oct-4 

and GAPDH were kindly provided by Dr Craig Smith (Agresearch, NZ). The sequences of the 

primers are shown in table 2.11. Samples were analyzed in triplicates and loaded onto 96-well 

plates. PCR reaction was carried out on the ABI 7900HT instrument. Reactions were carried out 



72 

 

as follows; initial step involved the activation of the Taq polymerase at 95
0
C for 15 minute 

which was followed by 40 cycles of denaturation at 95
0
C for 15 seconds, primer annealing and 

extension at 60
0
C for 30 seconds. Following the RT run, a dissociation analysis curve was also 

performed. For each sample average Ct values obtained from the triplicates were normalized 

with the average Ct values obtained for GAPDH of the same sample. Fold changes in induced 

ES cells compared to non-induced ES cells were determined using the 2
-ΔΔCt 

method as described 

in 2.4.5 section.   

 

2.4.7 qRT PCR reaction for quantifying relative levels of endogenous and over-expressed 

transgene derived jmjd2b: qRT PCR reactions to quantify relative levels of endogenous and 

over-expressed transgene derived jmjd2b was performed on the Corbett Rotorgene 6000. Primers 

GL800/801were used for amplifying the over-expressed transgene derived jmjd2b and primers 

GL802/803 were used for the endogenous jmjd2b. The house keeping gene GAPDH was also 

amplified from the cDNA of each induced and non-induced sample. Primers for endogenous and 

over-expressed transgene derived jmjd2b were designed using the Vector NTI software and 

synthesized by Invitrogen NZ. Each reaction consisted of 1X Takara Syber pre mix, 0.6 µl of 10 

µM forward primer, 0.6 µl of 10 µM reverse primer and 1 µl of cDNA template made in a total 

volume of 10 µl. Samples were analyzed in triplicates. Reactions were carried out as follows; 

initial activation of the Taq polymerase at 95
0
C for 3 minutes, followed by 40 cycles of 

denaturation at 95
0
C for 15 seconds, primer annealing at 60

0
C for 15 seconds and extension at 

60
0
C for 20 seconds. Following the RT run, a dissociation analysis curve was also performed.  

Level of endogenous and over-expressed transgene derived jmjd2b relative to GAPDH was 

determined by the method described by Wilkening and Bader (2004) [208]. While normalising 

for the different amplification efficiencies, the level of the gene of interest was determined as 

follows: 

Gene of interest (GOI) = [(aveAGOI)
-aveCt

GOI]/[(aveAGAPDH)
-aveCt

GAPDH]; where A is the 

amplification efficiency of the reaction. The amplification efficiency of each reaction was 

generated by the Corbett Rotorgene 6000. 

 

2.4.8 Immunofluorescence analysis: Jmjd2b-EGFP ES cells and MEFs were seeded as 

described in section 2.3.9 onto coverslips placed in 4-well plate. Cells cultured in some of the 
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wells were induced by adding 1 µg/ml of doxycycline for 48hours in case of ES cells and for 24 

or 48 hours in case of jmjd2b-EGFP MEFs.  

 

2.4.8.i Acid treatment of coverslips for ES cells: For ES cells the coverslips were acid treated 

and 0.1% gelatin coated. The coverslips were acid treated as follows: 

1. 100 coverslips were placed in a 200 ml beaker containing 50 ml of acetone and sonicated 

for 10 minutes at 100 output and 5second pulses. 

2. The acetone was poured off. 5 parts of sulphuric acid and 1 part of nitric acid was added 

to the coverslips and left in a fume hood for 10 minutes 

3. Acids were then poured off and coverslips were rinsed 5 times in 200-300 mls of H2O 

4. Coverslips were transferred to a clean 500 ml beaker containing 50 ml of H2O and boiled 

on a heated block. Boil wash was repeated five times. 

5. Finally coverslips were washed in room temperature H2O, spread out onto filter papers in 

glass petridishes and heat sterilized. 

 

2.4.8.ii Immunofluorescence analysis on cultured cells: Composition of the solutions used are 

shown in table 2.5 and the antibodies and the dilutions used are listed in table 2.10. 

Immunofluorescence stainings were carried out as follows: 

1. Cells growing on acid treated, 0.1% gelatin coated or non-treated coverslips were fixed 

and permeabilized simultaneously in 4% PFA and 1% triton-X  solution for 5 minutes at 

room temperature 

2. Cells were then rinsed twice in PBS 

3. Fixed and permeabilized cells were then blocked in blocking buffer (Table 2.5) at room 

temperature for 1 hour. 

4.  Primary Antibodies were diluted at the appropriate concentration (Table 2.10) in the 

blocking buffer and added to the cells and incubated overnight at 4
0
C. 

5. The next day cells were washed three times in PBS. 

6. 5 µg/ml of H33342 (to visualize DNA) and the appropriate fluorescent secondary 

antibodies at the required concentration (Table 2.10) were diluted in the blocking buffer 

and added to the cells and incubated at room temperature for 1 hour.  
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7. Cells were then washed three times in PBS. Coverslips were then mounted onto frosted 

glass slides using DAKO fluorescent mounting medium. 

8. Slides were viewed at 20X and 40X magnification on the Olympus BX50 microscope 

and digitalized images were taken using Spot RT3 digital camera. Images were processed 

using the Spot Basic and Advanced software. Exposure time and camera setting between 

induced and non-induced cells for each cell type was kept constant.  

9. Signal quantification: Image J software was used to quantify immunofluorescence signal. 

For each primary antibody, signal intensity for each cell was obtained after subtraction of 

background signal and was normalized with the area. The average normalized signal 

intensity for each primary antibody was determined in each group. Average normalized 

signal intensity in the induced group was represented as a percentage of non-induced for 

each cell type and plotted as bar graphs ± SEM. Scatter plot of the normalized intensity in 

all the cells analyzed were also plotted. Statistical significance was determined via 2-

tailed t-tests. Significance testing, creation of bar graphs and scatter plots were done 

using the Microsoft Excel 2007 software. To get good resolution while printing the color 

scale for H33342 images were converted to cyan using the Image J software.  

2.4.8.iii Immunofluorescence analysis on NT reconstructs: All immunofluorescence staining 

on NT reconstructs were carried out in round bottom 96-well plates and were handled using a 

mouth pipette. Compositions of the solutions used are shown in table 2.5 and the antibodies and 

the dilutions used are listed in table 2.10. Reconstructs were stained with the different antibodies 

via the following procedure: 

1. Reconstructs were fixed in 4% PFA for 30 minutes at 4
0
C. 

2. Washed in PBS 

3. Permeabilized in 0.1% triton X made in PBS 

4. Washed in PBS 

5. Blocked in blocking buffer (Table 2.5) for 1 hour at room temperature 

6. Primary antibodies were diluted in the blocking buffer (Table 2.5) and the reconstructs 

were incubated with the solution of primary antibodies overnight at 4
0
C with gentle 

rocking. 
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7. Next day reconstructs were washed three times in PBS with gentle rocking. Each wash 

was set for 10 minutes. 

8. Appropriate secondary antibodies and 5 µg/ml of H33342  were diluted in the blocking 

buffer and the reconstructs were incubated in the secondary antibodies solution for 1 hour 

at room temperature with gentle rocking. 

9. Following incubation with secondary antibodies reconstructs were washed three times in 

PBS with gentle rocking. Each wash was set for 10 minutes. 

10. Reconstructs were mounted onto frosted precleaned slides using coverslips and DAKO 

fluorescent mounting medium.  

11.  Slides were viewed at 20x and 40x magnification on the Olympus BX50 microscope and 

digitalized images were taken using Spot RT3 digital camera. Images were processed 

using the Spot Basic and Advanced software. Exposure time and camera setting between 

induced and non-induced cells for each cell type was kept constant.  

10.  Signal quantification: Image J software was used for quantifying immunofluorescence 

signal. Nuclear signal intensity for H3K9me3 in each reconstruct was obtained after 

subtraction of background signal and was normalized with the area. Average normalized 

signal intensity in the induced group was represented as a percentage of the non-induced 

and was plotted as bar graphs ± SEM. Statistical significance was determined via 2-tailed 

t-tests. Significance testing, creation of bar graphs and scatter plots were done using the 

Microsoft Excel 2007 software. To get good resolution while printing the color scale for 

H33342 images were converted to cyan using the Image J software.  

 

2.4.9 Histone extraction: Jmjd2b-EGFP ES cells and MEFs were seeded as and induced 

described in 2.3.9. Both ES cells and MEFs were induced for 48 hours and induction rate was 

determined by flow cytometry as described in 2.3.8. If induction rate were high i.e. above 80%, 

induced and non-induced cells were harvested and histones were extracted using the EpiQuik
TM

 

Total histone extraction kit according to the guidelines provided by the manufacturer. 10
7
 cells 

from each experiment were used for extraction. Concentrations of histones were quantified on 

the Nano-drop at absorbance A280. Histone concentration ranged from 1-4 µg/µl in preparation 

from ES cells and 3-5.6 µg/µl in preparation from MEFs.  
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2.4.10 Western blotting: 10 µg of ES cell histones and 30 µg of MEF histone preparation from 

induced and non-induced cells were analyzed by western blotting to determine levels of various 

histone modifications. The composition of the buffers and reagents used are shown in table 2.6 

and the antibodies used and their dilutions are shown in table 2.10. Western analyses were 

carried out as described in the following steps: 

1. Casting 15% SDS page gels for electrophoresis: Glass plates were assembled on the 

Mini-Protean Tetra gel casting stand according to the manufacturer’s guidelines. 15% 

resolving gel was poured and left for 30-45minutes to set and then the 4% stacking gel 

was poured, a 10 lane comb was inserted and the gel was left to set for further 30-45 

minutes. Following this, comb was removed and the glass plates’ containing the gel was 

assembled into the dam of the electrophoresis tank. The tank was filled with running 

buffer. 

2. Sample preparation and loading: Appropriate volume of protein samples were added to 

200 µl eppendorf tubes. 1X denaturing protein sample loading dye was added to the 

samples and the samples were heated for 5 minutes at 95
0
C. Samples were centrifuged 

briefly to collect condensation. Appropriate volume of samples (10-15 µl) and 10 µl of 

SeeBlue
R
 Plus2 Pre-stained protein ladder were loaded into wells of the 10 lane stacking 

gel. 

3.  Gel electrophoresis: Electrophoresis was carried out at 150V for 1/
1
/2 hours using the 

Bio Rad PowerPac basic supply. 

4. Transfer to nitrocellulose: When the samples reached the bottom, the apparatus was 

switched off and the gel was removed from the glass plates. The gel and the 

nitrocellulose membrane were pre-equilibrated in the transfer buffer for 10 minutes at 

room temperature. The blotting sandwich was then assembled in the transfer cassette  in 

the following order; sponge, filter paper, gel, nitrocellulose membrane (laid on top of the 

gel), filter and finally another sponge. The transfer cassette was then placed in the 

electrode frame of the transfer tank, which was then filled with transfer buffer. A stir bar 

was also placed in the tank. Tank was placed onto a magnetic stirrer and transfer was 

carried out at 50V for 1/
1
/2 hours or at 100V for 1 hour at 4

0
C using the Bio Rad 

PowerPac basic supply. Following transfer gel was stained with 0.5% Coomassie Blue 
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R-250 and destained with the destaining solution. Membranes were stained with 0.2% 

ponceau stain and scanned on the GS800 Scanner. Membranes were then washed in 

PBS.  

5. Blocking: Membranes were blocked in blocking buffer for 1 hour at room temperature 

with gentle rocking. 

6. Primary antibody incubation: Appropriate concentration of the desired primary antibody 

was diluted in the blocking buffer and added to the membranes. Membranes were 

incubated with the primary antibody solution overnight at 4
0
C with gentle rocking. 

7. Washing: Next day, antibody solution was removed and membranes were washed in 

PBS containing 0.025% tween, three times for 10 minutes each with rocking. 

8. Secondary antibody incubation: Appropriate concentration of the desired secondary 

antibody conjugated with HRP was diluted in the blocking buffer and added to the 

membranes. Membranes were incubated with the secondary antibody solution for 1 hour 

at room temperature with gentle rocking. Following which membranes were washed as 

described in step 7. 

9.  Signal development: The enhanced chemiluminescence (ECL) signal development 

solution was made and was applied to the membranes and incubated for 2 minutes. 

Membranes were then transferred onto a clean plastic sheet, sealed and loaded into a 

film developing cassette. In the dark room, membranes were exposed to X-ray films for 

0.5, 1,5 and 10 minutes. Films were developed using the 100Plus X-Ray film processor. 

Films were scanned on a GS-800 scanner and bands were quantified using Quantity-one 

software. 

10.  Analysis: Specific bands on the films and membranes were quantified using Quantity-

one software. For ES cells, bands corresponding to the histone modification analyzed 

were selected and volume was measured on the quantity-one software, which was then 

normalized for differences in loading with volume of the H4 band from the ponceau 

stain. For MEFs, bands corresponding to the histone modifications were normalized for 

loading differences with the band of an isoform of H1 from the ponceau stain. Average 

normalized densitometry for each modification was determined from 2 to 4 repeats. 

Normalized densitometry for each modification ± SEM, represented as percentage of 

non-induced was plotted as bar graphs. The statistical significance for the differences in 
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densitometry between induced and non-induced was determined by 2-tailed paired t-test. 

Significance testing and creation of bar graphs were performed using the Microsoft 

Excel 2007 software.  

2.5 Animal procedures: All main reagents and media used are listed in table 2.7 and 2.8. The 

hormones used are listed in table 2.9.  

 

2.5.1 Super-ovulation: Mice were super-ovulated to recover a larger number of mature oocytes 

for NT. Super-ovulated mice were also mated and used to recover 1-cell embryos which were 

then cultured in vitro till the morulae stage for use in aggregation experiments. For NT, B6C3 

mice were super-ovulated and for morulae aggregation mice strains FvB, Swiss and C57BL were 

used for super ovulation. Firstly mice were injected with 5 IU of PMSG (Pregnant mare serum 

gonadotropin) intraperitoneally. For NT this was done between 7 and 7:30pm two days prior to 

the day on which NT was being performed. For recovering 1-cell embryos this was done 

between 1 and 2pm on the desired days. After ~48 hours 5 IU of hCG (Human chorionic 

gonadotropin) was injected intraperitoneally into the mice. For NT the timing of hCG injection 

was strictly maintained at 7:30pm and mice were not mated. In case for recovering 1-cell 

embryos following hCG injection each female mice was placed with one stud male mice and 

checked for the formation of copulation plug the next day.  

 

2.5.2 Timed natural mating: Natural timed matings were set up for recovering morulae for 

morula aggregation and also for generating pseudo-pregnant recipients for embryo transfer. 

Oestrus females were selected and females were placed with one stud male for recovering 

morulae or were placed with vasectomized males. For obtaining morula for aggregation timed 

matings were step for FvB, Swiss and C57 mice. To generate day 0.5 pseudo-pregnant recipients 

for oviduct transfers and day 2.5 pseudo-pregnant recipients for uterine transfer Swiss females 

were mated with vasectomized Balb/c males. 

 

2.5.3 Recovery of mature oocytes and 1-cell embryos: Ovulated oocytes and 1-cell embryos 

are found in the ampulla of the oviduct. Mature oocytes were recovered from super-ovulated 

non-mated females and 1-cell embryos were recovered from day 0.5 post coitus (p.c) females by 
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the following procedure: Mated and non-mated super-ovulated females were sacrificed by 

cervical dislocation. The abdominal skin and peritoneum was cut and the oviduct was located 

and removed and placed in a 3cm petridish containing oocyte recovery media for oocytes or M2 

media for 1-cell embryo recovery. The oviduct was viewed under the Nikon SMZ800 

stereomicroscope set at 10X magnification. The oviduct was grasped with a pair of watchmaker 

forceps and with another pair of forceps the amuplla was torn to release the clumps of oocytes or 

embryos surrounded by cumulus cells.  The clumps were placed in drops of hyaluronidase (table 

2.7) for 15 minutes to remove the cumulus cells. Oocytes were then washed in recovery media 

(Table 2.8) and subsequent steps of NT were carried out by the cloning group. In case of the 1-

cell embryos they were washed in drops of M2 media (Table 2.7) and transferred to plates 

containing drops of M16 (Table 2.7) media overlaid with mineral oil. Embryos were cultured in 

the M16 drops till day 2.5 when they would develop into morulae and then were used in morulae 

aggregation experiments.  

 

2.5.4 Retrieval of morulae from day 2.5 pregnant mice:  Day 2.5 pregnant mice were 

sacrificed by cervical dislocation.  The abdominal skin and peritoneum was cut and uterus was 

located. The uterine horns were cut away from the surrounding fat and mesentery, and removed 

by cutting below the ovary and at the cervix. Uterine horns were placed in a 3cm petridish. 100-

200 µl of M2 media was drawn into a 1 ml syringe. A 30 gauge needle was fitted to this syringe 

and by viewing under the Nikon SMZ800 stereomicroscope set at 10X magnification the needle 

was inserted into one end of the uterine horn and morulae were flushed out by injecting the 100-

200 µl of M2 media.  The morulae were then transferred to drops of M16 media overlaid with 

mineral oil in a 6cm petridish using a mouth pipette. The plate was placed in a 37
o
C incubator till 

ES cells were prepared for aggregation.  

 

2.5.5 Morula aggregation: The protocol used for morula aggregation with ES cells was based 

on the method described by Khillan et al (1997) [209]. Two days prior to morula aggregation 

jmjd2b-EGFP ES cells were seeded as described in 2.3.9 onto 0.1% gelatin coated wells of a 4-

well plate. On the day of the experiment cells were trypsinized as described in 2.3.4 and seeded 

onto a non gelatin coated 6 cm dish in 5 ml of ES cell culture media and left in the incubator for 

20 minutes to allow any feeders present to settle. Following incubation, suspension of cells was 
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centrifuged at 3000 rpm for 3 min and resuspended in 5 ml of aggregation media (Table 2.8). 

Cells were counted and cell concentration was adjusted to 1-2 x 10
5
 cells/ml and placed in the 

incubator while the aggregation plate was prepared. 50 µl drops of aggregation media was 

piptted onto a 6 cm petridish. ~5 to 6 drops were put in each dish. Using a sterile darning needle 

6 depressions were made in each drop. Media drops were then removed and replaced with 70 µl 

of 1-2x10
5
 cells/ml suspension. Plate was then placed in the incubator to allow the cells to settle 

to the bottom. In the meantime, zona pellucida was removed from the recovered morulae. By 

viewing under the Nikon SMZ800 stereomicroscope set at 10X magnification morulae were 

transferred in batches of 20 from the M16 media to a 30 µl drop of acid tyrodes solution. The 

embryos were monitored under the stereomicroscope and as soon as the zona was removed, 

embryos were washed through drops of M16 media and each embryo was placed into one 

depression on top of the cells. Plates were then placed in the 37
0
C cell culture incubator till next 

day when they will develop into blastocysts.   

 

2.5.6 Oviduct transfers of day four embryos: Day 4 embryos from NT runs and morulae 

aggregation were transferred to the oviduct of day 0.5 pseudo-pregnant Swiss females following 

mating with vasectomized Balb/c males. All oviduct transfers were performed by Ric Broadhurst 

(Agresearch, NZ). 6-12 embryos were transferred to each oviduct. Embryos were washed and 

transferred in the M2 media  

 

2.5.7 Uterine transfers of day four embryos: Day 4 embryos from NT runs and morulae 

aggregation were transferred to the uterine horns of day 2.5 pseudo-pregnant Swiss females 

following mating with vasectomized Balb/c males. Uterine transfers were performed by either 

Dr. Rosemary Thresher (Agresearch, NZ) or by myself. Uterine transfers were carried out 

according to the following procedure: Day 2.5 pseudo- pregnant recipients were anaesthetized by 

intraperitoneal injection of Ketamine/Xylene solution. Embryos were washed in M2 media 

which was also used for transfer. The embryos are loaded into the mouth pipette. Firstly a bit of 

M2 media was sucked into the pipette, then a small air bubble, then a little media and then the 

embryos in very little media as possible. Once the embryos were taken up a small air bubble was 

loaded. The loaded pipette was placed aside. Once the anaesthetized mouse was fully asleep, fur 

on the lateral sides where the spleen is present was removed with electric clippers. Underlying 
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skin was wiped with alcohol swab. Using a sterile forceps the skin was grasped and a ~0.5-1cm 

incision just below the spleen was made with sterile scissors. The scissors were then inserted into 

the incision and the tear was stretched out. Using forceps the ovary and the uterus was pulled out 

by the fat pad attached to the ovary. The fat pad was held in place via a baby Differnbach 

serrefine clip. The mouse was then transferred under the Nikon SMZ800 stereomicroscope set at 

10X magnification. Using a 27
1
/2 gauge needle and holding it parallel to the uterine horn a hole 

was made in the uterine horn close to the uterotubal junction. Without taking eyes away from the 

hole, the loaded transfer pipette was picked up and inserted into the hole. The embryos were 

slowly expelled into the uterus watching the air bubble moving down. The pipette was 

withdrawn and checked in a media drop to ensure that all picked embryos were transferred. The 

Differnbach serrefine clip was removed and using forceps the fat pad was picked up and the 

ovary and uterus was placed back into the body cavity. The skin incision was repositioned and 

was closed using wound clips. The mouse was wrapped in tissues and put into a cage placed on 

the heat stand. Once the mice woke up it was removed from the heat stand. Pregnancy 

establishment was monitored by weighing the mice regularly. Increase in weight indicates 

pregnancy has established.  

 

2.5.8 Caesarean section and fostering: Caesarean section delivery was carried out on all mice 

in which pregnancy was established following embryo transfer. On day 19.5 p.c pregnant 

females were sacrificed by cervical dislocation. Quickly the body wall was cut open to reveal the 

uterus. The uterus was carefully removed by cutting away the attached membranes and by 

cutting at the oviduct and cervix. The uterus was placed in a petridish and was cut open releasing 

the embryonic sacs. The sacs were cut opened to release the embryos. The surrounding 

membranes were dissected out and the umbilical cord was cut. Fluid around the nose and mouth 

of pup was wiped away and the pup was stimulated to breath by rhythmically squeezing the chest 

of the animal with blunt forceps. Once the pup had established a breathing rhythm it was 

transferred onto a damp tissue placed on a warm stage (37
o
C) until it was fostered. Foster 

mothers that had naturally given birth the same day or 24 or 48 hours ago were chosen. Strains of 

mice like Swiss or FvB that show good mothering characteristics were chosen. To foster the 

caesarean section delivered pup, the foster mother was removed from its litter and was scruffed 

to stimulate it to urinate onto the delivered pup. The pup was then mixed with natural litter. The 
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litter size was limited to 6-8 pups. The mother was released into the cage and was monitored. If 

the foster mother separates out the newly introduced pup then the pup was re-fostered onto 

another mother.  

 

2.5.9 In vivo Tet induction of jmjd2b-EGFP in aggregated embryos: To induce the embryos 

generated from morulae aggregation with functional jmjd2b-EGFP ES cells, 2 mg/ml of 

doxycycline and 10 mg/ml of sucrose was added to the drinking water of the surrogate mother on 

day 9 of pregnancy. On day 13.5 the surrogate mother was sacrificed by cervical dislocation. The 

body wall was cut open to reveal the uterus. The uterus was dissected away from the attached 

membranes and fat tissues and was removed by cutting at the oviduct and the cervix. The uterus 

was opened up and the embryonic sacs were removed and placed in a petridish containing pre-

warmed PBS. The sacs were cut open to release the embryos. To check for EGFP expression the 

embryos were visualized by excitation at 488nm under a Nikon SMZ1500 microscope and 

photographed using the Spot RT3 camera. Images were processed using the Spot Basic software.  

 

2.5.10 Animal breeding: To assess germline contribution of the generated functional jmjd2b-

EGFP chimeras it was mated to wild type Swiss females. Germline contribution was analyzed by 

coat colour and PCR analysis. Offspring were tail clipped and genomic DNA was prepared as 

described in section 2.2.6 and PCR analyses were performed to confirm the presence of 

transgenes. Offspring of the chimera were inter-bred to generate homozygous jmjd2b-EGFP 

mice. Timed matings were also set up between the offsprings to derive MEFs from the embryos. 

For this once matings of animals were set up females were monitored for the presence of the 

copulation plug. Once the plug was detected the date was noted and on day 13.5 MEFs were 

derived as described in section 2.3.7.   
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Chapter 3: Generation and characterization of inducible jmjd2b-EGFP ES 

cells and their use as donor cells in NT 

3.1 Introduction and rational: The discovery of the demethylase; jmjd2b and its ability to 

remove the stable histone modification mark H3K9me3 provides us with the opportunity to 

evaluate its effect on the reprogramming of donor cells following nuclear transfer. The 

demethylase activity of jmjd2b was first described by Fodor et al using an inducible system in 

NIH3T3 cells [142]. Unfortunately these cells possess non-reprogrammable karyotypic 

abnormalities and mutations and fail to develop beyond the 2-cell stage, hence were deemed not 

suitable for NT [206], which led to my PhD project. The idea was to use ES cells, which have 

shown good efficiency in mouse NT [42, 45, 46], to generate a jmjd2b inducible system and use 

them as donors in NT, to evaluate the effects of H3K9me3 removal or reduction in 

reprogramming.  We used the KH2 ES cells which are designed to contain an expression cassette 

for the rtTA transactivator at the Rosa26 locus and an FRT homing site at ColA1 locus [207]. 

Both these loci have a track record of supporting high gene expression levels. This set up would 

enable tet-inducible expression of the gene of interest after FLP recombinase mediated 

integration of the gene of interest at the ColA1 locus (Figure 2.1). To generate jmjd2b-EGFP 

inducible ES cells, jmjd2b inducible flp-in vectors were generated. These vectors were then 

flped-into KH2 ES cells, the cells were characterized for histone modification, and then the cells 

were used as donors in NT.  

 

3.2. Construction of functional and mutant jmjd2b-EGFP flp-in vectors: The jmjd2b 

inducible flp-in vector was based on the inducible expression construct of a truncated jmjd2b (1-

424 amino acids) comprising mainly of the catalytic domains; jmjC and jmjN fused to EGFP. 

This construct has been shown to possess high biological activity in NIH3T3 cells [142]. The flp-

in vector was based on the flp-in system used to successfully flp-in EGFP into KH2 ES cells by 

Beard et al. [207]. To generate jmjd2b flp-in vector, the plan was to replace the EGFP encoding 

sequence of the parental flp-in vector with a fragment encoding the truncated functional jmjd2b-

EGFP fusion protein from the expression construct used in NIH3T3 cells. Fusion with EGFP 

allowed the indirect monitoring of the demethylase, which can be visualized either by 

fluorescence microscopy or by flow cytometry. A second construct, a mutated version of jmjd2b 

truncated protein with a H189A point mutation that abrogates all enzymatic activity was also 
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generated to serve as negative control. Cloning of jmjd2b-EGFP flp-in vectors was carried out as 

described in figure 3.1. In the first step, truncated functional or mutant jmjd2b-EGFP expression 

constructs, kindly provided by T. Jenuwein were digested with HindIII to isolate the 2 kb 

functional or mutant jmjd2b-EGFP fusion fragments. The flp-in EGFP plasmid, provided by C. 

Beard, was digested with EcoRI to remove the EGFP fragment which was then replaced with the 

isolated ~2 kb functional or mutant jmjd2b-EGFP fusion fragments. Cloning steps are described 

in detail in the methods section 2.2.8. Restriction mapping (Figure 3.2) and sequence analysis 

(Appendix I) confirmed the correct cloning of the jmjd2b-EGFP flp-in constructs. Two primary 

enzymes that were used for confirming correct cloning of the plasmids were KpnI and PvuII. 

KpnI cuts jmjd2b-EGFP flp-in vector at 2324 bp and at 2502 bp and as expected digestion of 

jmjd2b-EGFP flp-in vector with this enzyme resulted in two products of sizes ~7 kb and 178 bp. 

PvuII cuts jmjd2b-EGFP flp-in vector at sites 530 bp, 1264 bp and 2578 bp. As expected, 

digestion with PvuII resulted in three fragments of sizes ~5 kb, 1314 bp and 738 bp. 
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Figure 3.1: Construction of the jmjd2b-EGFP flp-in vectors. A: Map of the jmjd2b-EGFP 

inducible expression construct used in NIH3T3 and agarose gel picture of HindIII digest. Red 

arrow points to the isolated ~2 kb jmjd2b-EGFP fusion fragment. B: Map of the EGFP flp-in 

vector and agarose gel of EcoRI digest. Red arrow denotes the isolated ~5 kb vector backbone. 

C: Both the ~5 kb flp-in vector backbone and the ~2 kb insert were blunted and ligated to 

generate the jmjd2b-EGFP flp-in vector. 

A B 

C 
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Figure 3.2: Restriction mapping of jmjd2b-EGFP flp-in vectors. A: KpnI restriction sites on jmjd2b-EGFP flp-in vector B: PvuII 

restriction sites on jmjd2b-EGFP flp-in vector. C: Representative agarose gel showing restriction enzyme digest of jmjd2b-EGFP flp-

in vector with KpnI (1) and PvuII (2). L: 1 kb+ ladder. 

A 
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3.3 Generation of inducible functional or mutant jmjd2b-EGFP ES cells: Inducible 

functional or mutant jmjd2b-EGFP ES cells were generated by nucleofection of KH2 ES cells 

with the generated jmjd2b-EGFP flp-in vectors and a FLP recombinase expression construct. 

The FLP recombinase can catalyze inter and intra-homologous recombination between the FRT 

sites of the homing site in the ES cells and the FRT site in the jmjd2b-EGFP flp-in vector 

(schematic of KH2 ES Flp in system is shown in the methods section figure 2.1). Correct flp-in 

results in the integration of the entire jmjd2b-EGFP flp-in vector at the ColA1 locus such that the 

transcription of the jmjd2b-EGFP fusion protein becomes under the control of the tet-inducible 

TetO promoter (the FRT homing site at the ColA1 locus before and after flp-in of the jmjd2b 

construct is schematically depicted in figure 3.5A and 3.5B respectively), thereby allowing us to 

conditionally induce jmjd2b-EGFP expression and analyze its effects on histone modifications in 

ES cells.  

 

3.3.1 Optimization of nucleofection program for KH2 ES cells: Electroporation is the 

commonly used method for gene transfer in ES cells. However, this technique is limited by its 

requirement of very high cell numbers of the order of 10
7
cells/experiment. Nucleofection, 

developed by Lonza, USA, is a relatively new technology in the field of gene transfer. This 

technique transfers DNA directly into the nucleus via a combination of electrical parameters 

packaged as specific programs in the nucleofector device and a cell type specific nucleofector 

solution. As opposed to electroporation, nucleofection requires much fewer cells in the range of 

2-5 x 10
6
 ES cells/ experiment. The mouse ES cell-specific nucleofector kit was used for 

targeting KH2 ES cells. Several programs were recommended for ES cells hence initial 

experiments testing all recommended programs were performed to determine the most suitable 

program for KH2 ES cells. KH2 ES cells were nucleofected with TPEGFP plasmid [210] that 

contains an EGFP cassette hence transfection efficiency can be determined after ~24 hours by 

evaluating EGFP fluorescence via flow cytometry. Programs A-13, A-24, A-23 and A-30 were 

evaluated (Table 3.1). Nucleofections were carried out as described in section 2.3.5.i and flow 

cytometry were performed as described in section 2.3.8. Transfection efficiency was determined 

as the percentage of cells positive for EGFP. For each group 10,000 cell were analysed. All 

programs except A-23 showed comparable nucleofection efficiency of approximately 60%. 

Nucleofection with A-23 resulted in 53% of EGFP fluorescent cells, which was only slightly 
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lower than what was seen for the other tested programs. However, the determining factor 

appeared to be cell survival which decreased with increasing program number; hence A-13 

which showed the least cell death was chosen as the optimized program for KH2 ES cells. All 

subsequent nucleofections were carried out with program A-13.  

 

Table 3.1: Nucleofection efficiency in KH2 ES cells 

 

3.3.2 Flp-in efficiency of F70L FLP recombinase: Flp-in of jmjd2b-EGFP flp-in vector into 

KH2 ES cells requires the activity of a FLP recombinase. FLP recombinases recognize FRT 

sequences and catalyzes homologous recombination between FRT sites of interacting DNA 

molecules [211]. The FLP gene was isolated from the yeast Saccharomyces cerevisiae 2µ 

plasmid and encodes for a 423 amino acid recombinase [211]. This native recombinase is 

thermolabile, having optimum activity at 30
0
C and very little activity at 37

0
C and above [211]. A 

commercially available FLP recombinase developed by Invitrogen has a point mutation (F70L) 

which renders it even more thermolabile. [212]. Studies in mammalian cells have shown that this 

F70L FLP recombinase possesses only 10% the activity of the native FLP recombinase at 37
0
C 

[212]. However, in spite of its thermolabile state, the recombinase appears to efficiently catalyze 

recombination between FRT sites in human embryonic kidney (HEK) 293 cells that have been 

engineered to contain FRT sites [213].  

 

3.3.2.i F70L FLP recombinase efficiency in control human embryonic kidney (HEK) cells:  

HEK 293 flp-in cells were also developed by Invitrogen to allow FLP recombinase mediated 

targeted insertion of the gene of interest into a high expressing locus.  This FRT homing site 

Nucleofection Program 

 

Transfection efficiency (%) Cell survival
a
 

A-13 60  

A-23 53  

A-24 59  

A-30 63  

 

a
The triangle demonstrates changes in cell survival. Wider end denotes increased cell survival 

while the narrow end indicates reduced cell survival 
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consists of a stably integrated cassette of lacZ and zeocin resistance gene under the control of the 

SV40 promoter and an FRT site (Figure 3.3A) [213]. Upon co-transfection of the F70L FLP 

recombinase with a flp-in vector that contains the gene of interest, an FRT site and a hygromycin 

resistance gene that lacks a promoter and a start codon, the FLP recombinase catalyzes inter 

homologous recombination between the FRT sites in the host HEK 293 cells and the flp-in 

vector, thereby allowing the integration of the flp-in vector into the host cells [213]. Correct flp-

in at the targeted locus not only results in the expression of the gene of interest but also results in 

the insertion of a promoter and a start codon in front of the hygromycin gene, activating its 

expression and thereby allowing identification of flped-in clones via hygromycin selection. 

Invitrogen recommends that for efficient recombination, FLP recombinase to flp-in vector ratio 

should be nine to one [213]. Initially experiments were carried out to confirm the activity of the 

F70L FLP recombinase in HEK293 cells. As described in the method section 2.3.12.ii, cells were 

co- lipofected at ratios of nine to one, two to one and one to one of the F70L FLP recombinase 

expression plasmid to the EGFP flp-in vector (generated by Dr Catriona Graham). To serve as 

positive controls during selection, cells were also lipofected with zero to one, one to zero ratios 

of F70L FLP recombinase expression plasmid to EGFP flp-in vector and with just the 

lipofectamine solution. Cells were selected in the recommended concentration of 100 µg/ml of 

hygromycin for 10 days, following which the number of hygromycin resistant clones obtained 

was determined (Table 3.2). Ratios of nine to one and two to one resulted in the most number of 

cell clones (347 and 339, respectively), while the one to one ratio gave the least number of 

clones (157). No clones were obtained in the control lipofections (0:1, 1:0 and 0:0 F70L: EGFP 

flp-in vector).  
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Table 3.1: Hygromycin resistant clones obtained from co-lipofection of different ratios of 

F70L FLP recombinase to EGFP flp-in vector in Flp-in HEK 293 cells. 

 

The occurrence of a flp-in event was analyzed via PCR. Shown in figure 3.3 are the schematic 

outlines of the targeting locus before and after flp-in. Prior to flp-in, the FRT homing sites in 

HEK293 cells contains a ATG/FRT lacZ-zeocin gene driven by the SV40 promoter. Upon co-

lipofection of F70L expression plasmid and EGFP flp-in vector, the F70L FLP recombinase 

recognizes the FRT sites and catalyzes homologous recombination that results in the insertion of 

the EGFP flp-in vector at the FRT site. Upon insertion of EGFP flp-in vector the promoter and 

start codon of the lac-zeocine is brought into close proximity of the inserted hygromycin and as a 

result lac-zeocine becomes inactive and the hygromycin gene becomes active allowing selection 

of flped-in clones via hygromycin resistance.  Since the insertion of the hygromycin gene only 

occurs in EGFP flped-in clones, PCR for targeting was a diagnostic test for the presence or 

absence of the hygromycin gene. However, to ensure that the flp-in vector has indeed integrated 

at the target site, primers were designed such that the forward primer (GL277) sequence flanked 

the ATG/FRT sites of the target locus and the reverse primer (GL279) recognized sequences of 

the newly flped-in hygromycin gene. Three to five hygromycin resistant clones from each of the 

three experimental groups were picked and analyzed for correct targeting via PCR. If the EGFP 

flp-in vector has flped-into the HEK 293 cells, PCR with GL277/279 primers would result in a 

804 bp product (Figure 3.3).  In the absence of a recombination event no product will be 

obtained. All the picked and analyzed hygromycin resistant clones showed amplification for the 

 

Plasmid ratio (F70L FLP: EGFP flp-in, w/w) 

 

No. of clones 

9:1 347 

2:1 339 

1:1 157 

0:1 0 

1:0 0 

0:0 0 
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804 bp product and hence were positive for flp-in. A representative agarose gel of the diagnostic 

PCR is shown in figure 3.3C. 

 

 

Figure 3.3: PCR screening of EGFP flped-in HEK clones. Schematic of HEK 293 flp-in sites 

(A) prior to flp-in and (B) after flp-in of EGFP flp-in vector. Red arrows denote the binding sites 

of the primers GL277/279 used for amplifying the flped-in hygromycin gene. (C) A 

representative agarose showing the product of PCR amplification is also shown. Black arrow 

indicates the specific GL277/279 PCR product amplified from correct flped-in clones. HEK: 

HEK 293 cells prior to flp-in, H2O: no template DNA control, L: 1 kb+ ladder 

 

3.3.2.ii F70L FLP recombinase efficiency in KH2 ES flp-in cells: Looking at the promising 

results seen in HEK 293 cells, F70L FLP recombinase was used for flping or inserting the  

expression constructs for functional and mutant jmjd2b-EGFP between the FRT sites in KH2 ES 

cells.  In KH2 ES cells, the FRT homing site at the ColA1 locus consists of a FRT flanked 

neomycin gene driven by the PGK promoter (pgk) and a hygromycin gene that lacks a promoter 

and an initiation codon. Upon co-transfection of a FLP recombinase and the jmjd2b-EGFP flp-in 

vector, the recombinase will recognize the FRT sites and catalyze inter and intra homologous 
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recombination, such that the pgk neomycin gene will loop out and the whole jmjd2b-EGFP flp-in 

vector gets integrated. Additionally because a promoter and start codon is inserted before the 

hygromycin gene, it becomes active and jmjd2b-EGFP flped-in clones can be selected via 

hygromycin selection. A schematic diagram of the ColA1 locus before and after flp-in is shown 

in figure 3.5. KH2 ES cells were co-nucleofected with nine to one, two to one and zero to one 

molar ratios of F70L FLP recombinase to functional or mutant jmjd2b-EGFP flp-in vector as 

described in section 2.3.5.ii. Cells were selected in the recommended 140 µg/ml of hygromycin 

for 10 days [207]. Surprisingly, unlike the HEK cells, no hygromycin resistant clones were 

obtained in ES cells. Flp-in of jmjd2b-EGFP vectors into KH2 ES cells with F70L FLP 

recombinase was repeated in total three times and each time no hygromycin resistant clones were 

obtained (Table 3.3).   

 

Table 3.3: Results from co-nucleofection of jmjd2b-EGFP flp-in vectors and F70L FLP 

recombinase.  

 

3.3.3 FLPo recombination efficiency: Due to the failure to generate jmjd2b-EGFP flped-in 

clones using F70L FLP recombinase, the literature was searched for other FLP recombinases, 

and this revealed the mouse codon optimized FLPo recombinase generated by Raymond et al. 

[214]. It has been shown to possess high recombination efficiency (68%) in mouse ES cells 

[214]. This highly efficient FLPo recombinase was then used to flp-in jmjd2b-EGFP into KH2 

ES cells. Cells were co-nucleofected with FLPo plasmid and functional/mutant jmjd2b-EGFP 

flp-in vector as described in section 2.3.5.ii. Initially cells were co-nucleofected with three to 

one, one to one and one to three molar ratios of FLPo to functional jmjd2b-EGFP flp-in vector to 

determine an ideal ratio. As controls for hygromycin selection, nucleofection with only the FlpO 

plasmid was also performed. Following nucleofection, cells were selected in the recommended 

140 µg/ml [207] of hygromycin for 12 days. Hygromycin resistant clones appeared after 

approximately 9 days of selection and were picked after 11-12 days of selection, when they had 

Plasmid ratio (F70L FLP: EGFP flp-in, w/w) 

 

No of clones 

9:1 0 

2:1 0 

0:1 0 
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grown to a size of ~200 µm as shown in figure 3.4. Clones were picked as described in section 

2.3.6. All hygromycin resistant ES cells clones obtained appeared rounded or oval in shape 

contained approximately 1000 cells and showed the typical morphology of a mouse ES cell 

colony. The number of clones obtained from the different combinations of FLPo to flp-in vector 

nucleofections is summarized in table 3.4. 42 hygromycin resistant cell clones were picked from 

the three to one ratio, 34 from the one to one ratio and 19 from the one to three ratio of FLPo to 

flp-in vector. Of these clones picked, 33 of 42 from the three to one ratio, 22 of 35 from the two 

to one ratio and 10 of 19 from the one to one ratio grew, were frozen down and analyzed for 

correct flp-in. No clones were obtained from the control nucleofections. 

 

  

 

 

 

 

 

 

 

 

Figure 3.4: Hygromycin resistant KH2 ES cell clones that were obtained after 12 days of 

selection, following FLPo mediated flp-in of jmjd2b-EGFP flp-in vector. Cells were visualized 

under phase contrast on Leica DM1L microscope set at 20X magnification and photographed 

using the Leica DFC290 camera. Images were processed using the Leica application suite 

software.  Scale bar = 20µm 

 

Next the hygromycin resistant clones that grew were screened for jmjd2b-EGFP flp-in at the 

ColA1 locus via PCR. Shown in figures 3.5 A and B are the schematic representations of the 

ColA1 locus before and after flp-in of jmjd2b-EGFP flp-in vector respectively. Prior to flp-in, 

the ColA1 locus has a FRT flanked pgk neomycin gene, and a promoter less hygromycin gene 

that is lacking a start codon. Flp-in of jmjd2b-EGFP vector results in the loss of the pgk-

neomycin cassette which is replaced by the jmjd2b-EGFP gene construct and the non-functional 

hygromycin resistance marker is complemented with a pgk promoter and ATG codon restoring 

its functionality. To determine if jmjd2b-EGFP has flped-in, two sets of primer combinations 
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were used. Figure 3.5 also shows the binding sites of the primers used and the respective 

representative agarose gels. The first set GL285/279, detects the presence of the unaltered ColA1 

locus that did not undergo flp-in. This primer combination amplifies across a portion of the pgk-

neomycin cassette and the hygromycin gene in non-flped-in KH2 ES cells giving a 597 bp 

product. Thus if GL285/279 amplifies the 597 bp product in the obtained hygromycin resistant 

clones it would mean that jmjd2b-EGFP has not flped-into the target locus (Figure 3.5A agarose 

gel lane marked NT) but if no product is obtained it would indicate a change and most likely the 

occurrence of a flp-in event (Figure 3.5A agarose gel lanes marked T). In the second PCR test, 

the same reverse primer GL279 that binds to the hygromycin gene was used in combination with 

a different forward primer GL471, which binds to a portion of the flped-in jmjd2b-EGFP flp in 

vector. This primer combination of GL471/279 gives an approximately 1.2kb product in the 

event that jmjd2b-EGFP flp-in vector has flped-in at the FRT sites (Figure 3.5B agarose gel lanes 

marked T) and no product is obtained in the absence of a flp-in event (Figure 3.5B agarose gel 

lanes marked NT).  
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Figure 3.5: Schematic of the binding regions of the primer combinations used for 

characterization of hygromycin resistant ES cell clones and representative photographs of the 

respective PCR analysis. A: Outline of the ColA1 locus prior to flp-in of jmjd2b-EGFP. Black 

arrows show the binding sites of GL285/279 primers on non-flped-in ColA1locus. Shown also is 

a representative agarose gel picture of GL285/279 PCR on hygromycin resistant clones. Red 

arrow points to the expected GL285/279 amplification 597 bp product. B: Jmjd2b-EGFP flped-in 

ColA1 locus. Black arrows indicate the binding sites of GL471/279 primers on the jmjd2b-EGFP 

flped-in ColA1 locus. Shown also is a representative agarose gel picture of GL471/279 PCR on 

hygromycin resistant clones. Red arrow points to the expected GL285/279 amplification ~1.2 kb 

product C: Outline of the FLPo recombinase plasmid. The GL481/482 primer combination 

amplifies a region of the FLPo recombinase gene. Shown also is a representative agarose gel 

picture of GL481/482 PCR on hygromycin resistant clones. Red arrow points to expected 

GL481/482 amplification 522 bp product. (T: jmjd2b-EGFP flped-in clones, NT: jmjd2b-EGFP 

non-flped-in clones, ES: non-transfected original KH2 ES cells, H2O: no template DNA control 

L: 1 kb+ ladder) 

 

The results of the PCR are summarized in Table 3.4. All established cell clones were tested and 

28 of 33 (84%) hygromycin resistant clones from the three to one, 18 of 22 (80%) from the one 



96 

 

to one ratio and 4 of 10 (40%) from the one to three ratio of FLPo to flp-in vector showed 

amplification of the ~1.2 kb product in GL471/279 PCR and hence were positive for a flp-in 

event. In case of the GL285/279 PCR that detects the non-flped-in locus, three clones from the 

three to one ratio, two from the one to one and six from the one to three ratio of FLPo to flp-in 

vector were positive for the specific 507 bp product. These 11 clones were also negative for 

GL471/279 PCR and hence were hygromycin resistant clones where no jmjd2b-EGFP had been 

flped-in. Two hygromycin resistant clones from the three to one and two from the one to one 

ratio of FLPo to flp-in vector showed no amplification for either the jmjd2b-EGFP flped-in locus 

or the non flped-in locus. In these clones, possibly there was in-sufficient FLPo recombinase and 

the small amount present only managed to catalyze the intra recombination between the FRT 

sites in the host KH2ES cells that resulted in the deletion of the pgk-neomycin, but following 

deletion it failed to catalyze inter- homologous recombination between the FRT sites in the host 

cells and the flp-in vector.  

In addition to being flped-in, the same jmjd2b-EGFP flped-in clones could also contain randomly 

integrated flp-in vector. Generally to detect random integration via PCR, a primer pair that 

amplifies a non integrated portion of the vector is used. However, in this case random integration 

of jmjd2b-EGFP flp-in vector could not be determined in jmjd2b-EGFP flped-in clones as the 

whole vector gets integrated upon flp-in. Clones were also analyzed for a possible non-targeted 

integration of FLPo recombinase. Ideally FLPo should only be present transiently to mediate 

recombination between the FRT sites, but in some cases it could get integrated into the host 

genome. Presence of an active recombinase in the genome is unfavourable as it could potentially 

over time reverse the targeted recombination event. For determining the presence of the FLPo 

recombinase, primers GL481/482 that amplifies a portion of this gene were used. FLPo 

integration was only found in hygromycin resistant clones analyzed from the three to one and 

one to one ratio of FLP recombinase to flp-in vector. In the three to one ratio, 6 of 33 (18%) 

clones contained FLPo and of these four were positive for jmjd2b-EGFP flp-in (positive for 

GL471/279 and negative for GL285/279 PCR), while two were negative for a flp-in event 

(negative for GL471/279 and positive for GL285/279 PCR). Among the one to one ratio, two 

clones out of the 22 (9%), one positive for jmjd2b-EGFP flp-in and the other negative for flp-in, 

were positive for FLPo integration. None of the clones from the one to three ratio of FLPo to flp-

in vector were positive for the integration of the recombinase. Thus it appears from these results, 



97 

 

that while increased amount of FLPo to flp-in vector, does increase the efficiency of flp-in it also 

increases the chances of integration of the recombinase. However, since the three to one ratio of 

FLPo to flp-in vector generated the most number of flped-in clones to choose from and only a 

small number of these contained the recombinase, it appeared to be the most optimal ratio. On 

the basis of these results, KH2 ES cells were co-nucleofected with three to one molar ratio of 

FLPo recombinase to mutant jmjd2b-EGFP flp-in vector to generate ES cells for the inducible 

expression of mutant jmjd2b-EGFP. Similar to functional jmjd2b-EGFP, 46 hygromycin 

resistant clones were picked of which only 35 grew and were analyzed for flp-in.  All 35 clones 

were positive for GL471/279 PCR and hence were all mutant jmjd2b-EGFP flped-in clones. 

Unexpectedly, two of the clones were also positive for GL285/279 PCR, which detects the 

presence of the non-flped-in ColA1 locus, indicating that these were possibly mixed clones that 

contain cells that were not flped for jmjd2b and cells that were positive for jmjd2b-EGFP flp-in. 

Four out of the 35 clones (11%) contained genomic integrated FLPo recombinase. One of the 

FLPo integrated clone was positive for both GL471/279 and GL285/279 PCRs. 

 

Table 3.4: PCR analyses on hygromycin resistant clones co-nucleofected with FLPo 

recombinase and functional/mutant jmjd2b-EGFP flp-in vector 

 

 

 

FLPo : functional jmjd2b 

 

FLPo : mutant jmjd2b 

 3:1 1:1 1:3 3:1 

Hygromycin resistant clones picked 42 34 19 46 

Hygromycin resistant clones that grew 33 22 10 35 

Clones with flped-in jmjd2b locus 

(positive for GL471/279 PCR) 

28 18 4 35 

Clones with non flped-in jmjd2b locus 

(positive for GL285/279 PCR) 

3 2 6 2 

Clones negative for both flped and non 

flped-in locus 

2 2 0 0 

Flp-in efficiency
a 

84% 80% 40% 100% 

FLPo insertion 6 (18%) 2 (9%) 0 4 (11%) 

a
Number of flped-in clones was determined from PCR using GL471/279 PCR.
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From the nucleofection results, the mouse codon optimized FLPo recombinase appears to have 

very high recombination efficiency in ES cells compared to the F70L recombinase, which did 

not result in the isolation of any flped-in ES cell clones. To preserve the FLPo produced flped-in 

clones for future use; all clones that grew were frozen and stored in liquid nitrogen. For further 

analysis functional jmjd2b-EGFP clone C5 from the one to one ratio and mutant jmjd2b-EGFP 

clone C1 were used. These clones showed good growth rate in culture. 

 

3.4 Induction of jmjd2b-EGFP in ES cells via the Tet-on system: Following flp-in of jmjd2b-

EGFP into KH2 ES cells, the next step was to test and characterise the inducible expression of 

jmjd2b-EGFP. Induction was via the Tet-on system. The features required for tet induction are 

the rtTA transactivator, which is present at the Rosa 26 locus of the flped-in clones and the TetO 

promoter controlling the expression of jmjd2b-EGFP protein. To induce the cells, doxycycline is 

added to the culture media, doxycycline binds to rtTA, and the complex of doxycycline-rtTA 

binds to the TetO promoter and activates it, resulting in the transcription of jmjd2b-EGFP. 

Expression of the fusion protein can be evaluated by monitoring EGFP fluorescence via flow 

cytometry. In the absence of doxycycline, rtTA cannot bind to the TetO promoter and gene 

expression is halted.  

 

3.4.1 Determining the optimum concentration of the induction ligand doxycycline: The 

publications by Beard et al. and Fodor et al, have shown that 1 µg/ml of doxycycline for 48 

hours is sufficient for the tet induction of the gene of interest [142, 207]. To confirm this, 

functional jmjd2b-EGFP cells from ES cells were seeded at a density of 3 x 10
4
 cells/cm

2
 and 

cultured in 0, 1, 2 and 3 µg/ml of doxycycline for 48 hours, following which cells were 

trypsinized and were analyzed by flow cytometry for induction of jmjd2b-EGFP as deduced by 

EGFP fluorescence (methods section 2.3.9 and 2.3.8). Induction rate was determined as the 

percentage of total cells positive for EGFP. Figure 3.6 shows the fluorescence profile of the cells 

cultured in different concentrations of doxycycline. In the absence of doxycycline only a small 

percentage of about 5% of the cells were positive for EGFP and this represents the background 

level for this assay. In the presence of different concentrations of doxycycline 68-72% of cells 

were positive for EGFP fluorescence. However, as can be seen from the figure 3.6, increasing 



99 

 

the concentration of doxycycline above 1 µg/ml did not further increase the number of cells 

positive for EGFP
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: EGFP fluorescence profile of functional jmjd2b-EGFP clone C5 cells upon 

induction in 0, 1, 2 and 3 µg/ml of doxycycline for 48 hours. The figure is a histogram of flow 

cytometry analysis, showing the log of green fluorescence intensity on the X-axis and the cell 

number on the Y-axis. The histogram is divided into 2 regions. Cells in the M1 region are 

negative for green fluorescence while those in the M2 region are positive for green fluorescence.  

 

3.4.2 Time course study of induction: To evaluate induction rate after various time periods, 

functional jmjd2b-EGFP and mutant jmjd2b-EGFP ES cells were grown in 1 µg/ml of 

doxycycline for 24, 48, 72, 96 and 120 hours, following which induction of jmjd2b-EGFP as 

deduced by EGFP fluorescence was evaluated by flow cytometry. Cells were trypsinized every 

24 hours following which 10
4
 cells were taken for flow analysis and the remaining were re-

plated in induction media, seeding density was kept constant at ~3x10
4
 cells/cm

2
 (methods 

section 2.2.5). Figure 3.7 and table 3.5 shows the EGFP fluorescence profiles and induction rates 

of the time course study. After 24 hours of culture in doxycycline, 79% and 69% of the cells are 

positive for EGFP in functional and mutant jmjd2b-EGFP ES cells respectively, this rises to 94% 

and 88% respectively after 48 hours of culture in doxycycline. After 72 hours it begins to decline 

to 70% and 65% respectively and after 96 and 120 hours it further declines to 47% in both 

functional and mutant jmjd2b-EGFP ES cells. These results suggest that 48 hours of incubation 
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in doxycycline is required for inducing maximum number of cells. In all subsequent experiments 

jmjd2b-EGFP ES cells were induced for 48 hours. 

 

 

Figure 3.7: EGFP fluorescence profile of functional jmjd2b-EGFP clone C5 and mutant jmjd2b-

EGFP clone C1 cells induced for different time periods. The figures are histograms of flow 

cytometry analysis, showing the log of green fluorescence intensity on the X-axis and the cell 

number on the Y-axis. The histogram is divided into 2 regions. Cells in the M1 region are 

negative for green fluorescence while those in the M2 region are positive for green fluorescence. 

 

Table 3.5: Time course study of induction of jmjd2b-EGFP in ES cells 

Induction time (hours) Induction rate
a
 (%) 

Functional jmd2b-EGFP 

Induction rate
a
 (%) 

Mutant jmjd2b-EGFP 

 

24 79 69 

48 94 88 

72 70 65 

96 47 47 

120 47 47 

a
Induction rate denotes the percentage of cells positive for EGFP. 

 

Functional jmjd2b-EGFP Mutant jmjd2b-EGFP 
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3.4.3 Quantitative reverse transcriptase (qRT) PCR analysis of transgenic and endogenous 

jmjd2b in induced and non-induced ES cells:  Endogenous and the transgenic jmjd2b vary in 

their size. The native or endogenous jmjd2b is 1086 aa long and consists of jmjC, jmjN, two 

PHD and two tudor domains. These domains are highly conserved between members of the jmjC 

family of demethylases. The flped-in jmjd2b transgene is a truncated version of amino acids 1-

424 consisting mainly of the conserved jmjC and jmjN domains. These differences allowed the 

design of specific primers to separately detect the endogenous and transgene-derived jmjd2b, to 

verify induction, and to determine how levels of induced jmjd2b compare to the endogenous 

levels. Primers GL800/801 were designed to selectively detect the expression of the transgene 

encoded truncated jmjd2b (Figure 3.8A). To ensure that these primers would only detect the 

expression of the inducible transgene-derived jmjd2b they were designed such that the forward 

primer (GL800) recognizes sequences in the region after the TetO promoter present in the flp-in 

vector while the reverse primer recognizes sequences in the jmjd2b transgene.  In case of the 

endogenous jmjd2b, primer combination GL802/803 was designed. Binding sites of GL802/803 

are shown in figure 3.8B. This primer combination amplifies a non-conserved region between 

the jmjC and the first PHD domain and this sequence was absent in the flped-in transgenic 

jmjd2b. 

Levels of endogenous and transgene-derived jmjd2b was determined relative to the 

housekeeping gene GAPDH, taking into account the amplification efficiencies of the primer 

pairs, based on the method described by Wilkening and Bader (2004). The amount of RNA used 

for cDNA synthesis and cDNA used for each RT reaction was equivalent between induced and 

non-induced cells. Comparable Ct values were obtained for GAPDH from induced and non-

induced samples, which made it suitable for using this house keeping gene as a reference gene to 

which levels of endogenous or transgene derived jmjd2b could be related to.  To determine the 

levels of both the endogenous jmjd2b and the induced transgene derived jmjd2b, functional 

jmjd2b-EGFP ES cells were induced for 48 hours and induction was determined by flow 

cytometry as described in methods sections 2.3.8 and 2.3.9. Induction rate in cells used for RNA 

extraction was ~80%. mRNA was isolated from induced and non-induced cells, reverse 

transcribed to cDNA and levels of over-expressed or endogenous jmjd2b was determined via 

qRT PCR using the respective primers (methods section 2.4.3, 2.4.4 and 2.4.7). GAPDH qRT 

PCR was also carried out for the induced and non-induced samples. No amplifications (Ct values 
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≥ 35) were detected in the genomic DNA and negative template controls. Levels of endogenous 

jmjd2b and transgene derived jmjd2b were determined in induced and non-induced functional 

jmjd2b-EGFP ES cells relative to GAPDH. The details of the quantification are described in the 

methods section 2.4.7. Results from three replicates are shown in figure 3.9. Both induced and 

non-induced functional jmjd2b-EGFP ES cells showed similar expression of endogenous jmjd2b, 

with the relative levels (average from three replicates) of the transcript being 4.32x10
-3

 in non-

induced ES cells and 3.51x10
-3 

in induced ES cells (Figure 3.9A). The transcript level (average 

from three replicates) of transgene derived jmjd2b relative to GAPDH was determined to be 

2.89x10
-4

 (average from three replicates) in non-induced ES cells while in induced ES cells it 

was present at significantly higher levels of 0.298 (average from three replicates). Thus overall 

when compared to the endogenous jmjd2b, relative levels of transgene derived jmjd2b is 

expressed at 85 fold higher in the induced cells, while no such similar increases were detected 

for relative levels of transgene derived jmjd2b compared to endogenous jmjd2b in the non-

induced cells.   

 

 

Figure 3.8: Schematic of primer binding sites used for detecting flped-in jmjd2b transgene and 

endogenous jmjd2b. A: Schematic of the jmjd2b-EGFP flped-in ColA1 locus. Black arrows 

denote the binding sites of primers GL800 and 801 used for detecting flped-in jmjd2b. B: 

Schematic of the domain structure of endogenous jmjd2b. Black arrows denote the binding sites 

of pimers GL802 and 803 used for detecting the endogenous jmjd2b.  
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A.   

Endogenous jmjd2b expression 

 Functional jmjd2b-EGFP non-induced Functional jmjd2b-EGFP induced 

Replicate 1                     3.98 x 10
-3 

3.46 x 10
-3

 

Replicate 2 4.76 x 10
-3

 3.26 x 10
-3

 

Replicate 3 4.22 x 10
-3

 3.81 x 10
-3

 

Average 4.32 x 10
-3

 3.51 x 10
-3

 

 

 

B.   

 

 

Figure 3.9: qRT PCR analysis to determine relative level of endogenous jmjd2b and transgene-

derived jmjd2b in induced and non-induced functional jmjd2b-EGFP ES cells. Shown are the 

relative levels of (A) endogenous and (B) transgene derived jmjd2b from three replicates.  

 

 

 

 

 

 

 

 

 

Transgene derived jmjd2b expression 

 Functional jmjd2b-EGFP non-induced Functional jmjd2b-EGFP induced 

Replicate 1 2.28 x 10
-4 

0.332  

Replicate 2 1.81 x 10
-4

 0.264  

Replicate 3 4.56 x 10
-4

 0.297  

Average 2.89 x 10
-4

 0.298  
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3.4.4 Switching off induced jmjd2b-EGFP expression: To determine when expression of 

induced jmjd2b-EGFP in ES cells is switched off once doxycycline was removed, cells were 

cultured and induced for 48 hours as described in 3.4.2. Following induction, cells were 

trypsinized and 10
4
 cells were analyzed for EGFP fluorescence via flow cytometry and the 

remaining cells were re-seeded onto a new culture dish, cultured without doxycycline for 24 

hours and thereafter analyzed for EGFP fluorescence. After 48 hours of culture in doxycycline, 

~94% and ~88% of cells were positive for EGFP fluorescence in functional and mutant jmjd2b-

EGFP ES cells respectively (Figure 3.10A). However, 24 hours after removal of doxycycline 

from induced cells, they showed a profile similar to non-induced cells, with induction rate 

reduced to about 5% (Figure 3.10B).  
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Figure 3.10: EGFP fluorescence profile of jmjd2b-EGFP ES cells after 48 hours of exposure to 

doxycycline and 24 hours after removal of doxycycline. The figures are histograms of flow 

cytometry analysis, showing the log of green fluorescence intensity on the X-axis and the cell 

number on the Y-axis. The histogram is divided into 2 regions. Cells in the M1 region are 

negative for green fluorescence while those in the M2 region are positive for green fluorescence. 

A: Representative EGFP fluorescence profiles of induced functional jmjd2b-EGFP 1:1 C5 and 

mutant jmd2b-EGFP C1 ES clones. B: EGFP fluorescence profile of induced functional jmjd2b-

EGFP 1:1 C5 and mutant jmjd2b-EGFP C1 ES cells 24 hours after removal of doxycycline.  
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3.5 Histone modification in induced vs. non-induced functional/mutant jmjd2b-EGFP ES 

cells: Jmjd2b has been identified as a histone demethylase that targets H3K9me3. Studies in the 

jmjd2b inducible NIH3T3 stable cells and MEFs transiently transfected with the inducible 

constructs, have shown that induction of the demethylase jmjd2b, reduces levels of the stable 

H3K9me3 mark by more than 90% in immunofluorescence analysis [142]. Mass spectrometry 

analysis on the inducible NIH3T3 further confirmed this reduction; however in this case it was 

reported as a decrease of 80% which was still quite substantial. No significant changes were 

reported in H3K9me2 levels [142]. However, transiently transfected MEFs induced for jmjd2b 

showed a considerable increase in H3K9me1 according to immunofluorescence analysis. 

Consistent with this finding, mass spectrometry analysis of jmjd2b induced NIH3T3 cells 

revealed an increase of 10% in H3K9me1 levels [142]. Based on these results the authors 

suggested that jmjd2b demethylates H3K9me3 possibly by converting it to the me1 state [142]. 

In this project, to identify whether jmjd2b has similar effects on histone modifications in ES 

cells, the generated jmjd2b-EGFP inducible ES cells were induced for the demethylase and 

levels of H3K9me3, H3K9me2 and H3K9me1 histone modifications were analyzed via 

immunofluorescence and confirmed by western blotting quantification. Additionally to show that 

jmjd2b is specific for H3K9me3 trimethyl mark changes another trimethyl mark, H3K27me3, 

was also analyzed.  

 

3.5.1 Immunofluorescence analysis on jmjd2b-EGFP inducible ES cells: Functional jmjd2b-

EGFP and mutant jmjd2b-EGFP ES cells were induced as described in methods section 2.3.9. 

Cells were then fixed and co-stained with H33342 (to visualize DNA), mouse anti-EGFP and 

rabbit anti-histone modification antibodies as described in methods section 2.4.8.ii.  Shown in 

figure 3.11 are the immunofluorescence images of H3K9me3, H3K9me2, H3K9me1 and 

H3K27me3 levels. As can be seen in the figure 3.11, ES cells induced for functional jmjd2b-

EGFP show reduced level of H3K9me3 compared to non-induced functional jmjd2b-EGFP ES 

cells. No such similar reduction in H3K9me3 is seen in ES cells induced for mutant jmjd2b-

EGFP. No observable changes can be seen for H3K9me1, H3K9me2 or H3K27me3 modification 

upon induction of functional or mutant jmjd2b-EGFP in the ES cells. The specificity of the 

secondary antibodies appeared to be sound as no immunofluorescence signals were observed 

upon staining with the secondary antibodies alone (Figure 3.12). 
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To confirm and relatively quantify these changes, immunosignals for H3K9me3 (quantified from  

48 induced and 44 non-induced functional jmjd2b-EGFP ES cells and 29 induced and 24 non-

induced mutant jmjd2b-EGFP ES cells), H3K9me2 (quantified from 16  induced and 14 non-

induced functional jmjd2b-EGFP  ES cells and 8  induced and 11 non-induced mutant jmjd2b-

EGFP ES cells), H3K9me1(quantified from 22  induced and 19 non-induced functional jmjd2b-

EGFP  ES cells and 8 induced and 13 non-induced mutant jmjd2b-EGFP ES cells) and 

H3K27me3 (quantified from 15 induced and 14 non-induced functional jmjd2b-EGFP  ES cells 

and 12 induced and 10 non-induced mutant jmjd2b-EGFP ES cells) in functional/mutant jmjd2b-

EGFP induced and non-induced ES cells were quantified relative to the area using Image J 

software as described in the methods section 2.4.8.ii. Mean immunofluorescence signals in the 

induced and non-induced cells are represented as bar graphs in figure 3.13. In the induced group, 

all cells that stained positive for EGFP immunostaining were quantified irrespective of signal 

strength. In immunofluorescence quantification, H3K9me3 signals upon induction of functional 

jmjd2b as visualized by EGFP fluorescence, decreased significantly by 62% (induced vs. non-

induced 0.0011 vs. 0.0029; p<0.0001). Induction of mutant jmjd2b-EGFP did not result in a 

similar reduction of H3K9me3. No significant differences were detected in H3K9me2, 

H3K9me1 and H3K27me3 signals in induced vs. non-induced functional or mutant jmjd2b-

EGFP ES cells. The 62% decrease seen in H3K9me3 in these ES cells was not as dramatic as the 

90% reduction reported for NIH3T3 cells [142]. Individually plotting of all immunofluorescence 

signals obtained from induced and non-induced functional jmjd2b-EGFP ES cells revealed that 

H3K9me3 levels appear to vary significantly from cell to cell in the non-induced state with the 

relative intensities ranging from 0.00057 to 0.01 with a mean of 0.0029 (Figure 3.14). In 

accordance with this dynamic state of H3K9me3 in these ES cells, induction of functional 

jmjd2b-EGFP, results in reduced but a broad range of relative intensities that ranged from 

0.000045 to 0.0035 with a mean value of 0.0011. To also determine, whether strength of jmjd2b-

EGFP signal has any correlation with the level of H3K9me3 reduction, EGFP immunosignal 

from the induced cells were quantified and plotted against H3K9me3 quantification. Figure 3.15 

shows the plot of H3K9me3 vs. EGFP immunofluorescence signals. As can be seen from the plot 

no correlation (R
2
= 0.0568) between increased EGFP signal and greater H3K9me3 signal 

reduction was observed.  
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Figure 3.11: Immunofluorescence analysis of histone modifications in functional or mutant 

jmjd2b-EGFP ES cells. Induced and non-induced cells were co-stained with H33342, mouse 

anti-EGFP and rabbit anti-histone modification antibodies as indicated. Cells were visualized 

under phase contrast on Olympus BX50 microscope set at 40X magnification and photographed 

using the Spot RT3 camera. Images were processed using the Spot Basic software.  NI: non-

induced cells; I: induced cells. 
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Figure 3.12: Negative controls for histone modification immunofluorescence analysis in jmjd2b-

EGFP ES cells. Cells were co-stained with H33342 and the specific secondary (2
0
) antibody i.e. 

for EGFP with anti-mouse 488 and for the histone modifications with anti-rabbit 568. Cells were 

visualized under phase contrast on Olympus BX50 microscope set at 40X magnification and 

photographed using the Spot RT3 camera. Images were processed using the Spot Basic software.  

NI: non-induced cells; I: induced cells 

 

 

Figure 3.13: Quantification of immunofluorescence analysis in functional and mutant jmjd2b-

EGFP cells. The graph shows the normalized mean intensity determined for each modification in 

induced and non-induced functional and mutant jmjd2b-EGFP ES cells. Data was analyzed by 2 

tailed t-tests. Lower case characters indicate significant differences. (a&b p<0.0001). 
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Figure 3.14: Graph represents H3K9me3 immunofluorescence intensity quantified from 48 

induced and 44 non-induced functional jmjd2b-EGFP ES cells.  

 

Figure 3.15: Graph represents normalized H3K9me3 intensity vs. normalized EGFP intensity in 

48 functional jmjd2b-EGFP induced ES cells.  

 

3.5.2 Western blotting analyses of H3 methyl modification in jmjd2b-EGFP ES cells: To 

validate the immunofluorescence analysis; H3K9me3, H3K9me2, H3K9me1 and H3K27me3 

levels were quantified by western blot analysis. Functional jmjd2b-EGFP and mutant jmjd2b-

EGFP ES cells were induced and histones were extracted from the induced and non-induced cells 

as described in the methods section 2.4.9 and subjected to western blot analysis as described in 
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the method section 2.4.10. For each group, 10 million cells were used for histone extraction. 

Induction rates in cells used for histone extraction ranged from 80-85%. Following separation of 

histones on SDS gel and transfer, membranes were probed with H3K9me3, H3K9me2, 

H3K9me1 and H3K27me3 specific antibodies. Shown in figure 3.16 are the representative 

immunoblots for each of the analyzed histone modifications.  Only bands specific to the 

modification were detected and no background non-specific signals were observed.  For each of 

the histone modifications, signals were quantified and normalized with the histone H4 band from 

the Ponceau S stain. Multiple repeats (2 to 4 repeats) were performed using each specific 

antibody. A graphical illustration of the results from the quantification of the immunoblots is 

shown in figure 3.17. For each modification, in both cell types, values in the non-induced group 

were set at baseline 100% and values in the induced group were represented as a percentage of 

non-induced. Induction of functional jmjd2b, significantly reduced H3K9me3 levels by 

approximately 65% (p=0.01). No significant differences were seen for H3K9me1, H3K9me2 and 

H3K27me3 between induced vs. non-induced functional or mutant jmjd2b cells. The results from 

the western analysis were consistent to what was seen in immunofluorescence analysis with 

minor variations. Both immunofluorescence and western analysis quantified a similar significant 

decrease in H3K9me3 levels by 62% and 65% respectively.  

Compared to the NIH3T3 cells [142], the reduction seen in levels of H3K9me3 upon induction 

of functional jmjd2b in ES cells was not as pronounced as what was seen in the fibroblasts (65% 

vs. 80%). Additionally, the authors also had shown in the NIH3T3 cells via mass spectrometry 

analysis, that upon induction of jmjd2b, concomitant with the decrease in H3K9me3, there was a 

10% increase in H3K9me1 levels [142]. In the ES cells during western quantification both 

H3K9me1 and H3K27me3 showed small increases, of ~27% and 23% respectively, upon 

induction of functional jmjd2b-EGFP. However, while the change seen for H3K27me3 had a p 

value of 0.12, the change seen for H3K9me1 had a p value of 0.06 which is just outside the 95% 

confidence limit. Thus it is possible that the rise seen in H3K9me1 may have been a true effect 

and was not significant due to the low sensitivity of western blotting technique as opposed to 

mass spectrometry.  
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Figure 3.16: Representative immunoblots of H3K9me3, H3K9me2, H3K9me1 and H3K27me3 

from a single western analysis. For each modification the top panel (W) is the immunoblot of the 

modification and the bottom panel (P) is the respective Ponceau stained membrane. Red arrows 

point to modified  histones  in the immunoblot as indicated on the left and blue arrows to the H4 

band in the respective Ponceau stained membrane. Bands for each histone modification and H4 

were quantified using Quantity one software. 1: functional induced jmjd2b-EGFP, 2: functional 

non-induced jmjd2b-EGFP, 3: mutant induced jmjd2b-EGFP, 4: mutant non-induced jmjd2b-

EGFP. 
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Figure 3.17: Quantification of western blotting analysis in functional and mutant jmjd2b-EGFP 

induced vs. non-induced cells. Bar graphs depict levels in the induced cells expressed as a 

percentage of non-induced. Error bars represent the SEM determined from the respective number 

of repeats. Data was analyzed by 2 tailed paired t-tests. Asterisks indicate significant changes. 

**p=0.01, H3K9me3: 3 repeats; H3K9me2: 3 repeats, H3K9me1: 4 repeats, H3K27me3: 2 

repeats. 

 

3.6 Expression of pluripotent markers in functional and mutant jmjd2b-EGFP ES cells: 

Oct4 is an important regulator and marker of pluripotent ES cells. To confirm the pluripotency of 

the generated jmjd2b-EGFP inducible ES cells and also to investigate whether the levels of these 

markers are altered by induction of jmjd2b, changes at the mRNA and protein level was 

investigated. 

 

3.6.1 Oct4 levels in induced vs. non-induced jmjd2b-EGFP ES cells: Functional jmjd2b-

EGFP and mutant jmjd2b-EGFP ES cells were induced as described in methods section 2.3.9 and 

induction (80%) was confirmed via flow cytometry. mRNA was isolated from induced and non-

induced cells, reverse transcribed to cDNA and levels of Oct4 and Sox2 were evaluated via qRT 

PCR. (methods section 2.4.3, 2.4.4 and 2.4.6)  Ct values were normalized with the values 

obtained for the housekeeping gene GAPDH. Fold changes in induced cells were calculated as 

described in the method section 2.4.5 and significance was determined by two tailed t-tests. 

Results from 3 replicates are represented as bar graphs in figure 3.18. Levels in the non-induced 
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cells were set at baseline 100% and fold changes in induced cells are presented as a percentage 

of the non-induced. Induction of either functional or mutant jmjd2b-EGFP resulted in a slight 

decrease in Oct-4 mRNA levels by 5% (p=0.5) and 8% (p=0.8) respectively. However these 

results were not significant and since similar effects were observed upon induction of functional 

jmjd2b-EGFP and mutant jmjd2b-EGFP, which has no transgene encoded enzymatic activity, the 

observed difference is likely to be an effect of the induction process rather than changes 

introduced by activity of jmjd2b.  

 

3.6.2 Oct-4 protein expression in induced vs. non-induced jmjd2b-EGFP ES cells: The 

levels of Oct-4 were further confirmed at the protein level using immunofluorescence analysis. 

Functional jmjd2b-EGFP and mutant jmjd2b-EGFP ES cells were induced as described in 

methods section 2.3.9. Cells were then fixed and co-stained with H33342 (to visualize DNA), 

anti-EGFP and anti-Oct-4 antibodies as described in section 2.4.8.ii. Shown in figure 3.19 are the 

immunofluorescence images of Oct4 expression in induced compared to non-induced functional 

or mutant jmjd2b-EGFP ES cells. No changes were seen in Oct4 protein expression upon 

induction of either functional or mutant jmjd2b.  

 

Figure 3.18: Oct4 mRNA levels in functional and mutant induced jmjd2b-EGFP ES cells. 

mRNA isolated from induced vs. non-induced functional and mutant jmjd2b-EGFP cells were 

analyzed for Oct4 levels by qRT PCR. Ct values were normalized with values of GAPDH. 

Levels of non-induced have been set at 100% and fold changes in induced cells are represented 

as percentage of non-induced cells. Error bars represent SEM calculated from 3 replicates and 

significance was determined by 2 tailed t-tests. 
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Figure 3.19: Oct4 protein expression in functional and mutant jmjd2b-EGFP cells. Cells were 

visualized under phase contrast on Olympus BX50 microscope set at 40X magnification and 

photographed using the Spot RT3 camera. Images were processed using the Spot Basic software.  

A: Induced and non-induced cells were co-stained with H33342, rabbit anti-EGFP and mouse 

anti-Oct4 antibodies. B: Controls stained with only secondary antibodies. Induced and non-

induced cells were stained with H33342 and only the respective secondary antibodies i.e for 

EGFP with anti-rabbit 488 and for Oct4 with anti-mouse 568.  

 

3.7 Expression profiling of chromatin remodelling factors and modifiers in induced vs. 

non-induced functional and mutant jmjd2b-EGFP ES cells: To investigate whether jmjd2b 

mediated reduction in H3K9me3, translates to global changes in chromatin remodelling 

machinery, induced vs. non-induced jmjd2b-EGFP ES cells were analyzed for changes in gene 

expression profile of various chromatin remodelling factors and modifiers using qRT PCR 

arrays. Functional jmjd2b-EGFP and mutant jmjd2b-EGFP ES cells were induced and induction 

was confirmed via flow cytometry as described in section 2.3.8 and 2.3.9. Induction rate in cells 

used for RNA extraction was ~80%. From induced and non-induced cells mRNA was isolated, 

reverse transcribed to cDNA and analyzed for changes in gene expression using the 

SABioscience Mouse epigenetic chromatin remodelling factors or modifiers RT
2
 Profiler

TM
 PCR 

A 

B 
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arrays as described in sections 2.4.3, 2.4.4 and 2.4.5. Ct values of the amplification reactions 

were normalized with the arithmetic mean of five house keeping genes and fold changes in 

induced cells compared to non-induced cells were determined as described in section 2.3.6. The 

Ct values for genomic DNA control and reverse transcription control included in the array were 

in the expected range. Data was analyzed by two tailed t-tests.  

 

3.7.1 Chromatin remodelling factors: Chromatin remodelling factors assist in DNA binding 

and are mainly involved in remodelling interactions between DNA and histones, and other 

chromatin based process like recombination and DNA repair. The mouse epigenetic chromatin 

remodelling factor RT
2
 Profiler

TM
 PCR profiles the expression of 84 key chromatin remodelling 

factors. Induced vs. non-induced jmjd2b-EGFP ES cells were analyzed in triplicate. These 84 

chromatin remodelling factors can be classified into 10 different families; the polycomb group 

genes, chromobox proteins, chromodomain proteins, bromodomain proteins, plant homeodomain 

finger proteins, inhibitors of growth, methyl CpG binding proteins, zing finger factor, SWI/SNF 

complex and nucleosome remodelling and histone deacetylase complex. Names and 

classification of these 84 chromatin factors are listed in appendix II.  

The results are illustrated as heat maps in figure 3.20 for functional jmjd2b-EGFP ES cells and in 

figure 3.21 for mutant jmjd2b-EGFP ES cells. Expression of all 84 chromatin factors were 

detected in both induced and non-induced functional and mutant jmjd2b-EGFP ES cells. In the 

functional jmjd2b-EGFP ES cells, expression changes were seen in approximately 50% of the 

genes upon induction of jmjd2b, but only 22 (26%) genes namely; Trim27, Cbx3, Cbx7, Ctbp2, 

Phc1, Eed, Mbd3, Ing1, Mizf, Brd7, Ing4, Phc2, Cbx6, Phf2, Mbd1, Chd7, Ring1, Chd6, Phf1, 

Ezh2, Nsd1 and Mecp2 showed statistically significant changes. Both up and down regulations 

were seen. Of the genes that showed significant changes in expression, 14 were down-regulated 

and 8 were up-regulated upon induction of functional jmjd2b. Changes were moderate, with fold 

change values ranging from 0.6 to 2.2 fold.  

In the mutant jmjd2b-EGFP ES cells, the changes seen in gene expression were comparatively 

smaller with fold change values ranging from 0.6 to 1.2 fold. Overall, majority of genes in 

mutant jmjd2b-EGFP ES cells were down-regulated slightly upon induction of the inactive 

demethylase. 23 genes (27%) showed statistically significant changes and all of them were 

down-regulated. Five of these genes; Arid1a, Brdt, Cbx1, Pcgf5 and Phf5a, although not 
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significant, showed similar trends of decrease upon induction of functional jmjd2b-EGFP. 

Similar patterns of change upon induction of either active or inactive demethylase, suggests that 

these expression changes are likely due to the effects of doxycycline, the ligand used for 

induction. 11 of these identified genes in mutant jmjd2b-EGFP ES cells; Arid2, Asxl1, Baz2a, 

Brd2, Brwd1, Brwd3, Cbx5, Chd9, Ctcf, Ing5 and Ino80, again although not significant, showed 

an opposite trend of increase upon induction in functional jmjd2b-EGFP cells. This suggests, that 

possibly some change was indeed stimulated by the active demethylase but potentially could be 

underestimated because of the contributing effects of doxycycline in the opposite direction. 

Analyses of changes in gene expression upon induction in mutant jmjd2b-EGFP, thus served as a 

useful control to evaluate the effects of doxycycline and distinguish it from the effects stimulated 

by the activity of functional jmjd2b. Expression of the genes Ezh2, Nsd1 and Mecp2 showed 

significant decreases of similar magnitude (fold changes values ranging from 0.6 to 0.7) upon 

induction of functional or mutant jmjd2b-EGFP indicating that they are only affected by 

doxycycline but not by jmjd2b. 

From these results and based on the criteria that a change was significant upon induction of 

functional jmjd2b-EGFP cells and a similar rate of increase or decrease in expression was not 

observed upon induction of mutant jmjd2b-EGFP, 19 candidate genes were identified. Changes 

in expression of these candidate genes are represented as bar graphs in figure 3.22. Fold changes 

were calculated as described in the method section 2.4.5. Levels in the non-induced group were 

set at 100% and fold changes observed in the induced cells were represented as percentages of 

the non-induced group. Trim27, Cbx3, Cbx7, Ctbp2, Phc1, Eed, Mbd3, Ing1, Mizf, Brd7 and 

Ing4 were moderately down-regulated (fold change values ranging from 0.5 to 0.7) in induced 

functional jmjd2b-EGFP ES cells compared to non-induced functional jmjd2b-EGFP ES cells. 

Expression levels of Phc2, Cbx6, Phf2, Mbd1, Chd7, Ring1, Chd6 and Phf1 increased (fold 

change values ranging from 1.3 to 2.2) significantly upon induction of functional jmjd2b-EGFP 

compared to the non-induced state. In induced vs. non-induced mutant jmjd2b-EGFP ES cells, 

although some of these genes showed a similar pattern seen in functional jmjd2b-EGFP ES cells, 

the extent of increase or decrease was much smaller and was not statistically significant. 

Overall global changes in the different families of chromatin remodelling factors to which these 

candidate chromatin factors belong was also examined. The distinct families have been colour 

coded in figures 3.20 and 3.21. No common global trend of change was seen in members of the 
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polycomb genes, chromobox proteins, bromodomain proteins and methyl CpG binding proteins. 

Members of the polycomb gene family include; Eed, Ring1, Trim27, Ctpb2, Phc1 and Phc2.  

Cbx3, Cbx6 and Cbx7 are members of the chromobox family of proteins. Brd7 belongs to the 

bromodomain protein family. Mbd1 and Mizf are methyl CpG binding proteins. 

Chromatin remodelling factor families in which majority of the members were down-regulated 

were plant homeodomain finger protein family and inhibitor of growth family.  In the plant 

homeodomain finger family only Phf1 and Phf2 showed significant and specific changes upon 

induction of functional jmjd2b-EGFP. However, except for Phf1, Phf2 and Phf13 which 

increased in levels all other members were down-regulated as result of functional jmjd2b-EGFP 

expression. Within the family of inhibitors of growth Ing1 and Ing3 showed significant specific 

changes upon induction of functional jmjd2b. However, with the exception of Ing5, all other four 

members showed a common trend of decrease in levels upon induction of functional jmjd2b-

EGFP. 

Chromodomain protein family, SWI/SNF complex and nucleosome remodelling and deacetylase 

complex were remodelling families in which majority of the members were up-regulated as 

result of functional jmjd2b-EGFP induction. Chd6 and Chd7 are chromodomain proteins. In this 

family except for Chd1 and Chd4 which showed fold changes of 0.98 and 0.95 respectively, all 

other chromodomain proteins increased in levels upon induction of functional jmjd2b-EGFP. 

None of the members of the SWI/SNF and nucleosome remodelling complex were identified as 

candidate genes that were specifically and significantly altered upon induction of functional 

jmjd2b-EGFP. However, expression of majority of members of these two families did show an 

increase upon induction of functional jmjd2b-EGFP. 

Thus overall these results show that induction of functional jmjd2b-EGFP in ES cells stimulates 

decreases in most members of the plant homeodomain finger protein and inhibitor of growth 

families; while it stimulates increases in majority of the members in the chromodomain protein, 

SWI/SNF complex and nucleosome remodelling and deacetylase families. However, majority of 

the candidate genes that were altered belonged to the polycomb gene family.  
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A.                                                                                              B.   

 

 

 

 

 

Figure 3.20: Changes in chromatin remodelling factors upon induction of functional jmjd2b-EGFP in ES cells. (A) qRT PCR heat 

map and (B) the layout and fold change values of chromatin remodelling factors in induced vs. non-induced functional jmjd2b-EGFP 

ES cells. In the heat map, black indicates no-change in expression (fold change 1), shades of red indicate increase in expression (fold 

change above 1) and shades of green indicate decrease in expression (fold change below 1). In the layout the genes have been colour 

coded according to which family they belong. Fold changes were calculated from 3 replicates and significance were determined by 2 

tailed t-tests. Asterisks denote significant difference in expression between induced vs. non-induced cells. *p<0.05, **p≤0.01 Yellow: 

Polycomb genes; Fluorescent blue: Chromobox gene; Pink: Plant homeodomain finger proteins; Blue: Inhibitors of growth; Peach; 

Methyl CpG binding factors; Orange: Nucleosome remodelling and deacetylase complex; Gray: Zinc finger; Brown: Chromodomain 

factors; Green: Bromodomain factors; Purple: SWI/SNF complex.   
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A.                                                                                         B. 

  

 

        

 

 

 

Figure 3.21: Changes in chromatin remodelling factor upon induction of mutant jmjd2b-EGFP in ES cells. (A) qRT PCR heat map 

and (B) the layout and fold change values of chromatin remodelling factors in induced vs. non-induced mutant jmjd2b-EGFP ES cells. 

In the heat map, black indicates no-change in expression (fold change 1), shades of red indicate increase in expression (fold change 

above 1) and shades of green indicate decrease in expression (fold change below 1). In the layout the genes have been colour coded 

according to which family they belong. Fold changes were calculated from 3 replicates and significance were determined by 2 tailed t-

tests. Asterisks denote significant difference in expression between induced vs. non-induced cells. *p<0.05, **p≤0.01 Yellow: 

Polycomb genes; Fluorescent blue: Chromobox gene; Pink: Plant homeodomain finger proteins; Blue: Inhibitors of growth; Peach; 

Methyl CpG binding factors; Orange: Nucleosome remodelling and deacetylase complex; Gray: Zinc finger; Brown: Chromodomain 

factors; Green: Bromodomain factors; Purple: SWI/SNF complex.     
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Figure 3.22: Expression profile of 19 candidate chromatin remodelling factors significantly affected by induction of functional 

jmjd2b-EGFP in induced vs. non-induced functional and mutant jmjd2b-EGFP cells. Levels in the non-induced cells have been set at 

baseline 100% and fold changes in induced cells, have been represented as a percentage of non-induced. Error bars represent SEM 

determined from 3 replicates. Data was analyzed by 2 tailed t-tests. Asterisks denote significant difference in expression between 

induced vs. non-induced cells *p<0.05, **p<0.01. 
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3.7.2 Chromatin modifiers: Chromatin modifying enzymes are the enzymes that catalyze 

various post translational modifications on DNA and histones. These modifications then can 

either activate or repress gene expression. To investigate the effects of jmjd2b induction on the 

expression of genes encoding chromatin modifiers the mouse epigenetic chromatin remodelling 

enzymes RT
2
 Profiler

TM
 PCR that profiles the expression of 84 key chromatin modifiers was 

used. Induced vs. non-induced jmjd2b-EGFP ES cells were analyzed in duplicate. The 84 

enzymes can be grouped into eight families; histone acetyltransferases, histone deacetylases, 

histone phosphorylases, histone ubiquitinases, histone deubiquitinases, histone 

methyltransferases, histone demethylases and DNA methyltransferases. The results are 

illustrated as heat maps in figure 3.23 for functional jmjd2b-EGFP ES cells and in figure 3.24 for 

mutant jmjd2b-EGFP ES cells. Expression of all 84 chromatin remodelling modifiers was 

detected in both induced and non-induced functional or mutant jmjd2b-EGFP ES cells. In 

functional jmjd2b-EGFP ES cells only approximately 20% of the genes showed altered 

expression upon induction of functional jmjd2b. Like for the chromatin remodelling factor array, 

the observed changes in gene expression were moderate. Overall of the 84 enzymes only 7% 

showed statistically significant changes. The six enzymes that were significantly altered were 

Ciita, Jarid1c, Nek6, Usp22, Hdac2 and Aurka. Citta showed an exceptional magnitude of 

change in the expression level with a 4 fold high up regulation upon induction of functional 

jmjd2b which was by far the biggest change observed from all the 84 chromatin modifiers and 

factors tested. In the mutant jmjd2b-EGP ES cells, similar to the results from the remodelling 

factors array small changes in gene expression were seen with fold change values ranging from 

0.6 to 1.2 fold. 24 enzymes were significantly altered upon induction of mutant jmjd2b-EGFP. 

Jmjd2c, Setd2, Setdb1, Dnmt3b, Esco1, Nek6, Ncoa3, Prmt1, Kat2b, Jarid1b, Rnf2, Hdac2, 

Hdac8, Ube2b, Usp16, Nsd1, Mysm1, Usp22, MLL5, Aurka and Aurkab were down-regulated 

(fold change values ranging from 0.5 to 0.9)  and Dot1l, Hdac7  and Setd7 were up-regulated 

(fold change values ranging from 1.1 to 1.3 fold). Among these genes, Aurka was similarly and 

commonly down-regulated upon induction of functional or mutant jmjd2b-EGFP. A similar 

pattern of increase upon induction of functional and mutant jmjd2b-EGFP was observed for 

Hdac7. These similar patterns of changes in both cell types, suggests that these changes were 

likely due to the effects of doxycycline. Nsd1 was one gene that was analyzed in both the 

chromatin remodelling factor and modifier arrays. In the chromatin remodelling factor array, it 
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decreased significantly upon induction of functional or mutant jmjd2b-EGFP and hence this 

decrease was attributed as an effect of doxycycline. In chromatin modifier array, while its levels 

remain unchanged upon induction of functional jmjd2b-EGFP, its expression declined upon 

induction of the inactive demethylase in mutant jmjd2b-EGFP ES cells. This slight difference in 

the two arrays, suggest that doxycycline does appear to have an effect on this gene but it may be 

subtle change. In functional jmjd2b-EGFP ES cells, although statistically non-significant MLL5, 

Ncoa3, Setd2 and Setd7 showed a trend of increase by 10-20% upon induction of jmjd2b while 

Hdac8 Dnmt3b, Dot1l, Esco1, Jarid1b, Jmjd2c, Kat2b, Mysm1, Nsd1, Prmt1, Rnf2, Setdb1, 

Ube2b and Usp16, like in mutant jmjd2b-EGFP cells, showed trends of decrease, but in this case 

the decrease seen was much smaller than what was seen upon induction of mutant jmjd2b-EGFP. 

These minor variations could probably indicate that for these genes, there was indeed an affect of 

induced functional jmjd2b, but the results got masked by the contributing effects of doxycycline. 

Evidence of this can be seen in case of Nek6, Usp22 and Hdac2; all three were significantly 

altered upon induction of functional or mutant jmjd2b-EGFP, but opposite changes were seen. 

Induction of functional jmjd2b increased levels by 10-30% (all three p<0.05), while upon 

induction of mutant jmjd2b they decreased by 10-30% ( Usp22 p<0.01, Nek6 and Hdac2 

p<0.05), showing that in spite of the effects of doxycycline, functional jmjd2b was successful in 

mediating a significant change, which probably would have been greater, without the 

contributing effects of doxycycline.   

Based on these results, five candidate enzymes namely Ciita, Jarid1c, Nek6, Usp22 and Hdac2 

were identified as being significantly altered by the induction of functional jmjd2b-EGFP in ES 

cells. All five enzymes were up-regulated upon induction of functional jmjd2b. Changes in 

expression of these candidate modifiers are represented as bar graphs in figure 3.25. Fold 

changes were calculated as described in section 2.4.5. Levels in the non-induced group were set 

at baseline 100% and fold changes observed in the induced cells were represented as percentages 

of the non-induced group. In mutant jmjd2b-EGFP, Ciita also showed an increase of 1.5 fold 

upon induction of the inactive demethylase; however this increase was much smaller than the 

increase seen upon induction of functional jmjd2b-EGFP (4 fold higher vs. 1.5 fold higher) and 

was not statistically significant.  
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Overall global changes in the different families of chromatin modifiers to which these candidate 

chromatin modifiers belong were also examined. The distinct families have been colour coded in 

figures 3.23 and 3.24.  

Citta is a histone acetyltransferase. In total, expression levels of 17 different histone 

acetyltransferases were profiled in the array. Of these eight acetyltransferases also showed small 

increases upon induction of functional jmjd2b-EGFP. Expression changes in 10 histone 

deacetylases were profiled and nine of these also showed small increases upon induction of 

functional jmjd2b-EGFP. Usp22 belongs to the histone deubiquitinase family of enzymes. In this 

family expression changes in five enzymes were profiled and four of them also showed slight 

increases upon induction of functional jmjd2b-EGFP. In the family of phosphorylases of the 

seven enzymes analyzed apart from Nek6 three other phosphorylases Aurkb, Aurkc and Rps6ka3 

also showed small increases upon induction of functional jmjd2b-EGFP. Thus these results 

indicate that induction of functional jmjd2b-EGFP in ES cells stimulates small increases in a 

number of histone acetyltransferases, deacetylases, phosphorylases and deubiquitinases.  

Jarid1c belongs to the histone demethylase family. In this family a common pattern of change 

was not seen and the small rise in Jarid1c was the only significant change.   

None of the enzymes belonging to the DNA methyltransferase and histone ubiquitinase families 

showed specific and significant changes upon induction of functional jmjd2b-EGFP in ES cells. 

The histone methyltransferase family can be further divided into three groups, the arginine 

methyltransferases (Carm1 and Prmt1-8), non-SET domain (Dot1L) and SET domain containing 

methyltransferases.  Smyd1, Smyd3, Ehmt1, Ehmt2, MLL3, MLL5, Ash1I, Nsd1, Setd1a, 

Setdb2, Setd2-8, Setdb1, Suv39h1, Suv420h1 and Whsc1 are SET domain proteins with 

methyltransferase activity. While small increases were seen for some of the SET domain 

containing methyltransferases these results were not significant.  

Thus overall these results show that reduction in H3K9me3 in ES cells stimulates small increases 

in a number of histone acetyltransferase, deacetylases, phosphorylases and deubiquitinases.   
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A.                                                                                           B. 

 

 

 

 

Figure 3.23: Changes in chromatin modifiers upon induction of functional jmjd2b-EGFP in ES cells (A) qRT PCR heat map and the 

(B) layout and fold change values of chromatin remodelling modifiers in induced vs. non-induced functional jmjd2b-EGFP ES cells. 

In the heat map, black indicates no-change in expression (fold change 1), shades of red indicate increase in expression (fold change 

above 1) and shades of green indicate decrease in expression (fold change below 1). In the layout the genes have been colour coded 

according to which family they belong. Fold changes were calculated from 2 replicates and significance were determined by 2 tailed t-

tests. Asterisks denote significant difference in expression between induced vs. non-induced cells. *p<0.05, **p≤0.01. Fluorescent 

blue: histone acetyltransferases; Pink: histone deacetylases; Green: Histone phosphorylases; Yellow: Histone ubiquitinases; Orange: 

Histone deubiquitinases; Peach: Histone methyltransferases; Gray: Histone demethylases; Brown: DNA methyltransferases.     
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A.                                                                                             B. 

  

Figure 3.24: Changes in chromatin remodelling modifiers upon induction of mutant jmjd2b-EGFP in ES cells. (A) qRT PCR heat 

map and the (B) layout and fold change values of chromatin remodelling modifiers in induced vs. non-induced mutant jmjd2b-EGFP 

ES cells. In the heat map, black indicates no-change in expression (fold change 1), shades of red indicate increase in expression (fold 

change above 1) and shades of green indicate decrease in expression (fold change below 1). In the layout the genes have been colour 

coded according to which family they belong. Fold changes were calculated from 2 replicates and significance were determined by 2 

tailed t-tests. Asterisks denote significant difference in expression between induced vs. non-induced cells. *p<0.05, **p≤0.01. 

Fluorescent blue: histone acetyltransferases; Pink: histone deacetylases; Green: Histone phosphorylases; Yellow: Histone 

ubiquitinases; Orange: Histone deubiquitinases; Peach: Histone methyltransferases; Gray: Histone demethylases; Brown: DNA 

methyltransferases.     
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Figure 3.25: Expression profile of 5 candidate chromatin modifying enzymes significantly 

affected by induction of functional jmjd2b-EGFP in induced vs. non-induced functional and 

mutant jmjd2b-EGFP cells. Levels in the non-induced cells have been set at baseline 100% and 

fold changes in induced cells, have been represented as a percentage of non-induced. Error bars 

represent the SEM determined form 2 replicates. Data was analyzed by 2 tailed t-test. Asterisks 

denote significant difference in expression between induced vs. non-induced cells. *p<0.05, 

**p<0.01 

 

3.8 NT with induced vs. non-induced functional or mutant jmjd2b-EGFP ES cells: 

Following characterization of the inducible ES cells, they were used as nuclear donors in NT. 

This provided an opportunity to determine if induced donor cells with reduced levels of the 

stable H3K9me3 mark will facilitate nuclear reprogramming following NT and improve 

development rates compared to non-induced cells. NT runs were kindly performed by Fleur 

Oback (Agresearch, NZ). For NT experiments, jmjd2b-EGFP ES cells were induced and 

metaphase arrested as described in section 2.3.10. Induction of jmjd2b-EGFP was confirmed by 

evaluating EGFP expression via flow cytometry as described in section 2.3.8 and induction rate 

ranged from 60-95% between experiments. The combination of donor cell and enucleated oocyte 

generated during NT has been subsequently referred to as NT reconstructs.  Doxycycline, the 

ligand used for induction, was kept in the culture media of induced cells until the donor cells 

were fused to the oocytes, thereafter reconstructs were cultured in doxycycline free media unless 
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otherwise mentioned. The first goal was to determine the fate of the reduced level of H3K9me3 

during reprogramming of nuclear transfer reconstructs. For this, reconstructs from induced and 

non-induced groups were fixed at various time points during NT and analyzed by 

immunofluorescence for H3K9me3 signals. Next the in vitro development rates obtained from 

induced vs. non-induced cells was evaluated. In this case reconstructs from both groups were 

cultured in vitro until day four and embryo development, measured as the number of blastocysts 

and morulae obtained, was determined. Reconstructs from both groups were generally cultured 

in the absence of doxycycline, which provided us the opportunity, to not only study the dynamics 

of how the reduced level of H3K9me3 change during development of NT embryos but also 

enabled us to answer the question whether donor cells with reduced level of H3K9me3 would 

facilitate reprogramming and result in better development. In addition, to also determine whether 

prolonging the enzymatic activity of jmjd2b during reprogramming would have any effects on in 

vitro development some of the reconstructs generated from functional jmjd2b induced cells were 

cultured up to day 4 in doxycycline and thereafter embryo development was determined. Day 

four embryos were also transferred to pseudo-pregnant recipients to compare in vivo 

development between induced vs. non-induced donor cells.   

 

3.8.1 H3K9Me3 levels in cloned embryos generated from jmd2b-EGFP ES cells: NT 

reconstructs from induced and non-induced functional jmjd2b-EGFP C5 cells were fixed and co-

stained with H33342 (to visualize DNA), mouse anti-EGFP and rabbit anti-H3K9me3 antibodies 

as described in section 2.4.8.iii.  Figure 3.26 shows the H3K9me3 immunofluorescence signals 

in induced vs. non-induced donor cells and NT reconstructs at various time points. At the 

interphase stage, induced donor cells cell show reduced level of H3K9me3 (Figure 3.26A) 

compared to non-induced cells and a reduced state of H3K9me3 is still maintained in the 

metaphase arrested induced donor cells attached to the enucleated oocytes at the couplet stage 

(non-induced 11 and induced 11 couplets; Figure 3.26B). Following fusion of the donor cells to 

the oocyte, EGFP signal disappears and no observable differences can be seen in H3K9me3 

levels between induced and non-induced reconstructs after 10 minutes (non-induced 13 and 

induced 13 reconstructs; Figure 3.26C), 1 hour (non-induced 6 and induced 6 reconstructs; 

Figure 3.26D), 2 hours (non-induced 11 and induced 8 reconstructs; Figure 3.26E), 4 hours (non-

induced 6 and induced 6 reconstructs; Figure 3.26F), 6 hours (non-induced 5 and induced 5 
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reconstructs; Figure 3.26G), 8 hours post fusion (non-induced 6 and induced 7 reconstructs; 

Figure 3.26H), two-cell stage or 24 hours post fusion of donor cells with the enucleated oocyte 

(non-induced 3 and induced 2 two-cell NT embryos; Figure 3.26I), four-cell stage or 48 hours 

post fusion of donor cells with the enucleated oocyte (non-induced 2 and induced 2 four-cell NT 

embryos; Figure 3.26J) and in the blastocysts (non-induced 2 and induced 2 NT blastocysts; 

Figure 3.26K). In both groups H3K9me3 also appeared to show similar pattern of changes after 

fusion. In the induced and non-induced groups, six hours and eight hours post fusion (Figure 

3.26 G&H), when the second polar body is extruded, H3K9me3 signals were much higher in the 

extruded nucleus than in the retained cytoplasmic nucleus and at the two cell-stage a loss of 

nuclear H3K9me3 signals was observed in both groups (Figure 3.26I). At the four-cell stage 

(Figure 3.26J) the H3K9me3 signal remains indistinguishable between induced and non-induced 

treatments with the exception of an intense spot of H3K9me3 signal seen in the non-induced 

group produced by a polar body that still remained attached. This comparable level of H3K9me3 

signal between induced and non-induced group is also maintained at the blastocysts stage (Figure 

3.26K).  

H3K9me3 signals during early stages were also quantified (method section 2.4.8.iii) to confirm 

whether the difference in H3K9me3 between induced and non-induced is lost after fusion. 

Images were quantified using Image J software. For each reconstruct, nuclear signal intensity 

was obtained after subtraction of background signal and was normalized with the area. The mean 

immunofluorescence signals relative to area are represented as bar graphs in figure 3.27. 

Differences between induced vs. non-induced groups were determined by two tailed t-tests. Prior 

to NT, donor cells (at the interphase stage) show 62% decrease (induced vs. non-induced 0.0011 

vs. 0.0029 p<0.0001) in H3K9me3 signals upon induction of jmjd2b, as visualized by EGFP 

(Figure 3.26A). At the couplet stage (Figure 3.26B) induced metaphase arrested donor cells still 

show a reduction in H3K9me3 levels by 52% (induced vs. non-induced 0.0028 vs. 0.0059 

p<0.05). Ten minutes after fusion, although the difference was not significant, quantification of 

the H3K9me3 specific immunofluorescence signal revealed that induced groups still maintain 

lower (22%) levels of H3K9me3 compared to non-induced and this could not be seen in the 

images because the difference was relatively small (induced vs. non-induced  0.0024 vs. 0.003). 

One hour post fusion H3K9me3 immunofluorescence signals in both groups were comparable; 

indicating that reduced level of H3K9me3 is restored within one hour post fusion. 
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Figure 3.26: H3K9me3 levels in functional jmjd2b-EGFP induced vs. non-induced donor cells 

at the interphase stage (A) and NT reconstructs: (B) at the couplet stage when donor cells are 

attached to the enucleated oocyte (C) 10 minutes after fusion of the donor cells with the 

enucleated oocyte, (D) 1 hour post fusion, (E)  2 hours post fusion  (F) 4 hours post fusion (G) 6 

hours post fusion (H) 8 hours post fusion (I) 2 cell stage or 24 hours post fusion, (J) 4 cell stage 

or 48 hours post fusion and (K) blastocyst stage or 96 hours post fusion. The intense bright spot 

seen at the 4-cell stage in the non-induced group is the polar body that still remained attached. 
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Figure 3.27: Quantification of H3K9me3 immunofluorescence in functional jmjd2b-EGFP 

induced vs. non-induced interphase stage donor cells and in nuclear transfer reconstructs at the 

couplet stage when metaphase arrested donor cells are attached to the membrane of the 

enucleated oocyte, 10 minutes after fusion of the donor cells to the enucleated oocyte and 1 hour 

post fusion. Error bars represent SEM. Data was analyzed by 2-tailed t-test. Lower case 

characters indicate significant differences. (a&b p<0.0001; c&d p<0.05) 

 

3.8.2 In vitro development following nuclear transfer with functional and mutant jmjd2b-

EGFP ES cells: To evaluate whether using donor ES cells that have reduced level of H3K9me3 

would result in better reprogramming efficiency; induced and non-induced functional and mutant 

jmjd2b-EGFP NT reconstructs were cultured in vitro in the absence of doxycycline until day four 

and embryo development was determined.  Culturing of reconstructs in the absence of 

doxycycline prevents induction of jmjd2b-EGFP during NT and during development which 

allows the ability to compare whether using ES cells with already reduced level of H3K9me3 

prior to NT, as donors is any better than ES cells with steady state levels of H3K9me3. To also 

determine whether prolonging the enzymatic activity of jmjd2b during reprogramming would 

have any effects on in vitro development some of the reconstructs generated from functional 

jmjd2b-EGFP induced cells were also cultured up to day 4 in doxycycline and thereafter embryo 

development was determined. This group of reconstructs has been termed induced + dox 

(functional jmjd2b-EGFP).  Rate of development to morulae, blastocysts and overall rates were 

determined as percentage of the total number of reconstructs that extruded a single polar body.  
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Results were analyzed by Fisher 2x2 proportionality test and are represented as bar graphs in 

figure 3.28. Reconstructs from donor cells that were induced for functional jmjd2b and were 

cultured in absence of doxycycline, resulted in 8% higher number of blastocysts (induced vs. 

non-induced 74/223 = 30% vs. 58/260 = 22% p =0.055) and had 10% higher overall 

development (morulae and blastocysts) (induced vs. non-induced 108/223 = 44% vs. 89/260 = 

34%, p=0.029) compared to reconstructs from the non-induced group (Figure 3.28A). NT 

reconstructs in the functional jmjd2b-EGFP induced + dox group also showed higher overall 

developmental rate than non-induced reconstructs (35/73 = 47.9% vs. 89/260 = 34% p=0.047) 

(Figure 3.28A).  However, this higher overall development was largely due to a significant 

increase in the number of embryos that developed to morulae rather than an increase in the 

development to blastocysts (Figure 3.28A). In the functional jmjd2b-EGFP induced + dox group 

the number of morulae generated was 16% and 18% higher than that generated in the functional 

jmjd2b-EGFP induced (22/73 = 30% vs. 34/223 = 14% p=0.0007) and non-induced groups 

(22/73 = 30% vs. 31/260 = 12% p=0.037) respectively. Comparatively the number of blastocysts 

recovered from the functional jmjd2b-EGFP induced + dox group was 12% (13/73 = 18% vs. 

74/223 = 30% p=0.048) and 4% (13/73 = 18% vs. 58/260 = 22%) lower than that obtained from 

functional jmjd2b-EGFP induced and non-induced group respectively. These results indicate that 

prolonging functional jmjd2b-EGFP induction during NT and in vitro development increases the 

number of developing morulae but not the number of blastocysts.   

In parallel NT experiments using induced and non-induced mutant jmjd2b-EGFP cells, no 

significant differences were observed in the number of blastocysts (induced vs. non-induced 

37/76 = 48% vs. 36/76 = 47%) generated or overall development (induced vs. non-induced 44/76 

= 57.8% vs. 47/76 = 61.8%) (Figure 3.29B). In comparison to functional jmjd2b-EGFP ES cells 

the corresponding mutant cells showed better developmental rates which are most likely a 

reflection of possible molecular and epigenetic differences between the two cell clones. 
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Figure 3.28: In vitro development to blastocysts and morulae following NT with induced and. non-induced (A) functional or (B) 

mutant jmjd2b-EGFP ES cells: Bar graphs represent the percentage of development. Values are a sum of 12 (functional) or 3 (mutant) 

repeats ± SEM. Data was analyzed by a Fisher 2x2 test. Lower case characters indicate significant differences. (a&c p = 0.037; b&c p 

= 0.0007; d&e p = 0.055; d&f p = 0.048; g&h p = 0.029; h&I p = 0.047) 

n = 12 
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3.8.3 In vivo development following nuclear transfer with functional and mutant jmjd2b-

EGFP cells: To assess the in vivo developmental potential of donor cells with reduced level of 

H3K9me3 levels, day four embryos from induced and non-induced groups were transferred to 

the oviducts of day 0.5 pseudo-pregnant mice. Embryo transfers were kindly performed by Ric 

Broadhurst. An increase in whole body weight was taken as an indication of pregnancy 

establishment. In most cases, pregnancy was established and maintained until day 10.5 and 

normal looking day 10.5 foetuses have been recovered (Figure 3.29). However, by day 13.5, a 

weight loss was observed in the recipients. When these recipients were sacrificed and the uterus 

was surgically removed and opened, only implantation sites were visible and the foetuses 

appeared to have been reabsorbed. No significant differences were noted between induced vs. 

non-induced ES cells in the number of implantation sites recovered. (Induced vs. non-induced 

functional jmjd2b-EGFP ES cells 31% vs. 46%; Mutant jmjd2b-EGFP ES cells 41% vs. 48%) 

(Table 3.10). 

                                                                                                                                                       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.29: Day 10.5 embryo cloned from functional jmjd2b-EGFP induced ES cells 
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Table 3.10: Summary of in vivo development following nuclear transfer with functional and 

mutant jmjd2b-EGFP ES cells 

 

 

3.9 Pluripotency of functional and mutant jmjd2b-EGFP cells: The failure to generate live 

offspring from nuclear transfer of jmjd2b-EGFP ES cells, raised questions regarding the 

pluripotent state of these ES cells. Pluripotency of ES cells is generally determined by their 

ability to generate germline chimeras. The two classical methods of generating chimeras in mice 

are either by injecting the ES cells directly into natural blastocysts or by aggregating ES cells 

with natural morulae, the latter being technically less demanding.  

Due to lack of technical expertise in ES cell blastocyst injections, morulae aggregations were 

performed using jmjd2b-EGFP ES cells. Successful generation of a chimera and subsequent 

jmjd2b-EGFP transgenic mice would also enable further studies to look at jmjd2b activity in 

somatic cells such as mouse embryonic fibroblasts and use them as donors in nuclear transfer. 

Jmjd2b-EGFP inducible ES cells have a genotype of 129/Sv X C57BL/6 and hence have an 

agouti background. To allow easy identification of chimeras, functional or mutant jmjd2b-EGFP 

ES cells were generally aggregated with albino background natural morulae. Aggregations were 

carried out as described in the methods section 2.5.5. Resulting blastocysts were transferred to 

the oviduct of day 0.5 or to the uterus of day 2.5 pseudo-pregnant recipients. Oviduct transfers 

were kindly performed by Ric Broadhurst and uterine transfers were done with the help of 

Rosemary Thresher (methods section 2.5.7).  

 

3.9.1 Functional jmjd2b-EGFP cells: To confirm whether the aggregated jmjd2b-EGFP ES 

cells were contributing to the developing embryos, embryos aggregated with functional (non-

 Functional jmjd2b-EGFP Mutant jmjd2b-EGFP 

 Induced Non-induced Induced Non-induced 

No. of transfers 5 3 2 2 

Total  embryos 

transferred 

54 28 27 23 

No of implantation sites 17 (31%) 13 (46%) 11 (41%) 11 (48%) 
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induced) jmjd2b-EGFP C5 cells were recovered at day 13.5 and analysed. For easy detection of 

contributing ES cells, the EGFP protein fused to jmjd2b was induced by adding doxycycline to 

the recipient’s drinking water on day 9 of pregnancy. Embryos were then surgically recovered on 

day 13.5. Two embryos were obtained from the total of eight transferred. Embryos were 

visualized by excitation at 488nm wavelength. Shown in figure 3.30 are the images of the two 

embryos taken under white light and using an EGFP filter. One of the two embryos was positive 

for EGFP, indicating that the aggregation method is working and that ES cells are contributing to 

the developing embryo. Another way to identify jmjd2b-EGFP ES cell chimeras are via eye 

colour. Since jmjd2b-EGFP ES have an agouti background and mice of this strain have black 

eyes, while the host morulae is of albino background and mice of this strain have red eyes, hence 

if sufficient ES cells have contributed to development, the resulting embryos or pups will have 

black eyes. This can be seen in figure 3.30, where the EGFP positive chimeric embryo has 

prominent black eyes, while the non-chimeric embryo has less prominent eyes due to the red eye 

colour  

 

 

 

 

 

 

 

 

 

Figure 3.30: Day 13.5 foetuses, obtained from aggregation of functional jmjd2b-EGFP ES cells 

to morulae obtained from natural matings of albino mice. Foetuses were induced in vivo by 

feeding the surrogate mother doxycycline in her drinking water for 5 days following which 

embryos were removed surgically. Images were visualized under white light (left panels) and 

using an EGFP filter (right panels) on the Nikon SMZ1500 stereomicroscope. Digital images 

were taken using the Spot RT3 camera and processed using the Spot Basic software. A: chimeric 

foetus; B: foetus with no detectable contribution from functional jmjd2b-EGFP cells. White 

arrows indicate the difference in eye colour between chimeric (A) and non-chimeric (B) 

embryos. 

 

A 

B 
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Subsequently, all embryos generated from the aggregation of functional (non-induced) jmjd2b-

EGFP ES C5 cells were transferred to the oviduct of day 0.5 pseudo-pregnant recipients. Table 

3.11 highlights the results of functional jmjd2b-EGFP morulae aggregation experiments. In all, 

five live pups were born from a total of 206 embryos transferred from 12 experiments. Of these 

four were chimeric as they all had black eyes, but only two survived post birth and developed 

into adult mice. To assess germline contribution, both were mated with albino females and 

offspring were analyzed for germline contribution via coat colour and PCR. Production of 

offspring with agouti coat colour, the background of functional jmjd2b-EGFP ES cells, indicates 

germline contribution. Chimera 1 generated 40 offspring from two albino females. All pups were 

agouti coloured indicative of 100% germline transmission. Shown in figure 3.31 is the 

photograph of chimera1 with its agouti coloured offspring. Chimera 2 did not produce any 

offspring and was probably sterile.  

In the ES cells the jmjd2b-EGFP construct and rtTA cassette are inserted at two separate 

chromosomes, chromosome 11 and chromosome 6, respectively. Hence, the two transgenes will 

be independently transmitted from the chimeric founder to the offspring. Therefore tail samples 

were analyzed by PCR for the presence of both the jmjd2b-EGFP flp-in vector (GL471/279 flp-

in primers shown in figure 3.5B) and using primers GL550/551 that amplify the rtTA transgene. 

Tet induction of jmjd2b requires doxycycline mediated rtTA stimulation of the TetO promoter; 

hence the presence of both transgenes is essential to drive jmjd2b-EGFP expression in the mice 

and subsequently in the somatic cells isolated from these transgenic mice.  Table 3.12 

summarizes the results of the PCR. All 40 offspring produced from chimera 1were analyzed by 

these two PCR tests. According to Mendelian laws of inheritance, there is a 25% chance for each 

of the transgenes being inherited separately or together or none at all. From the PCR results, 

32.5% of the offspring inherited only the rtTA, 17.5% only the flped-in jmjd2b-EGFP, 20% were 

positive for both transgenes and 27.5% were negative for both transgenes.  
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Table 3.11: Summary of morulae aggregation experiments using functional jmjd2b-EGFP 

ES cell 

 

 

 

Table 3.12: Summary of PCR analysis of offspring generated from functional jmjd2b-

EGFP chimeras 

 

 

 

 

 

No of experiments 12 

No of recipients 10 

No of aggregated embryos 206 

No of pups born 5 (2.4%) 

No. of chimera born 4 (1.9%) 

No. of chimera survived post-natal 2 (0.9%) 

No. of germline chimera 

 

1 (0.5%) 

  

Chimera 1 

 

Chimera2 

No of offspring born 40 0 

No of albino offspring 0 0 

No of agouti coloured offspring 40 (100%) 0 

Mice positive for only jmjd2b-EGFP 7 (17.5%) 0 

Mice positive for only rtTA 13 (32.5%) 0 

Mice positive for both transgenes 8 (20%) 0 

Mice negative for both transgenes 11 (27.5%) 0 

 

Note: Both chimeras obtained were male and to analyze germline transmission both were mated 

with albino females. Produced offsprings were analyzed for germline transmission by coat colour 

and PCRs that were diagnostic tests for the presence of jmjd2b-EGFP and rtTA transgenes. 
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Figure 3.31: Functional-jmjd2b-EGFP chimera1 with its agouti coloured offspring. 

Photographed using a Sony Cyber shot digital camera.  

 

3.9.2 Mutant jmjd2b-EGFP cells:  To generate mutant jmjd2b-EGFP chimeras, aggregation 

experiments were attempted with four different mutant jmjd2b-EGFP ES cell clones. In these 

morulae aggregation experiments, apart from the mutant jmjd2b-EGFP C1 ES cell clone that was 

characterised and used for most of the other experiments, additional mutant jmjd2b-EGFP ES 

cell clones were used. Cells were aggregated with morulae either of albino or C57 black 

background. Aggregated embryos were initially transferred to the oviduct of day 0.5 pseudo-

pregnant recipients by Ric Broadhurst. Table 3.13 summarizes the results of oviduct transfers of 

mutant jmjd2b-EGFP ES cell aggregated embryos. Oviduct transfers were performed only for 

embryos generated from aggregation with mutant jmjd2b-EGFP cell clones C1 and C2. From a 

total of 120 embryos aggregated with clone C1 and 39 embryos aggregated with clone C2 no 

pups were obtained. Because of the low success rate of oviduct transfers with functional jmjd2b-

EGFP aggregated embryos and the lack of success with aggregated mutant jmjd2b-EGFP 

embryos, a switch to uterine transfers was made. Ideally, in the natural state, one and two cell 

embryos are found in the oviduct, and morulae and blastocysts in the uterine horns. Thus putting 

the aggregated morulae or blastocyts into the uterus would be more ideal as it will be in its 

natural environment and unlike oviduct transfers where it has to wait around to be synchronized 

with recipients stage of pregnancy, it can directly begin implantation into the uterine walls. 

Uterine transfers were performed by Dr Rosemary Thresher or by me. In this case, aggregated 

embryos were transferred to both uterine horns of day 2.5 pseudo- pregnant recipients. Results 
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from uterine transfers of mutant jmjd2b-EGFP aggregated embryos are summarized in table 

3.14. Uterine transfers were carried out for embryos aggregated with mutant jmjd2b-EGFP 

clones C1, C2, C3 and C4. Host embryos were either of FVB or Swiss strains both having an 

albino background or from C57 blacks. Switch to uterine transfers resulted in establishment of 

pregnancy and generation of live pups. However, from all the aggregated embryos transferred, 

live pups were obtained only from cell clones C1 and C4 aggregated with FVB or Swiss 

morulae. Of these live pups, 4/10 generated from clone C1 and 1/3 pups generated from clone 4 

were chimeric. However, even though the chimeras were born live they failed to survive and 

died soon after birth (usually 1-2 hours post birth). In all cases, chimerisim was analyzed by eye 

colour, as albino (FVB or Swiss) mice have red eyes while agouti mice have black eyes. Hence, 

if the ‘agouti’ ES cells contribute to the developing tissues of the embryo, resulting pups 

generally will have black eyes and can be readily distinguished. Black eyes were indicative of 

chimeric offspring. Figure 3.32 shows some of the offspring, including black eyed mutant 

jmjd2b-EGFP chimeric pups that failed to survive post birth.  

 

Table 3.13: Summary of oviduct transfers of mutant jmjd2b-EGFPES cell aggregated 

embryos 

  

Mutant jmjd2b-EGFP ES cells 

Cell clone Clone C1 Clone C2 

Host morulae FVB or Swiss (albino) 

No. of experiments 6 1 

No. of aggregated embryos 

transferred 

120 39 

No. of recipients 11 
a
2 

No. of pups born 0 0 

No. of chimera 0 0 

a
Transfers were done to both horns 

 

 

 



141 

 

Table 3.14: Uterine transfers of mutant jmjd2b-EGFP aggregated embryos.

  

Mutant jmjd2b-EGFP ES cells 

Cell  clone Clone1 Clone2 Clone3 Clone4 

Host morulae FVB/ Swiss/C57 FVB/ Swiss/C57 FVB /Swiss FVB/ Swiss 

No. of experiments 

 

11 2 1 1 

No. of aggregated embryos 

transferred 

115 29 35 35 

a
No. of recipients 

 

11 2 3 3 

No. of pups born live 10 (all from Swiss or FVB) 0 0 3 

No. of non-chimeric mice 6 0 0 2 

No. of chimera born live 

 

4 0 0 1 

No. of viable chimeras 0 0 0 0 

 

a
Where possible transfers were done into both uterine horns. 
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Figure 3.32: Pups born following uterine transfer of embryos generated from aggregation of 

mutant jmjd2b-EGFP ES clone1 cells with albino natural morulae. Shown in the picture are two 

mutant jmjd2b-EGFP chimeras (left, black eyed) and two non-chimeric pups (right, red eyed). 

Photograph was taken using a Sony cyber shot digital camera.  

 

3.10 Summary of key findings: This chapter has described the generation, characterization and 

use of inducible jmjd2b-EGFP ES cells in nuclear transfer. The results described here have 

shown that gene targeting via Flp-in system combined with the tet induction system is a highly 

useful tool for studying the effects of jmjd2b over expression in ES cells. Generation, 

characterization and use of these inducible jmjd2b-EGFP ES cells as nuclear donors in NT has 

confirmed the hypothesis that reduction of H3K9me3 levels in donor cells prior to NT enhances 

their reprogramming potential.  

The key findings were:  

 Flp-in efficiency of jmjd2b-EGFP flp-in vectors: Flp-in at the ColA1 locus was 

successful using FlpO recombinase. Ratios of three to one and one to one of FlpO to flp-

in vector resulted in correct targeting of the flp-in vector in 84-100% of the hygromycin 

resistant clones obtained.  

 Induction of jmjd2b-EGFP: 1 µg/ml of doxycycline for 48 hours is sufficient to induce 

jmjd2b-EGFP in maximum number of cells. Increasing the concentration of doxycycline 

above 1 µg/ml does not increase induction further, and induction rates begin to drop after 

48 hours of culture in doxycycline. Induction of jmjd2b-EGFP was confirmed by relative 

qRT PCR analysis. No major changes were seen in the expression of endogenous jmjd2b 
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relative to GAPDH between induced and non-induced functional jmjd2b-EGFP ES cells. 

Relative expression of transgene derived jmjd2b was 85 fold higher in induced functional 

jmjd2b-EGFP ES cells compared to the relative expression of endogenous jmjd2b. No 

such similar increase in relative expression of transgene derived jmjd2b compared to 

endogenous jmjd2b was seen in non-induced functional jmjd2b-EGFP ES cells. Switch 

off in jmjd2b-EGFP expression was rapid as 24 hours after removal of doxycycline 

induced ES cells showed same level of expression as non-induced cells.  

 Induction of functional jmjd2b-EGFP in ES cells reduces H3K9me3 levels: Upon 

induction of functional jmjd2b-EGFP, H3K9me3 levels decrease significantly by 62-65% 

as quantified by immunofluorescence and western blotting analysis.  

 Induction of functional jmjd2b-EGFP does not affect Oct4 protein levels.  

 Expression profiling of chromatin remodelling factors and modifiers: Induction of 

functional jmjd2b-EGFP and reduction in H3K9me3 only stimulated small changes in 

expression pattern of chromatin remodelling factors and modifiers.  

 Induction of functional jmjd2b-EGFP in ES cells increases in vitro development of NT 

reconstructs: Donor cells induced for functional jmjd2b-EGFP gave 8% higher number of 

blastocysts and significantly better overall development of 10% higher than non-induced 

donor cells. Similar difference was absent between induced vs. non-induced mutant 

jmjd2b-EGFP ES cells.  

 No live NT mice could be generated from induced and non-induced functional or mutant 

jmjd2b-EGFP ES cells.  

 Pluripotency of jmjd2b-EGFP ES cells: Pluripotency was assessed by attempting to 

generate germline chimeras via morulae aggregation. One fertile germline chimera was 

generated from functional jmjd2b-EGFP ES cells, indicating that these cells are still 

pluripotent and capable of supporting development. However, the efficiency of 

generating germline functional jmjd2b-EGFP chimeras was only 0.5%. In the case of 

mutant jmjd2b-EGFP ES cells, live chimeras were born but they failed to survive post 

birth.  
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3.11 Discussion: This section will discuss the key findings involved in generating jmjd2b 

inducible ES cells, their characterization, use as donors in NT and the generation of transgenic 

mice engineered for the inducible expression of jmjd2b from these ES cells.   

 

3.11.1 Flp-in efficiency at the ColA1 locus: Inducible expression systems are very useful tools 

that allow conditional expression of the gene of interest. The tetracycline inducible system is the 

most commonly used method for generating cells with inducible expression of the gene of 

interest. The tet system consists of two components; the tetracycline controllable transactivator 

(tTA or rtTA) and the TetO promoter which drives the expression of gene of interest. In order to 

achieve excellent expression of the gene of interest, both the transactivator and the gene of 

interest construct with the TetO promoter need to be integrated in a region of the genome that 

permits good accessibility and high expression of these two components. This can be difficult to 

achieve by random integration due to position effects where the expression potential of the 

required components can come under the influence of the surrounding endogenous genes [215, 

216]. As a result of this, expression levels of randomly inserted transgenes can vary greatly and 

in worst cases may result in complete silencing of the transgene [215, 216]. Furthermore random 

insertion of the transgene can also interfere with the expression of the surrounding endogenous 

genes [215, 216]. Additionally, transgenes are usually linearized before being randomly 

introduced into the cells [207]. This can result in multiple copies being inserted at different loci 

leading to variable transgene expression and could create additional problems of screening and 

characterizing multiple clones to identify suitable ones [207]. Such extensive screening of large 

numbers of clones has been described by a number of groups that have tried to generate tet 

inducible lines by random integration [217-220]. One way around these problems is to introduce 

DNA recombinase recognition sites into a proven locus that has been shown to support good 

expression via homologues recombination and use DNA recombinases to target the components 

of the tet inducible system to these specific sites. Such a targeted approach would eliminate any 

uncertainty about the level of expression from the transgene and since the transgene will be 

inserted at known locus it would also eliminate any uncertainty of whether the transgene 

expression would disrupt any endogenous sequences.  

The two most commonly used site specific recombinase meditated targeting systems are the viral 

derived Cre/loxP and yeast derived FLP/FRT systems. These systems are now routinely and 
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successfully used to knock in transgenes in mouse ES cells and generate transgenic mice. 

However, the mouse genome has been shown to contain cryptic loxP sites; which can result in 

non-targeted DNA recombination and compromise cell growth upon expression of Cre 

recombinase [221]. This is not an issue with the native FLP recombinase but it has been shown 

to have a lower recombination efficiency compared to native Cre [212]. 

To generate ES cells inducible for the expression of jmjd2b, the KH2 ES cells which embody 

both these gene targeting and expression tools were used [207]. The Flp in system of KH2 ES 

cells has been described in figure 2.1 in the methods section and in the results section 3.3.2. The 

flp-in of transgenes into the cells requires the activity of a FLP recombinase. The original FLP 

gene was isolated from the yeast Saccharomyces cerevisiae 2µ plasmid and encodes for a 423 

amino acid recombinase [211].  This native recombinase is thermolabile, having optimum 

activity at 30
0
C and very little activity at 37

0
C and above [212]. There are many FLP 

recombinases available. In this study flp-in of jmjd2b-EGFP was attempted with two FLP 

recombinases; F70L and FLPo recombinase. The F70L recombinase was originally developed by 

O’Gorman et al [211]. However, the F70L mutation in this recombinase has been shown to make 

it more thermolabile and in mammalian cells it has been shown to posses only 10% of the 

activity of the native recombinase at 37
0
C [212]. In spite of this thermolabile nature, F70L has 

been shown to successfully mediate recombination between FRT sites in human embryonic 

kidney (HEK) 293 and mouse embryonal carcinoma F9 cells [211]. Consistent with these 

reported results; in the preliminary analysis done on Invitrogen HEK 293 flp-in cells, flp-in of 

the EGFP flp-in vector into these HEK 293 cells using F70L recombinase was successful in 

generating flped-in targeted EGFP HEK 293 clones. The number of hygromycin resistant HEK 

clones obtained increased with increasing amounts of F70L recombinase (Table 3.2). These 

results suggest that an excess amount of recombinase is beneficial as more of the recombinase 

compared to flp-in vectors appeared to promote recombination events in greater number of cells. 

However, in spite of the success seen in HEK 293 cells, F70L recombinase failed to catalyze 

recombination in KH2 ES cells and generate jmjd2b-EGFP inducible ES cells (Table 3.3).  One 

of the reasons for F70L recombinase’s low enzymatic activity might be its thermolabile nature at 

37
0
C. The flp-in system of the HEK 293 and KH2 ES cells vary slightly. In KH2 ES cells the 

flp-in of the gene of interest occurs in two steps that involves intra and inter recombination 

events [207]. Firstly the FLP recombinase catalyzes intra recombination between FRT sites at 
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target ColA1 locus whereby the pgkNeopA is removed [207]. Following this, the recombinase 

then catalyzes inter recombination between the FRT sites in the target CoA1 locus and in the flp-

in vector carrying the gene of interest which in turn results in the integration of the entire flp-in 

vector into the site previously occupied by pgkNeopA [207]. In contrast in HEK 293 cells flp-in 

occurs in a one step process. Flp recombinase only has to catalyze a inter recombination event 

between the FRT site present in the target locus and in the flp-in vector to mediate integration of 

the flp-in vector. Thus it is possible that due to the thermolabile nature of F70L recombinase it 

was not stable enough to be able to mediate the two step recombination event in KH2 ES cells. 

To address this thermolabile nature, Buchholz et al randomly mutated the wild type FLP 

recombinase and screened the activity of these mutants in Ecoli using a lacZ based 

recombination assay [212]. These analyses revealed a new recombinase; Flpe which was more 

thermostable with a denaturing temperature of 40
0
C and showed enhanced recombination 

efficiency that was five times more than what was seen with the wild type FLP recombinase in 

human 293 cells and R1 ES cells [212]. This same FLPe was also used by Beard et al to flp-in 

EGFP at the FRT sites in KH2 ES cells [207]. Here they reported that following flp-in and 

hygromycin selection, very few hygromycin resistant clones were obtained but 80% of these 

showed correct targeting at the FRT sites [207]. However, in another study recombination 

efficiency using FLPe in ES cells was only found to be close to 6% [214].  

Another relatively new recombinase was the mouse codon optimized FLPo recombinase 

developed by Raymond et al [214]. It was thought that low efficiency of the existing FLP 

recombinases in mammalian cells might be due to their non-mammalian origins [214]. To 

circumvent this problem, Raymond et al synthesized FLPo using mouse codon usage and 

reported a recombination efficiency of ~61% in ES cells [214]. Consistent with this report, when 

FLPo was used to flp-in jmjd2b-EGFP into KH2 ES cells it worked ‘beautifully’ and 

successfully mediated integration of jmjd2b-EGFP in a highly efficient manner. It also showed 

similar characteristics that F70L recombinase displayed in HEK293 cells. Excess of FLPo to the 

flp-in vector was also found to be beneficial. Use of equimolar  or three times higher amount of 

FLPo compared to flp-in vector gave higher number of hygromycin resistance clones and high 

flp-in efficiency (84-100%) compared to when three times lower amount of FLPo to flp-in vector 

was used (Table 3.4). The higher requirement for FLPo was previously shown by Schebelle et al 

[222]. They reported that at least ~2.5 times the amount of FLPo compared to flp-in vector was 
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essential for mediating high recombination efficiencies [222]. Similarly high recombination 

efficiency with the use of high amounts of Flp recombinase was also reported in mouse ES cells 

by Seibler et al [223] and Roebroek et al [224].   

The higher amount of FLP recombinase also appears to be favourable for preventing non-

specific interactions [225]. FLP recombinase binds to FRT sites in target sequences and form 

stable complexes in which recombination between target sequences is catalyzed [225, 226]. 

However, the recombination products appear to remain sequestered in this complex for extended 

periods of time and hence are unavailable for further reaction [225, 226]. The length of this time 

period has been shown to increase with increasing protein concentration of FLP recombinase 

[225, 226]. For sequestered FLP recombinase to become available to interact with new targeting 

sequences it needs to disassociate from this complex and this occurs in a two step process that is 

regulated by mass action [225, 226]. Thus these results suggest that activity of FLP recombinase 

is highly efficient and when a high amount of the enzyme is used it becomes highly specific.  

In KH2 ES cells flp-in event is also further stringently controlled by the mechanism in which 

selection marker becomes active. Prior to flp-in of jmjd2b-EGFP, the KH ES cells contain a non-

active hygromycin marker [207]. It is only when flp-in of jmjd2b-EGFP flp-in vector occurs that 

hygromycin gene receives a promoter and a start codon and hence becomes active which allows 

selection of flped-in clones via hygromycin resistance [207]. If jmjd2b-EGFP flp-in vector has 

only randomly integrated then in the absence of an active hygromycin gene these cells will not 

survive hygromycin selection. However, in spite of this stringent selection some background 

hygromycin resistant clones in which jmjd2b-EGFP flp-in had not occurred were obtained (Table 

3.4). It is possible that in these clones the flp-in vector had randomly integrated into a locus 

where the hygromycin gene came adjacent to an endogenous promoter which then resulted in its 

activation. ES cells, because they grow in clumps, stick together and many of the colonies 

remain attached even if the cells are dying. Thus it is possible that during picking some of these 

dying colonies were picked and survived subsequently as the picked clones were expanded in the 

absence of hygromycin selection. In the mutant jmjd2b-EGFP nucleofections, although flp-in 

efficiency was 100%, two clones were positive for both flped-in and non flped-in locus, 

suggesting that these were potentially mixed clones (Table 3.4). If there are a small population of 

non-flped-in ES cells in a flped-in clone then due to the ‘clumpy’ nature of ES cells it becomes 
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harder for hygromycin to access these cells and as a result they survive and upon expansion they 

grow up.  

Clones that were negative for both the flped-in and non-flped PCR were also obtained in the 

functional jmjd2b-EGFP nucleofections (Table 3.4). In these cases it is possible that there was no 

sufficient FLPo recombinase and the small amount present was only sufficient to catalyze the 

first step of intra-recombination whereby it resulted in the removal of pgk neomycin, but 

subsequently failed to catalyze inter-homologous recombination between the FRT sites in the 

host cells and the flp-in vector. Alternatively, the observed outcome could be explained by an 

excess of FLPo with the potential to delete the integrated flped-in jmjd2b-EGFP during 

successive cultures. Apart from being correctly flped-in jmjd2b-EGFP flp-in vectors can also get 

randomly integrated. If the flp-in vector is only inserted randomly, then the hygromycin gene 

will not get activated and these cells will not survive during hygromycin selection. However, if 

the jmjd2b-EGFP flped-in clones also contain a randomly integrated jmjd2b-EGFP flp-in vector, 

this cannot be detected via PCR as the whole flp-in vector gets inserted. A clone having a 

targeted and random insertion is not ideal but it shouldn’t create or interfere with jmjd2b 

induction from the ColA1 locus 

The clones were also tested for non-targeted integration of FLPo. The plasmid encoding the 

FlpO recombinase is transfected as a circularized plasmid and not linearized as the former is less 

likely to integrate. However, some of these transfected FLPo encoding plasmid might get nicked 

and could get integrated into the genome and may be expressed continuously, which could 

potentially lead to deletion of the integrated jmjd2b-EGFP flp-in at the ColA1 locus over time. 

PCR analysis show that FLPo recombinase integration was seen in 18% of the clones from the 

three to one ratio and in 9% of the clones from the one to one ratio and none in the clones 

obtained from the one to three ratio of FLPo to flp-in vector (Table 3.4). From these results, it 

appears that although the use of increased or equimolar amounts of FLPo to flp-in vector 

increases the number of clones that show correct targeting at the ColA1 locus, it also increases 

the rate of FLPo insertion. However, since a larger number of clones were obtained when three 

to one ratio of FLPo to flp-in vector was used, it appears that use of excess FLPo is ideal.  On 

comparing to FLPe, efficiency of recombination at the FRT sites obtained with FLPo (84-100%) 

was similar to what was reported by Beard et al when attempting to flp-in EGFP into the KH2 

ES cells using FLPe recombinase [207]. However, they had also reported that after hygromycin 
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selection only few surviving clones were obtained [207]. In case of flp-in of jmjd2b-EGFP, 

although the number of hygromycin resistant clones obtained was not as high as seen for HEK 

293 cells, it was still a good number. Compared to the results from Beard et al who used 

electroporation and 15 million cells for each experiment, jmjd2b-EGFP was flped-in via 

nucleofection and only five million cells were used for each experiment. Thus it could be 

possible that either FLPe is not as efficient as FLPo or alternatively the transfection efficiency in 

the experiment by Beard et al, was lower. The direct comparison of F70L and FLPo 

recombinases in the present study clearly indicated that FLPo is much more efficient in 

mediating targeted recombination in ES cells than F70L.    

 

3.11.2 Induction of jmjd2b-EGFP in ES cells: The KH2 ES cells as mentioned previously are 

equipped for tetracycline based inducible control of the flped-in gene of interest [207]. There are 

two types of tetracycline based induction systems the Tet-off and the Tet-on systems. The first 

critical component of the Tet system is the regulatory protein tTA or rtTA [227]. These 

regulatory proteins are a fusion of a Tet repressor and C-terminal domain of VP16 protein of the 

herpes simplex virus which is a transcription activator [228]. tTA belongs to the Tet-off system 

while rtTA which was generated by four amino acid changes to the Tet repressor to alter its 

binding properties, belongs to the Tet-on system [228]. The second component is the inducible 

TetO promoter [228]. In the Tet-off system addition of the induction ligand doxycycline, 

represses gene expression while in the Tet-on system it activates gene expression [228]. 

Doxycycline or tetracycline can be used for Tet-off systems but the Tet-on system only responds 

to doxycycline [228]. In general, mainly doxycycline is used because it has a longer half life of 

24 hours compared to tetracycline which has a half life of only 12 hours [228]. Overall both 

systems have been shown to have very tight on/off regulation and since the components of the 

Tet system are prokaryotic sequences no adverse effects have been reported in eukaryotic cells 

[227]. However, the Tet-on system is more convenient as doxycycline needs to be added to the 

cells only during induction, while in the Tet-off system cells need to be cultured in doxycycline 

all the time to maintain them in the native state, this can be tedious, as doxycycline has a half life 

of 24 hours and will need to be replaced every day.  

One of the drawbacks of the Tet system was the residual affinity of rtTA for TetO in the absence 

of doxycycline leading to leaky expression [229]. To make the system more stable, M2rtTA was 
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synthesized by replacing the V16 domain in rtTA with a minimal activation domain consisting of 

12 amino acids and a coding sequence optimized for expression in mammalian cells [229]. This 

new M2rTA has been shown to be more stable and cause no leaky expression in the absence of 

doxycycline [229]. The KH2 ES cells are designed for Tet-on system and contain this improved 

M2rtTA [207]. The M2rtTA is inserted at the Rosa 26 locus, while the TetO promoter only gets 

inserted into the host genome when jmjd2b-EGFP flp-in vector is flped-in at the ColA1 locus. 

Both these loci have been previously shown to support high expression of the transgenes; hence 

would ensure good induction of the flped-in gene of interest. Consistent with this culture of 

functional or mutant jmjd2b-EGFP ES cells in the presence of varying concentration of 

doxycycline resulted in induction of jmjd2b-EGFP in the vast majority of cells (Figure 3.6).  

Beard et al in EGFP flped-in KH2 ES cells had shown that culture of cells in 1 µg/ml of 

doxycycline for 48 hours was sufficient for inducing maximum number of cells (85%) [207]. 

Consistent with Beard et al’s report, in this study 1 µg/ml of doxycycline for 48 hours was 

determined as the optimum condition for stimulating induction of jmjd2b-EGFP in maximum 

number of ES cells. Doxycycline concentrations above 1 µg/ml had no effect on increasing 

induction rate further (Figure 3.6). Overall induction rates varied from experiment to experiment 

and ranged from 60% to 94% in functional jmjd2b-EGFP ES cells and 60% to 88% in mutant 

jmjd2b-EGFP ES cells. The reason for this variation is not known, however it was noted that 

smaller seeding density of ~3x10
4
 cells/cm

2
 increased induction rates.  

Induction of jmjd2b was also confirmed by qRT PCR analysis (Figure 3.9). Transcript level of 

endogenous and transgene derived jmjd2b was determined relative to the house keeping gene 

GAPDH. Relative levels of endogenous jmjd2b were found to be expressed at similar levels in 

induced and non-induced functional jmjd2b-EGFP ES cells, indicating that induction of jmjd2b-

EGFP does not a have an impact on the transcription of the endogenous version of the 

demethylase. Upon induction of functional jmjd2b-EGFP there was a large increase in transgene 

derived jmjd2b levels and in the induced functional jmjd2b-EGFP cells relative expression of the 

transgene derived jmjd2b compared to relative levels of endogenous jmjd2b was found to be 85 

fold higher. 

 Given the tight regulation of the tet on system one would expect that once maximum induction 

rate is reached it will persist over time until doxycycline is removed. However, contrary to this it 

was observed that during prolonged culture in the presence of doxycycline induction rate in both 
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functional and mutant jmjd2b-EGFP peaked after 48 hours but thereafter it declined and 

remained more or less stable at 47% after 96 and 120 hours of culture in the presence of 

doxycycline. This decrease in the number of cells expressing EGFP fluorescence with prolonged 

culture in doxycycline was surprising. A similar decrease in the number of cells expressing the 

Tet-inducible gene during prolonged culture in doxycycline has not been previously reported. 

Wubbenhorst et al reported that when bone morphogenetic protein-2 (BMP-2) was induced via 

the Tet-on system in lentiviral transduced primary rabbit chondrocytes for 25 days, induction of 

BMP-2 peaked at day 4 and continued to be induced thereafter without any significant loss in 

amount [230]. Papers describing lentiviral based Tet-inducible generation of iPS cells have also 

shown that the expression of the four transcription factors; Oct4, Sox2, c-myc and Klf4 when 

induced is maintained even after 8 days in the presence of doxycycline, although these papers do 

not show any quantitative data about the expression levels of the transgenes during the 8 days 

[231, 232]. Beard et al in KH2 ES cells, when they flped-in EGFP showed that flped-in EGFP 

could be induced in ~85%  of the cells after two days of culture in doxycycline but did not report 

on what happens to this EGFP expression during prolonged culture in doxycycline [207]. Thus 

this finding of a decrease in the number of jmjd2b-EGFP cells expressing EGFP fluorescence as 

a result of prolonged culture in doxycycline is new and quite unexpected. Since the effect was 

seen upon induction of both the active and non-active demethylase, it could not have been due to 

a toxic effect of the demethylase activity that the cells were trying to counteract by switching off 

its expression. The reason for this decrease in induction rate over time is not known. One 

possibility could be the silencing of the transfected construct with prolonged culture. Epigenetic 

silencing of transgenes by DNA methylation and histone deacetylation has been previously 

reported [233]. In NIH3T3 jmjd2b-EGFP inducible cells the authors had shown that short time 

period of induction of the demethylase was sufficient for removal (8-48 hours) of H3K9me3, 

hence 48 hours of induction of jmjd2b-EGFP in ES cells also should be sufficient for analyzing 

its activity in these cells [142]. Another interesting feature observed in the jmjd2b-EGFP ES 

cells was the rapid switch off in EGFP expression. Following removal of doxycycline from 

induced cells, cells were found to return to non-induced state within 24 hours (Figure 3.10B).  In 

chondrocytes with inducible expression of BMP2, following removal of doxycycline levels of 

BMP-2 was reported to return to background levels only after 4 days [230]. One reason for this 

rapid switch off in ES cells could be the high turn over rate of ES cells. ES cells have a doubling 
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time of 12-14 hours [234]; hence after a switch off in jmjd2b-EGFP expression, due to the high 

proliferation rate, the older parental induced cells that still show some lingering jmjd2b-EGFP 

expression are rapidly taken over by the new daughter cells in which expression is turned off. 

 

3.11.3 Induction of functional jmjd2b-EGFP in ES cells reduces H3K9me3 levels: Histone 

lysine trimethylation marks are important marks of chromatin structure [49]. H3K9me3 is 

particularly important in maintaining heterochromatin silencing [142]. The results in this chapter 

have shown that induction of functional jmjd2b-EGFP in ES cells reduces H3K9me3 marks by 

62-65%. This decrease seen in H3K9me3 was consistent in both immunofluorescence and 

western analysis. (Figures 3.11 & 3.13 Figure 3.17).  The decrease in H3K9me3 was indeed 

stimulated by the activity of jmjd2b as induction of mutant jmjd2b-EGFP in ES cells failed to 

produce a similar effect. This decrease in H3K9me3 upon induction of jmjd2b in ES cells was 

modest and much less than the 80% and 90%  decrease reported by Fodor et el in their jmjd2b 

over-expressed NIH3T3 cells during mass spectrometry and immunofluorescence analysis 

respectively [142]. One of the reasons for this difference in effect between the two cell types 

could be due to differences in the epigenetic machinery that regulates H3K9me3 levels and this 

will be discussed in detail in chapter 4. The overall moderate decrease could have also been due 

to the non-uniform H3K9me3 levels in ES cells in the non-induced state. In the non-induced 

state H3K9me3 relative immunosignals in ES cells ranged from 0.00057 to 0.01 with a mean of 

0.0029 and upon induction of jmjd2b the immunosignals ranged from 0.000045 to 0.0035 with a 

mean of 0.0011 (Figure 3.14). Additionally no correlation was seen between jmjd2b-EGFP 

induction strength and H3K9me3 removal (Figure 3.15). Thus these results suggest that the 

overall modest decrease in H3K9me3 in ES cells upon induction of jmjd2b-EGFP could have 

been due to these varying levels of H3K9me3 in the non-induced cells which would result in the 

varying rates of decrease in H3K9me3 in the different functional jmjd2b-EGFP induced cells. 

The activity of jmjd2b was also found to be specific for demethylating only the me3 state of 

H3K9 as no such similar decrease was seen in me1 or me2 state (Figure 3.11, 3.13 & 3.17). 

Additionally jmjd2b demethylase activity also appeared to be only specific for H3K9 trimethyl 

mark as there was no reduction in H3K27me3 (Figure 3.11, 3.13 & 3.17). However, for 

H3K9me1 an increase in levels by ~27% was seen upon induction of functional jmjd2b-EGFP 

(p=0.06) (Figure 3.17). Although this increase was not significant, the trend was consistent with 
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that seen by Fodor et al. in their jmjd2b induced NIH3T3 cells, where it rose by 10% [142].  In 

NIH3T3 cells, seeing this concomitant rise in H3K9me1, the authors had proposed that jmjd2b 

converts H3K9me3 to me1 [142]. Both H3K9me3 and me1 are present at similar levels (18-

20%) in these fibroblasts [142]; hence if jmjd2b removes H3K9me3 by converting it to the me1 

one would expect H3K9me1 levels to increase by 80% but it only increased by 10%. The 

difference in levels was due to the differences in the stability of the two methyl marks and was 

demonstrated by Fodor et al using mass spectrometry analysis combined with heavy isotope 

labelling of H3K9 methyl groups [142].  They showed that in the non-induced state half of the 

pre-existing H3K9me1 was replaced by newly synthesized ones in ~8 hours while H3K9me3 

tended to be more persistent and even after 24 hours only less than half of the pre-existing ones 

were replaced [142]. In the ES cells also, the 65% decrease seen in H3K9me3 upon induction of 

functional jmjd2b was only accompanied by ~27% increase in H3K9me1. Previous studies in ES 

cell have shown that these cells in the native state have three times the levels of H3K9me1 

compared to H3K9me3 [145]. Thus it is possible that due to the high levels of H3K9me1 already 

present, a further increase stimulated by jmjd2b was underestimated. Alternatively like in the 

fibroblasts, in ES cells also H3K9me1 has a high turnover rate compared to H3K9me3. 

Additionally, during epigenetic profiling an increase in Phf2 expression by 80% upon induction 

of jmjd2b was observed. Phf2 is a H3K9me1 specific demethylase and hence increase in its 

levels might account for the low increase in H3K9me1. Additionally it has also been shown that 

deletion of Suv39h enzymes in ES cells results in H3K9me3 decrease and concomitant increase 

in H3K9me1, suggesting that H3K9me1 is the substrate used for generating H3K9me3 [134]. 

Thus it is likely that demethylation of H3K9me3 would result in its conversion back to the me1 

state.  

 

3.11.4 Induction of functional jmjd2b-EGFP does not change Oct4 protein levels: Oct4 is an 

important pluripotent marker of mouse ES cells [183]. It is essential for maintaining the self 

renewal and pluripotent nature of ES cells [235]. A decrease in Oct4 below 50% of the normal 

levels has been shown to induce differentiation in ES cells [235]. As the intention was to use the 

generated jmjd2b-EGFP ES cells for producing live animals, it was necessary to confirm that 

these cells are still pluripotent; hence cells were analyzed to determine if jmjd2b induction had 

an effect on Oct4. Additionally data from previous reported studies have shown that reduced 
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level of H3K9me3 at the promoter regions of this gene enhances its expression.  Loh et al. 

(2007) had shown that depletion of jmjd1a, a H3K9me2 specific demethylase, and jmjd2c, a 

H3K9me3 specific demethylase increases levels of the respective methylation marks and 

stimulates decreases in Oct4 levels which then leads to differentiation of ES cells [183]. Another 

study demonstrated that over expression of a truncated H3K9me3 specific demethylase jmjd2a 

by itself or when fused to Oct4 in NIH3T3 cells severely decreased H3K9me3 in 80% of the 

cells and among other regions this decrease in H3K9me3 was also seen at Oct4 target regions. 

NIH3T3 cells are differentiated cells that do not express stem cell marker genes like Oct4 and 

Sox2. However, in cells over expressing jmjd2a-Oct4, as result of the decrease in H3K9me3, 

expression of Sox2 and stem cell related micro RNAs were turned on [236]. Based on these 

reports the levels of Oct4 in ES cells were expected to increase upon induction of jmjd2b and 

reduction in H3K9me3. In contrast to the expectation, induction of functional jmjd2b in jmjd2b-

EGFP ES cells resulted in no such increases of Oct4 mRNA or protein levels. Induction of both 

functional and mutant jmjd2b-EGFP stimulated small decreases (3-8%) in Oct4 mRNA levels 

(Figure 3.18). Since these decreases occurred upon expression of both active and inactive 

jmjd2b-EGFP and were not significant the observed changes were likely due to the effect of 

doxycycline rather than due to the demethylase activity of functional jmjd2b. Furthermore, this 

doxycycline mediated decline in mRNA levels had no detectable effect on Oct4 protein levels in 

functional and mutant jmjd2b-EGFP ES cells suggesting that Oct4 levels are unaltered by jmjd2b 

activity (Figure 3.19). The absence of an effect on Oct4 was probably because the reduction seen 

in H3K9me3 upon induction of jmjd2b-EGFP was only a modest decrease of 65%. Alternatively 

it is possible that since in ES cells H3K9me3 levels at the Oct4 promoter and its target regions 

are already maintained at low levels by jmjd2c, over expression jmjd2b does not have much 

effect at these sites due to the pre-existing lower levels of H3K9me3.  

Jmjd2b has been shown to be involved in demethylation of H3K9me3 at the heterochromatin 

region hence it could be also speculated that this demethylase has very little activity in regulating 

H3K9me3 levels in the euchromatin regions.  

 

3.11.5 Induction of functional jmjd2b-EGFP in ES cells and its effect on chromatin 

regulator genes: Regulation of gene expression by the chromatin is complex with many factors 

and modifications being involved. The effects of jmjd2b-EGFP over expression and changes in 
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chromatin factors and modifiers were examined in ES cells. The main results from these studies 

will be discussed below.  

 

3.11.5.i Chromatin remodelling factors: Chromatin remodelling factors assist in DNA binding 

and are mainly involved in remodelling interactions between DNA and histones, and other 

chromatin based processes like recombination and DNA repair. Histone modifications play an 

important role in chromatin organisation [49]. Given that the H3K9me3 mark is associated with 

transcriptional silencing and chromatin compaction it may be reasonable to assume that removal 

or reduction in this mark would have an effect on chromatin structure and organisation. No direct 

links between H3K9 methylation and chromatin dynamics have been made yet [49]. In contrast 

histone acetylation at lysine residues have been shown to neutralize the positive charge of lysine 

which reduces the affinity between histones and chromatin and thereby makes the chromatin 

more accessible [49]. Histone methylation of lysine residues have not been shown to affect its 

charge. Hence, it was proposed that histone lysine methylation affect chromatin organisation via 

non-electrostatic interactions or by acting as recruitment sites for other chromatin factors [49]. 

Consistent with this it has been shown that H3K9 methylation marks are able to bind to 

chromobox, PHD finger domain and methyl CpG binding proteins [49]. Even some of the 

polycomb genes have been shown to be able to bind to H3K9me3 marks [144]. Via binding or 

recruiting these factors; H3K9me3 might be involved in suppression of gene expression [49]. 84 

chromatin remodelling factors belonging to 10 distinct families were analyzed in the array. 

Surprisingly, overall only small to moderate changes of the range 0.4 fold lower to 2.2 fold 

higher were seen (Figures 3.20 & 3.21). One reason for this could have been that reduction in 

H3K9me3 was only moderate (65%) and hence was not sufficient enough to mediate large 

downstream changes. Alternatively the ES cells have a complex and dynamic organisation and 

have mechanisms in place to withstand any occurring changes. 19 factors were identified as 

being specifically and significantly altered by the induction of functional jmjd2b-EGFP (Figure 

3.22). Gene expression changes upon induction of functional jmjd2b-EGFP were compared with 

the changes seen upon induction of mutant jmjd2b-EGFP to identify and exclude factors that 

were only altered by doxycycline. It was only after such analysis that the 19 candidate factors 

were identified; hence the changes seen in these factors were mostly influenced by functional 

jmjd2b-EGFP activity.  These 19 factors are from the polycomb, chromobox, chromodomain, 
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bromodomain, plant homeodomain finger protein, inhibitors of growth and methyl CpG binding 

families. However, most of these changes were either small or moderate; hence without further 

investigation it is not known for sure whether they would manifest into significant changes at the 

protein level.  

The group in which the most number of genes showed significant changes was the polycomb 

family. Polycomb genes, via their role in generating H3K27me3, function as transcriptional 

repressors [70, 72, 129]. Reduction in the repressive H3K9me3 was thought to result in a 

decrease in the levels of transcriptional repressors. Consistent with this, small significant 

decreases were seen in the polycomb genes Eed, Trim27, Phc1 and Ctbp1 upon induction of 

functional jmjd2b-EGFP. All four function as transcriptional repressors [137, 144, 237, 238]. 

H3K9me3 even has been shown to be able to bind to Eed containing polycomb complex (PRC2) 

and stimulate the methyltransferase activity of this complex [144]. However, surprisingly 

significant increases were seen in two polycomb genes Ring1 (2.2 fold) and Phc2 (1.5 fold). 

Polycomb genes play an important role in maintaining the pluripotent state of ES cells [136, 

205]. In ES cells, polycomb genes by generating and maintaining levels of H3K27me3 marks at 

the promoters of developmental associated genes ensures that these genes are kept repressed and 

this prevents differentiation of ES cells [136, 205]. Ring1 is an important component of the 

PRC1 complex which is one of the two complexes that is formed by polycomb genes [239, 240]. 

Ring1 containing PRC1 complex has been shown to play an important role in maintaining the 

repression of developmental genes in ES cells [239, 240]. Phc2 on the other hand was found to 

enhance transcription of cell cycle genes in fibroblasts, indicating that it can also function as a 

transcriptional activator [137]. Given that Ring1 functions to maintain pluripotency of ES cells 

and Phc2 can function as a transcriptional activator it could be speculated that their increase in 

levels upon induction of functional jmjd2b-EGFP would have been beneficial for maintaining ES 

cell pluripotent state and growth. Other chromatin factors primarily involved in transcriptional 

repression are the inhibitors of growth, methyl CpG binding factor and the chromobox proteins 

[71, 75, 241, 242]. Consistent with the hypothesis that reduction in H3K9me3 will reduce 

repression, small decreases were seen in most members of the inhibitors of growth family. In the 

chromobox family while as expected small significant decreases were seen for the repressive 

factors Cbx3 and Cbx7 [71, 143, 241, 243, 244], unexpectedly a 1.6 fold increase was observed 

in Cbx6. Cbx6 is also a component of the polycomb complex (PRC1), and functions as a 
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transcriptional repressor [71, 241, 244]. However, these changes were small hence without 

further analyses it is hard to tell whether they would result into a significant biological outcome. 

Methyl CpG binding proteins bind to methylated CpG sequences and mediate gene repression 

[76, 77, 149, 242]. In this family significant changes were observed for Mbd3, Mizf and Mbd1. 

All three factors interact with histone methyltransferases and deacetylases and are involved in 

transcriptional repression [77, 149, 242]. Small decreases in expression were seen for Mbd3 and 

Mizf, however Mbd1 showed a surprising increase by 80% upon induction of functional jmjd2b-

EGFP. Association of Mbd1 with Suv39h1, HP1 and Setdb1 has been well characterized [76, 

149, 150]. Via interacting with these H3K9me3 specific methyltransferases and its key binding 

partner HP1, role for Mbd1 has been shown for maintaining H3K9me3 marks [76, 149, 150]. 

Thus it could be speculated that the small increase in its levels may have been triggered as a feed 

back mechanism to enhance H3K9me3 establishment. Plant homeodomain finger proteins have 

dual roles in transcriptional activation and repression [74, 245]. While some of the members are 

components of the polycomb gene complex and hence function as repressors others function as 

demethylases to remove repressive marks [74, 245]. In this family Phf1 and Phf2 showed 

moderate and significant increase by 2 and 1.8 fold respectively upon induction of functional 

jmjd2b-EGFP. Phf1 is a member of the polycomb complex and is involved in polycomb gene 

associated repression [245]. At the moment it is hard tell what could be the significance of the 

up-regulation seen in some of these polycomb genes. Immunofluorescence and western analysis 

have shown that H3K27me3, the prime target of polycomb genes, is not significantly altered 

upon induction of functional jmjd2b-EGFP. Thus it appears that the increases seen in some of 

these polycomb genes as a result of induction of jmjd2b-EGFP do not result in an increase in 

their methyltransferase activity. Phf2 in addition to the homeodomain has also a jmjC domain 

and by interacting with H3K4me3 it is recruited to the promoter for rDNA where it can function 

as a H3K9me1 demethylase [74]. Given its role as H3K9me1 demethylase it could be speculated 

that the increase in the levels of this demethylase could have been responsible for the lower rise 

in H3K9me1 upon induction of functional jmjd2b-EGFP.  

Chromodomain and bromodomain proteins primarily function as transcriptional activators by 

interacting with acetylated histones and activation associated histone lysine methylation marks 

[49, 66-68]. Induction of functional jmjd2b-EGFP stimulated small increases in most members 

of the chromodomain proteins and two members in this family Chd6 and Chd7 showed 
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significant and considerable increase by 2 fold. Both Chd6 and Chd7 are involved in 

transcriptional activation [66, 68]. Hence, give the role of these factors in gene activation, the 

rise in their levels in induced cells may have been beneficial for opening up the chromatin and 

making it more permissible for reprogramming. A number of bromodomain proteins were also 

slightly up-regulated, but the bromodomain protein that showed a significant change was Brd7 

and its levels decreased slightly by 30% upon induction of functional jmjd2b. However, while 

Brd7 binds to acetylated histones and promotes transcription [67], it was also found to be 

involved in gene suppression [69], hence it is tempting to speculate that the decrease in its levels 

may have been due to decreases in its repressive activity. However, this decline in its level was 

very small hence whether it would have a major impact on its activity cannot be concluded 

without further investigation.   

Overall due to the small magnitude of changes observed for many of the factors, no definite 

conclusions can be made from this data and further studies examining the protein level of the 

candidate factors needs to be performed. However, it could be speculated that the decrease seen 

in some of the repressive factors in the polycomb, chromobox, methyl CpG binding and inhibitor 

of growth families upon induction of functional jmjd2b-EGFP may have contributed to opening 

up the chromatin and making it more permissible for transcription.  

 

3.11.5.ii Chromatin modifiers: Chromatin modifying enzymes are the enzymes that catalyze 

various post translational modifications on DNA and histones. These modifications then can 

either activate or repress gene expression. H3K9me3 is associated with maintaining the 

heterochromatin in a condensed and repressed state [49]. Thus, upon a reduction in H3K9me3 

levels it was thought that the chromatin would become less stable and hence a re-organisation of 

the chromatin may be triggered and this involves the activity of modifiers.  Changes in 84 

different enzymes that are involved in DNA methylation, histone methylation, demethylation, 

acetylation, deacetylation, phosphorylation and ubiquitination were analyzed. Overall like in the 

remodelling factors array mainly only moderate changes were seen (Figures 3.23 & 3.24). 

However, one exception was Citta which increased by four fold upon induction of functional 

jmjd2b-EGFP and this was by far the biggest change observed in both the remodelling factors 

and modifying enzymes array. Genes that were commonly and similarly regulated upon 

induction of functional and mutant jmjd2b-EGFP were identified as genes that were altered by 
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the effect of doxycycline. Based on this comparison between the two cell types five enzymes 

Citta, Jarid1c, Nek6, Usp22 and Hdac2 were identified as being specifically and significantly 

altered upon induction of functional jmjd2b-EGFP (Figure 3.25). All five enzymes showed an up 

regulation.  

Citta (class II transactivator) is encoded by the C2ta gene and is primarily involved in regulating 

the major histocompatibility complex II proteins that are required for normal immune 

homeostasis [246]. MHC II proteins elicit immune responses by presenting exogenously derived 

foreign peptides to antigen presenting cells like T-cells [246]. Induction of functional jmjd2b-

EGFP increases Citta by four fold. Although induction of mutant jmjd2b-EGFP also stimulated 

an increase in Citta but it was only a 1.5 fold increase and was non-significant. Hence, these 

results suggest that increase in Citta levels in jmjd2b-EGFP ES cells was not just an immune 

response to over expression of transgenes or addition of doxycycline but indeed an effect of 

functional jmjd2b activity. Analysis has shown that Citta has histone acetyltransferase activity at 

its N-termini [247]. Citta has also been shown to enhance histone acetylation by interacting with 

histone acetyltransferases CBP/p300, pCAF and SRC-1 [248]. Inhibition of histone deacetylases 

has been shown to enhance Citta function, enhance acetylation and MHCII transcription [248, 

249]. In total, levels of 17 histone acetyltransferases were analyzed in the array. Eight of these 

acetyltransferases, including Citta, showed an increase in expression. These results suggest that 

in general there might be an increase in expression of acetyltransferases and histone acetylation 

upon induction of functional jmjd2b-EGFP and reduction in H3K9me3, which in turn makes the 

chromatin more relaxed and amenable to reprogramming. Apart from histone acetyltransferases, 

small increases were seen for the majority of histone phosphorylases and deubiquitinases which 

are also modifiers involved in generating transcriptional activating marks [104, 250]. In the 

phosphorylase family, a significant increase was seen only for Nek6. Phosphorylation 

particularly at serine residue 10 on H3 plays an important role in regulating the interaction 

between H3K9me3 and HP1 [103]. During M-phase phosphorylation at serine 10 on H3 was 

shown to destabilize the interaction of H3K9me3 with HP1 which results in the dislocation of 

HP1 from the metaphase chromosomes [103]. Nek6 can catalyze this histone phosphorylation 

mark [250]. However, the increase in Nek6 was only by 1.3 fold hence further analysis 

evaluating the levels of phosphorylation particularly at serine 10 on H3 in induced cells are 

needed to determine whether the small rise in the levels of phosphorylases did indeed stimulate 
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an increase in their phosphorylase activity.  Among the deubiquitinases small increases were 

seen in the majority of the members but only change in Usp22 was significant. However, again 

this increase was very small by 1.11 fold hence it needs to be verified. On the other hand while 

these increase were small it could be speculated that these small increases in these modifiers 

involved in transcriptional activation had a combined effect which probably played a role in 

enhancing the reprogramming potential of induced functional jmjd2b-EGFP ES cells.  

Surprisingly, induction of functional jmjd2b-EGFP also stimulated small increases in histone 

deacetylases, which function as transcriptional repressors by generating histone deacetylation 

marks [94, 251]. Deacetylation at lysine 9 has been previously shown to be a pre-requisite for 

H3K9me3 establishment [252]. Thus it could be speculated that reduction in H3K9me3 triggered 

small increases in histone deacetylases as a negative feedback mechanism to enhance the 

establishment of H3K9me3 marks [150]. The increases in deacetylases may also have been 

triggered to counteract the rise seen in acetyltransferases especially that of Citta and return 

acetylation to native levels. However, the rise in histone deacetylases were very small, for 

instance Hdac2, which was the only deacetylase that showed a significant increase, the rise in its 

levels was only by 1.2 fold and was of lower magnitude than that seen for the acetyltransferase 

Citta. Thus the observed changes in histone acetylases and deacetylases are intriguing, and it 

would be interesting to perform some follow up studies to look at histone acetylation levels in 

induced and non-induced jmjd2b-EGFP ES cells. It would also be interesting to know if 

inhibition of histone deacetylases in induced jmjd2b-EGFP ES cells would have any greater 

effect on reducing H3K9me3.   

Jarid1c is a jmjC domain containing histone demethylase specific for removing methyl groups 

from di or tri methyl H3K4 [173]. Induction of functional jmjd2b-EGFP triggered a very small 

increase in the levels of this demethylase by 18%. Since this increase was very small it is hard to 

speculate whether it would have any significant outcome. It is known that Jarid1c  can bind to 

H3K9me3 marks via its N-terminal PHD finger domain although the biological significance of 

this binding is not known [173]. It could be speculated that H3K9me3 by interacting with Jarid1c 

suppresses Jarid1c’s expression and upon a reduction in H3K9me3 its levels rise.  

No significant changes were seen for DNA methyltransferases or histone methyltransferases, and 

this included the H3K9me3 specific methylases Suv39h1 and Setdb1 [49], upon induction of 

functional jmjd2b. Thus it appears that demethylation of H3K9me3 has no impact on its 
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synthesis. This was consistent with the findings reported by Fodor et al where they showed that 

ectopic jmjd2b mediated demethylation of H3K9me3 does not affect the turn over rate of this 

repressive mark [142].   

Thus from these results on expression levels of chromatin modifiers, it appears that reduction in 

H3K9me3 stimulates a major increase in the acetyltransferase Citta and small increases in a 

number of other histone acetyltransferases, phosphorylases and deubiquitinases which may have 

played a role in opening up the chromatin and enhancing the reprogramming potential of 

functional jmjd2b-EGFP induced ES cells. However, except for Citta, these increases in the 

mentioned modifiers were small and further analyses examining levels of these modifiers at the 

protein level and the associated modifications are required for verification. Nevertheless the 

epigenetic array has proved to be useful in narrowing down some candidate remodelling factors 

and modifiers for follow up studies.  

In both chromatin remodelling factors and enzyme arrays, the significance threshold was set at 

95% (p<0.05). When differences are small and variances are also equivocally small, which is 

generally the case in real time arrays, the differences even though small become significant. 

Setting p value at 0.05, while testing for changes in 84 different genes, means that there is a 

chance that 5% (4 genes) of the genes would be false positive. Thus it is likely that some of the 

significant gene expression changes seen could be false positives. More stringent tests were not 

conducted, as the main aim was to perform preliminary analyses, to identify some key candidates 

affected by overall reduction in H3K9me3 levels for follow up studies.  

 

3.11.6 Nuclear transfer using induced vs. non-induced functional jmjd2b-EGFP: The 

induction of functional jmjd2b-EGFP in ES cells resulted in a decrease in H3K9me3 levels by 

65%. However, this reduction was short-lived and was restored to non-induced levels one hour 

post fusion during NT. But surprisingly this short-lived reduction in H3K9me3 level had a 

significant effect on early embryonic development which was only seen in later stages of 

development. Below I will discuss these results in detail.  

 

3.11.6.i Restoration of reduced H3K9me3 during NT:  Restoration of jmjd2b mediated 

reduced level of H3K9me3 during NT was quite rapid. This is illustrated in figures 3.26 and 

3.27. Similar to that seen in cycling donor cells reduced level of H3K9me3 is maintained in the 
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metaphase arrested donor cells in the couplet stage but following fusion levels begin to increase 

in the induced group and one hour post fusion no difference in H3K9me3 is seen between 

induced and non-induced groups. This rapid restoration of H3K9me3 is interesting and this is the 

first study to examine effects of using donor cells with jmjd2b mediated reduced level of 

H3K9me3 in NT. Due to the disappearance of EGFP signal after fusion the expression of 

jmjd2b-EGFP could not be tracked. However, given that in normal cycling ES cells, following 

removal of doxycycline, switch off in jmjd2b-EGFP expression is quite rapid, it is likely that in 

the reconstructs jmjd2b expression also might be switched off rapidly. One possibility for the 

rapid increase in H3K9me3 may have been due to the abundant methyltransferase activity 

present in the oocyte cytoplasm. Proteome analysis have shown that metaphase arrested oocytes 

are indeed abundant in histone modifying factors and enzymes including histone 

methyltransferases [253]. The histone methyltransferase activity of metaphase arrested oocytes 

was shown by Liu et al using pronuclear transplantation experiments [198]. It was observed that 

when un-methylated male mouse pronuclei were transplanted into an enucleated metaphase 

arrested II oocyte, intense H3K9 methylation signals were observed after three hours, indicating 

that the metaphase II arrested oocyte cytoplasm irrespective of its genomic origin possesses 

histone methyltransferase activity [198]. Additionally it has also been shown that at the 

metaphase stage there is an increase in Suv39h1 and Setdb1 methyltransferases and subsequently 

an increase in H3K9me3 levels [252]. Reconstructs after electro fusion are maintained in the 

metaphase stage for further one hour before activation. Hence, this maintenance at metaphase 

stage and associated increase in H3K9me3 methyltransferase activity may have also played some 

role in the rapid restoration of H3K9me3. This rise in methyltransferase activity at metaphase 

may have also accounted for the slight drop in H3K9me3 difference from 62% at the interphase 

stage to 52% at the metaphase stage (couplets) between induced and non-induced groups. The 

rapid restoration of H3K9me3 might have been also due to jmjd2b-EGFP stimulated changes in 

the donor genome such as an increase in Mbd1 that enhances histone methylation by associating 

with Suv39h methyltransferase [149] or due to increases in HDACs which enhance the 

establishment of H3K9me3 [239]. 

After reaching comparable levels, H3K9me3 showed similar dynamics in both induced and non-

induced groups. Following fertilization, the paternal genome is actively demethylated and during 

pre-implantation development there is passive DNA and histone demethylation until about the 8-
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cell stage which is required for remodelling of the chromatin structure [2]. Thus, during early 

development the embryo is initially stripped of all its methylation marks which is then 

reintroduced at a later stage. This stripping of methylation marks and subsequent re-introduction 

probably explains why the difference in H3K9me3 between induced and non-induced group is 

lost so quickly. Consistent with the massive wide ranging demethylation event in the induced 

and non-induced groups, 6 hours and 8 hours post fusion when the second polar body is 

extruded, H3K9me3 signals were much higher in the extruded nucleus than in the retained 

cytoplasmic nucleus. It is possible that in the cloned embryos, the extrusion of a highly 

methylated nucleus might be the mechanism by which the embryo undergoes this initial phase of 

demethylation. Both induced and non-induced groups, consistent with this demethylation event 

also showed an absence of H3K9me3 nuclear signals at the two-cell stage. At the four cell stage 

similar modest H3K9me3 nuclear signals reappear in both induced and non-induced groups and 

by blastocysts stage H3K9me3 signals in both groups increase at a similar rate. The expression 

patterns of some of the members of the jmjd2 family have been profiled in early mouse embryos 

[200]. All three demethylases showed a stage specific expression pattern during mouse 

embryonic development [200]. Jmjd2a is expressed at high levels in the zygote but thereafter 

levels begin to decline and is expressed at moderate levels at 2 cell and 4 cell stages, with a slight 

increase at the eight cell stage but are expressed at low levels in the morulae and blastocysts 

[200]. Jmjd2b follows a similar pattern as jmjd2a, but does not increase in levels at 8-cell stage, 

instead after the zygote stage it keeps decreasing and are expressed at low levels in the morulae 

and blastocysts.  In contrast to jmjd2a and jmjd2b,  jmjd2c is not expressed in the zygote and 

levels increase at the 2-cell stage and peaks at the 4-cell stage but thereafter levels decline and 

like jmjd2a and jmjd2b it is also expressed at low levels in the morulae and blastocysts [200].  

H3K9me3 is substrate for the three demethylases. It could be speculated that expression of 

jmjd2a, jmjd2b and increase in jmjd2c levels from the 2-cell stage onwards might account for the 

account for the absence of H3K9me3 signal at the 2 cell stage and also for the modest nuclear 

signals at 4 cell stage. Low expression profile of the all three jmjd2 demethylases might account 

for the rise in H3K9me3 signals at the blastocysts stage [200]. Thus it appears that the stage 

specific expression pattern of the jmjd2 demethylases during early stages of embryonic 

development is crucial for correct reprogramming of H3K9me3. These results also show that 
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after one hour post fusion both induced and non-induced reconstructs show similar changes and 

mimic normal pattern of H3K9me3 reprogramming during development.  

Changes in H3K9me3 levels in NT reconstructs were analyzed only by immunofluorescence 

analysis. This is the only possible method to detect differences in the embryos; use of more 

sensitive assays like western blotting is restricted due to the limitations in the amount of material 

available for analysis. However, quantification of immunosignals in metaphase nuclei becomes 

very difficult due to the compact and condensed nature of their chromosomes and this probably 

accounted for the lack of statistical significance seen for the difference in H3K9me3 10 minutes 

after fusion. Additionally the metaphase stage stimulated increase in H3K9me3 may have also 

brought about considerable variability which reduced the power of significance.  

  

3.11.6.ii Reprogramming efficiency of induced vs. non-induced jmjd2b-EGFP into cloned 

embryos: The short-lived reduced level of H3K9me3 surprisingly did have a significant effect 

on the in vitro development of NT reconstructs. Reconstructs generated from donor ES cells with 

reduced level of H3K9me3 showed 10-13% higher overall development compared to cells with 

normal levels of H3K9me3 (Figure 3.32A). This increase was small but was nevertheless 

significant. Similar significant increase was absent when control donor cells induced for mutant 

jmjd2b-EGFP was used; suggesting this increase in developmental rates is truly an effect of 

functional jmjd2b activity (Figure 3.32B). The increase in in vitro development was however 

much greater when induced cells in which jmjd2b expression was not maintained during NT was 

used compared to induced cells in which jmjd2b expression was maintained (induced +dox) 

(Figure 3.32A). The former group had comparatively higher number of blastocysts while in the 

latter a much higher number of morulae were generated and the numbers of blastocysts generated 

were lower than the non-induced group. Thus these results suggest that use of donor cells with 

reduced level of H3K9me3 increases in vitro developmental rates but maintenance of jmjd2b 

induction in the reconstructs although it still increases overall development compared to non-

induced it only improves development to the moruale stage but not to blastocysts. However, 

since analysis in ES cells have shown that prolonged culture of cells in doxycycline does not 

maintain high expression of jmjd2b-EGFP, which peaks after 48 hours but thereafter declines it 

is likely that similar changes in jmjd2b-EGFP expression would be occurring in the reconstructs 

and the block at the morulae stage could have been an effect of doxycycline. Also, it is not 
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known that if jmjd2b is persistently maintained in the NT reconstructs with prolonged exposure 

to doxycycline and a reduced level of H3K9me3 is maintained. It is still nevertheless surprising 

that a modest reduction in H3K9me3 levels in donor cells that is restored to non-induced levels 

one hour post fusion results in a significantly higher development to cloned embryos. An 

association of H3K9me3 reduction and improvement in reprogramming during nuclear transfer 

has been previously shown. Quiescent (G0) lymphocytes that have reduced histone methylation 

marks including that of H3K9me3, compared to cycling lymphocytes showed three times better 

reprogramming in nuclear transfer assays [202]. In these experiments the authors analyzed the 

reactivation of EGFP gene following transfer of G0 and cycling lymphocyte nuclei into a 

fertilized one cell embryo [202]. They used EGFP gene as marker as it was normally found to be 

inactive in lymphocyte nuclei following transfer into one-cell embryos [202]. They found that 

the reactivation of EGFP transgene on day four of in vitro development was three times higher in 

embryos generated from G0 than from cycling lymphocytes [202]. Although these experiments 

were not similar to the assay performed in this study they nevertheless show that reduced level of 

H3K9me3 is associated with enhanced epigenetic plasticity and similar enhanced plasticity is 

also seen upon jmjd2b mediated reduction in H3K9me3. One reason for this enhanced 

reprogramming potential could be that reduction in H3K9me3 relaxes the chromatin and which 

in turn makes the cell more flexible and amenable to reprogramming. Consistent with this theory 

chromatin remodelling arrays results have shown that levels of the repressive factors Eed, Phc1, 

Cbx3, Cbx7, Ing1, Ing4, Brd7, Mbd3 and Mizf decrease while that of modifying enzymes 

required for transcriptional activation like Citta, Jarid1c, Nek6 and Usp22 increase upon 

induction of functional jmjd2b-EGFP. Although changes in these remodelers were small, but 

nevertheless it is possible that together they had a combined effect and was successful in 

enhancing the reprogramming efficiency of functional jmjd2b-EGFP induced donor cells during 

nuclear transfer. Knockdown of the H3K9me3 specific demethylase jmjd2c in mouse embryos 

has been shown to decrease levels of the critical genes Nanog, Sox2, Oct4, cMyc and Klf4 

suggesting that jmjd2c demethylation of H3K9me3 is required for regulating the levels of these 

key developmental genes [200]. In the present study while no changes were seen in Oct4 in ES 

cells upon induction of jmjd2b, it could be speculated that in the NT reconstructs although 

overall global H3K9me3 levels are restored to non-induced levels after one hour post fusion, 

subtle changes that cannot be detected by immunofluorescence may be still maintained at 
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regulatory sites of key developmental genes and enhance reprogramming at these key sites which 

translates into better development into cloned embryos. Alternatively it could be possible that 

reduced level of H3K9me3 is only required in the early stages of development. Consistent with 

this jmjd2 demethylases have been shown to decrease in levels in normal embryos from the 8-

cell stage onwards [199]. Furthermore, de novo DNA methylation and accumulation of 

heterochromatin associated histone methylation which includes H3K9me3 at the blastocyst stage 

has been shown to be important for establishing inner cell mass and trophoectoderm lineages [2]. 

It is only when levels of these methylation marks in the blastocysts are above the critical required 

level that developmental defects occur. Many cloned embryos compared to normal embryos have 

been shown to have abnormally higher levels of DNA and histone methylation at all pre-

implantation stages [37].  

Thus it appears that induction of jmjd2b in ES cells makes the chromatin of these cells more 

accessible by not only reducing the repressive H3K9me3 mark but also by reducing levels of 

factors that are associated with maintaining transcriptional repression and increasing levels of 

modifiers that increase transcriptional activation, which in turn allows better reprogramming to 

cloned embryos. Additionally since the decrease in H3K9me3 seen in the donor genome prior to 

NT is restored to non-induced levels rapidly within one hour after fusion of the donor cells with 

the oocyte, it appears that a reduction of H3K9me3 at only the initial stages of development is 

sufficient to facilitate enhanced reprogramming to cloned embryos.   

 

3.11.6.iii In vivo developmental potential of jmjd2b-EGFP induced vs. non-induced ES 

cells: In spite of the success seen in in vitro development no live cloned mice were obtained 

from functional or mutant jmjd2b-EGFP ES cells. In most cases pregnancy was established and 

maintained until day 10.5 and normal looking foetuses have been obtained at this stage (figure 

3.33) but by 13.5 it was lost and only implantation sites remained and no significant differences 

were seen in the number of implantation sites recovered (Table 3.10). Since live pups could not 

be generated from either functional or mutant jmjd2b-EGFP induced and non-induced ES cells 

this embryonic lethality could not have been due to an effect of the demethylase activity. These 

results were surprising given that a good percentage of blastocysts had been generated from both 

induced and non-induced groups and the in vitro development rates obtained were comparable 

with that seen in studies that have generated live cloned mice.  
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The first group to report successful cloning of mice using ES cells were Wakayama et al [46]. 

They showed that upon transfer of R1 ES cells derived from the F1 hybrid 129Sv x 129Sv-CP 

mice strain; of the total 875 reconstructs cultured, 312 (28.7%) developed into blastocysts and 

morulae and following transfer into the uterine horns of day 2.5 recipients, 217 (69.6%) 

implantation sites were recovered and 26 (8.3%) live mice were obtained [46]. Similar 

efficiencies were also reported by Rideout et al using the F1 background V6.5 ES cells [45].  

Rideout et al showed that upon nuclear transfer with non-transgenic V6.5 ES cells (129SVJae x 

C57/BL6), of the total 149 reconstructs cultured, 21 (3.1%) developed into blastocysts or 

morulae and following transfer, 4 (19%) live mice, that survived to adulthood, were obtained 

[45]. On using transgenic V6.5 ES cells that contain an rtTA cassette, they showed that out of the 

total 32 reconstructs, 7 (22%) develop into blastocysts or morulae but only one live (2.6%) 

surviving mice was obtained [45]. Thus it appears that efficiency of generating live clones 

decreases with use of genetically manipulated cells. Similar efficiency with V6.5 was also 

reported by Eggan et al [44]. They showed that of the total 381 reconstructs cultured, 79 (21%) 

developed into blastocysts and 18 (4.7%) live mice were obtained of which 15 survived to 

adulthood [44].  Zhou et al showed that upon transfer of metaphase arrested R1 ES cells of the 

strain 129SvJ x 129Sv of the 220 reconstructs cultured 158 (71.8%) developed into morulae, 125 

(26.8%) into blastocysts [254]. To examine the in vivo developmental potential of these cells, in 

a separate experiment they transferred 155 reconstructs at that one or two cell stage to the 

oviduct of day 0.5 pseudo-pregnant females and recovered 2 live mice (1.5%) [254]. KH2 ES 

cells have a similar background as the V6.5 ES cells hence the lack of success seen was 

surprising. One reason could have been that that these cells may have lost their cloning potential 

with prolonged cultured and genetic manipulation. Accumulation of epigenetic abnormalities 

with prolonged culture has been previously shown in ES cells [44]. Although, the generation of a 

chimeric mouse with these functional jmjd2b-EGFP ES cells do suggest that at least some of 

these cells are still pluripotent. However, the efficiency of generating a live chimera was low and 

many chimeras failed to survive after birth. This again could have been an effect of either the 

technique used for generating chimeras or may have been due to some abnormality in these ES 

cells.  On the other hand mouse cloning has been reported to be extremely difficult and only few 

labs have succeeded in generating live cloned mice. Additionally Eggan et al had also reported 

that many of the live clones that were generated showed high placental and birth weights [44], 
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indicating that some genes have not been reprogrammed efficiently. Similarly Wakayama et al 

had also reported high placental weights in their clones [46]. Furthermore in comparison to other 

species like cattle, mouse oocytes and embryos are more fragile and hence are difficult to 

manipulate. Thus it is possible that the lack of success seen may also have been due to some 

technical difficulties associated with mouse cloning. Additionally in all these reports embryo 

transfers were carried out either to the oviduct or uterine horns depending on the stage at which 

these embryos were transferred. One or two cell stage embryos were transferred to the oviduct 

while morulae or blastocysts to the uterine horns. Such stage specific transfer is ideal as in 

normal pregnancies one and two cell embryos are found in the oviduct and morulae and 

blastocysts in the uterine horns. However, in jmjd2b-EGFP ES cell NT experiments, due to the 

lack of technical skill available for uterine transfer at the time, all blastocysts and morulae were 

transferred to the oviduct of day 0.5 recipients. While oviduct transfers of blastocysts and 

morulae have resulted in normal live mice [255, 256], such transfers are risky as the blastocysts 

cannot implant directly and have to wait around to be synchronized with recipients stage of 

pregnancy and due to this wait period it is possible that blastocysts may get compromised and 

fail to implant.  

 

3.11.7 Pluripotency of jmjd2b-EGFP inducible ES cells: Due to the lack of success in being 

able to generate live cloned mice from jmjd2b-EGFP ES cells it became important to validate 

their pluripotency state. Pluripotency of ES cells are tested by their ability to generate germline 

chimeras.  The two classical methods of generating chimeras in mice are either by injecting the 

ES cells directly into natural blastocysts or by aggregating ES cells with natural morulae [256]. 

Microinjection of ES cells requires specialised skills and training which was not available at the 

time of this project hence morulae aggregations were performed to generate jmjd2b-EGFP 

chimeras.  

 

3.11.7.i Pluripotency of functional jmjd2b-EGFP ES cells: Pluripotency of only functional 

jmjd2b-EGFP C5 clone that was used for all other experiments was tested. Overall efficiency 

was very low. Of the total 206 embryos transferred, five (2.4%) pups were born live, four (1.9%) 

were chimeras as they had black eyes however of these only two survived post birth and grew 

into adult mice (Table 3.11). Thus the efficiency of generating a live chimera with functional 
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jmjd2b-EGFP ES cell clone C5 was only 0.9%. One of the reasons for this low efficiency could 

be attributed to the technique used. Morulae aggregation is although a relatively simple 

technique it suffers from some drawbacks. Compared to blastocysts injection where the number 

of cells to be injected can be precisely controlled it is harder to control this factor in the morulae 

aggregation [54, 255]. As a result in some cases more than the required number of cells may get 

aggregated and this could potentially be damaging for embryo development. Furthermore the 

blastocyst injection technique also enables the operator to choose the morphologically best 

‘looking cells’ for injection [54, 255]. Second potential issue seen in these experiments could 

have been the transfer of aggregated embryos into the oviduct of day 0.5 pseudo-pregnant 

recipients and rather than to the uterine horns of day 2.5 recipients. The risks associated with 

such transfer of blastocysts to the oviduct which is normally not their natural environment may 

have also contributed to the low efficiency. In addition to the low success seen for generating 

live chimeras, only one of the chimeras was fertile (Table 3.12). But surprisingly this chimera 

showed 100% germline contribution. This result was unexpected given the low success rate but 

shows that functional jmjd2b-EGFP ES cell clone C5 is still pluripotent and able to support 

development. Alternatively, the low efficiency could also indicate that only a small 

subpopulation of cells in the functional jmjd2b-EGFP ES cell clone used are still pluripotent. 

Offspring from the chimera were also analysed for the presence of the transgenes.  In the ES 

cells the jmjd2b-EGFP flp-in vector and rtTA cassette are inserted at two separate chromosomes, 

chromosome 11 and chromosome 6, respectively. According to Mendelian laws of inheritance, 

there is a 25% chance for each of the transgenes to be inherited separately or together or none at 

all. Percentages of pups inheriting both transgenes or being negative for both transgenes were 

pretty close to the expected 25% (Table 3.12).  However, pups that inherited only the rtTA 

transgene was 7% higher and the number of pups that inherited only the flped-in jmjd2b was 8% 

lower than the expected Mendelian ratio. The significance of this preferential for rtTA 

inheritance is not clear and probably was just a non significant effect seen due to the small 

number of offspring analyzed.  

Overall the generation of this chimera marks a great achievement. Apart from demonstrating the 

pluripotent state of functional jmjd2b-EGFP ES cells it also opened up the possibility of being 

able to analyze H3K9me3 modification in jmjd2b-EGFP somatic cells and use them as donors in 

NT. Additionally generation of jmjd2b-EGFP transgenic mice also allowed the opportunity to 
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cross this mice with other transgenic mice that express other histone modifiers to study the 

combined effects of manipulation on chromatin modifications.   

  

3.11.7.ii Pluripotency of mutant jmjd2b-EGFP cells: In the case of mutant jmjd2b-EGFP ES 

cells, aggregation with clones C1 and even C2 and transfer to the oviduct failed to result in any 

established pregnancy (Table 3.13). This lack of success was thought to be either due to some 

epigenetic abnormality in the cell clones or due to failure of oviduct transfers of aggregated 

embryos. As mentioned earlier ideally blastocysts should be transferred to the uterus which is its 

natural environment and, unlike oviduct transfers where it has to wait around to be synchronized 

with the recipients stage of pregnancy, it can directly begin implantation into the uterine walls. 

Hence, it was decided to try a number of different clones and transfer embryos to the uterus. The 

switch to uterine transfer did result in pregnancy establishment and production of live mice but 

only from clones C1 and C4 aggregated with FVB or swiss morulae (Table 3.14). For clone C1, 

following uterine transfers of aggregated embryos 10 (8.7%) live pups were generated of which 

four (3.4%) were chimeras and for C4 three live pups (8.5%) were generated and of these one 

was a chimera (2.8%).  Thus a switch to uterine transfers increased pregnancy rates and the 

generation of live pups. Unexpectedly although these chimeras were born live, they failed to 

survive post-nataly and usually died 1-2 hours after birth. Thus from these results it appears that 

uterine transfers does increase the efficiency of pregnancy establishment and generating live 

pups, but overall efficiency of chimera generation via morulae aggregation, at least in this 

project, appears to be very low. The reason for post natal embryonic lethality seen is not clear. 

One reason as mentioned before could have been the aggregation of a large number of cells into 

the mourlae which potentially became damaging for embryonic development or that the ES cells 

had lost the ability to support development. ES cells have been reported to accumulate epigenetic 

instabilities over time in culture [44]. On the other hand, even though only two chimeras were 

generated from functional jmjd2b-EGFP C5 clone both were born live and grew into adult mice, 

indicating that these cells can support development. The use of blastocysts injection technique 

would prevent the damaging effects caused by the presence of a large number of cells as it 

allows one to precisely control the number of cells injected and also allows the selection of the 

best looking cells for injection [256]. Thus from these results the pluripotency of functional 

jmjd2b-EGFP C5 cells is confirmed. For mutant jmdj2b-EGFP ES cells, it appears that they do 
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support development and are able to generate term chimeras however whether these chimera are 

able to contribute to the germline is not known.   

 

3.11.8 Summary: The results presented in this chapter has described the generation, 

characterization and use of jmjd2b-EGFP inducible ES cells in NT. Induction of functional 

jmjd2b-EGFP was successful in reducing H3K9me3 levels. But unlike previous findings 

reported by Fodor et al in NIH3T3 and MEF fibroblast where jmjd2b induction resulted in an 

80% decrease in H3K9me3, in ES cells it only stimulated a modest decrease of 65%. Reduction 

in H3K9me3 levels was successful in reducing levels of various chromatin repressive factors and 

enhancing levels chromatin modifiers involved in transcriptional activation especially that of 

histone acetyltransferases. During NT the reduced level of H3K9me3 in the induced donor cells 

was restored to non-induced levels approximately one hour after fusion. However, in spite of this 

rapid restoration of the repressive H3K9me3 marks to non-induced states, donor cells with 

reduced levels of H3K9me3 gave 8% higher number of NT-blastocysts and showed 10% higher 

overall developmental rates to cloned embryos compared to non-induced cells. Although the 

increase in developmental rate was small it nevertheless showed that reduction in H3K9me3 

improves reprogramming efficiency probably by reducing levels of chromatin repressive factors 

and increasing levels of modifiers involved in transcription activation. However, in spite of the 

success in in vitro development, no live mouse clones could be generated from either induced or 

non-induced jmjd2b-EGFP ES cells. Since live mice could not be generated from the control 

induced and non-induced mutant jmjd2b-EGFP ES cells, the activity or presence of the 

functional demethylase could not have been responsible for this embryonic lethality. Successful 

generation of a live germline chimera from functional jmjd2b-EGFP ES cells demonstrated that 

these cells are still pluripotent and capable of supporting development. In case of mutant jmjd2b-

EGFP ES cells, live chimeras could be generated but these failed to survive after birth. The lack 

of success was probably either due to the low efficiency of the morulae aggregation technique. 

Alternatively given that only two live chimeras could be generated and no live NT cloned mice 

were obtained it is also possible that these cells have accumulated some epigenetic abnormalities 

as a result of prolonged culture that has reduced its efficiency to support development. Despite 

this, the generation of the functional jmjd2b-EGFP chimera was highly valuable to generate 
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jmjd2b-EGFP inducible transgenic mice and examine the effects of jmjd2b-EGFP induction in 

somatic cells isolated from them and their use in NT.  
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Chapter 4: Generation and characterization of inducible jmjd2b-EGFP 

mouse embryonic fibroblasts (MEFs) and their use as donor cells in nuclear 

transfer 

4.1 Introduction and rational: The generation of transgenic mice with inducible expression of 

jmjd2b from jmjd2b-EGFP inducible ES cells provided an exciting opportunity to test the effects 

of jmjd2b activity on somatic cells and utilize them as donors in NT. Jmjd2b mediated effects on 

histone modifications in MEFs were also analyzed by Fodor et al [142]. Like the NIH3T3 cells, 

these cells also showed considerable reduction in H3K9me3 levels upon induction of jmjd2b 

[142]. Based on these results and the data obtained for ES cells, it was hypothesized that the use 

of jmjd2b inducible fibroblasts, in which H3K9me3 levels could be reduced substantially, would 

have a greater effect on NT. Additionally given that somatic cells are much harder to 

reprogramme than ES cells, the decrease in H3K9me3 might have a greater effect on NT 

development in these cells.  For this work MEFs were isolated from jmjd2b-EGFP inducible 

embryos; cells were induced, characterized for changes in histone modifications and used as 

donors in NT. The ES cells and the transgenic mice generated from them are hemizygous for 

both transgenes and contain only one copy each of jmjd2b-EGFP and rtTA transgenes. For better 

expression of jmjd2b, MEFs homozygous for both transgenes were generated to analyze jmjd2b 

mediated effects on somatic cells and were used as donors in NT. To also determine, whether 

there was any difference between MEFs that had one or two copies of the transgenes, jmjd2b-

EGFP and rtTA hemizygous MEFs were also generated and analyzed for changes in H3K9me3 

levels.  

 

4.2 Generation of jmjd2b-EGFP and rtTA homozygous mice: To generate homozygous 

MEFs, firstly jmjd2b and rtTA homozygous mice were generated. For this, the first generation 

offsprings of chimera1 that were positive for both transgenes were interbred and the resulting 

pups were analyzed for the presence of the transgenes and their homozygosity via PCR. Figure 

4.1 shows the schematic of the wild type and jmjd2b-EGFP transgenic ColA1 locus, binding 

sites of the primers used for detecting homozygous jmjd2b-EGFP and agarose gels of the 

respective PCRs. Beard et al chose the unique PstI site on the ColA1 locus that is approximately 

500 bp downstream of the 3’untranslated region to place the FRT homing sites (FRT flanked 
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pgKNeopA and a promoter less hygromycin gene) in KH2 ES cells [207]. To detect the wild 

type ColA1 locus, primers GL585/586 that flank the PstI site were designed (Figure 4.1A). PCR 

with these primers will result in a ~400 bp product only if the wild type ColA1 locus is present. 

GL471/279 primes were used to detect the jmjd2b-EGFP containing transgenic ColA1 locus. 

These were the same primers that were used to detect flp-in of jmjd2b-EGFP flp-in vector in 

hygromycin resistant ES cell clones obtained from co-nucleofection of jmjd2b-EGFP flp-in 

vector and FlpO recombinase (section 3.2). Like in the ES cells, these primers will detect a 1.2 

kb product in PCR reactions only if the jmjd2b-EGFP flped-in transgenic ColA1 locus is present. 

GL585/586 primers also recognize sequences in the transgenic jmjd2b-EGFP flped-in ColA1 

locus. In this case they flank the entire transgenic cassette and PCR will generate an 

amplification product of ~9 kb, but only at long extension times. GL471/279 primer combination 

were only used to confirm the presence of the transgenic ColA1 locus and GL585/586 primers 

were only used for detecting the wild type locus and extension time for this PCR was set at 30 

seconds to specifically allow detection of the PstI site containing the ~400 bp wild type ColA1 

fragment.  

A similar PCR strategy was used to detect the wild type and rtTA containing transgenic Rosa26 

locus. Figure 4.2 shows the schematic of the wild type and rtTA containing transgenic Rosa26 

locus, binding sites of the primers used for detecting homozygous rtTA and agarose gels of the 

respective PCRs. Beard et al had used the unique XbaI on the Rosa26 locus shown in figure 4.2A 

[207, 257, 258] to target the rtTA expression cassette in KH2 ES cells, hence similar to the 

ColA1 locus, to detect the wild type Rosa26 locus, primers GL618/642 that amplifies across this 

XbaI site were designed. This primer combination would result in a ~700 bp product only if the 

wild type Rosa26 locus is present. Primers GL550/551 which amplifies a portion of the rtTA was 

used to detect the presence or absence of the rtTA transgene. If rtTA transgene is present, then 

PCR with these primers will result in a ~500 bp product. The transgenic Rosa26 loci also contain 

sequences that are recognized by GL618/642 primers. If the rtTA containing transgenic locus is 

present, GL618/642 can amplify the whole transgenic cassette giving a ~6 kb product but only in 

PCRs with long extension periods. However, the GL618/642 primer combination was only used 

to detect the XbaI containing ~700 bp fragment of the wild type Rosa26 locus and for this PCR 

reactions were set with extension time of 45 seconds. 
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The PCRs for detecting wild type Co1A1 or Rosa26 locus by itself will only identify animals 

that are either non transgenic or hemizygous for jmjd2b or rtTA but cannot discriminate between 

the two groups as both non transgenic and hemizygous animals would contain the wild type 

allele. Similarly PCRs used for detecting the transgenes will identify both hemizygous and 

homozygous animals but will not discriminate between the two groups. Hence, results from all 

four PCRs were combined to identify jmjd2b and rtTA homozygous animals. PCR profiles of 

three offspring are shown in figures 4.1 and 4.2 (lanes marked 1, 2 and 3). The animal 

homozygous for jmjd2b-EGFP and rtTA (lanes marked 1 in the agarose gels in figures 4.1 and 

4.2) shows positive PCR amplification for the transgenic ColA1 locus with primers GL471/279 

and for rtTA containing transgenic Rosa26 locus with primers GL550/551. In contrast, PCR does 

not amplify the wild type ColA1 and Rosa26 loci with primers GL585/586 and GL618/642, 

respectively indicating absence of the wild type alleles. Hemizygous animals (lanes marked 2 in 

the agarose gels in figures 4.1 and 4.2) contain both transgenic and wild type loci and hence 

show positive amplification for all four PCRs. The non transgenic animal (lanes marked 3 in the 

agarose gels in figures 4.1 and 4.2) shows no amplification for the two transgenic loci 

(GL471/279 and GL550/551) but is positive for amplification of the wild type sequences of 

ColA1 (GL585/586) and Rosa26 (GL618/642) loci. 

According to Mendelian laws of segregation; upon interbreeding of two animals hemizygous for 

two different transgenes nine different genotypes would be seen in the offspring. 6.25% of the 

offspring should be homozygous for both transgenes, 6.25% would be negative for both 

transgenes, 6.25% would be homozygous for one of the transgenes and will not inherit the other 

transgene, 25% would be hemizygous for both transgenes and 12.5% would be homozygous for 

one transgene and hemizygous for the other. The inheritance patterns were analyzed in offspring 

from three mating pairs. The total number of offspring obtained from the first two mating pairs 

were small (9-10), hence all expected genotypes at the expected frequencies were not detected. 

However, the second mating pair did produced one mouse homozygous for both transgenes. A 

larger number of offspring (17) were produced in the third mating pair hence most of the 

genotypes were detected including one mouse homozygous for both transgenes.  
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Table 4.1: Inheritance pattern of jmjd2b-EGFP and rtTA in offspring generated from 

breeding between jmjd2b-EGFP and rtTA hemizygous animals 

Genotypes Expected
a 

1
st
 Mating pair 

(%) 

2
nd

 Mating pair 

(%) 

3
rd

 Mating pair 

(%) 

CcRr 25% 4 (44%) 2 (20%) 3 (18.75%) 

CCRr 12.5% 0 1 (10%) 1 (6.25%) 

CcRR 12.5% 2 (22%) 0 2 (12.5%) 

Ccrr 12.5% 0 1 (10%) 0 

ccRr 12.5% 3 (30%) 5 (50%) 2 (12.5%) 

CCRR 6.25% 0 0 4 (25%) 

CCrr 6.25% 0 0 1 (6.25%) 

ccRR 6.25% 0 0 3 (18.75%) 

ccrr 6.25% 0 1 (10%) 1 (6.25%) 

a
Expected Mendelian frequency 

C: wild type ColA1 locus      c: jmjd2b-EGFP containing transgenic ColA1 locus 

R: wild type Rosa26 locus    r: rtTA containing transgenic Rosa26 locus 
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Figure 4.1: PCR profiling for detecting wild type ColA1 and jmjd2b-EGFP containing transgenic Co1A1 loci in the second 

generation offspring of Chimera1  A: Schematic representation of the wild type ColA1 locus. The PstI site was chosen by Beard et al 

to place the frt homing cassette in KH2 ES cells. Primer pair GL585/586 (shown in green arrows) recognizes sequences across the PstI 

site in the wild type ColA1 locus. Representative agarose gel of a GL585/586 PCR on the second generation offspring of chimera1 has 

been shown. The red arrow points to the GL585/586 amplified ~400 bp product. B: Schematic representation of the transgenic ColA1 

locus. Primer pair GL471/279 (shown in black) amplifies portion of the flped-in jmjd2b-EGFP vector and gives a product of 1.2 kb if 

the flped-in jmjd2b-EGFP vector is present at the ColA1 locus and no product is obtained in its absence. Representative agarose gel of 

a GL471/279 PCR on the second generation of offsprings of chimera1 has been shown. The red arrow indicates the amplified 1.2 kb 

product. Binding sites of GL585/586 (shown in green arrows) are also present in the transgenic jmjd2b-EGFP flped-in ColA1 locus, 

but in this case it can only amplify the whole ~9 kb transgene at long extension times. 1: Mouse 1 homozygous for jmjd2b-EGFP, 2: 

Mouse 2 hemizygous for jmjd2b-EGFP, 3: Mouse 3 negative for jmjd2b-EGFP transgene, P: Functional jmjd2b-EGFP ES cells, H2O: 

Negative DNA controls, L: 1 kb+ ladder. 
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Figure 4.2: PCR profiling for detecting wild type Rosa26 and rtTA containing transgenic Rosa26 loci in the second generation 

offspring of Chimera1 A: Schematic representation of the wild type Rosa26 locus. The unique XbaI site was used by Beard et al to 

place rtTA cassette in KH2 ES cells. Primer pair GL618/642 (shown in green arrows) recognizes sequences across the XbaI site in the 

wild type Rosa26 locus. Representative agarose gel of a GL618/642 PCR on the second generation offspring of chimera1 has been 

shown. Red arrow points to the amplified ~700 bp GL618/642 product B: Schematic representation of the transgenic Rosa26 locus. 

Primer pair GL550/551 (shown in black) which amplifies a portion of the rtTA transgene was used to detect the presence of rtTA. 

Representative agarose gel of a GL550/551 PCR on the second generation offspring of chimera1 has been shown. Red arrow denotes 

the ~500 bp product amplified using GL550/551 primers. Binding sites of GL618/642 (shown in green arrows) are also present in the 

transgenic rtTA containing Rosa26 locus, but in this case it can only amplify the whole ~6 kb transgene at long extension times. 1: 

Mouse 1 homozygous for rtTA, 2: Mouse 2 hemizygous for rtTA, 3: Mouse 3 negative for rtTA transgene, P: Functional jmjd2b-

EGFP ES cells, H2O: DNA negative controls, L: 1 kb+ ladder. 
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4.3 Generation of MEFs homozygous and hemizygous for flped-in functional jmjd2b-EGFP 

and rtTA: Once the jmjd2b-EGFP and rtTA homozygous mice were generated, they were 

interbred to derive homozygous MEFs. To derive hemizygous MEFs, a male mouse, 

homozygous for both the jmjd2b-EGFP and rtTA transgenes was mated with a non-transgenic 

wild type FVB female. The resulting embryos were surgically recovered at day 13.5 and 

harvested as described in the method section 2.3.7. Each embryo was processed separately. A 

total of 11 homozygous and 10 hemizygous MEF lines were derived. All major analyses like 

western blotting, epigenetic profiling and NT assays were performed with homozygous MEFs. 

Hemizygous MEFs were only used to compare whether the presence of one or two copies of the 

transgenes had any effect on the demethylase activity of jmjd2b on H3K9me3.  

Homozygous MEFs were tested by PCR using GL585/586 (ColA1 locus) and GL618/642 

(Rosa26 locus) primer combinations to confirm the homozygosity of the transgenes by showing 

the absence of the wild type alleles. Sexing analyses were also performed on these homozygous 

MEFs. For sexing the MEFs, primers GL785/786 were designed. This primer combination 

amplifies the SRY gene specific to the Y chromosome, hence a product of 402 bp will be seen in 

PCR analysis if the cell line is male and no product will be amplified in case of female lines. 

Shown in figure 4.3 are the agarose gels of all three PCR analyses. All 11 homozygous MEF 

lines derived were negative for both the wild type ColA1 and Rosa26 loci, thereby confirming 

that these lines are indeed homozygous for both transgenes. Of the 11 lines, 4 lines; MEF 1, 2, 8 

and 9 were sexed as males. MEFs 3, 4, 5, 6, 7, 10 and 11 were female lines.  
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Figure 4.3: PCR analyses to confirm the sex and homozygosity of jmjd2b-EGFP and rtTA 

transgenes in the derived 11 homozygous MEFs (A) Agarose gel of PCR analyses using 

GL585/586 to detect the wild type ColA1 locus. Red arrow points to the ~400 bp amplified 

product. (B) Agarose gel of PCR analyses for detecting the wild type Rosa26 locus using primers 

GL618/642. Red arrow points to the expected product size of ~700 bp. (C) Sexing of 

homozygous MEFs with GL785/786 primers that amplifies the Y chromosome specific SRY 

gene and gives a product of 402 bp in male cells and no product in female cells. Red arrow 

points to the expected 402 bp product. MEF 1-11, P: Functional jmjd2b-EGFP ES cells, F: DNA 

from female adult mice, M: DNA from male adult mice, H2O: DNA negative control, L: 1 kb+ 

ladder 
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4.4 Induction of jmjd2b-EGFP MEFs: Once the jmjd2b-EGFP and rtTA homozygous MEFs 

were generated, the next step was to induce the demethylase. Like in the ES cell, induction of 

jmjd2b was via the tet-on system and required the addition of doxycycline to the culture media. 

The doxycycline binds to the rtTA and the complex of doxycycline-rtTA binds to the TetO 

promoter and activates it. In the absence of doxycycline the TetO promoter is inactive and 

expression of jmjd2b-EGFP is halted. Expression of the demethylase was monitored by 

evaluating the expression of the fused EGFP via flow cytometry (methods section 2.3.8 and 

2.3.9). Evaluation of jmjd2b-EGFP induction was analyzed in homozygous MEF lines as only 

these lines were used for further downstream analyses like western blotting, qRT PCR and NT 

 

4.4.1 Induction rate in the different jmjd2b-EGFP and rtTA homozygous MEFs: To 

compare the induction rate between the different homozygous MEF lines derived, cells from all 

11 lines were cultured and induced as described in the method section 2.3.9 for 48 hours in the 

presence of the optimum 1 µg/ml of doxycycline. Induction of jmjd2b-EGFP was analyzed via 

flow cytometry as described in the method section 2.3.8. Induction rate was determined as the 

percentage of cells positive for EGFP. Figure 4.4 and table 4.2 shows the EGFP fluorescence 

profiles and induction rates in the 11 homozygous MEF lines. In the presence of doxycycline a 

large population of cells ranging from 57% to 70% were positive for EGFP in all 11 MEF lines.  

Induction rates were similar in all 11 MEF lines. A representative non-induced MEF line has also 

been shown; and in this non-induced line, EGFP was detected in 2% of the cells, but this 

represents the background fluorescence for this type of analysis. MEF lines were frozen in liquid 

nitrogen and all main analysis, unless otherwise mentioned, were carried out on MEF11 cells, 

which had the best growth rate in culture.  
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Figure 4.4: EGFP fluorescence profile of the 11 jmjd2b-EGFP and rtTA homozygous MEF lines 

upon exposure to doxycycline. The figure is a histogram of flow cytometry analysis, showing the 

log of green fluorescence intensity on the X-axis and the cell number on the Y-axis. The 

histogram is divided into 2 regions. Cells in the M1 region are negative for green fluorescence 

while those in the M2 region are positive for green fluorescence. 

Table 4.2: Induction rate in jmjd2b-EGFP and rtTA homozygous MEFs 

MEF Sex Induction rate
a
 (%) 

1 M 72 

2 M 74 

3 F 63 

4 F 70 

5 F 65 

6 F 70 

7 F 69 

8 M 57 

9 M 67 

10 F 72 

11 F 71 

Non-induced Representative 2 

a
 Induction rate was determined as the percentage of cells positive for EGFP 



183 

 

4.4.2 Jmjd2b-EGFP induction in MEF11: MEF11 which showed a good induction and good 

growth rate was chosen for subsequent analysis. To determine the optimum time period for 

maximum induction of jmjd2b-EGFP, MEF11 cells were grown in 1 µg/ml of doxycycline for 

24, 48 and 72 hours, following which induction of jmjd2b-EGFP as deduced by EGFP 

fluorescence was evaluated via flow cytometry. Cells were trypsinized every 24 hours following 

which 10
4
 cells were taken for flow cytometry and the remaining were re-plated in induction 

media, seeding density was kept constant at 3 x 10
4
 cells/cm

2
.  Figure 4.5A shows the EGFP 

fluorescence profiles and induction rates of the time course study. Cells appear to reach 

maximum induction rate of 84% by 24 hours. 48 hours later, similar induction rate of 80% is still 

seen but it begins to decline thereafter and 72 hours later induction rate drops to 68%.  From 

these results it was concluded that for MEFs they could be either cultured for 24 or 48 hours in 

the presence of doxycycline to obtain good induction rates. However, as in the jmjd2b-EGFP ES 

cells the induction rate appeared to decline during prolonged cultured in doxycycline.  

Switch off in jmjd2b-EGFP induction was also examined in MEF11 cells. 24 hours after removal 

of doxycycline, there was a considerable shift in the fluorescence profile of the cells towards the 

negative region (M1) and the level of expression was such that only 30% of the cells displayed 

EGFP fluorescence at a level greater than the threshold for positivity (Figure 4.5B). Thus 

compared to jmjd2b-EGFP ES cells where there is a complete switch off in jmjd2b expression 

after 24 hours, in homozygous MEFs the switch off is comparatively slower.  

In general induction rates in MEF 11 cells, as determined after 24 or 48 hours, ranged from 70-

84%. For experiments that required less number of cells like for immunofluorescence analysis 

and NT, cells were induced for 24 hours, however when large number of cells were required like 

for RNA and histone extractions cell were induced for 48 hours. 
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Figure 4.5: Induction analysis in jmjd2b-EGFP and rtTA homozygous MEF11 cells. The figures 

are histograms of flow cytometry analysis, showing the log of green fluorescence intensity on the 

X-axis and the cell number on the Y-axis. The histogram is divided into 2 regions. Cells in the 

M1 region are negative for green fluorescence while those in the M2 region are positive for 

green fluorescence (A) EGFP fluorescence profile of MEF11 following induction of jmjd2b-

EGFP after 24, 48 and 72 hours.(B) EGFP fluorescence profile of induced MEF11 jmjd2b-EGFP 

cells 24 hours after removal of doxycycline.  

 

4.4.3 Quantitative reverse transcriptase (qRT) PCR analysis of transgene derived and 

endogenous jmjd2b in induced vs. non-induced homozygous MEF11 cells: Induction of 

jmjd2b-EGFP in MEF11 homozygous cells was also confirmed by qRT PCR. Levels of 

endogenous and transgene derived jmjd2b was determined relative to the housekeeping gene 

GAPDH, taking into account the amplification efficiencies for the primer pairs, based on the 

method described by Wilkening and Bader (2004) [208]. The qRT PCR analysis was performed 

on the Corbett Rotorgene 6000, and amplification efficiency for each reaction was generated 

using comparative quantification analysis. The results were then used to determine the 

expression of the endogenous jmjd2b and how induction of transgene derived jmjd2b compares 

A B 
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to endogenous levels in MEF11 cells. These results were also compared to that seen in functional 

jmjd2b-EGFP ES cells. The primers used for amplifying the transgene derived over-expressed 

jmjd2b and endogenous jmjd2b were the same that were used in jmjd2b-EGFP ES cells (section 

3.4.3 & figure 3.8). To quantify the levels of both the endogenous jmjd2b and the induced 

jmjd2b transgene, MEF11 cells were induced and induction was confirmed by flow cytometry as 

described in methods section 2.3.8 and 2.3.9. The induction rate in cells used for RNA isolation 

was approximately 80%. mRNA was isolated from induced and non-induced cells, reverse 

transcribed to cDNA and levels of transgene derived and endogenous jmjd2b was determined via 

qRT PCR using the GL800/801 and GL802/803 primer combination respectively (methods 

section 2.4.3, 2.4.4 and 2.4.7). The amount of RNA used for cDNA synthesis and cDNA used for 

each RT reaction was equivalent between induced and non-induced MEF11 and ES cells. 

GAPDH qRT PCR was also carried out for each induced and non-induced sample. No 

amplifications (Ct values ≥ 35) were detected in the genomic DNA and negative template 

controls. Levels of endogenous jmjd2b and transgene derived jmjd2b were determined in 

induced and non-induced MEF11 cells relative to GAPDH. The details of the quantification are 

described in the methods section 2.5.8. Results from three replicates are shown in figure 4.6. 

Both induced and non-induced MEF11 cells showed similar expression of endogenous jmjd2b, 

with transcript levels being 3.66x10
-3

 (average from 3 replicates) in non-induced MEF11 cells 

and 2.85x10
-3 

(average from 3 replicates) in induced MEF11 cells (Figure 4.6A). On comparing 

to ES cells, no significant differences were seen in the levels of endogenous jmjd2b between the 

two cell types. The transcript level of transgene derived jmjd2b relative to GAPDH was 

determined to be 5.65x10
-3

 in non-induced MEF11 cells while in induced MEF11 cells it was 

present at significantly higher levels of 0.429 (average from 3 replicates). Thus overall when 

compared to the endogenous jmjd2b, relative levels of transgene derived jmjd2b is expressed at 

150 fold higher in the induced MEF11 cells, while no such similar increases were detected for 

relative levels of transgene derived jmjd2b compared to endogenous jmjd2b in the non-induced 

MEF11cells.  A considerable increase in transgene derived jmjd2b was also seen in ES cells 

upon induction of jmjd2b-EGFP, however compared to endogenous jmjd2b this increase in 

transgene derived jmjd2b was only by 85 fold. Since the induction rate in both cell types used for 

RNA extraction was similar, these results indicate that higher levels of the transgene derived 

jmjd2b are produced in MEF11 than in ES cells upon exposure to doxycycline.  



186 

 

 

A.   

 

Endogenous jmjd2b 

 

Cell type Functional 

jmjd2b-EGFP 

non-induced 

Functional 

jmjd2b-EGFP 

induced 

MEF11 non-

induced 

MEF11 induced 

Replicate 1 3.98 x 10
-3 

3.46 x 10
-3

 3.26 x 10
-3

 1.88 x 10
-3

 

Replicate 2 4.76 x 10
-3

 3.26 x 10
-3

 4.14 x 10
-3

 2.89 x 10
-3

 

Replicate 3 4.22 x 10
-3

 3.81 x 10
-3

 3.59 x 10
-3

 3.79 x 10
-3

 

Average 4.32 x 10
-3

 3.51 x 10
-3

 3.66 x 10
-3

 2.85 x 10
-3

 

 

B. 

 

Transgene derived jmjd2b 

 

Cell type Functional 

jmjd2b-EGFP 

non-induced 

Functional 

jmjd2b-EGFP 

induced 

MEF11 non-

induced 

MEF11 induced 

Replicate 1 2.28 x 10
-4 

0.332  6.19 x 10
-3

 0.437 

Replicate 2 1.81 x 10
-4

 0.264  5.52 x 10
-3

 0.437 

Replicate 3 4.56 x 10
-4

 0.297  5.22 x 10
-3

 0.414 

Average 2.89 x 10
-4

 0.298  5.65 x 10
-3

 0.429 

 

 Figure 4.6: qRT PCR analysis to determine relative level of endogenous jmjd2b and transgene 

derived jmjd2b in induced and non-induced jmjd2b-EGFP ES and MEF11 cells. Shown are the 

relative levels of (A) endogenous and (B) transgene derived jmjd2b from three replicates.  
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4.5 Histone modifications in induced vs. non-induced MEF 11 cells: In ES cells induction of 

jmjd2b-EGFP stimulated a decrease in H3K9me3 levels by 62-65% in immunofluorescence 

analysis and western blotting analysis. This decrease in H3K9me3 was accompanied by a ~27% 

increase in H3K9me1 levels, which was detected only in western analysis. Although these 

findings were similar to that reported by Fodor et al in their jmjd2b inducible NIH3T3 and MEFs 

[142], the decrease in H3K9me3 was much more pronounced in these fibroblasts compared to 

what was observed in the ES cells (80% mass spectrometry analysis vs. 65% from western 

analysis). To determine whether jmjd2b has a similar effect in the generated jmjd2b-EGFP 

MEFs, cells were induced and levels of H3K9me3, H3K9me2, H3K9me1 and H3K27me3 were 

analyzed by immunofluorescence and western analysis in induced and non-induced MEFs. 

Jmjd2b’s demethylase activity in hemi and homozygous MEFs were also compared to determine 

whether one or two copies of the transgenes were required to mediate maximum reduction of 

H3K9me3. 

 

4.5.1 Immunofluorescence analysis on inducible jmjd2b-EGFP MEF cells: Since jmjd2b-

EGFP and rtTA homozygous MEFs were induced for either 24 or 48 hours depending on the 

number of cells required for the particular experiment, H3K9me3 levels were analyzed by 

immunofluorescence in MEF11 induced and non-induced cells, 24 and 48 hours after induction. 

Additionally to compare whether there were any differences in the enzymatic activity of jmjd2b 

in the presence of one or two copies of the transgenes, hemizygous MEF1 cells were also 

induced and analyzed for H3K9me3. Hemizygous MEFs were analyzed after 48 hours of 

induction. Following induction, all cells were co-stained with H33342 (to visualize DNA), 

mouse anti-EGFP and rabbit anti-H3K9me3 antibodies as described in the method section 

2.4.8.ii. Shown in figure 4.7A are the H3K9me3 immunofluorescence images of MEF11 

homozygous cells following 24 and 48 hours of induction and of hemizygous MEF1 after 48 

hours of induction. As can be seen in the figure, induction of jmjd2b-EGFP for 24 or 48 hours in 

both homozygous and hemizygous MEFs results in a similar reduction in H3K9me3. To confirm 

the specificity of jmjd2b activity for demethylating H3K9me3 alone, homozygous MEF11 cells 

were also analyzed for changes in H3K9me1, H3K9me2 and H3K27me3. For analyses of these 

histone modification, MEF11 cells were induced only for 24 hours, following which they were 

co-stained with H33342, mouse anti-EGFP and rabbit anti-histone antibodies. The 
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immunofluorescence images for these modifications are shown in figure 4.7B. While no 

observable changes were seen for H3K9me2 and H3K27me3 upon induction of jmjd2b-EGFP in 

MEF11; an increase in H3K9me1 was detected in induced MEF11 cells. The specificity of the 

secondary antibodies appeared to be sound as no immunofluorescence signals were observed 

upon staining with the secondary antibodies alone (Figure 4.8). 

To confirm and relatively quantify these changes, immunosignals for the various histone 

modifications relative to area were quantified using the Image J software as described in the 

methods section 2.4.8.ii. Mean immunofluorescence signals determined for the various histone 

modifications in the induced and non-induced MEFs are represented as bar graphs in figures 4.9 

and 4.10.Quantification of the H3K9me3 immunofluorescence signals (Figure 4.9) showed that 

H3K9me3 was significantly reduced by 85-90% (p<0.0001 for all groups) upon induction of 

jmjd2b for 24 (quantified from  86 induced cells; mean intensity= 0.0013; quantified from 88 

non-induced cells; mean intensity= 0.013) or 48 hours (quantified from 59 induced cells; mean 

intensity= 0.0016; quantified from 61 non-induced cells mean intensity= 0.016) in homozygous 

MEF11 and also in hemizygous MEF1 after 48 hours of induction (quantified from 123 induced 

cells; mean intensity= 0.0006; quantified from 92 non-induced cells; mean intensity= 0.004). 

These results demonstrate that inducing jmjd2b-EGFP for 24 or 48 hours, results in a similar 

reduction in H3K9me3 levels and also that the demethylase activity of jmjd2b is equally good in 

the presence of one or two copies of the transgenes. Quantification of immunosignals for 

H3K9me1 (quantified from 39 induced and 35 non-induced cells), H3K9me2 (quantified from 

55 induced and 59 non-induced cells) and H3K27me3 (quantified from 35 induced and 34 non-

induced cells) in MEF11 induced and non-induced cells are shown in figure 4.10. Consistent 

with that observed in the images, no significant changes were seen for H3K9me2 and 

H3K27me3 upon induction of jmjd2b-EGFP. For H3K9me1, the increase in levels upon 

induction of jmjd2b-EGFP in MEF11 was quantified to be a significant increase by 54% 

(induced vs. non-induced 0.0097 vs. 0.0063 p<0.001). This significant increase in H3K9me1 was 

in contrast to what was seen in ES cells where no increase in H3K9me1 levels was seen during 

immunofluorescence analysis. However, these results were consistent with findings reported by 

Fodor et al in their transiently transfected jmjd2b inducible MEFs where they had shown that 

induction of jmjd2b-EGFP decreases H3K9me3 and increases H3K9me1 levels substantially 

[142]. Nevertheless the rise in H3K9me1 in all these cells upon induction of functional jmjd2b 
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and reduction in H3K9me3 suggests that the me1 state is a product of the jmjd2b-mediated 

demethylation of H3K9me3.    

Apart from looking at the mean H3K9me3 immunofluorescence intensity, signals obtained from 

all the induced and non-induced cells following 24 or 48 hours of induction of jmjd2b-EGFP in 

homozygous MEF11 and 48 hours of induction in hemizygous MEF1 cells, were also plotted 

individually in a scatter plot (Figure 4.11) to determine cell to cell variability. Variations were 

seen in the mean and distribution of intensities between homozygous and hemizygous MEFs and 

also between homozygous MEFs induced for 24 and 48 hours which was probably due to the fact 

that immunofluorescence analysis in the three groups were performed as separate experiments on 

different days. Like the ES cells, MEFs showed considerable variability in the levels of 

H3K9me3 in the non-induced state. In non-induced homozygous MEF11 cells after 24 and 48 

hours in culture H3K9me3 relative intensity ranged from 0.003 to 0.06 with mean of 0.013 and 

0.002 to 0.08 with mean of 0.016, respectively while in the hemizygous MEF1 cells relative 

intensity ranged from 0.0005 to 0.02 with mean of 0.004. Consistent with this dynamic state 

upon induction of jmjd2b-EGFP after 24 and 48 hours in homozygous MEF11 cells H3K9me3 

relative intensity ranged from 3.18e-5 to 0.007 with mean of 0.0013 and 0.0001 to 0.006 with 

mean of 0.0016 respectively and after 48 hours of induction in hemizygous MEF1 cells 

H3K9me3 relative intensity ranged from 8.9e-5 to 0.0004 with mean of 0.0006. To determine 

whether the strength of jmjd2b-EGFP induction had any correlation with the level of H3K9me3 

reduction, EGFP signal intensities from 24 hour induced homozygous MEF11 cells were plotted 

against H3K9me3 signal intensity (Figure 4.12). No strong co-relation (R
2
=0.15) was detected 

between EGFP and H3K9me3 signal intensity.  
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Figure 4.7: Immunofluorescence analysis in induced (I) vs. non-induced (NI) jmjd2b-EGFP MEFs. Cells were visualized under phase 

contrast on Olympus BX50 microscope set at 40X magnification and photographed using the Spot RT3 camera. Images were 

processed using the Spot Basic software. (A) Immunofluorescence of H3K9me3 in induced and non-induced homozygous MEF11 

after 24 and 48 hours of induction and in hemizygous MEF1 cells after 48 hours of induction. (B) Immunofluorescence analysis of the 

histone modifications H3K9me1, H3K9me2 and H3K27me3 in homozygous MEF11 cells. 



191 

 

 

 

Figure 4.8: Negative controls for histone modification immunofluorescence analysis in jmjd2b-

EGFP (A) Homozygous MEF11 and (B) Hemizygous MEF1 cells. Cells were co-stained with 

H33342 and the specific secondary antibody i.e. for EGFP with anti-mouse 488 and for the 

histone modifications with anti-rabbit 568. Cells were visualized under phase contrast on 

Olympus BX50 microscope set at 40X magnification and photographed using the Spot RT3 

camera. Images were processed using the Spot Basic software.  NI: non-induced cells; I: induced 

cells. 

 

Figure 4.9: Quantification of H3K9me3 immunofluorescence analysis in jmjd2b-EGFP MEFs. 

H3K9me3 levels were quantified using Image J software in induced and non-induced 

homozygous MEF11 cells after 24 and 48 hours of induction and in hemizygous MEF1 after 48 

hours of induction. The graph shows the normalized mean intensity determined for H3K9me3 in 

each cell type. Data was analyzed by 2-tailed t-tests. Bars with lighter colours represent induced 

group and darker colours represent non-induced group. Lower case characters indicate 

significant differences. (a&b, c&d, e&f, p<0.0001). 
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Figure 4.10: Quantification of H3K9me2, H3K9me1 and H3K27me3 immunofluorescence 

analysis in jmjd2b-EGFP homozygous MEF11 cells. Levels of H3K9me2, H3K9me1 and 

H3K27me3 were quantified using Image J software in homozygous MEF11 induced and non 

induced cells after 24 hours of induction. The graph shows the normalized mean intensity 

determined for each modification. Data was analyzed by 2-tailed t-tests. Lower case characters 

indicate significant differences. (a&b p<0.001). 
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Figure 4.11: Graph represents distribution of H3K9me3 immunofluorescence signals in (A) 

individual induced and non-induced MEF11 homozygous cells following 24 (quantified from 86 

induced and 88 non-induced MEF11 cells) or 48 hours (quantified from 59 induced and 61 non-

induced MEF11 cells) after induction of jmjd2b-EGFP and in (B) MEF1 hemizygous cells after 

48 hours (quantified from 92 induced and 123 non-induced MEF1 cells) of induction.  

A 

B 
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Figure 4.12: Graph represents normalized H3K9me3 intensity vs. normalized EGFP intensity in 

86 induced jmjd2b-EGFP MEF11 cells following 24 hours of induction.  

 

4.5.2 Western blotting analysis: To validate the immunofluorescence analysis; H3K9me3, 

H3K9me2, H3K9me1 and H3K27me3 levels were quantified by the more sensitive western 

blotting analysis. Jmjd2b-EGFP and rtTA homozygous MEF11 and MEF5 cells were induced 

and histones were extracted from the induced and non-induced cells as described in the methods 

section 2.4.9 and subjected to western blotting analysis as described in section 2.4.10. The 

induction rate in cells used for histone preparation was ~80%. Following separation of histones 

on SDS gel and transfer, membranes were probed with H3K9me3, H3K9me2, H3K9me1 and 

H3K27me3 specific antibodies. Only bands specific to the modification were detected and no 

background non-specific signals were observed. For each modification, bands were normalized 

with the H1 isoform band from the Ponceau S stain. Multiple repeats (2 or 3 repeats) were 

performed using each specific antibody. Shown in figure 4.13 are the representative 

immunoblots for each of the analyzed histone modifications. Graphs illustrating the results from 

the quantification of the immunoblots are shown in figure 4.14. For each modification, values in 

the non-induced group were set at baseline 100% and values in the induced group were 

represented as a percentage of non-induced. Induction of jmjd2b significantly reduced H3K9me3 

levels by ~99% (p<0.05) in both MEF 11 and MEF5 cells. In parallel with this decrease in 

H3K9me3, similar to the ES cells, both MEFs also showed an increase in H3K9me1 levels upon 

induction of jmjd2b but varied in their levels of increase. In MEF5, H3K9me1 levels increased 
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by more than 2 fold while in MEF11 it increased by ~70% (p≤ 0.05 for both MEFs). No 

significant differences were seen for H3K9me2 and H3K27me3 levels between induced vs. non-

induced MEFs. Jmjd2b dependent changes on histone modifications in the MEF11 homozygous 

cells were quantified by western and immunofluorescence analysis, with both methods providing 

pretty much similar results with only minor variations. In these cells upon induction of jmjd2b, 

immunofluorescence analysis quantified a decrease in H3K9me3 of 90% while western blotting 

quantified this decrease as 99%. This result was further confirmed in MEF5 cells, where 

H3K9me3 levels also decreased by 99% upon induction of jmjd2b according to western 

quantifications. For H3K9me1 the difference between immunofluorescence and western analysis 

was also minor, in immunofluorescence analysis the increase in its levels upon induction of 

jmjd2b-EGFP was quantified as an increase of 54% while in western analysis quantified this as 

an increase by ~70%.   

The decrease seen in H3K9me3 upon induction of jmjd2b was much greater than what was seen 

in ES cells but was similar to what was reported by Fodor et al in their jmjd2b inducible NIH3T3 

and MEF cells [142]. 
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Figure 4.13: Representative immunoblots of H3K9me3, H3K9me2, H3K9me1 and H3K27me3 

from a single western analysis performed on homozygous MEF11 and MEF5 cells. For each 

modification the top panel (W) is the immunoblot of the modification and the bottom panel (P) is 

the respective Ponceau stained membrane. Red arrows point to the specific histone modification 

in the immunoblot and blue arrows to the H1 isoform band in the respective Ponceau stained 

membrane. Bands for each histone modification and H1 were quantified using Quantity one 

software. (1:MEF11 induced, 2: MEF11 non-induced, 3: MEF5 induced, 4: MEF 5 non-

induced). 
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Figure 4.14: Quantification of western blotting analysis in homozygous MEF 5 and MEF 11 

induced vs. non-induced cells. Bar graphs depict levels in the induced cells expressed as a 

percentage of non-induced. Error bars represent SEM from the respective number of repeats. 

Data was analyzed by 2-tailed paired t-test. Asterisks indicate significant changes. *p≤0.05; 

H3K9me3: 2 repeat, H3K9me2: 2 repeat, H3K9me1: 2 repeat, H3K27me3: 2 or 3 repeats.  

 

4.6 Expression profiling of chromatin remodelling factors and modifiers in induced vs. 

non-induced jmjd2b-EGFP and rtTA homozygous MEF 11 cells: Like in jmjd2b-EGFP ES 

cells, to explore the effects of removal of H3K9me3 upon induction of jmjd2b on the chromatin 

remodelling machinery induced vs. non-induced jmjd2b-EGFP MEFs were analyzed for changes 

in gene expression profile of various chromatin remodelling factors and modifiers using qRT 

PCR arrays. MEF11 cells were induced and induction was confirmed via flow cytometry as 

described in section 2.3.8 and 2.3.9. Induction rate in cells used for RNA extraction was ~80%. 

mRNA was isolated, reverse transcribed to cDNA and analyzed for changes in gene expression 

using the SABioscience mouse epigenetic chromatin remodelling factors or enzymes RT
2
 

Profiler
TM

 PCR arrays as described in sections 2.4.3, 2.4.4 and 2.4.5. Ct values were normalized 
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with the arithmetic mean of five house keeping genes and fold changes were determined as 

described in section 2.4.5. The Ct values for genomic DNA control and reverse transcription 

control included in the array were in the expected range. Data was analyzed by two tailed t-tests. 

Firstly levels of the factors and modifiers in MEF11 cells were compared to the levels in 

functional jmjd2b-EGFP ES cells in the non-induced state to determine whether there are any 

major differences between the two cell types. In this case fold changes in non-induced functional 

jmjd2b-EGFP ES cells were compared to changes in non-induced MEF11 cells.  Next the 

MEF11 cells were analyzed for changes in genes that were altered by induction of jmjd2b. For 

this fold changes in induced MEF11 cells were determined as compared to non-induced MEF11 

cells.  

 

4.6.1 Chromatin remodelling factors: Chromatin remodelling factors play an important role in 

remodelling interactions between DNA and histones, and other chromatin based process like 

recombination and DNA repair. The mouse epigenetic chromatin remodelling factor RT
2
 

Profiler
TM

 PCR profiles the expression of 84 key chromatin remodelling factors. These 

remodelling factors as mentioned previously in the ES cell section can be classified into 10 

different families; the polycomb group genes, chromobox proteins, chromodomain proteins, 

bromodomain proteins, plant homeodomain finger proteins, inhibitors of growth, methyl CpG 

binding proteins, zing finger factor, SWI/SNF complex and nucleosome remodelling and histone 

deacetylase complex. The distinct families have been colour coded in figures 4.15 and 4.16. 

Names and classification of these 84 chromatin factors are listed in appendix II. Expression 

patterns of these 84 factors were first compared between functional jmjd2b-EGFP ES and 

MEF11 cells in the non-induced state. Induced and non-induced MEF11 cells were then 

compared to determine expression of which genes are altered by induction of the demethylase.  

 

4.6.1.i Chromatin remodelling factors in functional jmjd2b-EGFP ES cells and MEF11 

cells in the non-induced state: Significant differences between ES and MEF11 cells were seen 

for ~95% of the remodelling factors analyzed. The heat map and fold changes in ES cells 

compared to MEF11 for the 84 factors are shown in figure 4.15. The distinct families have been 

colour coded in the layout of the heat map shown in figure 4.15B. Fold changes were determined 

in ES cells compared to MEF11. The vast majority (68/84) of the analysed genes displayed 
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higher levels in ES cells. 46 genes showed fold changes ranging from greater than 1 to 10, 21 

genes showed fold changes ranging from 11 to 100. The polycomb gene Rnf2 was an exception 

and showed an exceptional increase of a few thousand fold in ES cells compared to MEF11. 

Very few genes (14/84) showed lower expression profile in ES cells compared to MEF11. Two 

genes the bromodomain factor Brdt and the chromobox factor Cbx7 showed Ct values of above 

35 in MEF11 cells and were similar to that obtained in negative controls indicating that these 

genes are not present at detectable levels in MEF11.  
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A.                                                                B.   

 

 

 

 

Figure 4.15: Differences in expression pattern of chromatin remodelling factors between functional jmjd2b-EGFP ES and MEF11 

cells in the non-induced state. (A) qRT PCR heat map and the (B) layout and fold change values of chromatin remodelling factors in 

non-induced functional jmjd2b-EGFP ES vs. non-induced MEF11 cells. Black indicates no-change in expression (fold change 1), 

shades of red indicate increase in expression (fold change above 1) and shades of green indicate decrease in expression (fold change 

below 1). In the layout the genes have been coloured coded according to which family they belong. Fold changes were calculated from 

3 or 4 replicates as described in section 2.3.5 and significance was determined by 2 tailed t-tests. Asterisks denote significant 

difference in expression between induced vs. non-induced cells. *p<0.05, **p≤0.01, ***p≤0.001. Yellow: Polycomb genes; 

Fluorescent blue: Chromobox genes; Pink: Plant homeodomain finger proteins; Blue: Inhibitors of growth; Peach; Methyl CpG 

binding factors; Orange: Nucleosome remodelling and deacetylase complex; Gray: Zinc finger protein; Brown: Chromodomain 

factors; Green: Bromodomain factors; Purple: SWI/SNF complex. ¥ Cbx7 and Brdt were not detected in MEF11 cells.     
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4.6.1.ii Chromatin remodelling factors in induced vs. non-induced MEF11 cells: The 

expression pattern of the 84 factors were also compared between induced and non-induced 

MEF11 cells to identify genes that were altered as result of induction of jmjd2b-EGFP in these 

cells. Induced and non-induced MEF11 cells were analyzed in quadruplicates. The heat map and 

fold changes are shown in figure 4.16. Brdt and Cbx7 were two genes that were not detected in 

either induced or non-induced MEF11 cells. Of the 82 genes detected, expression changes were 

seen in ~75% of them. However, in spite of the comparatively greater reduction in H3K9me3 in 

MEF11 than in ES cells, with the exception of Chd4, only small changes were seen with fold 

change values ranging from 0.6 to 1.4 fold. Chd4 showed the greatest change with a fold change 

value of 0.3 but this result was not significant. Unlike ES cells, where equal frequency of up and 

down regulation of genes were seen; in MEF11 most of the remodelling factors were down-

regulated as a result of jmjd2b-EGFP induction. Significant changes were detected in 17 (18%) 

remodelling factors upon induction of jmjd2b-EGFP. These genes were Brpf1, Brwd2, Cbx4, 

Cbx5, Cbx6, Cbx8, Chd3, Chd6, Chd8, Ctbp1, Ctcf, Nsd1, Pcgf1, Phf2, Phf7, Mbd3 and Spen. 

All 17 genes were down-regulated but changes seen were very small with fold change values 

ranging from 0.6 to 0.9 fold. NsdI was one gene that was analyzed in both chromatin 

remodelling factor and modifier array. But results from both arrays were inconsistent; hence 

changes in this gene could not be considered as an effect of jmjd2b activity. A similar 

inconsistent result for NsdI between the two arrays was also seen in functional jmjd2b-EGFP ES 

cells. Changes in expression of the genes that showed significant changes in MEF11 upon 

induction of jmjd2b-EGFP; excluding Nsd1, are represented as bar graphs in figure 4.17. Fold 

changes were calculated as described in section 2.4.5. Levels in the non-induced group were set 

at baseline 100% and fold changes observed in the induced cells were represented as percentages 

of the non-induced group. Of these 16 candidate genes; in ES cells only Cbx6, Chd3, Phf2 and 

Mbd3 had shown significant changes upon induction of functional jmjd2b-EGFP in these cells. 

But in ES cells while induction of functional jmjd2b-EGFP had resulted in a similar decrease in 

Mbd3 by 35%; levels of Cbx6, Chd3 and Phf2 had increased by 1.6 to 2 fold. In ES cells small 

increases were also seen for Brpf1, Brwd2, Cbx4, Cbx5, Cbx8, Chd8, Ctbp1, Ctcf and Pcgf1 but 

these changes were not significant. Phf7 and Spen showed similar fold changes in both MEF11 

and functional jmjd2b-EGFP ES cells but these results were not significant in ES cells. For ES 

cells, the genes that were affected by doxycycline could be dissected out by comparing the 
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results from functional jmjd2b-EGFP ES cells to that obtained from mutant jmjd2b-EGFP cells. 

However, in case of the MEFs, since no mutant jmjd2b-EGFP mice could be generated; no 

control mutant jmjd2b-EGFP MEF lines were available to make such a comparison and identify 

genes altered by doxycycline. Hence, the changes seen in some of these identified genes could 

have been due to an affect of doxycycline.  

Overall global changes in the different families of chromatin remodelling factors were also 

examined. Majority of members of the polycomb, chromobox, bromodomain, chromodomain, 

nucleosome remodelling and deacetylase and inhibitors of growth family showed small 

decreases in MEF11 cells as a result of induction of jmjd2b-EGFP. In ES cells while inhibitors 

of growth also a showed a similar global trend of decrease, changes seen in the other families 

varied. For chromodomain and nucleosome remodelling and deacetylase families; unlike MEF11 

cells, a trend of increase for most members was seen in ES cells. However, Spen was one of the 

exceptions which showed a small decrease like that seen in MEF11 upon induction of functional 

jmjd2b-EGFP in ES cells. In the case of the polycomb, bromodomain and chromobox families 

both up and down regulation was seen in ES cells upon induction of functional jmjd2b-EGFP.  

In the plant homeodomain finger protein family, while Phf1, Phf3 and Phf13 increased by 10-

20%, all other genes in this family decreased by 14-30% upon induction jmjd2b-EGFP in 

MEF11. In ES cells while similar changes were seen for most of these genes, two exceptions 

were Phf2 and Phf3. In contrast to MEF11 cells, Phf2 increased by 2 fold and Phf3 decreased 

slightly (fold change value 0.7) upon induction of functional jmjd2b-EGFP in ES cells. In the 

family of methyl CpG binding factors, while Mbd1 and Mbd4 showed small increases other 

methyl CpG factors decreased upon induction of jmjd2b-EGFP in MEF11 cells. The overall 

changes seen in for methyl CpG binding factors were similar to that seen in ES cells upon 

induction of functional jmjd2b-EGFP.Ctcf was the only zinc finger chromatin remodelling factor 

analyzed and its level decreased upon induction of jmjd2b-EGFP in MEF11 cells. In both ES 

cells and MEF11, none of the members of the SWI/SNF complex displayed any statistically 

significant changes.  

Thus overall it appears that induction of jmjd2b-EGFP in MEF11 stimulates decreases in most 

members of the polycomb, chromobox, bromodomain, chromodomain, nucleosome remodelling 

and deacetylase, inhibitors of growth, plant homeodomain finger protein and methyl CpG 

binding families. 
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A.                                                                B.  

  

 

 

 

Figure 4.16: Changes in chromatin remodelling factor upon induction of jmjd2b-EGFP in homozygous MEF11 cells. (A) qRT PCR 

heat map and the (B) layout and fold change values of chromatin remodelling factors in induced vs. non-induced jmjd2b-EGFP 

MEF11 cells. Black indicates no-change in expression (fold change 1), shades of red indicate increase in expression (fold change 

above 1) and shades of green indicate decrease in expression (fold change below 1). In the layout the genes have been colour coded 

according to which family they belong. Fold changes were calculated from 4 replicates as described in section 2.4.5 and significance 

was determined by 2 tailed t-tests. Asterisks denote significant difference in expression between induced vs. non-induced cells. 

*p<0.05, **p≤0.01. Yellow: Polycomb genes; Fluorescent blue: Chromobox genes; Pink: Plant homeodomain finger proteins; Blue: 

Inhibitors of growth; Peach; Methyl CpG binding factors; Orange: Nucleosome remodelling and deacetylase complex; Gray: Zinc 

finger; Brown: Chromodomain factors; Green: Bromodomain factors; Purple: SWI/SNF complex. Shown in grey in the heat map are 

Cbx7 and Brdt which were not detected in induced and non-induced MEF11 cells.     
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Figure 4.17: Expression profile of 16 candidate chromatin remodelling factors significantly affected by induction of jmjd2b-EGFP in 

homozygous MEF11 cells. Levels in the non-induced cells have been set at baseline 100% and fold changes in induced cells, have 

been represented as a percentage of non-induced. Error bar represent SEM from 4 replicates. Data was analyzed by 2 tailed t-test. 

Asterisks denote significant difference in expression between induced vs. non-induced cells. *p≤0.05, **p≤0.01.  

* 
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4.6.2 Chromatin modifiers: The mouse epigenetic chromatin remodelling enzymes RT
2
 

Profiler
TM

 PCR array that profiles the expression of 84 key chromatin remodelling enzymes was 

used. The 84 enzymes can be grouped into eight families; histone acetyltransferases, histone 

deacetylases, histone phosphorylases, histone ubiquitnases, histone deubiquitinases, histone 

methyltransferases, histone demethylases and DNA methyltransferases. The distinct families 

have been colour coded in figures 4.18 and 4.19. Names and classification of these 84 chromatin 

modifiers are listed in appendix III. Similar to the analysis done for the chromatin remodelling 

factor array expression pattern of these 84 modifiers were first compared between functional 

jmjd2b-EGFP ES and MEF11 cells in the non-induced state. All 84 modifiers were detected in 

both MEF11 and ES cells. Induced and non-induced MEF11 cells were then compared to 

determine genes that were altered by induction of the demethylase in these cells.  

 

4.6.2.i Chromatin modifiers in functional jmdj2b-EGFP ES and MEF11 cells in the non-

induced state: Similar to the chromatin remodelling factors in both cell types significant 

differences were seen in the expression pattern for majority of the modifiers. The heat map and 

fold changes in non-induced functional jmjd2b-EGFP ES cells compared to non-induced MEF11 

cells for the 84 modifiers are shown in figure 4.18. The distinct families have been colour coded 

in the layout of the heat map shown in figure 4.18B. Significant differences were seen in ~70% 

of the genes. Fold changes are represented as changes in ES cells compared to MEF11. Vast 

majority (59/84) displayed higher expression profile in ES cells compared to MEF11. Overall 54 

genes displayed fold changes ranging from greater than 1 to 10 fold. Two genes namely Esco2 

and Smyd1 were present at 11 and 21 fold higher levels in ES cells compared to MEF11. Aurkc, 

Prmt8 and Dnmt3b were exceptions in that they showed substantially higher levels of 200 to 300 

fold higher levels in ES cells compared to MEF11. Very few genes in the different families 

(14/84) were expressed at lower levels in ES cells compared to MEF11. Thus overall modifiers 

involved in generating both repressive and activating marks are expressed at higher levels in ES 

cells compared to MEF11 cells.  
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A.                                                                 B.   

 

 

 

 

Figure 4.18: Differences in expression pattern of chromatin remodelling modifiers between functional jmjd2b-EGFP ES and MEF11 

cells in the non-induced state. (A) qRT PCR heat map and the (B) layout and fold change values of chromatin remodelling modifiers 

in non-induced functional jmjd2b-EGFP ES vs. MEF11 cells. Black indicates no-change in expression (fold change 1), shades of red 

indicate increase in expression (fold change above 1) and shades of green indicate decrease in expression (fold change below 1). In the 

layout the genes have been colour coded according to which family they belong. Fold changes were calculated from 2 or 4 replicates 

as described in section 2.4.5 and significance was determined by 2 tailed t-tests. Asterisks denote significant difference in expression 

between induced vs. non-induced cells. *p<0.05, **p≤0.01, ***p≤0.001. Fluorescent blue: histone acetyltransferases; Pink: histone 

deacetylases; Green: Histone phosphorylases; Yellow: Histone ubiquitinases; Orange: Histone deubiquitinases; Peach: Histone 

methyltransferases; Gray: Histone demethylases; Brown: DNA methyltransferases.     
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4.6.2.ii Chromatin modifiers in induced and non-induced jmjd2b-EGFP MEF11 cells: 

Expression pattern of these 84 modifiers were also compared between induced and non-induced 

MEF11 cells to identify genes altered as result of induction of jmjd2b-EGFP in these cells. 

Induced and non-induced MEF11 cells were analyzed in quadruplicates. All 84 modifiers were 

detected in both induced and non-induced MEF11 cells. The heat map and fold changes are 

shown in figure 4.19. Changes were seen in ~75% of these genes and like with the array for 

chromatin remodelling factor only small changes (fold changes values ranging from 0.5 to 1.5 

fold) were seen. One exception was Prmt8 which decreased significantly by 95% upon induction 

of jmjd2b-EGFP. Significant changes were seen in 21 modifiers; Aof2, Atf2, Aurka, Aurkb, 

Dnmt1, Esco1, Hat1, Hdac1, Hdac10, Hdac2, Hdac3, Hdac6, Hdac7, Nsd1, Prmt2, Prmt6, 

Prmt7, Prmt8, Setd4, Setd6, and Usp21. Except Prmt8 all others were up-regulated as a result of 

jmjd2b-EGFP induction in MEF11 cells. Nsd1 as mentioned previously showed inconsistent 

results in both arrays; hence changes in this gene were not considered as specific to jmjd2b 

activity.  Changes in expression of the modifiers that showed significant changes in MEF11 upon 

induction of jmjd2b-EGFP; excluding Nsd1, are represented as bar graphs in figure 4.20. Fold 

changes were calculated as described in section 2.4.5. Levels in the non-induced group were set 

at baseline 100% and fold changes observed in the induced cells were represented as percentages 

of the non-induced group. The most profound change was seen in Prmt8, which showed a 

decrease in levels by 95% upon induction of jmjd2b-EGFP in MEF11. No change was seen in 

this enzyme in ES cells upon induction of functional jmjd2b-EGFP. In the non-induced state this 

gene was found to be expressed at much higher levels (205 times higher) in ES cells compared to 

MEF11. Of these 20 modifiers, only Hdac2 had shown a significant change in ES cells upon 

induction of functional jmjd2b-EGFP. But in contrast to the 1.37 fold increase in MEF11, in ES 

cells its levels had only increased by 1.08 fold. Patterns of increase for Hdac1, Hdac3, Hdac6, 

Hdac7 and Hdac10 were also seen in ES cells upon induction of functional jmjd2b-EGFP; but 

compared to MEF11 where these genes showed 1.3 to 1.44 fold increases, in ES cells these 

genes only increased by 1.09 to 1.27 fold. Like in MEF11 a small increase was also seen for 

Prmt2 in ES cells upon induction of functional jmjd2b-EGFP. In ES cells, all other modifiers that 

showed significant change in MEF11 upon induction of jmjd2b-EGFP; did not show any major 

alteration and displayed fold change values ranging from 0.84 to 1.07. For ES cells, as 

mentioned before due to the presence of mutant jmjd2b-EGFP expressing cell line, genes 
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affected by doxycycline could be dissected and modifiers specifically regulated by the activity of 

the demethylase could be identified. However, in MEFs, since a control line expressing mutant 

jmjd2b-EGFP could not be generated it was not possible to identify genes affected by 

doxycycline. Hence, some of the changes seen in the 20 identified modifiers could have also 

been influenced by doxycycline.  

Overall global changes in the eight families of chromatin modifiers were also examined. In the 

acetyltransferase family out of the 17 members, increases were seen in 13 acetyltransferases 

upon induction of jmjd2b-EGFP. The exceptions were Citta, Myst2, Myst3 and Ncoa1 which 

decreased; and Cdyl and Kat5 that were unaltered. In ES cells 8 modifiers in this family had 

shown small increases upon induction of functional jmjd2b-EGFP. Trends of increase in most 

members were also seen in the histone deacetylase, phosphorylase and deubiquitinase families 

upon induction of jmjd2b-EGFP in MEF11 cells. Similar trend of increase in most members of 

these three families were also seen in ES cells upon induction of functional jmjd2b-EGFP.  

Majority of the histone ubiquitnases were unaltered by the activity of the demethylase in both 

MEF11 and functional jmjd2b-EGFP ES cells.  

In the histone methyltransferase family, only changes in Prmts which are histone arginine 

methyltransferases stood out. Most of the Prmts expect Prmt8 showed a trend of increase upon 

induction of jmjd2b-EGFP in MEF11 cells. No major changes or similar trends were seen for 

other histone methyltransferases. In contrast in ES cells, Prmts were unaltered by the 

demethylase activity of jmjd2b.  

Among the histone demethylases, in MEF11 only major change was seen for Aof2 which 

increased by 40% upon induction of jmdj2b-EGFP. In ES cells Jarid1c was the demethylase that 

showed a significant change. Among the three DNA methyltransferases, only Dnmt1 increased 

while Dnmt3a and Dnmt3b remained unaltered. In ES cells no significant changes were seen in 

any of the DNA methyltransferases.  

Thus overall induction of jmjd2b-EGFP in MEF11 appears to stimulate small increases in a 

number of histone acetyltransferases, deacetylases, phosphorylases, histone arginine 

methyltransferases and the DNA methyltransferase Dnmt1.  
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A.                                                                   B.  

 

 

 

 

Figure 4.19: Changes in chromatin remodelling modifiers upon induction of jmjd2b-EGFP in homozygous MEF11 cells. (A) qRT 

PCR heat map and the (B) layout and fold change values of chromatin remodelling modifiers in induced vs. non-induced jmjd2b-

EGFP MEF11 cells. Black indicates no-change in expression (fold change 1), shades of red indicate increase in expression (fold 

change above 1) and shades of green indicate decrease in expression (fold change below 1). In the layout the genes have been colour 

coded according to which family they belong. Fold changes were calculated from 4 replicates as described in section 2.3.5 and 

significance was determined by 2 tailed t-tests. Asterisks denote significant difference in expression between induced vs. non-induced 

cells. *p<0.05, **p≤0.01. Fluorescent blue: histone acetyltransferases; Pink: histone deacetylases; Green: Histone phosphorylases; 

Yellow: Histone ubiquitinases; Orange: Histone deubiquitinases; Peach: histone methyltransferases; Gray: Histone demethylases; 

Brown: DNA methyltransferases.     
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Figure 4.20: Expression profile of 20 candidate chromatin remodelling modifiers significantly affected by induction of jmjd2b-EGFP 

in homozygous MEF11 cells. Levels in the non-induced cells have been set at baseline 100% and fold changes in induced cells, have 

been represented as a percentage of non-induced. Error bars represent SEM from 4 replicates. Data was analyzed by 2 tailed t-test. 

Asterisks denote significant difference in expression between induced vs. non-induced cells.  *p≤0.05, **p≤0.01. 
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4.7 Nuclear transfer with induced vs. non-induced functional or mutant jmjd2b-EGFP: 

Following generation and characterization of jmjd2b-EGFP and rtTA homozygous MEFs, they 

were used as donors in NT. For NT, MEF11 cells were induced and metaphase arrested as 

described in section 2.3.10. Induction was confirmed via flow cytometry as described in section 

2.3.8 and induction ranged from 70% to 84% between experiments. NT runs using MEFs and the 

subsequent embryo cultures were kindly performed by Dr Jingwei. To determine when the 

jmjd2b mediated reduction in H3K9me3 levels in the donor nucleus is restored, NT reconstructs 

from induced and non-induced MEFs were fixed and analyzed for H3K9me3 

immunofluorescence signals at various stages. Next, in vitro development of induced and non-

induced MEF derived NT reconstructs were compared. In this case reconstructs from both 

groups were cultured in vitro up to embryonic day four and embryo development, measured as 

the number of blastocysts and morulae obtained, was determined. The idea of these experiments 

was to compare the developmental potential of donor MEF cells with reduced level of H3K9me3 

vs. MEFs with steady state H3K9me3, hence doxycycline, the ligand used for inducing jmjd2b, 

was kept in the culture media of induced cells until the donor cells were fused to the oocytes, 

thereafter reconstructs were cultured in doxycycline free media. Day four embryos were also 

transferred to pseudo-pregnant recipients to compare in vivo developmental potential between 

NT embryos produced with induced and non-induced MEF cells.   

 

4.7.1 H3K9Me3 levels in cloned embryos generated from jmjd2b-EGFP MEF11 cells: To 

determine, when the reduced level of H3K9me3 seen in jmjd2b induced MEF donor cells gets 

reprogrammed during NT, reconstructs generated from induced and non-induced MEF11 cells 

were fixed and co-stained with H33342 (to visualize DNA), mouse anti-EGFP and rabbit anti-

H3K9me3 antibodies at various stages as described in method section 2.4.8.iii. Figure 4.21 

shows the H3K9me3 immunofluorescence signals in induced and non-induced MEF donor cells 

and NT reconstructs produced with these cells at the couplet stage, 10 minutes post fusion, 1 

hour post fusion, 8 hours post fusion and at the 2-cell stage. At the interphase stage, jmjd2b-

EGFP induced MEF11 cells show reduced level of H3K9me3 compared to the non-induced 

MEF11 cells (Figure 4.21A). The induced cells still show reduced level of H3K9me3 compared 

to non-induced cells at the couplet stage when metaphase arrested donor cells are attached to the 

enucleated oocytes (6 induced and 3 non-induced couplets) (Figure 4.12B). Ten minutes after 
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fusion of the MEF11 donor cells with the oocytes, similar to what was seen in NT reconstructs 

generated from functional jmjd2b-EGFP ES cells, the EGFP signal disappears (Figure 4.21C). 

No observable differences could be seen in H3K9me3 signals between induced and non-induced 

reconstructs after 10 minutes (5 induced and 6 non-induced reconstructs) (Figure 4.21C), one 

hour (8 induced and 9 non-induced reconstructs) (Figure 4.21D), 8 hours post fusion (10 induced 

and 5 non-induced reconstructs) (Figure 4.21E) and at the 2 cell stage (2 induced and 4 non-

induced 2-cell stage NT embryos) (Figure 4.21F). After fusion, H3K9me3 signals showed 

similar patterning or dynamics to what was seen with functional jmjd2b-EGFP ES cell 

reconstructs. Like in the ES cell reconstructs, eight hours after fusion in both induced and non-

induced MEF reconstructs, H3K9me3 signals in the extruded polar body is much higher than in 

the retained cytoplasmic nucleus.  Likewise, at the two-cell stage nuclear H3K9me3 signals 

showed a decrease in both induced and non-induced MEF11 reconstructs which was similar to 

the observations with ES cell reconstructs. H3K9me3 immunofluorescence signals relative to 

area in early stages were also quantified. The quantification of the immunofluorescence signals 

are represented as bar graphs in figure 4.22. Differences between induced and non-induced 

groups were determined by 2 tailed t-tests. At the interphase stage, normal cycling donor cells 

show ~90% reduction (p<0.0001) in H3K9me3 immunofluorescence signals upon induction of 

jmjd2b-EGFP. At the couplet stage, the reduction in H3K9me3 in induced metaphase donor cells 

compared to non-induced metaphase donor cells is ~80% (induced vs. non-induced 0.00096 vs. 

0.005; p<0.05). 10 minutes after fusion, although not significant,  H3K9me3 signals in induced 

group are 74% (induced vs. non-induced 0.0027 vs. 0.0037) of the levels in the non-induced 

however one hour after fusion induced group no longer maintained reduced level of H3K9me3 

levels compared to non-induced.  
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Figure 4.21: H3K9me3 levels in functional jmjd2b-EGFP induced and non-induced MEF11 

donor cells (A) and nuclear transfer reconstructs: (B) at the couplet stage when donor cells are 

attached to the enucleated oocyte, (C) 10 minutes after fusion of the donor cell with the 

enucleated oocyte, (D) 1 hour post fusion, (E) 8 hours post fusion or immediately after 

activation, (F) 2 cell stage or 24 hours after fusion. 
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Figure 4.22: Quantification of H3K9m3 immunofluorescence in induced and non-induced 

interphase stage jmjd2b-EGFP MEF11 donor cells and in corresponding nuclear transfer 

reconstructs at the couplet stage, 10 minutes and one hour post fusion. Error bars represent SEM.  

Lower case characters indicate significant differences. a&b p<0.0001, c&d p<0.05.  

 

4.7.2  In vitro development following nuclear transfer with induced and non-induced 

jmjd2b-EGFP and rtTA homozygous MEF 11 cells: To compare the in vitro developmental 

potential of induced vs. non-induced MEF11 donor cells, NT reconstructs produced with these 

cells were cultured by Dr Jingwei in vitro until day four in the absence of doxycycline and 

embryo development was scored. Results were analyzed by Fisher 2x2 test and are represented 

as bar graphs in figure 4.23. Rate of development to blastocysts and morulae was determined as 

the percentage of reconstructs that extruded a single polar body. Like in NT with functional 

jmjd2b-EGFP ES cells higher development rates were seen with induced MEF11 cells compared 

to non-induced MEF11 cells. Overall reconstructs generated from induced MEF11 cells gave 

higher number of morulae, blastocyst and showed higher total development compared to non-

induced MEF11. Induced donor MEF11 cells resulted in 3% higher number of morulae 

compared to non-induced MEF11 cells (induced vs. non-induced 19/192=10% vs. 11/152=7%). 

However, non-induced MEF11 donor cells were only able to generate 3 blastocysts from a total 

of 152 (2%) reconstructs while NT with induced MEF11 cells resulted in 38 blastocysts from 

total of 192 (20%), indicating that NT with induced MEF11 cells results in 10 fold higher 

number of blastocysts than with non-induced MEF11 (p=0.034). Overall total development rates 

which is the sum of morulae and blastocysts generated, was three fold higher when using MEF11 
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induced cells compared to non-induced cells (induced vs. non-induced 14/152=9% vs. 57/152= 

30% p=0.029). The effect of using jmjd2b-EGFP induced donor cells in improving in vitro 

development of NT reconstructs was much greater in MEF11 cells compared to ES cells. In ES 

cells while use of functional jmjd2b-EGFP induced ES cells resulted in a similar increase in the 

number of morulae (2%), the increase in the number of blastocysts was only by 8% and overall 

increase in total development was only 10% compared to non-induced ES cells. Development 

rates to blastocysts and total development achieved with non-induced somatic MEF11 cells was 

low compared to that achieved with pluripotent non-induced functional jmjd2b-EGFP ES cells 

(MEF11 vs. ES 2% vs. 22% for blastocysts and 9% vs. 34% for total development). But a 

remarkable finding seen in MEF11cells was that following induction of jmjd2b-EGFP and the 

use of these induced MEF11 cells in NT resulted in developmental rates to blastocysts and total 

development similar to that seen with non-induced functional jmjd2b-EGFP ES cells. These 

results indicate that induction of jmjd2b-EGFP in MEF11 cells lifts their developmental potential 

to that obtained with non-induced functional jmjd2b-EGFP pluripotent ES cells.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23: In vitro development to blastocysts and morulae following NT with induced and 

non-induced jmj2b-EGFP and rtTA homozygous MEF11 cells. Bar graphs represent the 

percentage of total reconstructs that develop to morulae and blastocysts. Total development 

represents the sum of blastocysts and morulae. Values are a sum of 7 repeats ± SEM. 

Significance was determined by Fisher 2x2 test. Lower case characters indicate significant 

differences (a&b p=0.034, c&d p=0.029). 
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4.7.3 In vivo development following nuclear transfer with induced vs. non-induced MEF 11 

donor cells: In mice multiple pregnancies are normal; hence typically 6 to 8 embryos are 

transferred to each oviduct or uterine horn. NT with non-induced MEF11 cells resulted in poor 

developmental hence sufficient numbers of morulae or blastocysts from each NT run could not 

be generated to carry out embryo transfers and evaluate in vivo development of non-induced 

MEF11 derived NT reconstructs. To determine the in vivo developmental potential of induced 

MEF11 NT reconstructs, 33 day 4 embryos were transferred either to the oviduct of day 0.5 or 

the uterus of day 2.5 pseudo-pregnant recipients. Oviduct embryos transfers were performed by 

Ric Broadhurst and uterine transfers by Dr Rosemary Thresher. However, no pregnancies were 

established and as a result no live cloned pups were obtained.  

 

4.8 Summary of key findings: In this chapter I have presented the results obtained during 

generation of homozygous jmjd2b-EGFP MEFs from transgenic mice, their characterization and 

use as donor cells for NT. The results described here have shown that induction of jmjd2b-EGFP 

in MEFs results in a greater reduction of H3K9me3 compared to ES cells (99% vs.65%) and this 

greater reduction in MEFs translates into a 3 fold increase in overall in vitro development into 

cloned embryos compared to ES cells where the 65% decrease in H3K9me3 translates only into 

a 10% increase in overall in vitro development.  

The key findings were: 

 Induction of jmjd2b-EGFP: 1 µg/ml of doxycycline for 24 or 48 hours was sufficient for 

inducing maximum number of (80-84%) cells. Relative qRT PCR analysis demonstrates 

that induction of jmjd2b in MEF11 cells results in a considerable increase in transgene 

derived jmjd2b by 150 fold compared to endogenous jmjd2b. Switch off in jmjd2b-EGFP 

expression in MEF11 cells following removal of doxycycline was slower than in ES 

cells. 

 Induction of jmjd2b-EGFP in MEF cells reduces H3K9me3. Upon induction of jmjd2b-

EGFP, H3K9me3 levels decrease significantly by 85-90% as quantified by 

immunofluorescence analysis and by 99% as quantified by western blotting analysis in 

MEF11 cells. Concomitant with the decrease in H3K9me3 levels, H3K9me1 levels 
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increase in MEF11 cells by 54% and 70% in immunofluorescence analysis and western 

blotting analysis respectively.  

 Evaluation of expression profile of various chromatin remodelling factors and modifiers 

in MEF11 cells compared to functional jmjd2b-EGFP ES cells in the non-induced state, 

revealed that majority of chromatin remodelers were expressed at lower levels in MEFs 

than in ES cells in the non-induced state.   

 Expression profiling of chromatin remodelling factors and modifiers between induced 

and non-induced MEF11 cells revealed that in spite of the greater decrease in H3K9me3 

in these cells, similar to that seen in ES cells only small to moderate changes were seen. 

For chromatin remodelling factors, the majority of the members showed trends of 

decreased expression. In the chromatin modifiers, most genes showed tendency of 

moderate up-regulation. Prmt8 was one of the exception which decreased profoundly by 

95% upon induction of jmjd2b-EGFP in MEF11.   

 Reduced level of H3K9me3 seen in donor MEF11 cells was restored to non-induced 

levels one hour post fusion during NT. 

 Induction of jmjd2b-EGFP in MEF11 cells increases in vitro development of NT 

reconstructs. Donor MEF11 cells induced for jmjd2b-EGFP gave 10 fold higher number 

of blastocysts and three fold higher overall development than non-induced MEF11 cells. 

In spite of the higher in vitro reprogramming efficiency, no live mice could be produced 

with induced MEF11 donor cells. Most likely, the small number of embryos transferred 

had a major impact on this outcome. 
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4.9 Discussion: This section will discuss the key findings involved in the induction of jmjd2b in 

the generated jmjd2b-EGFP MEFs, their characterization and their use as donors in NT.  

 

4.9.1 Induction of jmjd2b-EGFP in homozygous MEF11 cells:  Since the homozygous and 

hemizygous jmjd2b-EGFP MEFs were generated from transgenic mice which were bred from a 

jmjd2b-EGFP ES cell generated chimera they contain all the features of the jmjd2b-EGFP tet 

inducible system present in the jmjd2b-EGFP ES cells. Consistent with the results seen in 

jmjd2b-EGFP ES cells, upon exposure to doxycycline a large population of cells were induced 

for jmjd2b-EGFP in all derived homozygous MEF lines. Similar induction rates were observed 

in all 11 homozygous MEF lines (Figure 4.4 and table 4.1). However, for subsequent analysis, 

MEF11 was primarily chosen because it appeared to grow relatively well in culture and was one 

of the lines that showed a high induction rate in the initial analysis.  

While some induction characteristics in the MEF11 cells were similar to that seen in ES cells, a 

unique feature was that unlike ES cells where maximum induction rate of 94% could only be 

achieved after exposure to doxycycline for 48 hours; in case of MEF11 cells maximum induction 

rate of 84% was achieved already after 24 hours of culture in doxycycline and this was 

maintained even after 48 hours of culture in doxycycline (Figure 4.5A). The reason for this 

difference is not clear, but it could be speculated that differences in the way these two cell types 

grow in culture may have been a contributing factor. MEFs are flat elongated cells that grow by 

spreading out which probably allows easier access for doxycycline and elicits a quicker response 

than in ES cells which are small round cells that grow in tightly formed colonies with cells piling 

on top of each other. However, the initial high induction rate was not maintained and similar to 

the observation in ES cells decreased during prolonged culture in doxycycline (Figure 4.5A). As 

mentioned in the jmjd2b-EGFP ES cell chapter section 3.11.2 the reason for this decrease in 

jmjd2b-EGFP induction is not known and this is the first time that such a decrease in tet 

induction of the transgene over time has been described. Induction rates obtained for MEF11 in 

most cases were similar to that seen for ES cells but maximum induction rates of ≥90% were 

never obtained in MEFs. However, for all qRT and western analysis in both ES and MEF11 cells 

RNA and histone extracts were prepared from cells that showed induction rates of at least 80%.  

Like for ES cells, induction of jmjd2b-EGFP and the expression level of endogenous jmjd2b in 

MEF11 cells were also confirmed by qRT PCR analysis. Transcript level of endogenous and 
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transgene derived jmjd2b was determined relative to the house keeping gene GAPDH. Relative 

levels of endogenous jmjd2b was found to be expressed at similar levels in induced and non-

induced MEF11 cells, and on comparing to functional jmjd2b-EGFP ES cells no significant 

differences were seen (Figure 4.6A). Thus these results indicate, that induction of transgene 

derived jmjd2b does not appear to influence transcription of endogenous jmjd2b and that the 

demethylase is expressed at similar levels in both cell types in the native state. Upon induction of 

jmjd2b-EGFP, relative expression of the transgene derived jmjd2b compared to relative levels of 

endogenous jmjd2b was found to be 150 fold higher. This was in contrast to that seen in ES cells 

where induction of jmjd2b had only resulted in an increase in relative levels of transgene derived 

jmjd2b by 85 fold compared to relative levels of endogenous jmjd2b. In both cell types, 

induction rate in cells used for RNA extraction was similar of ~80%. Thus it appears that in spite 

of comparable induction rates, higher amount of transgene derived jmjd2b is produced in MEF11 

cells upon induction of jmjd2b-EGFP. The reason for this difference in tet-induction of the 

transgene between the two cell types is not known. Higher levels produced in MEF11 cells upon 

exposure to doxycycline could have been due to the easy accessibility of doxycycline.  

Switch off in jmjd2b-EGFP expression was also examined in MEF11 cells. In contrast to ES 

cells where removal of doxycycline results in a complete switch off within 24 hours, in MEF11 

24 hours after removal of doxycycline the switch off in transgene expression was much slower 

(Figure 4.5B). This difference between the two cell types was probably due to difference in their 

growth rates. ES cell have a high growth rate with a doubling time of 12-14 hours [234] while 

MEFs have a doubling time of around 24 hours [259], hence it is likely that in MEFs more of the 

older parental cells in which EGFP was expressed is still present after 24 hours in culture while 

in ES cells these older parental cells are completely replaced with new cells after 24 hours. 

 

4.9.2 Induction of jmjd2b-EGFP reduces H3K9me3 in MEFs: Induction of jmjd2b-EGFP in 

MEFs resulted in a substantial decrease in H3K9me3 by 85-90% as measured by 

immunofluorescence analysis (Figures 4.7 and 4.9). This decrease was irrespective of the 

number of copies of the transgene as similar levels of decrease were seen in both hemizygous 

and homozygous MEF lines, indicating that only one copy of the transgenes were sufficient for 

inducing maximum reduction in H3K9me3. The results were also confirmed by western analysis 

on bulk histones prepared from homozygous MEF lines. However, in western analysis this 
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decline was quantified as a 99% decrease (Figure 4.14). The reduction seen in MEFs contrasted 

to that seen in ES cells where induction only stimulated a decrease in H3K9me3 by 65%. The 

higher reduction in MEFs could have been due to the higher levels of transgene derived jmjd2b 

produced. However, it cannot be the sole cause, as considerable levels of transgene derived 

jmjd2b was produced in ES cells. Moreover previous studies have shown that MEFs have higher 

levels of H3K9me3 compared to ES cells (MEFs 20% vs. ES cells 10%) [145]. It is possible that 

differences in the levels of many of the epigenetic factors that regulate the chromatin machinery 

observed during epigenetic profiling array may have been responsible for the higher reduction in 

H3K9me3 in MEFs. Apart from jmjd2b, H3K9me3 is also demethylated by jmjd2a and jmjd2c. 

Although levels of jmjd2b was similar in both MEF and ES cells, profiling array data revealed 

that jmjd2a and jmjd2c are expressed at 1.56 and 4.97 fold higher respectively in ES cells 

compared to MEF11 cells. Higher levels of jmjd2c in ES cells have been previously documented 

by Katoh et al (2007) [199]. Thus it appears that ES cells have overall higher levels of H3K9me3 

demethylases compared to MEF11 cells. Based on these findings it could be speculated that due 

to higher levels of H3K9me3 and lower levels of the associated demethylases, over expression of 

jmjd2b in MEFs would have a greater impact on reducing H3K9me3 than in ES cells which have 

lower levels of H3K9me3 and higher overall levels of the associated demethylases.  

Differences in the expression profile of H3K9me3 specific methyltransferases were also profiled 

in the array. While levels of Suv39h1 was similar in both cell types, the euchromatin associated 

Setdb1 methyltransferase showed 4.3 fold higher levels in ES cells compared to MEF11. 

Requirement of Setdb1 in ES cells has been shown to be essential for generating H3K9me3 at 

the promoter of some developmental genes to maintain their repression and prevent ES cell 

differentiation [158]. Thus due to this essential requirement of H3K9me3 and higher levels of 

Setdb1 it is likely that any removed tri methyl mark from H3K9 is rapidly re-instated in ES cells. 

On the other hand while Setdb1 is essential for maintaining repression of developmental genes, 

presence of jmjd2c in ES cells was shown to be essential for expression of pluripotency 

associated genes by removing H3K9me3 from their promoters [183]. Thus it appears that 

H3K9me3 has targeted roles in ES cells and most of these roles are associated with euchromatin 

gene silencing. Consistent with this it has been reported that in pluripotent ES cells there are 

fewer heterochromatin foci and levels of H3K9me3 are under represented in these regions 



221 

 

compared to differentiated cells [136, 205, 260, 261]. Jmjd2b is primarily a heterochromatin 

associated H3K9me3 [142], hence as MEF11 cells, which are terminally differentiated cells, 

have higher levels of heterochromatin associated H3K9me3, jmjd2b over expression would 

result in greater global reduction in H3K9me3 compared to ES cells.  

The specificity of jmjd2b for other states of H3K9 methylation was also examined in 

homozygous MEF cells. Consistent with the findings seen in ES cells, the activity of jmjd2b-

EGFP was specific for demethylating the me3 state of H3K9 as no such similar decreases were 

seen for the me1 and me2 state (Figures 4.7B, 4.10 and 4.14 ). Additionally like in ES cells 

H3K27me3 levels were not affected indicating that this demethylase can only target tri 

methylation at lysine 9 of H3 in both ES and MEF cells (Figure 4.9B, 4.10 & 4.15). However, 

for H3K9me1 a concomitant significant increase by ~70%-100% (western analysis) was seen in 

jmjd2b-EGFP induced MEFs. An increase in H3K9me1, although at a lower level of ~27% that 

was not significant, was also observed in ES cells upon induction of functional jmjd2b-EGFP. 

Similar observation was reported by Fodor et al following the over expression of jmjd2b in 

NIH3T3 cells, where mass spectrometry analysis revealed a small increase in H3K9me1 by 10% 

[142]. However, in their transiently transfected MEFs, they had shown via immunofluorescence 

analysis that upon induction of jmjd2b H3K9me1 increases substantially and since a similar 

phenotype was generated upon deletion of the H3K9me3 specific Suv39h methyltransferase they 

had suggested that jmjd2b-mediated demethylation of H3K9me3 involves its conversion to the 

me1 state [133, 134, 142]. The findings seen in homozygous MEFs are similar to that seen with 

transiently transfected MEFs [142], thus they provide additional supportive evidence that 

demethylation of H3K9me3 by jmjd2b results in the conversion of H3K9me3 into its me1 state.  

4.9.3 Expression changes in chromatin regulators: Induction of jmjd2b-EGFP in MEF11 cells 

and the subsequent substantial reduction in H3K9me3 did stimulate some changes in the levels 

of some chromatin regulators. However, the majority of these changes were small, but 

nevertheless it is possible that these changes had a combined effect and played a role in 

enhancing reprogramming efficiency of induced MEF11 cells. Below I have discussed some of 

the main results. Compared to ES cells, induction of jmjd2b-EGFP in MEF11 cells resulted in a 

greater reduction in H3K9me3 which had a greater effect on NT in vitro development. Based on 

these differences between the two cell types it was speculated that there might be differences in 
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the levels of genes involved in regulating the chromatin remodelling machinery between the two 

cell types.  These analyses revealed that ES cells have higher levels for most of the remodelers; 

hence it is likely that any change occurring in these cells would be quickly remodelled back to its 

native state. Highlights of these analyses are discussed below.  

 

4.9.3.i Chromatin remodelling factors: Chromatin remodelling factors associate with modified 

DNA and histones and are recruited to target sites to regulate gene expression. Differences in the 

expression pattern of 84 factors belonging to 10 different families were compared between 

functional jmjd2b-EGFP ES and MEF11 cells. Induction of jmjd2b-EGFP stimulated changes in 

these factors was also examined in MEF11 cells.  

 

4.9.3.ia) Chromatin remodelling factors in functional jmjd2b-EGFP ES cells compared to 

MEF11 cells in the non-induced state: Comparison of chromatin remodelling factors between 

functional jmjd2b-EGFP ES and MEF11 cells in the non-induced state revealed that the majority 

of factors were expressed at higher levels in ES cells (Figure 4.15). In ES cells all 84 factors 

were detected while only 82 factors were detected in MEFs and Brdt and Cbx7 appeared to be 

not expressed in MEF11 cells. Brdt is a testis specific bromodomain protein required for normal 

sperm development and its expression is restricted to germ line cells especially spermatocytes 

[262]. ES cells are pluripotent cells that can differentiate into any cell type; hence they would 

express Brdt. In contrast MEF11 cells are differentiated female somatic cells that have a specific 

cell lineage profile of fibroblasts; hence it is unlikely that they would express Brdt transcript. 

However, the finding of absence of Cbx7 expression in MEFs is inconsistent with a previous 

study that reported expression of Cbx7 in MEFs [263]. The discrepancy would have to be 

resolved through further investigation but might be due to some unique features of MEF11 cells. 

Overall the majority of members in all the 10 different families of remodelling factors were 

expressed at higher levels in ES cells compared to MEF11. Some of the genes that showed the 

highest expression in ES cells compared to MEF11 belong to the polycomb family. Polycomb 

genes are essential for maintaining pluripotency of ES cells [129, 136, 204]. Complexes of these 

genes catalyze H3K27me3 and establishment of this mark at the regulatory regions of 

developmental associated genes is essential to keep them repressed and prevent ES cell 

differentiation [129, 136, 204]. Hence, it is plausible that the high demand for these polycomb 
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factors in ES cells requires the observed increased expression levels in ES cells compared to 

MEF11 cells.  

Consistent with the highly transcriptional permissive state of ES cells, factors involved in 

transcriptional activation like chromodomain, bromodomain and the SWI/SNF proteins  [61-63, 

65, 67, 68] also showed higher expression in ES cells compared to MEFs.  However, higher 

expression pattern in ES cells compared to MEF11 were also seen for factors involved in 

transcriptional repression. Based on these higher expression pattern seen in ES cells it could be 

speculated that the chromatin structure is much more dynamic in ES cells than in MEFs. High 

levels these factors that are involved in repression and activation may also allow these ES cells to 

exist in a non-committed state and easily respond to any introduced changes.  

 

4.9.3.ib) Induction of jmjd2b-EGFP mediated changes in chromatin remodelling factors in 

homozygous MEF11 cells: In contrast to ES cells where induction of jmjd2b-EGFP only 

stimulated a moderate decrease in H3K9me3 by 65%, in MEFs there was almost a complete 

removal of H3K9me3 (99% decrease). Given this greater decrease in this repressive mark, 

significantly large changes were expected in the expression of various chromatin remodelling 

factors. Surprisingly for majority of the factors, like that seen in ES cells only small to moderate 

changes were seen (Figure 4.16). Like in the non-induced MEF11 cells, Brdt and Cbx7 were also 

not amplified in induced MEF11 cells. Overall the majority of factors in most of the families 

(80%) were down-regulated by small to moderate degrees as a result of induction of jmjd2b-

EGFP. In ES cells while many of these factors were also down-regulated upon induction of 

jmjd2b such a common global trend for majority of the factors was not seen. Significant changes 

were identified in 16 genes and all showed small to moderate degrees of decrease upon induction 

of jmjd2b-EGFP (Figure 4.17). However, in ES cells, genes influenced by doxycycline could be 

identified by comparing to the changes seen in the control mutant jmjd2b-EGFP ES cells. In 

MEFs since such a control line could not be generated and genes affected by doxycycline could 

not be identified, hence some of the changes seen in these factors may have been influenced by 

doxycycline. The 16 identified factors are members of the polycomb genes, chromobox, plant 

homeodomain finger protein, bromodomain, chromodomain, methyl CpG binding, nucleosome 

remodelling and zinc finger family of proteins. Most of these identified factors like polycomb, 

chromobox, methyl CpG binding, nucleosome remodelling and the zinc finger protein are 
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repressive factors [70, 77, 143, 237, 264-268] hence their decrease upon induction of jmjd2b-

EGFP and reduction in H3K9me3 was expected. Association of some polycomb, chromobox and 

methyl CpG binding proteins with H3K9me3 in transcriptional repression has been previously 

described [76, 143, 144, 149, 266]. It could be speculated that the decrease in their levels 

probably contributed to opening up the chromatin, making it more permissive for transcription 

which enhanced the reprogramming efficiency of induced MEF11 cells. The decrease seen for 

some of the bromodomain and chromodomain and the plant homeodomain finger protein Phf2 

was surprising, given that these factors are mainly associated with activating transcription [49, 

65, 66, 74, 269-271]. However, some studies have shown that many of these factors in these 

families also function as transcriptional repressors [49, 65, 66, 270, 271], hence probably the 

small decrease in their levels upon induction of jmjd2b-EGFP and decrease in H3K9me3 was 

due to the abrogation of their repressive role.  Nevertheless these changes were small, hence it is 

hard to imagine whether they would manifest into any significant changes at the protein and 

activity level. H3K9me3 mediates its repressive function by recruiting chromatin remodelling 

factors to target sites [49]. The prime example for this is HP1α or Cbx5, which gets recruited to 

the heterochromatin upon Suv39h mediated generation of H3K9me3 to maintain 

heterochromatin repression [91]. However, while deletion of Suv39h reduced H3K9me3 levels at 

the heterochromatin and abolished recruitment of HP1α to these regions, no global reduction 

were seen in the levels of HP1 proteins [91]. Thus these results suggest that H3K9me3 only 

function to recruit chromatin remodelling factors and probably does not have much influence in 

maintaining their global levels and this may be the reason why significant or dramatic changes in 

many of these factors were not observed in induced MEF11 cells. However, small changes seen 

in the 16 candidate factors need to be confirmed by further analyses and where possible levels of 

these factors need to be examined at the protein level.  

 

4.9.3.ii  Chromatin modifiers: Chromatin modifiers are the enzymes that catalyze various post 

translational modifications on DNA and histones. These modifications then can either activate or 

repress gene expression. Given that the effect of induced jmjd2b-EGFP in reducing H3K9me3 

levels was lower in ES cells compared to MEF11 cells, it was speculated that like that seen for 

chromatin remodelling factors many of the modifiers including methyltransferases may also be 

expressed at higher levels in ES cells. Thus expression levels of the 84 modifiers involved in 
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histone acetylation, deacetylation, phosphorylation, ubiquitination, deubiquitination, methylation 

and demethylation and also in DNA methylation were compared between functional jmjd2b-

EGFP ES and MEF11 cells in the non-induced state. Induction of jmjd2b-EGFP stimulated 

changes in these modifiers was also examined in MEF11 cells. Highlights of these results are 

discussed below.  

 

4.9.3.iia) Chromatin modifiers in functional jmdj2b-EGFP ES cells compared to MEF11 

cells in the non-induced state: All 84 modifiers were expressed in both functional jmjd2b-

EGFP ES and MEF11 cells. Overall, like that seen for chromatin remodelling factors, the 

majority of modifiers showed a pattern of higher expression in ES cells compared to MEF11 

cells (Figure 4.18). Previous studies have shown that ES cells have a chromatin organisation that 

is highly permissive of transcription due to the presence of abundant levels of acetylated and 

phosphorylated histones [204]. Consistent with these previous reports, the majority of 

acetyltransferases and phosphorylases showed considerably higher expression levels in ES cells 

compared to MEF11. The highest difference was seen for Aurkc which showed 315 fold higher 

levels in ES cells compared to MEF11. Aurkc is one of the phosphorylases that is responsible for 

catalyzing phosphorylation of histone 3 at serine 10 [272]. Phosphorylation at this site has been 

reported to result in the dissociation of HP1 proteins from H3K9me3 [273]. Binding of HP1 

proteins to H3K9me3 is essential for establishing heterochromatin and maintaining its stability 

[91]. Thus it could be speculated that due to the high level of this enzyme and other 

phosphorylases there is excessive levels of this phosphorylated mark in ES cells. Reduced 

interaction between HP1 proteins and H3K9me3 in ES cells has been described previously [205, 

260, 261], hence it could be speculated that high levels of histone phosphorylases and subsequent 

phosphorylation are responsible for this reduced interaction. In addition to modifiers that 

generate activating marks, levels of some modifiers that generate repressive marks also showed 

higher expression pattern in ES cells compared to MEF11 cells. Of the total 11 histone 

deacetylases, 6 showed higher expression pattern in ES cells compared to MEF11 cells. 

However, differences seen in these deacetylases were not as high as that seen for 

acetyltransferases. ES cells have been shown to have abundant amounts of repressive marks like 

H3K27me3 for maintaining developmental genes in the repressed state [136, 204]. Thus it could 

be possible that deacetylases also have a similar function in these cells. Higher levels were also 
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seen for ubiquitnases. This was not surprising as many of these ubiquitnases like Rnf2 and Rnf20 

are found in polycomb PRC1 complex and are required for its activity [70]. Ubiquitnases in the 

PRC1 complex are essential for H2A ubiquitination at lysine 119, a mark that is essential for 

inhibiting RNA polymerase activity and hence transcription of developmental genes in ES cells 

[70]. However, two deubiquitinases Usp21 and Usp22 also showed higher levels in ES cells. 

While developmental genes are repressed in ES cells they are also kept poised for activation 

upon differentiation by the presence of small amounts of H3K4me3 marks [136, 204]. Thus it 

could be speculated that some deubiquitinases are also maintained at higher levels to enable easy 

removal of the block on RNA polymerase and activation of these developmental genes during 

differentiation.  

In the histone methyltransferase family, while the majority of enzymes showed higher levels in 

ES cells compared to MEF11, the group that stood out were the arginine methyltransferases 

(Prmts and Carm1). All genes in this group, except for Prmt2, showed higher levels in ES cells 

compared MEF11. Arginine methylation has been shown to have both activating and repressive 

effects on gene expression [107]. However, several of these Prmts also target non-histone 

substrates like ribonuclear protein that are involved in RNA processing and factors associated 

with chromatin organisation [107]. Thus, given that ES cells have a lot more chromatin 

remodelling factors, it is likely that these cells will also have higher levels of modifiers that 

regulate these factors. As expected higher levels of many of the methyltransferases involved in 

generating activating histone methylation marks at H3K4 (MLL3 & Set1a), H3K36 (Nsd1 & 

Smyd) and H3K79 (Dot1L) were also seen in ES cells. Among the methylases involved in 

generating H3K9me3 no significant differences were seen for the heterochromatin associated 

Suv39h1, but Setdb1 which is the euchromatin H3K9me3 methylase [139] showed 4.33 fold 

higher levels in ES cells compared to MEF11. The importance for Setdb1 in ES cells as 

mentioned in section 4.9.2 has been previously documented and is required for repression of 

developmental genes and preserving pluripotent state of ES cells [158]. In the histone 

demethylase family, ES cells showed 3.78 and 6.19 fold higher expression for H3K4me 

demethylases Aof2 or Lsd1 and Jarid1b respectively. In ES cells at developmental associated 

genes, H3K4me3 levels are maintained at levels lower compared to H3K27me3 which ensures 

that these genes while they are repressed also remain poised for activation [136, 204]. Thus 
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presence of these H3K4me demethylases may be more essential in ES cells to maintain critical 

levels of this mark. Among the demethylases targeting H3K9me3, jmjd2a showed 1.56 fold 

higher and jmjd2c showed 4.67 fold higher levels in ES cells compared to MEF11. Levels of 

endogenous jmjd2b, as mentioned previously, were found to be similar between ES cells 

compared to MEF11. However, given the higher levels of jmjd2a and jmjd2c it appears that 

overall much more H3K9me3 specific demethylases are synthesized in ES cells compared to 

MEF11. No significant differences were seen in the levels of the H3K27me3 demethylase, 

jmjd3, between ES and MEF11 cells.  

In the DNA methyltransferase family, ES cells showed 4.6 and 242 fold higher levels of Dnmt1 

and Dnmt3b respectively compared to MEF11 cells. No differences were seen for Dnmt3a. Thus 

it could be speculated that jmjd2b-EGFP ES cells have higher levels of DNA methylation 

compared to MEF11 cells. Consistent with these findings, previous studies have reported that 

high levels of DNA methylation exist in ES cells with ~60-80% of CpG dinucleotides being 

methylated [274]. DNA methylation was also demonstrated to be required for maintaining 

developmental genes like Elf4 in the repressed state in ES cells [274].  

Thus overall there appears to higher levels of all types of chromatin modifiers in jmjd2b-EGFP 

ES cells compared to MEF11. This is not surprising as ES cells unlike MEFs are pluripotent and 

can differentiate into any type of cell. To ensure this pluripotent nature and ability to differentiate 

into any cell type it probably needs a much more complex chromatin organising machinery.  

 

4.9.3.iib) Induction of jmjd2b-EGFP stimulated changes in chromatin modifiers in 

homozygous MEF11 cells: Similar to that seen in ES cells, the majority of modifiers were up-

regulated by small to moderate degrees upon induction of jmjd2b-EGFP in MEF11. One of the 

exceptions was Prmt8 which decreased significantly and substantially by 95% upon induction of 

jmjd2b-EGFP (Figure 4.19). This was the greatest change seen for a chromatin regulator in 

MEF11 cells. Significant changes were identified in 19 enzymes and are illustrated in figure 

4.20. As mentioned above in the section on chromatin remodelling array, since no control MEF 

lines could be generated, doxycycline mediated changes could not be identified and some of the 

changes identified in these 19 modifiers may have been influenced by doxycycline. The 19 

modifiers included acetyltransferases, deacetylases, phosphorylases, methyltransferases, 
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demethylases, deubiquitinases and DNA methyltransferase. Overall trends seen in many of these 

families were similar to that seen in ES cells. Small increases were seen in most members of the 

families of modifiers involved in generating transcriptional activating marks and these included 

the acetyltransferases, phosphorylases and deubiquitinases. These small increases in modifiers 

generating activating marks suggests that reduction in H3K9me3 does open up the chromatin 

configuration and makes it more permissible for transcription. However, like that seen in ES 

cells, small increases in levels of histone deacetylases were also observed upon induction of 

jmjd2b-EGFP in MEF11. As mentioned in the ES cell section,  given that deacetylation at lysine 

9 is a pre-requisite for H3K9me3 [252], hence it could be possible that the increases in 

deacetylases could have been triggered as a negative feedback mechanism to enhance H3K9me3 

levels. In addition, it could have also been possible that the increases in acetyltransferases and 

subsequent acetylation may also have triggered increases in histone deacetylases as a negative 

feedback effect to return acetylation to native levels. Nevertheless all these changes in 

acetyltransferases and deacetylases are very small, hence further analysis examining global 

levels of acetylation in induced MEF and ES cells need to be performed to determine whether 

these changes observed in mRNA of the associated modifiers would have an impact on their 

activity.  

Apart from histone deacetylases, significant increase was seen for the repressive modifier the 

histone demethylase Aof2 or Lsd1 and for the DNA methyltransferase Dnmt1. Lsd1 primarily 

functions to remove H3K4me1/2 marks [167]. In ES cells, an increase in the H3K4 demethylase 

Jarid1b was seen upon induction of jmjd2b-EGFP. Thus it appears that in both cell types, 

induction of jmjd2b and reduction in H3K9me3 triggers increases in the levels of a H3K4me 

specific demethylase. H3K4 methylation results in transcriptional activation [49]; thus an 

increase in levels of demethylases that remove this modification was not expected.  

The increase seen for Dnmt1 was also surprisingly. No such increases were observed for DNA 

methyltransferases in ES cells. Previous studies have shown that at the heterochromatin Suv39h 

mediated generation of H3K9me3 directs Dnmt3b and DNA methylation to the heterochromatin 

[91]. Deletion of Suv39h enzymes abolishes this recruitment but does not affect global levels of 

Dnmt3b or that of Dnmt3a and Dnmt1 [91]. However, the increase in Dnmt1 was small (44%), 

hence further analysis examining the protein levels of this modifier in jmjd2b-EGFP induced 
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MEF11 cells needs to be performed to determine whether the difference seen at the mRNA 

levels actually reflects a functional difference.  

In the histone methyltransferase family, the histone arginine methyltransferases (Prmts) stood 

out. All Prmts except Prmt8, showed small increases upon induction of jmjd2b-EGFP in MEF11 

cells. No such similar increases for Prmts were seen in ES cells upon induction of functional 

jmjd2b-EGFP, probably because most of these Prmts are normally expressed at higher levels in 

ES cells compared to MEF11 cells in the native state. Arginine lysine methylations have roles in 

both transcriptional activation and repression [107]. Apart from histones, many of these Prmts 

have also been shown to target non-histone substrates and regulate various cellular processes like 

RNA processing, nucleo-cytoplasmic export of mRNA, methylation of chromatin remodelling 

factors thereby influence chromatin organisation and even imprinting [107]. H3K9me3 is a 

transcriptional repressor [49], hence given the diverse role of Prmts in RNA processing and 

chromatin remodelling the small increase in their levels may have been triggered by the decrease 

in H3K9me3 levels and its repressive activity on these cellular processes. Prmt8 was the only 

arginine methyltransferase that was completely down-regulated upon induction of jmjd2b-EGFP 

in MEF11. No such similar change was seen for this modifier in ES cells. This was the greatest 

identified change for a chromatin remodeller in MEF11 cells. Histone substrates have not yet 

been identified for this modifier. But it has been shown to bind to several nuclear proteins 

including hnRNPs, RNA helicases, TAFII68, cparin and the oncoprotein Ewing’s sarcoma 

(EWS); and structural proteins like actin and tubulin [109, 275]. However, only EWS has been 

shown to be a substrate of Prmt8 [276]. Arginine methylation of EWS has been shown to down-

regulate its activity. Thus it appears that Prmt8 is a transcriptional repressor, and possibly its 

decrease was the result of H3K9me3 reduction and removal of chromatin repression. Apart from 

Prmts small increases were seen in two SET domain containing methyltransferases Setd4 and 

Setd6. No histone substrates have been identified for these modifiers. Setd4 has been implicated 

in ribosomal assembly[277]. A role for Setd6 has been shown in regulating the inflammatory 

response gene NF-Кβ [278]. The significance of an increase in their levels upon induction of 

jmjd2b-EGFP is not clear and needs further investigation.  

Thus overall the results from the epigenetic array shows that level of several transcriptional 

activating modifiers were slightly up-regulated upon induction of jmjd2b in MEF11. It could be 

speculated that the small increases in many of the acetyltransferases and phosphorylases in 
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induced MEF11 cells did make the chromatin more permissive and was one of the factors 

responsible for the enhanced reprogramming obtained during NT. On the other hand these 

changes examined at the mRNA level were very small hence it is not known for sure whether 

they would result in significant changes at the protein level and would alter the activity of the 

modifier. Hence, further analysis examining the modifications associated with these modifiers is 

imperative. Nevertheless, these arrays have proved to be useful in identifying some potential 

factors that could probably have played a role in enhancing reprogramming of jmjd2b-EGFP 

induced donor cells, for future analysis.   

As mentioned in chapter 3, it is likely that some of the significant changes seen could have been 

false positives, due to errors associated with multiple testing. In this study significance threshold 

was set at p<0.05 and no additional stringent tests were carried out as the main aim was to 

identify some preliminary candidates for further analysis.  

 

4.9.4 Nuclear transfer using induced vs. non-induced jmjd2b-EGFP homozygous MEF11 

cells: Induction of jmjd2b-EGFP in homozygous MEFs resulted in a substantial decrease in 

H3K9me3 but like in ES cell reconstructs this reduced level of H3K9me3 was completely 

restored to non-induced levels one hour post fusion. However, the effects of reducing H3K9me3 

levels in MEF donor cells had a greater impact on in vitro development compared to ES cell 

donors. Below I will discuss these results in detail. 

 

4.9.4.i Restoration of reduced levels of H3K9me3 during NT: Following fusion of the donor 

cells with the enucleated oocytes lower H3K9me3 levels in the induced MEF11 reconstructs 

compared to non-induced reconstructs was maintained only till one hour post fusion (Figures 

4.21 and 4.22). These results indicate that in spite of the level of reduction of H3K9me3 in the 

donor cells prior to NT, after fusion there is rapid restoration of H3K9me3 to non-induced levels 

in the induced donor cells.  As mentioned in the ES cell section, this rapid restoration was 

probably due to the methyltransferase activity present in the oocyte [198, 253]. The increase seen 

in the substrate H3K9me1 in the induced group could have enhanced activity of Suv39h enzymes 

either in oocyte or in the donor nuclei. During metaphase stage, as mentioned previously, there is 

an increase in H3K9me3 due to rise in levels of the associated methyltransferases Suv39h and 

Setdb1[252]. Consistent with this report, in MEF11 cells the difference in H3K9me3 between the 



231 

 

induced and non-induced cells begins to decrease from the couplet stage onwards when 

enucleated oocytes are attached to metaphase arrested donor cells. This rise in H3K9me3 from 

the couplet stage onwards was also observed in induced ES cell reconstructs. Hence, the 

metaphase stage associated rise in H3K9me3 could have been partly responsible for the rapid 

reprogramming of H3K9me3 in the induced MEF11 reconstructs.  

Other changes seen in MEF reconstructs were also similar to that seen in ES cell reconstructs. In 

the induced and non-induced MEF reconstructs 8 hours post fusion when the second polar body 

is extruded, H3K9me3 signals were much higher in the extruded nucleus than in the retained 

cytoplasmic nucleus an observation that was also noticed with the ES cell reconstructs. This loss 

of a highly methylated nucleus is probably associated with the de novo demethylation event that 

occurs after fertilization until about the 8-cell stage during normal embryogenesis [1, 2]. Like 

that seen in the ES cell generated NT reconstructs, at the 2 cell stage nuclear H3K9me3 signals 

were also faint in the reconstructs generated from MEFs.  As mentioned in the ES cell chapter 

the expression of all three jmjd2 demethylases at the 2-cell stage might account for the faint 

nuclear H3K9me3 signals at this stage.  

In both cell types, 10 minutes after fusion no differences between induced and non-induced 

groups could be observed by eye and it was only after quantification of the signal that a 

difference was detected. But this difference was not statistically significant. A possible reason 

for this was probably the condensed nature of metaphase chromosomes which makes 

quantification difficult. Additionally the metaphase stage associated rise in H3K9me3 [252] may 

also have increased variability which reduced the significance.  

 

4.9.4.ii Reprogramming efficiency of induced vs. non-induced jmjd2b-EGFP into cloned 

embryos: While the significantly reduced level of H3K9me3 seen in induced MEF11 donor cells 

prior to NT was restored to non-induced levels quite rapidly as in ES cells, but compared to ES 

cells reduction of H3K9me3 levels in MEFs had a much greater effect on in vitro development 

than that was seen in ES cells. Induced MEFs resulted in 10 fold higher number of blastocysts 

and three fold higher overall development compared to non-induced MEFs (Figure 4.23). In ES 

cells this differential was smaller and induced cells only gave 8% higher number of blastocysts 

and 10% higher overall development. In general, ES cells are thought to have higher 

developmental potential compared to somatic cells. Consistent with this view, the development 
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rates obtained with non-induced MEF11 cells was lower than with non-induced ES cells. With 

non-induced MEF11, development to blastocysts was 2% and overall development was 10%, 

while with non-induced pluripotent ES cells, development to blastocysts was 22% and overall in 

vitro development was 34%. However, upon using induced MEF11 cells with reduced level of 

H3K9me3, the development rates to blastocysts increased to 20% and overall development to 

30% which was similar to that obtained with non-induced pluripotent ES cells. Thus these results 

indicate that induction of jmjd2b-EGFP in MEF11 and the subsequent reduction in H3K9me3 

levels alters the reprogramming potential of these somatic cells remarkably and lifts them to the 

level achieved with using pluripotent ES cells as donors.  These results were interesting given 

that both the 65% decline in H3K9me3 seen in ES cells and the 99% decline in H3K9me3 seen 

in MEFs were restored to the respective non-induced level one hour post fusion. Quantification 

of immunosignals from metaphase chromosomes is difficult due to their condensed nature. 

Hence, it could be speculated that lower levels of H3K9me3 are still maintained at some key 

regulatory regions in induced group, which enhances their reprogramming efficiency. The 

greater reduction in H3K9me3 levels in donor MEF11 cells had also resulted in global reduction 

in families of chromatin factors that are associated with transcription repression and stimulation 

of larger number of acetyltransferases that are involved in generating activating histone marks, 

which could have played a role in enhancing reprogramming potential of induced MEF11 cells. 

Although decreases were also seen in many transcription repressive associated chromatin factors 

upon induction of the demethylase in jmjd2b-EGFP ES cells but compared to MEF11 a similar 

global down regulation in whole families of chromatin factors were not observed. Furthermore in 

MEF11 cells induction of jmjd2b-EGFP had also triggered significant increases in arginine 

methyltransferases that are implicated in regulating activities of various protein involved in 

chromatin organisation and remodelling and similar increases were absent upon induction of 

jmjd2b-EGFP in ES cells. Although the majority of these changes in chromatin remodellers were 

small it could be speculated that together these alteration had an impact and assisted in making 

the chromatin of induced MEF cells less compact which in turn increased their reprogramming 

efficiency. Similar three fold higher reprogramming efficiency as seen with induced MEF11 

cells have been reported for NT assays using G0 cells which have reduced histone lysine 

methylation marks including that of H3K9me3, H3K27me, H3K4me and H4K20me [202]. To 

compare the reprogramming potential of cycling and G0 lymphocytes the authors analyzed the 



233 

 

reactivation of EGFP gene following transfer of G0 and cycling lymphocyte nuclei into a 

fertilized one cell embryo. They used EGFP as a marker gene which is normally inactive in 

lymphocyte nuclei following transfer into one-cell embryos. They found that on day four after 

transfer, reactivation of EGFP was seen in approximately 10% of the embryos generated from 

cycling lymphocytes while close to 30% of the embryos generated from G0 lymphocytes showed 

reactivation of EGFP [202]. In these G0 cells levels of a whole range of histone methylation 

marks were reduced and it was thought that overall reduction of histone lysine methylation 

marks enhances reprogramming. However, results from this study show that reduction in just 

H3K9me3 is sufficient to enhance reprogramming potential of somatic cells to that achieved 

with G0 cells.  

 

4.9.4.iii In vivo development of induced jmjd2b-EGFP homozygous MEF11 NT 

reconstructs: In the non-induced group the efficiency of generating blastocysts or morulae in 

each NT run was low. Uterine or oviduct transfers of embryos usually requires at least a 

minimum of six embryos, hence due to the low number of reconstructs developing to day 4 

blastocysts or morulae in the non-induced group it was not feasible to evaluate their in vivo 

reprogramming efficiency. However, following uterine or oviduct transfer of day four embryos 

generated from induced MEF11 cells, no pregnancies were established and as result no live 

clones were generated. With ES cell reconstructs, in most cases, pregnancies were established 

while no live clones were obtained implantation sites were recovered at day 13.5. Results from 

other studies that have used somatic cells as donors have shown that the efficiency of somatic 

NT in mice is still low and varies considerably depending on cell type. One group that attempted 

NT with metaphase arrested MEFs, showed that out of a total of 593 reconstructs cultured, 222 

(37%) developed into blastocysts or morulae but following transfer of 164 embryos into the 

uterine horns of day 2.5 recipients, only 2 dead pups with gross abnormalities were recovered at 

day 19.5 [279]. However, serial NT appears to improve the efficiency of generating live mice. 

Their process of serial NT involved the development of blastocysts following fusion of 

metaphase arrested MEFs with enucleated oocytes, activation of the resulting reconstructs and 

transfer of the pronuclei that formed into enucleated fertilized embryos [279]. They reported that 

out of the 938 serial NT reconstructs cultured, 278 (30%) developed into blastocysts and morulae 

and of these following transfer of 272 embryos; 5 (1.7%) live mice were recovered at day 19.5 
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and 2 developed into normal adults [279]. However, in spite of this rescue with a second round 

of transfer to fertilized embryos the efficiency is still low [279]. The in vitro development 

achieved in their NT experiments is much higher than that seen with jmjd2b-EGFP MEFs. 

However, compared to the study by Ono et al. (2001); the reprogramming efficiency of jmjd2b-

EGFP MEF cells was assessed in a very small number of reconstructs (150 for non-induced and 

192 for induced) which, considering the intrinsic variability of the assay, may have been too 

small for an accurate determination of developmental rates. Low in vivo development 

efficiencies were also seen with tail tip fibroblasts. Using tail tip fibroblasts from 8-9 week old 

mice Mizutani et al. (2000) showed that of the total 271 reconstructs cultured and transfer of 203 

one cell stage embryos, only 4 (1.4%) live mice were generated [280]. However, when tail tip 

fibroblasts were used from mice that were 2 years or older the efficiency of obtaining live mice 

decreased to 0.3% (2 live mice) from a total of 561 reconstructs cultured and transfer of 414 

embryos either at one cells stage or as blastocysts [280]. Lower efficiencies were also seen for 

other differentiated cells. For cumulus cells, Wakayama et al. (1998) reported that from a total 

2468 reconstructs generated following transfer of 1385 reconstructs that developed to the 2-cell 

stage, 31 or 1.3% were born live [281]. Thus it appears that efficiency of somatic NT in mouse 

varies and depends on the donor cell type and even age. However, while all these cells show very 

high in vitro development rates ranging from 50-70% [281], it appears that in spite of this high in 

vitro development reprogramming efficiency of generating live clones with somatic cells is very 

low. Considering the very low efficiencies for the successful generation of live clones, a large 

number of reconstructs need to be generated and transferred to increase the likelihood of 

producing live cloned offspring. Thus, it appears highly likely that the lack of success in 

producing live cloned offspring with induced MEFs is predominantly a result of the small sample 

size.  

 

4.9.5 Summary: The data presented in this chapter has described the generation, 

characterization and use of somatic jmjd2b-EGFP MEF cells in NT. Upon induction of jmjd2b-

EGFP in MEF11, there is a considerable expression of transgene derived jmjd2b in induced cells 

and is expressed at 150 fold higher levels than endogenous jmjd2b. Induction of jmjd2b-EGFP 

resulted in a specific and dramatic decrease only in H3K9me3 by 99% as determined by western 

analysis and by ~85-90% as determined by immunofluorescence analysis. This was in contrast to 
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that observed in ES cells where induction of jmjd2b-EGFP resulted in a moderate decrease in 

H3K9me3 by 62-65% as determined by immunofluorescence analysis and western analysis.   

Comparison of epigenetic profiles between jmjd2b-EGFP ES and MEF11 cells have shown that 

ES cells have considerably higher levels of chromatin remodelling factors and modifiers than 

MEF11 cells, suggesting that the ES are more equipped for dynamic chromatin remodelling and 

organisation. Hence, due to the presence of high levels of various chromatin remodelling factors 

and modifiers it is likely that any change occurring would be remodelled much more quickly 

than in MEFs and probably accounts for the low reduction seen in H3K9me3 upon induction of 

jmjd2b-EGFP in ES cells.  

Epigenetic profiling of jmjd2b-EGFP homozygous MEF11 has shown that there is a global 

decrease in most chromatin remodelling factors particularly in the members of the family 

involved in transcription repression like the polycomb, chromobox and nucleosome remodelling 

and histone deacetylase family upon induction of jmjd2b-EGFP. Similar overall global down 

regulation in most members of these families was not seen upon induction of the demethylase in 

functional jmjd2b-EGFP ES cells. Profiling of chromatin modifiers showed that there was a 

global increase in transcriptional enhancing modifiers like histone acetyltransferases, 

phosphorylases and deubiquitinases upon induction of jmjd2b. However, overall changes in 

these remodelers were small and warrant further investigation. Nevertheless these epigenetic 

profiling data was useful in identifying key candidates for further examination.  

The greater reduction in H3K9me3 had a greater effect on in vitro development of NT 

reconstructs generated from induced MEF11 cells. NT with jmjd2b-EGFP induced MEF11 cells 

resulted in 10 fold higher numbers of blastocysts and 3 fold higher overall development 

compared to NT with non-induced MEF11. This effect on NT in vitro development was much 

more dramatic than that seen upon using induced vs. non-induced ES cells. However, in spite of 

this greatly improved in vitro reprogramming efficiency obtained with induced MEF11 cells, no 

live cloned mice could be generated from induced MEF11 cells. NT in mouse has been reported 

to be difficult. In most reports that have shown successful generation of live cloned mice, a large 

number of reconstructs were transferred. In this project to asses reprogramming efficiency of 

induced MEFs only 33 reconstructs were transferred. While there might have been some inherent 

technical problems, the lack of success seen with induced MEF11 cells could have also been due 

to the small number of reconstructs transferred. 
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Chapter 5: Perspectives and future directions 

Somatic NT is plagued by issues of inadequate reprogramming of repressive epigenetic marks in 

donor cells. Reprogramming of repressive marks, like DNA methylation and histone 

deacetylation, can be facilitated by treating donor cells or NT reconstructs with inhibitors of 

DNA methylation and histone deacetylation [38]. However, manipulation of repressive histone 

lysine methylation marks requires a more targeted approach. The discovery of histone lysine 

demethylases has made it possible to use these enzymes as effectors to specifically manipulate 

the associated repressive mark in donor cells prior to NT. The data from this project has shown 

that targeted reduction of H3K9me3 via over expression of its associated demethylase jmjd2b in 

donor cells prior to NT improves in vitro reprogramming efficiency. Use of the tet-inducible 

system was successful in generating large amounts of the demethylase with conditional 

expression. Over expression of H3K9me3 specific demethylase jmjd2b in pluripotent ES or 

somatic MEF cells resulted in global reduction in H3K9me3. During NT use of these cells with 

reduced level of H3K9me3 as donors improved in vitro reprogramming efficiency compared to 

cells that show no decline in H3K9me3 levels. Effect of over-expressed jmjd2b in reducing 

H3K9me3 and improving the developmental potential of the associated cells was much more 

pronounced in MEF than in ES cells, suggesting that this type of chromatin therapy might be 

more beneficial in somatic NT. The reason for this difference is not clear and was thought to be 

due to differences in the epigenetic profiles and their dynamics and overall levels of modifiers 

that regulate this mark in the two cell types.  

 

Future Directions 

Study the combined effects of inhibition of histone deacetylases and jmjd2b over-expression in 

donor cells prior to NT: One feature that stood out in both cell types was the small up regulation 

in the levels of a number of histone acetyltransferases and histone deacetylases upon induction of 

jmjd2b. An increase in histone acetyltransferases was expected upon reduction in the repressive 

mark H3K9me3 however it is necessary to carry out some additional experiments to evaluate 

levels of histone acetylation particularly at lysine 9 in the induced jmjd2b-EGFP ES cells. The 

increase seen in histone deacetylases was unexpected. But since deacetylation at lysine 9 on H3 

has been shown to be pre-requisite for H3K9me3 establishment [252], the increase in histone 

deacetylases was thought to be triggered as a feedback mechanism to reinforce the establishment 
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of H3K9me3. Work by Biu et al. (2010) recently showed that treatment of mouse NT embryos 

with the histone deacetylase inhibitor trichostatin A (TSA), not only increased both in vitro and 

in vivo reprogramming efficiency, but also decreased levels of H3K9me3 [282]. However, the 

decrease in H3K9me3 was small and levels of this mark was still higher in NT embryos treated 

with TSA compared to fertilized embryos [282]. Thus in both ES and somatic cells it would be 

interesting to see if combining the effects of inhibition of deacetylases and targeted reduction in 

H3K9me3 levels would improve NT in vitro reprogramming further. Due to the generation of 

jmjd2b-EGFP inducible ES cells and the subsequent production of transgenic mice it is now 

possible to perform such experiments in both ES and somatic cells. Induced cells can be treated 

with histone deacetylase inhibitors and then used for NT. Additionally epigenetic profiling array 

also showed that ES cells have higher levels of histone deacetylases compared to somatic MEFs 

hence it would be interesting to know whether such combined manipulation of both histone 

deacetylation and H3K9me3 would result in a greater reduction in global H3K9me3 in ES cells.  

 

Investigate the effects of using jmjd2b induced oocytes alongside jmjd2b induced donor cells for 

NT: The generation of jmjd2b transgenic mice not only provided an unlimited resource of 

somatic cells, but also opens up avenues to study the effect of reducing H3K9me3 in the oocytes 

prior to NT. The oocyte cytoplasm has been previously shown to possess histone lysine 

methyltransferase activity [198, 253], thus it would interesting to investigate the effects of 

reducing H3K9me3 in the oocyte and whether such a treatment combined with the use of 

jmjd2b-EGFP induced donor cells would prolong the period of reprogramming after fusion in 

NT.  

 

Use the FLP/FRT and tet-system to over-expression other histone demethylases that target 

repressive marks like H3K27me3 and study the combined effects of reducing H3K27me3 and 

H3K9me3 in donor cells prior to NT: While inadequate reprogramming of H3K9me3 represents 

a stumbling block in NT, other repressive histone modifications also fail to reprogramme during 

NT. H3K27me3 is emerging as another well studied repressive mark due to its role in long term 

epigenetic memory, differentiation and X-chromosome inactivation [176]. The demethylases 

responsible for this mark have been discovered. Of the H3K27me3 specific demethylases; over 

expression of only jmjd3 has been shown to result in global reduction in H3K27me3 levels 
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[176]. Thus this enzyme represents an ideal candidate to manipulate H3K27me3 in donor cells 

prior to NT. The approach used for expressing jmjd2b in flp-in KH2 ES cells, would be ideal for 

jmjd3 as it would allow one to express this demethylase in a conditional manner. Generation of 

jmjd3 inducible ES cells would not only enable the investigation of the effect of jmjd3 on 

reprogramming in ES cells but also provide the means to generate transgenic mice. Subsequently 

somatic cells could be isolated from these mice for investigating the effects of reducing 

H3K27me3 in differentiated cells following the induced expression of jmjd3 and its impact on 

reprogramming in somatic NT. The generated transgenic jmjd3 can be bred with the transgenic 

jmjd2b mice to generate mice that will have one copy each of the inducible jmjd3 and jmjd2b 

constructs at the ColA1 locus. Generation of such double transgenic mice would enable the 

generation of double transgenic ES and somatic cells which would be ideal for studying the 

combined effects of reducing both H3K9me3 and H3K27me3 in cells and the impact of using 

such manipulated cells as donors in NT.  

 

Investigate the effects of jmjd2b induction in the generation of induced pluripotent stem cells 

(iPS): iPS cells are generated by transfection of stem cell related genes into somatic cells; the 

expression of these genes forces them to reprogram into an embryonic state [231]. However, the 

efficiency of generating iPS cells is low [283]. The use of histone lysine demethylases like 

jmjd2b which enhances reprogramming by reducing the repressive H3K9me3 could be useful for 

assisting the transfected stem cell related factors in enhancing reprogramming and generating iPS 

cells. Thus it would be interesting to examine if introduction of stem cell related genes in 

induced jmjd2b or jmjd3 cells would enhance the generation of iPS cells. If successful, this 

approach can then be used generate iPS cells in cattle where this process is inefficient.   

 

Thus the discovery of lysine demethylases has not only shown that repressive histone lysine 

modifications are dynamic but also represents a new molecular tool to manipulate repressive 

histone lysine methylation marks, which fail or are inadequately reprogrammed during NT, in 

differentiated cells and thereby enhance the reprogramming potential of these cells to an 

embryonic state which in turn increases reprogramming efficiency.  
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Appendix I: Jmjd2b-EGFP flp-in vector sequencing results 

A. Sequencing results for functional jmjd2b-EGFP with primer GL459. Lane A is the Vector 

NTI sequence and Lane B is the sequence generated from the sequencing reaction. 

Highlighted in yellow is the Histidine189 in the jmjC domain that was mutated to Alanine in 

the mutant jmjd2b-EGFP flp-in vector.  

 
 

Lane1  2990  AACATCGGCAATCTGAGGACCATCCTAG-ACATGGTGGAGCGCGAATGCGGGACCATCAT  3048 

             ||||| ||| |||||| || |||||||| ||||||||||||||||||||||||||||||| 

Lane2  5     AACAT-GGC-ATCTGA-GA-CATCCTAGCACATGGTGGAGCGCGAATGCGGGACCATCAT  60 

 

Lane1  3049  TGAGGGCGTGAATACACCCTACTTGTACTTTGGCATGTGGAAGACCACGTTTGCCTGGCA  3108 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  61    TGAGGGCGTGAATACACCCTACTTGTACTTTGGCATGTGGAAGACCACGTTTGCCTGGCA  120 

 

Lane1  3109  CACAGAGGACATGGACCTCTACAGCATCAACTACCTGCACTTCGGCGAGCCTAAGTCCTG  3168 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  121   CACAGAGGACATGGACCTCTACAGCATCAACTACCTGCACTTCGGCGAGCCTAAGTCCTG  180 

 

Lane1  3169  GTACGCCATACCACCGGAGCACGGCAAGCGCCTGGAGCGCCTGGCCATAGGCTTCTTCCC  3228 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  181   GTACGCCATACCACCGGAGCACGGCAAGCGCCTGGAGCGCCTGGCCATAGGCTTCTTCCC  240 

 

Lane1  3229  TGGGAGCTCACAGGGCTGTGATGCCTTCCTAAGGCACAAGATGACACTCATCTCGCCCAT  3288 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  241   TGGGAGCTCACAGGGCTGTGATGCCTTCCTAAGGCACAAGATGACACTCATCTCGCCCAT  300 

 

Lane1  3289  CATCCTGAAGAAGTACGGCATCCCCTTCAGCCGGATTACACAGGAAGCTGGGGAGTTCAT  3348 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  301   CATCCTGAAGAAGTACGGCATCCCCTTCAGCCGGATTACACAGGAAGCTGGGGAGTTCAT  360 

 

Lane1  3349  GATCACGTTCCCCTATGGTTACCATGCGGGCTTCAACCATGGCTTTAACTGCGCTGAGTC  3408 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  361   GATCACGTTCCCCTATGGTTACCATGCGGGCTTCAACCATGGCTTTAACTGCGCTGAGTC  420 

 

Lane1  3409  CACTAACTTCGCCACACTGCGCTGGATCGACTATGGCAAAGTGGCCACACAGTGTACATG  3468 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  421   CACTAACTTCGCCACACTGCGCTGGATCGACTATGGCAAAGTGGCCACACAGTGTACATG  480 

 

Lane1  3469  TCGAAAGGACATGGTCAAGATCTCCATGGACGTGTTTGTACGCATCCTGCAGCCCGAACG  3528 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  481   TCGAAAGGACATGGTCAAGATCTCCATGGACGTGTTTGTACGCATCCTGCAGCCCGAACG  540 

 

Lane1  3529  CTATGAGCAATGGAAGCAAGGCCGTGACCTCACAGTGCTGGACCACACGAGGCCCACAGC  3588 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  541   CTATGAGCAATGGAAGCAAGGCCGTGACCTCACAGTGCTGGACCACACGAGGCCCACAGC  600 

 

Lane1  3589  CCTGAGCAGTCCTGAGCTCAGCTCCTGGAGTGCCTCGCGCACCTCCATCAAGGCCAAGCT  3648 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  601   CCTGAGCAGTCCTGAGCTCAGCTCCTGGAGTGCCTCGCGCACCTCCATCAAGGCCAAGCT  660 
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B. Sequencing results for mutant jmjd2b-EGFP with primer GL459. Lane A is the Vector NTI 

sequence and Lane B is the sequence generated from the sequencing reaction. Highlighted in 

green is the Alanine189 within the jmjC domain that was generated by site directed 

mutagenesis of the original Histidine189. This mutation of H189A abrogates the 

demethylase activity of jmjd2b 

 

Lane1  3000  ATCTGAGGACCATCCTAGACATGGTGGAGCGCGAATGCGGGACCATCATTGAGGGCGTGA  3059 

             ||||||||| |||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  19    ATCTGAGGA-CATCCTAGACATGGTGGAGCGCGAATGCGGGACCATCATTGAGGGCGTGA  77 

 

Lane1  3060  ATACACCCTACTTGTACTTTGGCATGTGGAAGACCACGTTTGCCTGGGCCACAGAGGACA  3119 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  78    ATACACCCTACTTGTACTTTGGCATGTGGAAGACCACGTTTGCCTGGGCCACAGAGGACA  137 

 

Lane1  3120  TGGACCTCTACAGCATCAACTACCTGCACTTCGGCGAGCCTAAGTCCTGGTACGCCATAC  3179 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  138   TGGACCTCTACAGCATCAACTACCTGCACTTCGGCGAGCCTAAGTCCTGGTACGCCATAC  197 

 

Lane1  3180  CACCGGAGCACGGCAAGCGCCTGGAGCGCCTGGCCATAGGCTTCTTCCCTGGGAGCTCAC  3239 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  198   CACCGGAGCACGGCAAGCGCCTGGAGCGCCTGGCCATAGGCTTCTTCCCTGGGAGCTCAC  257 

 

Lane1  3240  AGGGCTGTGATGCCTTCCTAAGGCACAAGATGACACTCATCTCGCCCATCATCCTGAAGA  3299 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  258   AGGGCTGTGATGCCTTCCTAAGGCACAAGATGACACTCATCTCGCCCATCATCCTGAAGA  317 

 

Lane1  3300  AGTACGGCATCCCCTTCAGCCGGATTACACAGGAAGCTGGGGAGTTCATGATCACGTTCC  3359 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  318   AGTACGGCATCCCCTTCAGCCGGATTACACAGGAAGCTGGGGAGTTCATGATCACGTTCC  377 

 

Lane1  3360  CCTATGGTTACCATGCGGGCTTCAACCATGGCTTTAACTGCGCTGAGTCCACTAACTTCG  3419 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  378   CCTATGGTTACCATGCGGGCTTCAACCATGGCTTTAACTGCGCTGAGTCCACTAACTTCG  437 

 

Lane1  3420  CCACACTGCGCTGGATCGACTATGGCAAAGTGGCCACACAGTGTACATGTCGAAAGGACA  3479 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  438   CCACACTGCGCTGGATCGACTATGGCAAAGTGGCCACACAGTGTACATGTCGAAAGGACA  497 

 

Lane1  3480  TGGTCAAGATCTCCATGGACGTGTTTGTACGCATCCTGCAGCCCGAACGCTATGAGCAAT  3539 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  498   TGGTCAAGATCTCCATGGACGTGTTTGTACGCATCCTGCAGCCCGAACGCTATGAGCAAT  557 

 

Lane1  3540  GGAAGCAAGGCCGTGACCTCACAGTGCTGGACCACACGAGGCCCACAGCCCTGAGCAGTC  3599 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  558   GGAAGCAAGGCCGTGACCTCACAGTGCTGGACCACACGAGGCCCACAGCCCTGAGCAGTC  617 

 

Lane1  3600  CTGAGCTCAGCTCCTGGAGTGCCTCGCGCACCTCCATCAAGGCCAAGCTCCTGCGCAGAC  3659 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  618   CTGAGCTCAGCTCCTGGAGTGCCTCGCGCACCTCCATCAAGGCCAAGCTCCTGCGCAGAC  677 

 

Lane1  3660  AAATTAGTGTGAAGGAGAGCAGACCCTGGAGAAAGGCTGAGGAGGAGAGGAGGCGGGAGC  3719 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Lane2  678   AAATTAGTGTGAAGGAGAGCAGACCCTGGAGAAAGGCTGAGGAGGAGAGGAGGCGGGAGC  737 
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Appendix II: List of chromatin remodelling factors 

 

Table: List of chromatin remodelling factors 

Position Symbol Description 

A01 Asxl1 Additional sex combs like 1 

A02 Bmi1 Bmi1 polycomb ring finger oncogene 

A03 Ctbp1 C-terminal binding protein 1 

A04 Ctbp2 C-terminal binding protein 2 

A05 Eed Embryonic ectoderm development 

A06 Ezh2 Enhancer of zeste homolog 2 

A07 Pcgf1 Polycomb group ring finger 1 

A08 Pcgf2 Polycomb group ring finger 2 

A09 Pcgf3 Polycomb group ring finger 3 

A10 Pcgf5 Polycomb group ring finger 5 

A11 Pcgf6 Polycomb group ring finger 6 

A12 Phc1 Polyhomeotic-like 1 

B01 Phc2 Polyhomeotic-like 2 

B02 Ring1 Ring finger protein 1 

B03 Rnf2 Ring finger protein 2 

B04 Suz12 Suppressor of zeste 12 homolog 

B05 Trim27 Tripartite motif protein 27 

B06 Cbx1 Chromobox homolog 1 

B07 Cbx2 Chromobox homolog 2 

B08 Cbx3 Chromobox homolog 3 

B09 Cbx4 Chromobox homolog 4 

B10 Cbx5 Chromobox homolog 5 

B11 Cbx6 Chromobox homolog 6 

B12 Cbx7 Chromobox homolog 7 

C01 Cbx8 Chromobox homolog 8 

C02 Nsd1 Nuclear receptor binding SET domain protein 1 
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C03 Phf1 PHD finger protein 1 

C04 Phf13 PHD finger protein 13 

C05 Phf2 PHD finger protein 2 

C06 Phf21b PHD finger protein 21b 

C07 Phf3 PHD finger protein 3 

C08 Phf5a PHD finger protein 5a 

C09 Phf6 PHD finger protein 6 

C10 Phf7 PHD finger protein 7 

C11 Ing1 Inhibitor of growth family, member 1 

C12 Ing2 Inhibitor of growth family, member 2 

D01 Ing3 Inhibitor of growth family, member 3 

D02 Ing4 Inhibitor of growth family, member 4 

D03 Ing5 Inhibitor of growth family, member 5 

D04 Mbd1 Methyl-CpG binding domain protein 1 

D05 Mbd3 Methyl-CpG binding domain protein 3 

D06 Mbd4 Methyl-CpG binding domain protein 4 

D07 Mecp2 Methyl-CpG binding domain protein 2 

D08 Mizf MBD2 interacting zinc finger protein 

D09 Mta1 Metastasis associated 1 

D10 Mta2 Metastasis associated gene family member 2 

D11 Spen SPEN homolog, transcriptional regulator 

D12 Nab2 Ngfi-A binding protein 2 

E01 Ctcf CCCTC –binding factor 

E02 Chd1 Chromodomain helicase DNA binding protein 1 

E03 Chd2 Chromodomain helicase DNA binding protein 2 

E04 Chd3 Chromodomain helicase DNA binding protein 3 

E05 Chd4 Chromodomain helicase DNA binding protein 4 

E06 Chd5 Chromodomain helicase DNA binding protein 5 

E07 Chd6 Chromodomain helicase DNA binding protein 6 

E08 Chd7 Chromodomain helicase DNA binding protein 7 

E09 Chd8 Chromodomain helicase DNA binding protein 8 
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E10 Chd9 Chromodomain helicase DNA binding protein 9 

E11 Cdyl Chromodomain protein, Y chromosome-like 

E12 Cdyl2 Chromodomain protein, Y chromosome-like 2 

F01 Baz1a Bromodomain adjacent to zinc finger domain 1A 

F02 Baz1b Bromodomain adjacent to zinc finger domain, 1B 

F03 Baz2a Bromodomain adjacent to zinc finger domain, 2A 

F04 Baz2b Bromodomain adjacent to zinc finger domain, 2B 

F05 Bptf Bromodomain PHD finger transcription factor 

F06 Brd1 Bromodomain containing 1 

F07 Brd2 Bromodomain containing 2 

F08 Brd3 Bromodomain containing 3 

F09 Brd4 Bromodomain containing 4 

F10 Brd7 Bromodomain containing 7 

F11 Brd8 Bromodomain containing 8 

F12 Brdt Bromodomain, testis-specific 

G01 Brpf1 Bromodomain  and PHD finger containing, 1 

G02 Brpf3 Bromodomain  and PHD finger containing, 3 

G03 Brwd1 Bromodomain and WD repeat domain containing 1 

G04 Brwd2 Bromodomain and WD repeat domain containing 2 

G05 Brwd3 Bromodomain and WD repeat domain containing 3 

G07 Arid 1a AT rich interactive domain 1A(Swi 1 like) 

G08 Arid 2 AT rich interactive domain 2(Arid-rfx like) 

G09 Ino80 INO80 complex homolog 1 (S. Cerevisiae) 

G10 Smarca2 SWI/SNF related, matrix associated, actin dependent 

regulator of chromatin, subfamily a, member 2 

G11 Smarac4 SWI/SNF related, matrix associated, actin dependent 

regulator of chromatin, subfamily a, member 4 

G12 Smarca5 SWI/SNF related, matrix associated, actin dependent 

regulator of chromatin, subfamily a, member 5 
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Appendix III: List of chromatin modifiers 

 

Table: List of chromatin modifiers 

Position Symbol Description 

A01 Atf2 Activating transcription factor 2 

A02 Cdyl Chromodomain protein, Y chromosome –like 

A03 Ciita Class ll transactivator 

A04 Csrp2bP Cysteine and glycine-rich protein 2 binding protein 

A05 Esco1 Establishment of cohesion 1 homolog 1 

A06 Esco2 Establishment of cohesion 1 homolog 2 

A07 Hat1 Histone aminotransferase 1 

A08 Kat2a K(lysine) acetyltransferase 2A 

A09 Kat2b K(lysine) acetyltransferase 2B 

A10 Kat5 K(lysine) acetyltransferase 5 

A11 Myst1 MYST histone acetyltransferase 1 

A12 Myst2 MYST histone acetyltransferase 2 

B01 Myst3 MYST histone acetyltransferase ( monocytic leukemia)3 

B02 Myst4 MYST histone acetyltransferase monocytic leukemia 4 

B03 Ncoa1 Nuclear receptor coactivator 1 

B04 Ncoa3 Nuclear receptor coactivator 3 

B05 Ncoa6 Nuclear receptor coactivator 6 

B06 Hdac1 Histone deacetylase 1 

B07 Hdac10 Histone deacetylase 10 

B08 Hdac11 Histone deacetylase 11 

B09 Hdac2 Histone deacetylase 2 

B10 Hdac3 Histone deacetylase 3 

B11 Hdac4 Histone deacetylase 4 

B12 Hdac5 Histone deacetylase 5 

C01 Hdac6 Histone deacetylase 6 

C02 Hdac7 Histone deacetylase 7 
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C03 Hdac8 Histone deacetylase 8 

C04 Hdac9 Histone deacetylase 9 

C05 Aurka Aurora kinase A 

C06 Aurkb Aurora kinase B 

C07 Aurkc Aurora kinase C 

C08 Nek6 NIMA  (never in mitosis gene a)-related expressed kinase 6 

C09 Pak1 P21 (CDKN1A)-activated kinase 1 

C10 Rps6ka3 Ribosomal protein S6 kinase polypeptide 3 

C11 Rps6ka5 Ribosomal protein S6 kinase polypeptide 5 

C12 Dzip3 DAZ interacting protein3, zinc finger 

D01 Mysm1 Myb-like,SWIRM and MPN domains 1 

D02 Rnf2 Ring finger protein 2 

D03 Rnf20 Ring finger protein 20 

D04 Ube2a Ubiquitin-conjugating enzyme E2A, RAD6 homolog 

D05 Ube2b Ubiquitin-conjugating enzyme E2B, RAD6 homolog 

D06 Usp16 Ubiquitin specific peptidase 16 

D07 Usp21 Ubiquitin specific peptidase 21 

D08 Usp22 Ubiquitin specific peptidase 22 

D09 Carm1 Coactivator-associated arginine methyltransferase 1 

D10 Dot1l DOT1-like, histone H3 methyltransferase 

D11 Ehmt1 Euchromatic histone methyltransferase 1 

D12 Ehmt2 Euchromatic  histone  lysine N-methyltransferase2 

E01 MLL3 Myeloid/lymphoid or mixed-lineage leukemia 3 

E02 Prmt1 Protein arginine N-methyltransferase 1 

E03 Prmt2 Protein arginine N-methyltransferase 2 

E04 Prmt3 Protein arginine N-methyltransferase 3 

E05 Prmt5 Protein arginine N-methyltransferase 5 

E06 Prmt6 Protein arginine N-methyltransferase 6 

E07 Prmt7 Protein arginine N-methyltransferase 7 

E08 Prmt8 Protein arginine N-methyltransferase 8 

E09 Setdb2 SET domain, bifurcated 2 
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E10 Smyd1 SET and MYND domain containing 1 

E11 Smyd3 SET and MYND domain containing 3 

E12 Ash1l Ash1 (absent, small, or homeotic)-like 

F01 MLL5 Myeloid/lymphoid or mixed-lineage leukemia 5 

F02 Nsd1 Nuclear receptor-binding SET-domain  protein 1 

F03 Setd1a SET domain containing 1A 

F04 Setd1b SET domain containing 1B 

F05 Setd2 SET domain containing 2 

F06 Setd3 SET domain containing 3 

F07 Setd4 SET domain containing 4 

F08 Setd5 SET domain containing 5 

F09 Setd6 SET domain containing 6 

F10 Setd7 SET domain containing 7 

F11 Setd8 SET domain containing 8 

F12 Setdb1 SET domain, bifurcated 1 

G01 Suv39h1 Suppressor of variegation 3-9 homolog 1 

G02 Suv420h1 Suppressor of variegation 4-20 homolog 1 

G03 Whsc1 Wolf-Hirschhorn syndrome candidate 1 

G04 Aof2 Amine oxidase (flavin containing) domain 2 

G05 Jarid 1 b Jumonji, AT rich interactive domain 1B (Rbp2 like) 

G06 Jarid1 c Jumonji, AT rich interactive domain 1C (Rbp2 like) 

G07 Jmjd2a Jumonji  domain containing 2A 

G08 Jmjd2c Jumonji  domain containing 2C 

G09 Jmjd3 Jumonji  domain containing 3 

G10 Dnmt1 DNA methyltransferase (cytosine-5)1 

G11 Dnmt3a DNA methyltransferase 3A 

G12 Dnmt3b DNA methyltransferase 3B 
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