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ABBREVIATIONS

AS   Angelman Syndrome
BORIS Brother of the Regulator of Imprinted Sites 
BWS   Beckwith Weidemann Syndrome 
ChIP   Chromatin Immunoprecipitation
CTCF   CCCTC Binding Factor
DMD* Differentially Methylation Domain
DMR* Differentially Methylation Region
Dnmt/DNMT DNA Methyltransferase
HAT   Histone Acetyl Transferase
HDAC Histone Deacetyltransferase
ICR*   Imprinting Control Region
Igf2/IGF2 Insulin like Growth Factor 2 
Inr   Initiator 
Kb   Kilobase 
LOH   Loss of Heterozygosity
LOI   Loss of Imprinting
MBD   Methyl Binding Domain
NRSF Neuron restrictive silencer factor 
PWS   Prader Willi Syndrome
scs/scs’ Specialised Chromatin Structures 
SNRPN Small Nuclear Ribonuceloprotein Particle-associated peptide N 
Su(Hw) Suppressor of Hairy Wing
TSA   Trichostatin A
UPD   Uniparental Disomy
UPE   Upstream Promoter Element
WT   Wilm's Tumour

* Please note that the abbreviations, DMD, DMR and ICR used extensively in this
thesis refer to the same region, upstream of the H19 gene.
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Introduction

Since the beginning of the human genome sequence project, there has been a lot of
speculation on the total number of coding genes in the body. The initial claims were 
for very high numbers citing the complexity of humans over other living organisms
however, with the progress of the project, the results slowly mellowed down the 
speculative enthusiasm. Indeed, the revelation that the 23 pairs of chromosomes,
composed of a total length of 3 billion bases of DNA, contain only approximately
40000 protein coding genes precipitated all the speculative euphoria. Interestingly, the
mouse genome with 20 chromosomes and 2.5 billion bases was also revealed to code 
for approximately 30000 genes. The comparative genome analyses between different
species thus indicated that the increase in gene number does not account for the 
increase in morphological and behavioural complexity. Evidence has now suggested 
that organismal complexity arises from progressively more elaborate regulation of the
gene expression. As the same genetic material is harboured in the different cell types 
of a body, this implies proper regulation of the material in a temporal and tissue 
specific manner via different mechanisms to increase its usefulness as the hereditary
material. The different types of regulations controlling the expression of genes can 
take place at different stages from transcription to post translational modifications and 
beyond.

The transcriptional regulation of genes is dependent on a number of genetic and 
epigenetic elements, which have been the target of extensive studies in the past 
decades. Genetic elements, such as the promoters, enhancers and insulators, function 
through interaction with trans-acting factors while the epigenetic elements influence the 
gene expression either by  modifications of cytosine bases at the DNA level or later at 
the level of the histones by modifying their N-terminal tail region, in turn changing the
chromatin environment altogether. Overall, a close coordination between the genetic 
and epigenetic components is important for the proper regulation of gene activation
and gene silencing phenomena. This mixing and matching of elements generates a 
huge repertoire of distinct gene expression patterns. Disruption of this type of
combinatorial transcriptional mechanism has severe consequences for the organism
and can lead to developmental disorders and diseases such as cancer.

In this thesis, I will briefly introduce the different parameters, both genetic and 
epigenetic, which guide the expression of genes during normal development and 
neoplasia. More specifically I will focus on the epigenetic regulation of the H19/Igf2
locus in mouse and human. The role of insulator sequence and the involvement of 
specific factors in maintaining the monoallelic expression pattern of the genes and in 
the epigenetic modification of the differentially methylated region will be discussed in 
detail.
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Cis-Acting elements in Transcriptional regulation 
Transcription or synthesis of an RNA strand from a DNA template is the result of 
multi-component general transcription complex, which comprises of the promoter, the 
enhancer, the silencer, the insulator and the associated transcription factors among
other things. Here I will describe some of these components and the important roles 
they play in regulation of the transcription machinery. 

Promoters
The promoter is an essential part of any functional gene, since it functions to 

initiate and direct the transcription of the associated gene. Promoters convey
directional information (transcription proceeds downstream from the promoter
sequence) and were originally characterised by the presence of a conserved AT-rich
TATA box component and the distance relative to transcriptional start site 
(approximately 25 bp upstream of the transcription start site). The TATA box
comprises of an 8 bp consensus sequence consisting entirely of T-A base pairs flanked 
by G-C base pairs. In addition to this TATA box containing promoter, the Inr (for 
Initiator) promoters have also been reported, for which the transcription initiation is 
dependent on an initiator (Inr) sequence with the consensus YYCAYYYYY, (Y=T/C) 
which is usually located at the transcription start site (-3 to +5) (177). There are also 
examples of promoters containing both a TATA box and one or more Inr sequences. In 
these cases, the Inr and the TATA-box cooperate, and show slightly increased 
transcriptional activity (61). In addition, there are promoters that contain neither a 
TATA box, nor an Inr consensus. These promoters depend on other elements such as 
CAAT box (-75bp), GC box (-90bp) and Octamer sequence, collectively called 
upstream promoter elements (UPE), which can positively or negatively effect their 
transcription level (149, 178).

Although the transcription complex assembles at the promoter region and the 
assembly of transcriptional machinery at the core promoters is important for 
transcriptional regulation still, in the absence of other cis-acting elements the level 
remains very low. To achieve physiological levels of gene expression, further 
sequence elements and protein factors are required. These factors regulate the level of 
transcription and equip the gene with the potential to be regulated temporally and 
spatially during development and by external stimuli. One such element is called the 
enhancer.

Enhancers
Enhancers are generally perceived as promoter, distance and orientation independent
DNA entities that stimulate the activity of any promoter in their vicinity (101). 
Enhancers can be located either upstream or downstream of the target gene and in
some cases within the gene, usually in an intronic region. Numerous theories have
been put forward to explain the functional mechanism of enhancers. What is generally
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agreed upon is that enhancers stimulate promoter activity by attracting factors that 
localise or bind transcription complex at the promoter. These factors can also change 
the chromatin conformation at the promoter region and the gene body. Viral SV40 
enhancer holds the distinction of being the first enhancer to be characterised in detail.

Elements analogous to enhancers called upstream activating sequences (UAS)
have also been identified in yeast and have been shown to act over short distances. 
Quite similar in function to enhancers are yet another type of regulatory element called 
the locus control regions or the LCRs. They are a kind of master enhancers as they 
can activate an entire locus or gene cluster regardless of the position on the 
chromosome (95). A number of LCRs have been discovered so far, such as the beta 
globin locus, the liver specific LAP gene, the human growth hormone locus, and the T-
cell specific CD2, CD4 and TCR loci. 

The long range gene activation property of enhancers has been investigated for 
quite some time now. Several models have been proposed to explain enhancer action 
over a distance. All models assume that activators work through a protein-protein
interaction with a component of the transcriptional machinery. The first one, the
‘looping model’ suggests that activating factors bind to the enhancer, followed by a 
looping of the DNA so that the factors can interact with the promoter region of the
gene and the transcriptional machinery assembled there (167, 184). This model is 
supported by the observation of DNA loops in electron micrographs and also by the
observation that certain enhancers can activate transcription in trans when promoter
and enhancer are located on separate, non-covalently linked plasmids.

An alternative model is the ‘tracking model’ which states that factors localise 
at the enhancers and utilise it as the start point. These factors then track along the 
length of the DNA till they find the promoter region (80, 192). This model gained 
support from the recent discovery of a specific class of factors that are loaded onto 
DNA in a directional manner and from the ChIP analyses of the specific enhancer
binding factors from different regions of the gene, confirming their sliding towards
their promoter element. Apart from these two models, two new models for enhancer
activation have also emerged. The ‘facilitated tracking model’ suggests that the 
enhancer bound factors loop or track out  several times until they reach the promoter 
(29), while the ‘linking model’ suggests the involvement of enhancer facilitating 
factors covering the chromatin fibre and thereby establishing communication with the 
promoter (35).

Enhancers have been shown to be involved in the tissue specific expression of 
genes. One good example is provided by the immunoglobulin gene enhancers, which 
are active only in B-lymphocytes and enable immunoglobulin expression (11).
Enhancer function is based on two main properties, the availability of activating 
factors in pivotal combinations in the specific tissue and the chromatin conformation, 
which allows the associated factors to interact with enhancers and target promoter.
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Though promoter specific and orientation specific enhancers like the intronic 
PDGF-B enhancer have also been reported (124), a classical definition of enhancers
suggests that all enhancers are capable of activating any promoter in either orientation.
However, such a view suggests a regulatory chaos. This problem has been resolved
during evolution in a number of ways such as enhancers having different affinities 
towards the promoter. It has been shown that promoters with stronger TATA
consensus are preferentially activated. Other sequence elements such as silencers, 
insulator sequences and boundary elements have also evolved to regulate transcription
as described below. 

Silencers
The silencers are yet another type of Cis-acting elements involved in the 
transcriptional control. They share many features with enhancers even while
functioning in antagonistic manner to them. These DNA elements differ from the 
enhancers in their property to silence gene expression, thus earning the name ‘negative
regulatory elements’. Silencers can repress or block the enhancer-promoter
communication in an orientation and position-independent manner (30, 142) as
exemplified by the lysozyme silencer (12). Our understanding about the role of 
silencers in promoter modulation is rather poor, compared to that of enhancers.
Silencers have been suggested to participate in gene regulation by interacting with
repressor complexes, such as NRSF (silencer binding protein) and the polycomb group 
of proteins. Contrary to the function of the enhancers and LCRs, silencers are 
suggested to repress transcription by creating a repressive type of chromatin that
spreads and silences gene expression. Examples include the E and I silencer elements 
involved in silencing of the mating type genes at HMR and HML in yeast. These 
elements attract several DNA binding proteins, including the Sir proteins which spread 
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along the DNA and create a local repressive chromatin conformation by deacetylation
of histones (as reviewed in (51)). 

Boundaries and Insulators
‘Boundaries’ or ‘Insulators’ are regulatory elements that establish independent 
domains of transcriptional activity within the eukaryotic genome. They possess a 
common ability to protect genes from inappropriate signals emanating from their 
surrounding environment, without directly interfering with the cis regulatory elements.
Elements with insulator properties are positioned throughout eukaryotic genome.
Many different insulators have been described so far in different species including 
yeast, drosophila, chicken, mouse and humans.  Insulators are believed to protect an 
expressing or silenced gene from its surrounding in two different ways. First, 
insulators block the activity of enhancers and silencers when inserted between these 
regulatory elements and a promoter. In this way, they perform the critical function of
restricting enhancer and silencer action to the appropriate promoter targets. The 
Drosophila gypsy insulator and the chicken beta globin insulator have been shown to
hinder the enhancer from activating the promoter when placed in between them in 
transgenic constructs (19, 66). Second, insulators act as barriers and prevent the 
advancement of nearby condensed chromatin which might otherwise silence 
expression. This function may involve either the direct blocking of the regulatory
elements or the restriction of the spread of silencing complexes commonly associated 
with repressive chromatin. For example the scs and scs’ (specialised chromatin 
structures), the first insulator elements to be identified at the hsp70 gene locus in
Drosophila, were shown to form chromatin boundaries (100). A transgene flanked by 
these elements no longer showed any position dependent effects when integrated in to 
the genome.

Some insulators are able to act both as enhancer blockers and barriers while 
others serve primarily as barriers such as the insulator sequences in yeast. Insulators 
have been shown to bind to specific proteins in order to establish the enhancer
blocking property. The gypsy insulator binds to Su(Hw), which in turns interacts with 
the mod(mdg4) gene product (65), whereas the beta globin insulator 5’-HS4 and H19-
Imprinting Control Region (ICR) have been shown to bind to the zinc finger protein 
CTCF (17, 19, 75, 97) . 

The mechanism behind the function of insulators is still largely unknown. Some 
insulators such as gypsy are known to maintain the enhancer blocking function even
when located several kilo-bases away from the reporter gene. Several models have
been proposed for addressing the question of insulator regulation. According to one, 
the insulator associated factors might bind to another insulator complex thus creating a 
closed loop domain, or they might assist in localising the DNA domain to a specific 
nuclear compartment that is not favourable for the enhancer activation (18, 99). The 
blocking property of insulators could also be explained by considering the insulator as
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a physical barrier when located in between the enhancer and promoter, thus blocking
their communication (151). This model also has implications on DNA replication, 
where an insulator might act as a barrier for the replication machinery. 

The importance of insulator function can be gauged by the fact that loss of 
insulator function has been cited as a major cause behind some human diseases such as
the insulator associated with the DM1 locus is implicated in the myotonic dystrophy 
(59).  Insights into the mechanisms of insulator function could lead to the development
of improved strategies for treatment of disease and gene therapy. The first mouse
insulator identified at H19 upstream region has been the focus of fascinating research 
including mine and will be described in detail in the later part of this thesis.

Epigenetic control of Gene Expression
Epigenetics is defined as ‘the study of inheritable mechanisms that influence the gene
expression without changing the primary DNA sequence’. As described earlier, out of
the set of approximately 40000 expressed genes, only a subset contributes towards the
differentiation of a specialised cell type. It is therefore essential to turn on and off 
certain selected genes in a temporal and development specific manner, to provide a 
proper embryonic development. Epigenetic mechanisms play an important role in the 
stable maintenance of gene expression during development and differentiation. In 
order for these epigenetic modifications to be functional on a long term basis, they 
need both to remain stable to constitute cell memory through cell divisions, and to be
erased when required, e.g. during gametogenesis. Notable among the epigenetic
mechanisms that regulate the gene expression are DNA methylation,
Polycomb/Trithorax, histone acetylation and histone methylation. Two excellent 
examples of epigenetic effects are X-chromosome inactivation and genomic 
imprinting.

DNA Methylation 
DNA methylation is the most well studied eukaryotic modification, and constitutes one 
of the best understood epigenetic phenomena. In vertebrate genomes, 5’ positioned
carbon of cytosine in 5’CpG dinucleotide is usually modified by a methyl group. 
Approximately 60-90% of all CpG sequences in the genome are methylated, while 
unmethylated CpG dinucelotides are mainly clustered in the CpG rich sequence
termed CpG islands (6, 31). These CpG islands are mostly associated with promoter 
regions of active genes (27). CpG dinucleotides are under-represented in the 
mammalian genome due to the conversion of methylated cytosine to thymidine via 
spontaneous deamination, followed by stabilisation of the genome during replication 
in the germline. 

Comparative studies have revealed the presence of orthologous genes of
mammalian DNA methyltransferase in Drosophila however, the function of these 
genes is not fully known. DNA methylation has not been established so far in some 
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lower eukaryotic species such as Caenorhabditis elegans and Saccharomyces
cerevisiae.

Methylation of DNA is established and maintained by DNA methyltransferases 
(DNMTs). In mammals, three different families of DNA methyltransferases, DNMT1, 
DNMT2, DNMT3a and DNMT3b, have been identified (24). DNMT1, also known as 
the maintenance methyltransferase, uses hemimethylated sequences as template (refer
to fig. 2) and maintains genomic methylation patterns in a DNA replication dependent
manner (22, 24). In proliferating cells, DNMT1 is found associated with replication 
foci, ensuring methylation of the daughter strand during replication. Dnmt1 has also 
been shown to be associated with HDACs, providing a link between DNA methylation
and repressive chromatin (62, 168, 171). Knockout of Dnmt1 in the mouse, results in
global demethylation and embryonic lethality (112, 115), while homozygous Dnmt1
knockout ES cells remain viable and retain de novo methyltransferase activity. 
Overexpression of Dnmt1 causes genomic hypermethylation, loss of imprinting and
embryonic lethality (25). 

In comparison to DNMT1, DNMT2 is smaller and lacks the N-terminus while 
retaining all the other conserved methyltransferase motifs. No biological activity of 
this protein has been demonstrated so far (53). Knockout of the gene in mouse has no 
phenotypic effect (146).  However, orthologs of this enzyme have also been reported
in plants, Drosophila and S.pombe. Conservation of the gene in Drosophila suggests 
for its role in the small amount of non-CpG methylation seen in the fly embryo.

The third family of methyltransferases consists of DNMT3a and DNMT3b. 
Both the enzymes play an important role in embryonic development and are
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responsible for de novo methylation during embryogenesis (144). In mouse embryonic
fibroblasts, DNMT3a co localises with HP1 and the methyl DNA binding protein
MeCP2 at late replicating pericentromeric heterochromatin throughout cell cycle, 
whereas DNMT3b remains diffusely nuclear (10). In contrast, in the embryonic stem
cells DNMT3b co localises at pericentromeric sites with DNMT3a and HP1 (10).
DNMT3b mutations are shown to be associated with ICF (immunodeficiency, 
centromeric instability and facial anomalies) syndrome (57, 74, 144, 208). Mouse
knockout of the genes is lethal (145). The transcripts of all three classes of 
methyltransferases are observed throughout development, but are highest in the foetal
tissue.

An oocyte specific form Dnmt1o, lacking first 118 amino acids has also been 
discovered and gene targeting experiments have suggested its role in maintaining 
methylation marks at maternally imprinted genes in mice (52, 85). Data base screening 
has also identified Dnmt3L, another member of Dnmt3 family. Dnmt3L is highly 
expressed in undifferentiated ES cells while its expression is lost on differentiation. 
Dnmt3L is expressed in the chorion in 7.5-8.5 day mouse embryos and also in oocytes
and spermatocytes of newborn and adult mice (1). It has been shown that Dnmt3L co-
operates with Dnmt3 family methyltransferases to carry out de-novo methylation of
maternally imprinted genes during oogenesis and early mouse development (77).
Deletion of Dnmt3L affects the maternal specific methylation marks without affecting 
the global methylation pattern (1). 

The DNA methylation patterns are stably propagated during cell divisions.
Since the newly replicated DNA is hemimethylated, it acts as a template for DNMT1 
which copies the methylation pattern to the daughter strand. The de novo methylation
during embryonic stem cell differentiation in vitro involves Dnmt3a and Dnmt3b 
genes and appears to be important for the establishment of methylation marks of 
imprinted genes. Treatment of cultured cells with a demethylating agent 5-
azadeoxycytidine, leads to chromosomal instability (40). 

DNA methylation is thought to have evolved as a host defence system, where 
the methylation of foreign DNA (i.e. viral DNA and transposons) (23, 209) would
repress the gene expression and thereby inhibit its further spreading. This is supported 
by the fact that DNA methylation is generally associated with silencing of the genes
and the methylation of the promoter region frequently results in the loss of gene
expression (55). However, there is also evidence of genes remaining active in 
methylated regions (199). A direct effect of methylation at the promoter region is that 
transcription factors, such as E2F, CREB, cMyc/Myn, Ap2 and NfkB can not bind
when their recognition sequences are methylated, resulting in a decrease or loss of 
transcription (15, 81).

A more common feature in methylation-dependent regulation of gene
expression is the binding of methylation-specific DNA binding factors. These factors 
share a conserved methyl binding domain (MBD) and preferentially bind to
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methylated CpGs and compete with other DNA binding factors by covering their
binding sites, or by attracting other regulating factors. So far, five MBD proteins,
MeCP2, MBD1, MBD2, MBD3 and MBD4 and an unrelated protein Kaiso have been
identified. Recent reports suggest the existence of several new MBD proteins in mouse
and humans (89, 170).

MeCP2 was the first MBD protein to be identified, and remains the most 
extensively studied one. It is located on the X chromosome and is found to be mutated 
in Rett syndrome patients (5). Immunofluorescence studies in interphase mouse cells 
showed localisation of MeCP2 protein overlapping with that of heterochromatic DNA.
Apart from the MBD domain, MeCP2 also has a transcriptional repression domain
(TRD) involved in the repression of gene activity (94, 211). MeCP2 has a high affinity 
for methylated CpGs and has been shown to repress transcription by at least two
different mechanisms. The TRD of MeCP2 interacts with Sin3A, a co-repressor that 
exists in a complex with HDACs which then condenses the chromatin structure and 
represses the region. Consistent with this finding, inhibitors of histone deacetylase 
proteins relieve the observed repression (91, 136). However MeCp2-TRD based 
repression has been shown to be insensitive to histone deacetylase inhibitors on some 
promoter as well (36). 

The MBD1, MBD2 and MBD3 proteins have all been shown to have HDAC-
dependent repression of the gene expression (28). MBD2 is a part of the
MeCP1/NURD complex that remodels and deacetylates methylated chromatin 
templates in vitro, while MBD3 has been identified as a core component of the 
Mi2/NuRD transcriptional co-repressor complex (137, 138, 213). Interestingly MBD2
and MBD3 form a complex with DNMT1 during DNA replication, with strong affinity 
towards hemimethylated DNA. This suggests that recruitment of methyltransferases 
and HDACs plays an important role in maintaining repressive chromatin structures
through cell divisions (189). Knockout of MBD3 suggests its role in embryonic 
development while knock-out of MBD2 is viable (79).

MBD4 stands apart from the rest MBDs as it is not associated with repression 
of gene expression and has been identified as a glycosylase involved in a complex with
the DNA mismatch repair protein MLH1(20). A new addition to the methylated DNA-
dependent transcriptional repressors is Kaiso, which has been shown to act as a 
methylation-dependent transcriptional repressor in transient transfection assays (159). 
Kaiso is a constituent of one of the two methyl CpG binding complexes originally
designated as MeCP1. Homologues of Kaiso have also been identified in humans and 
frogs.

DNA Methylation in Development
There is considerable evidence from earlier research that DNA methylation plays a 
critical role in silencing of specific genes during development and cell differentiation.
Homozygous deletion of any of the three known Dnmts (Dnmt1, 3a and 3b) has been

15



shown to be lethal in mice, confirming their vital role in the establishment of the 
correct gene expression patterns (115, 144). Moreover, both hyper and 
hypomethylation of the genome have been linked to developmental disorders and 
diseases (40, 127, 153). 

Immunohistochemical experiments with 5mC monoclonal antibody, as well as 
bisulphite sequencing of maternal and paternal alleles of imprinted genes in mice have
demonstrated that both maternal and paternal genomes undergo rapid reprogramming
after fertilization (128, 173). Soon after fertilisation a wave of demethylation takes 
place. The male pronucleus gets actively demethylated while the maternal genome is 
gradually demethylated during the first cell cleavages (128, 173). Equivalent level of 
methylation in both genomes is reached by the 16 cell stage (121). DNA methylation
levels are the lowest in the blastocyst (128). The asymmetry in demethylation is
speculated to be due to the differences in the chromatin structure and also due to the
differential transcriptional activation of the parental genomes. In addition it might also 
be involved in facilitating the maintenance of imprinting marks that are recognised as
such, throughout later development (2). The DNA methylation patterns are re-
established after implantation. Whether this extensive demethylation of the genome
during pre-implantation development is essential for normal development is unknown
however, it is speculated that this demethylation leads to chromatin decondensation 
and transcriptional activation of the zygotic genes, required for early development. It 
might also facilitate subsequent genomic reprogramming through histone modification 
and chromatin remodelling.

Similar demethylation and remethylation events also occur in the germline, 
where the DNA of primordial germ cells is actively demethylated, followed by re-
establishment of methylation in the egg and sperm. Genome-wide reprogramming of
DNA methylation patterns has also been observed, although to differing extents and 
with different timings, in bovine, rat and pig zygotes (98). These species also exhibit a 
demethylated paternal genome, suggestive of active demethylation in the zygote. The
machinery involved in the establishment of methylation patterns is quite well defined, 
while the factors implementing DNA demethylation remain elusive.

Polycomb/Trithorax System 
Polycomb group (Pc-G) and Trithorax (Trx) system represents another type of
epigenetic regulation involved in controlling of the gene expression (152, 157). The
system has been studied extensively in Drosophila where Pc-G and Trx proteins have
been shown to maintain the gene expression patterns of homeotic genes through cell
divisions. The Pc-G is usually associated with inactive genes while Trx is involved in
gene activation (26). These proteins regulate gene expression patterns by stably 
modulating the higher order chromatin structure. The Pc-G gene products form large 
multi-protein complexes that can bind to the target sites flanked by cis-elements called 
polycomb responsive elements (PREs) and package them into a higher order
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chromatin structure, not accessible to trans-acting factors (158). The Trx gene 
products on the other hand encode for a GAGA factor, a DNA binding transcription 
factor which associates with nucleosome remodelling factor NURF, to unfold 
chromatin (148). In mammals, the mouse polycomb group of protein Eed (embryonic
ectoderm development) has been identified for its role in maintaining repressed status 
of the imprinted X chromosome and in the regulation of parent of origin dependent
expression at imprinted loci (120, 200).

The PcG and Trx proteins act through common regulatory elements to direct 
adjacent stretches of DNA into open or closed chromatin states. Recently, the enhancer
of zeste protein was shown to methylate H3-K9 (48, 131), while the trithorax 
homologue HTRX was shown to methylate H3-K4 (125, 134),  illustrating that the 
gene regulation by polycomb and trithorax group proteins involves modulation of
histone modification.

Chromatin Remodelling and Histone Modifications 
A typical eukaryotic cell is composed of approximately 2 to 3 meter long stretch of
DNA. In order to fit into the cell nucleus this DNA is packaged into a compact
structure with the help of specialized proteins called histones. The histones are the 
major class of proteins found in chromatin, ranging from 11-23 kilo Daltons in size. 
They are highly conserved across species and are present in cells in approximately 
amounts equal in mass to that of DNA. They are quite unusual in the sense that up to
30% of the amino acids in the protein are basic (lysine and arginine). This gives
histones a net positive charge, and makes them well adapted to bind to the negatively 
charged DNA. The complex of DNA plus histones in eukaryotic cells is called the 
chromatin. The fundamental packing unit of chromatin is known as the nucleosome.
Each nucleosome is about 11nm in diameter and consists of 146 bp of DNA, wrapped 
around two copies each of the four evolutionarily conserved histone variants, H2A,
H2B, H3 and H4, along with 50bp of free linker DNA on either side (104). The
nucleosomal DNA is then arranged with the support of histone H1, into a higher order 
structure to further compress the length of the DNA (refer to figure 3). 
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It has become evident now that apart from condensing the DNA, the
organisation of chromatin structure also affects the expression of genes and represents
a basic obstacle for transcription and replication processes (204). On a local level, the 
position of nucleosomes is thought to either hinder or facilitate binding of activator or
suppressor proteins, transcription factors or polymerases (204). On a global level, the 
higher order chromatin organisation is supposed to repress long stretches of DNA. The 
further organisation of the chromatin into nuclear compartments is also likely to effect 
gene expression (43).

Two kinds of enzymatic activities have been identified impinging on the 
chromatin structure. One family involves mainly ATP hydrolysing enzymes that can 
re-model chromatin by shuffling nucleosomes. SWI (switch) and SNF (sucrose non-
fermenting) gene products (193) have been found to make up the major protein
complex participating in chromatin remodelling in yeast. A number of SWI/SNF
related chromatin remodelling complexes have also been shown to be important co-
regulators of transcription in mammals. Various lines of evidence have implicated
chromatin-remodelling enzymes like DDM1 (64, 87), ATRX (67) and LSH (50) in the 
establishment and maintenance of proper epigenetic modification patterns. Another
family includes a set of enzymes that are able to modify histones covalently, at 
specific residues, located most commonly at the N-terminal histone tails. 
Modifications include acetylation, phosphorylation, methylation and ubiquitination 
(21). All these modifications are interrelated and interchangeable thus giving rise to 
the histone code hypothesis (88, 182, 196).

Histone Acetylation
The most well characterised histone modification to date is acetylation, a modification 
linked mainly to transcriptional activation (182, 196). Acetylation normally occurs on 
N-terminal lysines of histone H3. Histone hyperacetylation is strongly associated with 
actively expressed genes while deacetylation is linked with transcriptional repression. 
The acetylation of lysine residues on histone H3 and H4 creates a more open 
chromatin structure as the acetylation of histone neutralises the overall charge of the 
histones, decreasing its affinity for the negatively charged DNA. This implies that 
DNA is now more accessible to the factors of transcription machinery (78, 106). 
Studies have shown that acetylated histone H4 lysines, but not the non-acetylated ones
are specifically recognised by certain bromo-domain proteins such as the TFIID
component TAF250 (86) . Conversely, this implies that histone hypoacetylation is a 
feature of repressed genes (183). Consistent with this idea is the observation that in 
lower eukaryotes such as S.cerevisiae, large proportions of histones remain acetylated
as most genes are expressed while in more complicated eukaryotes, the proportion of 
acetylated histones decreases corresponding to the reduced fraction of expressed genes
(197).
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The Histone acetyl transferases (HATs) and the Histone deacetylases
(HDACs) are the two main factors responsible for maintaining the acetylation status of
histones (105, 195). It is suggested that acetylation of newly synthesized histone
proteins is catalysed by a distinct class of HATs. So far, there are several families of 
HATs isolated from various organisms. Some general transcription factors, such as
GCN5, TAFII250, pCAF and p300/CBP have been identified for their HAT activity 
(126). Many of the HAT proteins are subunits of large activation complexes, like 
SAGA (Spt-Ada-Gcn5-Acetyltransferase), some of which work in concert with 
chromatin remodelling complexes such as SWI/SNF (76). 

HDACs are enzymes that deacetylate histones. Three different classes of the 
human HDAC family have been characterised. HDACs homologous to the yeast Rpd-
3 enzyme, HDACs homologous to yeast Hda-1 proteins and NAD+ dependent HDACs
which are homologous to yeast Sir2 protein (72). HDACs deacetylate histones and 
have been shown to associate with transcriptional repressors such as Sin3, MeCP2 and 
the initiator binding factor YY1, thereby mediating repression of transcription (107). A 
number of specific inhibitors of HDACs, like sodium butyrate, trapoxin and
trichostatin-A (TSA) have been characterised and shown to modulate acetylation status 
in vivo and in vitro. Experiments with TSA, have shown to affect the expression of
many genes such as the paternal H19 gene, further proving the importance of histone 
acetylation as an epigenetic mechanism in the regulation of genes (116). A brief 
summary of all the major histone modifications is depicted in the figure 4. 

Histone Methylation
Histone methylation is another important modification that has generated a lot of 
interest in the last couple of years. Just like acetylation, it is also restricted to the lysine 
residues at the amino terminus of the histone tails. Methylation of lysine residues is
known to occur on histone H3 (K4, K9, K27, K36 and K79) and on H4 (K20 and K79)
(refer to figure 4). Fully activated promoters appear to be enriched in tri-methylated
H3-K4 while basal transcription correlates with H3-K4 di-methylation. H3-K9
methylation by contrast, is present mainly in silenced chromatin domains (108, 135).

The targeting of methyltransferases to specific promoters has been established 
as a crucial mode in their action, and a number of enzymes that either activate or 
repress transcription have been uncovered. The discovery of histone
methyltransferases (HMTs) such as Suv39h has added to our understanding of gene
regulation via histone modifications (39, 161). The methyltransferase activity of 
SUV39 directed against lysine 9 of histone H3, creates a high affinity binding site for 
the chromodomain of heterochromatin protein 1 (HP1) (155). Binding of HP1 is linked
with transcriptional repression. In many ways histone methylation appears to be a very 
analogous modification to acetylation. Although unlike HDACs, no direct demethylase
has been discovered for histone lysine methylation. However, reversion of an active 
chromatin state to a naive one has been described by the transcription coupled 

19



replacement mechanism in which histone H3.3 variants are deposited in place of the 
modified histone H3 (3) . 

In addition, methylation at arginines residues has also been observed within the
tails of histone H3 (R2, R17, R26) and H4 (R3). Arginines can be either mono or di 
methylated on the guanidine nitrogen. Five different arginine methyltransferases,
PRMT1, PRMT2, PRMT3, PRMT4/CARM1 and PRMT5/JBP1 have been
characterised so far (122, 214). Methylation of histones at arginine is considered as a
stimulating event for transcription. 

Interplay between DNA Methylation and Histone Acetylation
Both DNA methylation and histone acetylation have been studied extensively and
recognised as global epigenetic mechanisms regulating gene transcription. A strong 
link between these two modifications has been suggested by their ability to synergise 
with each other at the chromatin level, thus influencing the regulation of eukaryotic 
gene expression.

The different methyl CpG binding domain proteins such as MeCP2, MBD1,
MBD2 and MBD3 are thought to act as mediators between DNA methylation and
histone acetylation. In Xenopus oocyte extracts, methyl CpG binding activity has been 
shown to co-fractionate with histone deacetylase activity. Similarly in HeLa cell 
nuclear extracts, MBD2, HDAC1, HDAC2 and RbAp46/48 co-purify (213). The
mechanism of DNA methylation-mediated gene silencing may be carried out by the
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methyl CpG binding family proteins, which have been shown to target transcriptional 
repressor Sin3A to the specific methylated DNA sequence. Sin3A then recruits
HDAC1 to the targeted site. As a result the acetylation level of histones in the 
methylated chromatin environment decreases. This effect can be reversed by treatment
with TSA (91, 136) 

The synergistic association between methylation and deacetylation events was
also documented by the association of DNMT1 with HDAC2 together with DMAP1, a 
newly characterised corepressor, to form a complex during late S phase of cell cycle. 
The complex is then recruited to replication foci through interactions with proliferating
cell nuclear antigen (PCNA) (42, 171). Furthermore, direct binding of DNMT3a and
DNMT1 to HDAC1 has also been reported recently (171). These observations together 
suggest that the DNA methylation machinery might dictate the histone acetylation by 
active recruitment of HDACs to replication loci and thus deacetylating the newly
deposited H3/H4 histones. This ensures proper chromatin conformation particularly at 
centromeres and other heterodomains, important for maintaining the integrity of 
chromosome structure (165). 

Genomic Imprinting 
The non-equivalence of maternally and paternally contributed genomes was identified 
in elegant nuclear transfer studies. Pronuclear experiments in mice have shown that
androgenetic and parthenogenetic embryos are not viable and die due to abnormalities 
of the foetus and placenta (14, 185). Subsequently, studies in both mouse and humans 
on uniparental disomies (UPDs), in which either single chromosomes or parts thereof 
are inherited solely from either maternal or paternal germlines, revealed the
importance of both genomes for normal development in mammals.  This epigenetic 
mechanism by which the expression of certain genes is dependent on their parental
origin is termed genomic imprinting. Since the initial discovery of the genomic
imprinting phenomenon, more than 70 imprinted mammalian genes have been
identified so far (http://www.mgu.har.mrc.ac.uk/imprinting/imprinting.html) and more
are predicted to be found (13).

The evolution of imprinting is unclear and several theories have been proposed.
The most well established one is the conflict theory which states that there is conflict 
between maternal and paternal genomes (129). According to this theory most of the 
paternally imprinted genes are foetal growth promoters while maternally imprinted 
genes function as growth inhibitors. Although this claim of the theory can be debated, 
some imprinted genes do seem to follow the rule. The best examples are the paternally 
expressed Igf2 gene and the maternally expressed Igf2r gene. Igf2 encodes a growth 
factor IgfII and Igf2r encodes a receptor which binds IgfII and transports it to 
lysosomes for degradation, thereby inhibiting over-growth (49, 109). Mouse knock-
outs of many maternally expressed genes show growth enhancement of the offspring, 
although exceptions to this rule are also observed. One prediction of the conflict theory 
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is that genomic imprinting exists in species in which there is at least some contribution
of maternal resources to the embryo and in which polyandry is observed. Comparative
studies also support this model, as imprinting is observed even in metatherians 
(marsupials) such as opossum, which like eutherian mammals support their offspring 
in utero via a primitive placenta derived from the yolk sac. In contrast, biallelic 
expression of Igf2 and Igf2r is observed in monotremes and birds where the maternal
contribution of resources to offspring is completed prior to fertilisation (140, 147). 
Interestingly genomic imprinting is also observed in the endosperm of plants (71, 123).

The mechanisms that establish the mono-allelic expression pattern of imprinted
genes are quite diverse and not fully understood. However DNA methylation stands up 
as an important candidate in setting up of parental identity of imprinted genes. Most of 
the imprinted genes discovered so far have differentially methylated regions (DMRs)
in their vicinity. These DMRs are believed to harbour allele specific methylation
marks which dictate active and silenced allele. These imprinting marks are laid down 
during germline development, e.g. during the oogenesis, for the Igf2r gene and during
spermatogenesis, for the H19 gene. It is not clearly understood how this DNA
methylation or epigenetic mark is protected from demethylation during the pre-
implantation stage of development. Similarly how the non-methylated other allele is 
protected from the genome wide re-methylation during post implantation development
also remains a mystery. The most accepted version involves binding of specific factors 
which protect these regions from demethylation or remethylation. In this thesis, I have 
studied the H19/Igf2 imprinting locus to gain further insight into the issue. 

Characteristics of Imprinted Genes 
The imprinted genes studied so far share some common genetic and epigenetic
features. I will discuss a few of these characteristic features here. Most of the 
imprinted genes discovered so far are located in clusters and show coordinated
regulation (16, 164). These clusters contain both maternally and paternally imprinted 
genes in a long domain. Examples include the three clusters on mouse chromosome 7 
which contain a total of 11 imprinted genes and the Gnas cluster on chromosome 5.
Interestingly, orthologs of these clusters are found in other species too, such as the
orthologous region to the cluster on mouse chromosome 7 is found on human
chromosome 11. This evolutionary conserved clustering of imprinted genes suggests
sharing of common regulatory element as a probable reason. Most of the imprinted 
genes are associated with differentially methylated regions which are important for
their expression (60, 84, 113, 190).  Besides this, some of the imprinted genes such as 
H19, XIST (Imprinted in the extra-embryonic tissues of placental animals) and IPW
(Imprinted in Prader-Willi) encode RNA products only (32, 34, 203). Sequence 
comparison between H19 and XIST revealed presence of large first and last exons
separated by multiple small exons (156). Their RNA products show striking similarity
in the predicted secondary structures, and regulate the expression of the neighbouring 
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gene. Antisense transcripts have also been detected at several imprinted loci. The 
imprinted genes are found associated with overlapping antisense transcripts on the
functionally silent allele prompting propositions that antisense transcripts suppress 
sense transcription from one of the alleles to manifest monoallelic expression (154). A 
well studied example of this form of regulation is observed for control of Igf2r gene
expression by Air RNA (206). 

Asynchronous DNA replication timing of the alleles is another of the intriguing 
features associated with imprinted genes. Several imprinted loci, such as Igf2/H19,
Igf2r and Snrpn display asynchronous replication timing between the parental alleles 
(69, 70, 73, 103, 176). It has been observed that the paternal allele replicates early 
irrespective of which allele is expressed at most imprinted loci studied so far. In the 
event of X-inactivation however, it is always the active X chromosome that replicates 
early in the cell cycle irrespective of whether the inactivation is imprinted or of 
random choice. A generalised conclusion seems a distant reality in the light of the 
above scenarios. 

Regulation of the H19/Igf2 Locus
The distal end of chromosome 7 in mouse and it orthologous region on chromosome
11 in humans is known to harbour several imprinted genes (37, 110). In mouse this 
regions spans about 800 kb and is basically divided into two functional imprinted
subdomains [93, 94]. The first one contains the reciprocally imprinted H19 and Igf2
genes while the other harbours the maternally expressed Mash2, Kvlqt1, p57kip2 and 
the paternally expressed Ins2 gene. The regulation of these genes has been extensively
investigated in mouse and similar mechanisms are proposed for the human 
counterparts. The focus here will therefore be on the mouse H19/Igf2 locus whereas, 
the human IGF2 and H19 genes will be discussed later. 

Igf2 and its neighbour, the maternally expressed H19 genes are co-regulated.
The Igf2 gene encodes a growth factor, while the H19 gene encodes a non-translated 
RNA of unknown function. These genes are 90 kb apart and they share a common set 
of enhancers, at least for expression in endodermal and mesodermal tissues (210). A 
differentially methylated region (DMR) approximately 2 kb upstream of the H19 gene
has been a major spotlight of research due to its vital role in Igf2 and H19 imprinting. 
The knock-out of this region in mouse leads to loss of imprinting of both the Igf2 and
H19 genes (194). Fine genetic experiments have shown that deletion of the 1.6 kb 
DMR upstream of the H19 gene is sufficient to reactivate the maternal Igf2 gene (190).
Deletions of further smaller region do not lead to LOI of Igf2  (119). 
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The differential methylation of this region is of particular interest since it is 
widely acknowledged to form a primary imprint mark of this region. This region is 
methylated in sperm but not in oocytes, and the paternal chromosome remains
hypermethylated throughout embryogenesis (93, 96). During early development, the
hypermethylation on the paternal H19 DMR spreads from H19 DMR to include the 
H19 promoter and its gene body. In vitro experiments with transfection of the
episomal plasmids containing the methylated ICR have also demonstrated the 
importance of methylation of this region in maintaining monoallelic expression of the 
associated genes (83). Mouse knockout experiments have demonstrated that the H19
DMR is required during early embryogenesis, to direct methylation of the H19
promoter and for silencing of the maternal Igf2 (180, 181). These changes are then 
stably maintained independent of DMR and probably directly repress the paternal 
allele. Strikingly, the mechanism for silencing of Igf2 is distinct from the mechanism
to silence paternal H19. Deletion of the DMR in a cell type specific manner 
demonstrated that its presence is continually required to silence the maternal Igf2
promoter (93, 181). This can be visualised by accepting the DMR’s role as an 
insulator, preventing access of the Igf2 promoter to the downstream endodermal
enhancers. On the paternal allele however methylation inactivates the insulator 
allowing activation of the paternal allele. Ability of the H19 DMR to act as an 
insulator has also been demonstrated in vitro by using integrated and episomal
minigene constructs (96, 97). Analysis of this region also revealed nuclease
hypersensitive sites and at least three prominent CCCTC binding factor (CTCF) 
specific footprints on the maternal allele (17, 75, 96, 97, 186). Experimental analyses 
have also confirmed binding of 11 zinc finger protein, CTCF, to this DMR region in a
methylation sensitive manner (17, 75, 97). Site directed mutagenesis of CTCF target 
sites has also shown their importance in imprinting and in insulator activity of this 
region, both in vitro as well as in vivo conditions (17, 75, 97, 150, 175, 186).
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Mouse Knockouts in the H19 ICR
Homologous recombination has been a widely used technique in the field of
imprinting. Most of our present day knowledge of imprinting mechanisms has been
derived from the deletion of endogenous regions using Cre-loxP methodology (132).
Many different knockouts have been made for H19 ICR in order to dissect out the
insulator function. Here I will briefly describe a few of these knockouts and the 
valuable information derived from them.

As described earlier, the mouse H19 ICR region is composed of four
hypersensitive regions, three of which show prominent footprint owing to the binding
of CTCF protein. Deletion of a 1.6 kb fragment of the ICR containing three CTCF
target sites, from -3.7 to -2.1 kb relative to the H19 promoter, leads to reactivation of 
H19 and loss of Igf2 expression on paternal transmission (190). The same deletion on 
maternal inheritance results in the activation of normally silent maternal Igf2 allele. In
contrast to this, maternal deletion of a 1.2 kb fragment from -2.9 to -1.7 kb with only
two CTCF target sites does not seem to affect the expression of the Igf2 gene, though a
de-repression of the H19 allele was observed on paternal transmission of the deletion 
(54). The deletion did not affect the differential methylation of the locus. Apart from 
these two important deletions, deletion of -3.7 to -0.8 kb region with all four target 
sites was also shown to give the same results as the 1.6 kb deletion (191). In addition, 
deletion of ‘G’ repeat region, downstream of CTCF target site 4, alone or in 
combination with the 1.6 kb region did not add to the effect (162, 191). A summary of 
some of the important deletions at H19 locus is presented in the table below. 

TARGETED REGION (distance
relative to H19 ), Details

  EFFECTS References

-50 bp to +3kb ( 3). H19 promoter
and 1st exon removed. Neo cassette
left in place.

25% reactivation of Igf2 on maternal transmission.
Neo cassette at H19 is imprinted and no change in 
methylation of H19 DMD

(166)

H19 coding region replaced from
+3 bp with luciferase reporter

Igf2 expression unaffected on maternal or Paternal
transmission though some de-repression of H19-
luciferase gene is observed on paternal transmission

(90)

-234 bp to +3.3 kb region
containing H19 promoter and 1st

exon removed. No replacement
cassette left 

Maternal deletion has no effect on Igf2 in liver and 
weak de-repression in tongue. 40% reduction of H19
RNA on maternal transmission

(174)

-10 to +3 kb ( 13). H19 upstream
region including ICR with 4 CTCF
target sites and H19 promoter
along with 1st exon removed. Neo
cassette left in place.

Reactivation of Igf2 on maternal transmission, <2 
fold in liver and >2 fold in heart, muscle and kidney.
No effect on paternal transmission though Neo is 
expressed

(113)

-7 to -0.8kb. H19 upstream region
including ICR with all 4 CTCF
target sites removed.  no
replacement cassette left 

Reactivation of H19 on paternal transmission, and
Igf2 on maternal transmission when deleted in 
zygote. Deletion in skeletal muscle leads to
reactivation of Igf2 on maternal deletion while no 
effect on H19 observed on paternal deletion.

(181)

-10 to -0.8kb (K519 allele).
Complete ICR with all 4 CTCF 
target sites removed.

Reactivation of H19 in all tissues on paternal
transmission with no effect on Igf2. On maternal
transmission 50% reactivation of Igf2 observed in all
tissues.

(93)
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-3.7 to -2.1 kb ( DMD). ICR with
3 CTCF target sites removed. 1st

target site still left in place.

Reactivation of H19 and loss of Igf2 on paternal
transmission. Reciprocal effect on maternal
transmission. Highest levels of paternal H19
reactivation in endodermal tissues with a 
corresponding loss of Igf2 expression. Highest levels
of maternal Igf2 reactivation in mesodermal tissues.
Remaining portion of DMR hypermethylated in both
transmissions.

(190, 191)

-2.9 to -1.7 kb (SilK allele). Two
CTCF target sites #3 and #4 
removed. Upstream sites #1 and #2
still left. 

Region identified as silencer in Drosophila and 
transgenic mouse. Paternal deletion leads to
reactivation of H19 in endodermal tissues. No effect
on Igf2 on Maternal deletion. Differential
methylation maintained in remaining DMD.

(33, 54)

-4.6 to -0.8 kb ( 3.8kb-5’H19)
complete ICR with all 4 CTCF
target sites + G repeat deleted. 3.7
to 0.8 kb ( DMD G). ICR with 3 
CTCF target sites and G-repeat 
region deleted.

 No additional effect to DMD allele. (191)

-2.1 to -0.8 kb ( G) and -1.82 to -
1.3 kb. G-repeat region
downstream of CTCF # 4 deleted.

 No effect on imprinting of H19 or Igf2 (162)

+7.3 to +13.5 kb. Deletion of
endodermal enhancers.

Loss of H19 or Igf2 on maternal or Paternal
inheritance respectively.

(114)

+10 bp +34.7 kb (VM3 allele).
Deletion of mesodermal enhancers.

5 to 6 fold reduction of H19 expression in muscle
and tongue on maternal transmission. Reciprocal
effects on Igf2 on paternal transmission.

(92)

Endodermal enhancers moved
upstream of ICR(ENHmov)

Biallelic expression of Igf2 in liver while H19
expression is silenced on maternal transmission.

(201)

Replacement of ICR (all 4 CTCF
target sites) with 2 copies of
chicken beta globin insulator
containing 2 CTCF sites.

Monoallelic expression pattern maintained for Igf2
and H19. DMD hypomethylated on both germline
transmissions.

(187)

Transcription Factors in Imprinting 
With the identification of cis-acting elements in imprinted genes, a lot more attention 
has been thwarted to the role of trans acting factor binding to their ICRs. This idea 
gained strength after the discovery of CTCF as the first factor to bind and regulate the 
chicken beta globin insulator region (19). Since then CTCF has been shown to be an
important partner of most of the vertebrate insulators discovered to date. CTCF 
(CCCTC binding factor) is an evolutionarily conserved, single copy, eleven zinc finger 
transcription factor that has been described as an activator, repressor and chromatin 
insulator element. It was first identified as a factor binding to the chicken c-myc
promoter (117). Human CTCF has been mapped to chromosome 16q22.1 while the
mouse counterpart is located on 8D3. It has divergent DNA sequence specificity and 
binds to target sequences that are 50-60 bp in length through combinatorial usage of its
zinc fingers (143). 

Several different target sequences for CTCF have been identified in regulatory
regions of certain genes including the promoter of MYC gene, the lysozyme silencer, 
(GT)22(GA)15 containing silencer of HLA-DRB*0401  gene, ‘144’ hormone-responsive 
negative element, TSIX, the chicken beta globin insulator, BEAD-A insulator, 
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Dlk1/Gtl2 locus and the promoter of the amyloid precursor protein (APP) gene, (7-9, 
19, 38, 59, 82, 143, 172). 

One recent breakthrough in the imprinting field has been the recognition that 
CTCF works as a transcriptional switch between H19 and Igf2 by acting as a 
regulatable chromatin boundary (17, 75, 97, 150) . It was also noted that CTCF 
binding to this region was methylation-sensitive as only the unmethylated maternal 
ICR could be pulled down in ChIP assay with CTCF specific antibody (97). It was 
therefore proposed that CTCF and the ICR together form a chromatin insulator that 
creates an epigenetic switch to regulate the mutually exclusive access of H19 and Igf2
to the common set of enhancers lying downstream of the H19 gene. CTCF’s binding to 
unmethylated ICR, blocks access of Igf2 to distal enhancers and H19 is activated by 
default. Conversely, when methylation prevents CTCF binding, H19 is bypassed and 
Igf2 is activated by the enhancers (83). 

The discovery of potential CTCF sites at other imprinting centers suggests the
generalised conservation of CTCF mediated imprint regulation. Apart from CTCF
others factors have also been identified which might be playing a similar role. BORIS,
a paralogue of CTCF which is testes-specific in expression has also been shown to 
recognise the same or an overlapping spectrum of DNA sequences in vitro. This
suggests that both CTCF and BORIS might be involved in the setting up of epigenetic
states during male germline development (118). Recently YY1 (Yin-Yang 1), another
type of zinc factor transcription factor has been identified for binding to the insulator 
region of the Peg3 imprinted gene in a methylation sensitive manner. Binding of YY1 
has also been shown to regulate the region in a similar fashion to CTCF (102). Eed, a 
member of the polycomb group of proteins has also been implicated for its role in 
imprinting and X-inactivation (120) while GCF2 has been identified for binding to the
Igf2 DMR1 (56). Besides these, Su(Hw), BEAF, Zw5 and GAGA proteins have also 
been implicated as enhancer blockers in Drosophila (63, 65, 66, 100) 

Genomic Imprinting and Disease
Because the imprinted genes are functionally haploid, one of the consequences of 
having only one active allele is the increased sensitivity to alterations of expression 
patterns as formulated by Knudson hypothesis. Alternatively, loss of imprinting (LOI) 
or UPD at an imprinted locus may result in an increased expression of an imprinted
proto-oncogene. Defects in imprinting are also related to the development of a number
of cancers, including neuroblastoma (maternal chromosome 1p36 and paternal
chromosome 2), acute myeblastic leukaemia (paternal chromosome 7), Wilm’s tumour 
and rhabdomyosarcoma (maternal chromosome 11p15.5) (212), sporadic
osteosarcoma (maternal chromosome 13) and glomus tumours (paternal chromosome
11q13 and 11q22.3-q23.3). The disruption of normal imprinting has been shown to 
have severe consequences on normal development. Many of the developmental
disorders in humans such as Angelman Syndrome, Prader-Willi syndrome (68) and 
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Beckwith-Wiedemann syndrome (163) have all been linked to disruption at imprinted
gene loci.

Both Angelman syndrome (AS) and Prader-Willi syndrome (PWS) are 
associated with genomic disturbances, such as deletion, mutation, uniparental disomy
or loss of heterozygosity on chromosome 15q11-q13 region on maternal and paternal
chromosomes respectively. This region harbours UBE3A and SNRPN imprinted genes.
The loss of imprinting (LOI) of UBE3A has been identified as the potential reason for 
AS while de-regulation of SNRPN and few other genes in its vicinity has been found to 
be involved in PWS (139). They are both autosomal dominant disorders as they show 
parent of origin specific effects. The inherited diseases are transmitted from only one 
of the parents. AS is characterised by deficiencies in sexual development, growth,
behavioural and mental problems including retardation while, PWS diagnostic criteria 
include hypotonia, hyperphagia, obesity, hypogonadism and developmental delay. 

Beckwith-Wiedemann syndrome (BWS) is a common type of overgrowth
syndrome, caused by chromosomal rearrangements and epigenetic changes in a region 
on chromosome 11 harbouring ten imprinted genes, and has been specifically linked to
the IGF2 and H19 genes as well as to p57KIP2, KCNQ1 and its anti-sense transcript 
LIT1 (111, 179). A possible explanation for the involvement of multiple genes in BWS 
is that one or more of the adjacent genes (e.g., H19, KCNQ1, P57KIP2) are involved in the
regulation of IGF2 expression and over-expression of IGF2 is directly responsible for 
BWS (130, 202). This over-expression of IGF2 has been attributed to several different 
mechanisms including paternal UPD, trisomy and LOI. BWS is characterised by 
several different developmental abnormalities, such as macroglossia and 
placental/embryonic overgrowth. BWS patients also represent a higher risk group for 
cancers, especially the childhood kidney cancer Wilm’s tumour (141). Occurrence of 
this tumour has been strongly correlated with the over expression of IGF2 in the light
of the reports linking biallelic expression of Igf2 to the initiation of tumour formation
in mouse (41). In addition, biallelic expression of IGF2 has also been observed in
many sporadic cancers such as hepatoblastoma, rhabdomyosarcoma, lung 
adenocarcinoma and colorectal cancer (45, 133, 160, 212).

As discussed earlier, the monoallelic expression pattern of imprinted genes
strongly depends on differentially methylated regions thus any disturbance of
methylation profile could be cited as one reason for explaining the LOI commonly
observed in tumours. Concurrent with this view is the observation that a global DNA 
methylation change occurs during tumour development. A bulk of the genome
becomes hypomethylated, while some specific regions, mostly CpG islands, acquire
extensive methylation. These epigenetic events have several consequences for gene
expression, and are likely to result in both repression and activation of genes in an
uncontrolled manner. How this epigenetic re-arrangement of the genome occurs is 
largely unknown, but over-expression of DNMTs has been observed in several cancer 
forms. Over-expression of DNMTs has been reported to transform cell lines and cause 
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aberrant de novo methylation patterns both in vivo and in vitro (169, 198, 205, 207). It 
has also been shown that these methylation disturbances can take place before the 
onset of tumourogenesis, suggesting that the methylation changes precede the disease 
in some instances (4, 44). 

The most plausible explanation for LOI of IGF2 during tumourogenesis is 
likely to revolve around the gain of methylation at the maternal ICR, inhibition of
CTCF binding, loss of insulator function and activation of the maternal IGF2 gene.
This finds support in the various reports analysing the methylation status of the H19
ICR in Wilm’s tumour, colon cancer and osteosarcoma. The mechanism is also 
supported by the observation that the ICR acquires de novo methylation very rapidly
in cultured cells. Mutations in the CTCF gene itself are also considered as a possible
reason behind the LOI (46, 58) however, more studies are required to substantiate this 
claim.

Recently, a report has shown that LOI of IGF2 can occur in association with the 
hypomethylation of the ICR in colorectal cancer (47). Though the mechanism behind
this activation not known, it is believed to be coupled with the differentially
methylated region in the IGF2 promoter region which was also shown to be
hypomethylated in these cancers. This is also very similar to our results described in 
paper III where we observe biallelic activation of Igf2 in the absence of substantial 
gain in methylation at the ICR following the mutation of CTCF target site 4. These 
data suggest that there might be alternative mechanisms for LOI, and activation of 
maternal IGF2 may or may not depend on the methylation status of the H19 ICR.
Similar studies conducted on bladder cancer (188) also show hypomethylation of the 
ICR and prove that the epigenetic status of the ICR fluctuates in different forms of 
cancer.

All these abnormal regulations of gene expression during neoplasia are likely to 
involve several epigenetic alterations, with DNA methylation playing the central role. 
Interestingly, treatment of human tumour cells with 5’-azacytidine, a demethylating 
agent, has been shown to restore the ICR methylation pattern and the imprinting status 
of IGF2 and H19 genes. As has been discussed earlier, there is an inter-play between 
methylation and other epigenetic modifications, such as histone modifications and
chromatin remodelling. Therefore, it is natural to believe that both aberrant hypo and 
hyper methylation of regions involved in imprinting control can have severe
consequences leading to tumourogenesis. Studies are still needed to fully understand 
the mechanism of epigenetic control of imprinting at IGF2/H19 region. Even though 
methylation has been recognised to play a major role, other mechanisms are also likely 
to be involved and warrant careful investigation. 

29



AIMS OF THE PRESENT INVESTIGATION

The papers included in this thesis present an investigation of the mouse and human
H19 upstream region, the ICR. The main focus is on the regulation of H19/Igf2 locus
by 11 zinc finger transcription factor, CTCF. Studies have been conducted in both in
vitro and in vivo contexts to demonstrate the importance of CTCF in imparting
enhancer blocking activity to the H19 ICR in development and disease. The specific 
aims of the investigations are outlined below. 

Is the 11 zinc finger protein CTCF, involved in the chromatin insulator function 
of the H19 ICR? (paper I) 

Is CTCF essential for maintaining the monoallelic expression of the imprinted 
genes Igf2 and H19 in vivo? (paper II) 

Does CTCF play any role in maintaining the methylation status of the H19
ICR? (paper II) 

Why are there multiple CTCF binding sites at the H19 ICR in higher
eukaryotes? (paper III) 

What is the role of the ICR in the loss of imprinting of IGF2 in neoplasia?
(paper IV) 
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RESULTS AND DISCUSSION

PAPER I

Previous studies had shown that the DMR region, upstream of the H19 gene was
involved in maintaining the monoallelic expression of the H19 and Igf2 genes.
Maternal deletion of this region in mouse led to the loss of imprinting (LOI) of Igf2
(190). Maternal-specific hypersensitive marks had also been identified in this region. 
The region behaved as an insulator when placed in between a promoter and enhancer
in both plasmid and episomal constructs (96). In another report CTCF, an eleven zinc 
finger protein was shown to bind and impart insulator property to the chicken beta 
globin insulator region (19). Based on homology analysis between CTCF target region
in the chicken beta globin insulator and the H19 ICR, we decided to identify the 
sequences in the H19 ICR which could be the potential binding sites for CTCF and
investigate the role of the binding in insulator activity of the region. 
CTCF binds to the H19 ICR

We dissected the H19 ICR region by PCR amplifying and testing small
fragments of approximately 200 bp in mobility shift assay with purified CTCF protein. 
This led to identification of two regions in the 3.3kb ICR region that could specifically 
bind to CTCF. In order to find out if the binding was sensitive towards methylation, 
we tried gel shift with in vitro methylated fragments. CTCF could not bind to the 
methylated sequence. This was encouraging as enhancer-blocking activity is seen in
vivo on maternal allele, which is not methylated.
Mutagenesis of crucial nucleotides abrogates CTCF binding

We fine mapped the crucial nucleotides, which were in direct contact with 
CTCF by DMS interference assay. In order to find out if the nucleotides were 
important for CTCF binding to this region, we mutated those specific guanine bases in 
the CTCF target site, into adenine and thymines. This mutation led to abrogation of
CTCF binding activity, as confirmed by mobility shift assay. Different sets of mutants 
were created with either single or both target sites mutated.
CTCF is required for the insulator activity of the H19 ICR

In order to find out if CTCF binding plays any role in imparting insulator 
activity to this region, we cloned the mutant ICR into the episomal vector-based 
insulator assay system (previously established in our lab). The constructs were 
transfected into JEG-3, human choreocarcinoma cell line, and harvested after 7 days.
Total cellular RNA was isolated and an RNase protection assay was carried out to 
identify the transcript level of H19. We observed that when both CTCF target sites 
were mutated the insulator activity of this region was abolished to a great extent.
Mutation of a single target site, however, did not show any dramatic effect (Figure 6). 
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CTCF binds to the H19 ICR in vivo.
In order to confirm the in vivo binding of CTCF to the ICR region, we

performed chromatin immunoprecipitation assay using foetal liver tissue from a mouse
cross between M.m.domesticus and M.m.musculus. A polymorphic BsmA I site in the 
region was used to discriminate between the parental alleles. Only the maternal allele 
could be pulled down with a polyclonal antibody against the C-terminal end of CTCF,
confirming the importance of CTCF binding to the unmethylated allele in setting up an 
insulator complex in this region.  On the paternal allele the ICR region is methylated
and does not allow CTCF to bind, and hence no insulator activity is observed.

The study in this paper clearly reinforces our initial notion that CTCF is both
structurally and functionally an integral part of the insulator at the mouse H19 ICR. In
agreement to this lies the observation that CTCF binding to the H19 ICR is 
methylation sensitive and the resulting enhancer blocking property is restricted to the 
maternal allele. Only the unmethylated maternal allele could be pulled down in ChIP
assay with a polyclonal CTCF antibody. The data obtained in vitro could be 
extrapolated to implicate CTCF in the manifestation of repressed status of the Igf2
allele in soma, and can be tested by a targeted disruption of the binding in a mouse
model system. 

PAPER II

The previous paper indicated the possible role of CTCF in regulating the insulator 
activity of H19 ICR in vitro. As a natural extension to the work, we decided to
investigate the in vivo effect of CTCF binding on the methylation status of the
endogenous ICR and on the imprinting status of the linked gene Igf2. In order to
achieve this aim we used the technique of homologous recombination and replaced the
endogenous wild type ICR with the mutant ICR in a knock-in mouse. The inserted 
ICR carried mutations in 3 out of the total 4 CTCF target sites (# 1, 3 and 4) present in 
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the wild type mouse H19 ICR. The mutations were designed to convert the sequence 
GGTGGC to GATATC and create an EcoR V site at the target region. One of the sites 
(#2), was not altered as it did not present any specific hypersensitive site on digestion 
with DNase I or MNase I enzymes and hence was not considered a strong contender
for CTCF binding and for subsequent insulator activity of the region.
Generation of the knock-in mouse 

In order to generate a mutant mouse we assembled the region in a targeting 
vector with a pGEMT-easy backbone. The 1.5 kb region upstream of the 1st target site 
and 3 kb region downstream of the 4th target site respectively was used as 5’ and 3’ 
homologous arms for recombination. Neomycin phosphotransferase and Thymidine
kinase genes were used as positive and negative selection markers respectively. R1 
embryonic stem cells were electroporated with the targeting vector and the cells were 
selected against G418 and gancyclovir. All the surviving clones were picked and 
genomic DNA isolated and analysed by Southern blotting. A 1.3 kb region from
outside the vector sequence was used as probe for confirmation of the recombination
event. Presence of the extra 2 kb neomycin gene sequence facilitated the
discrimination of the mutant and wild type alleles. A 2.4 kb region covering all the 
four CTCF target sites was used as an internal probe for southern blotting on genomic
DNA digested with EcoR V, Dra I and BamH I restriction enzymes, to confirm the 
mutations in the region. The confirmed positive clone was injected into the blastocysts
from C57BL/6 mice and chimeras were obtained. Mutations were passaged through
both germlines and 1 day old neonatal tissues were used for analyses. 

Mutations abrogate CTCF binding to the H19 ICR and lead to Igf2 LOI
We performed chromatin immunoprecipitation assay using foetal liver tissue 

from a mouse cross between M.m.domesticus and M.m.spretus. The polymorphic
EcoR V site generated by the mutation was used to discriminate between the parental
alleles. The polyclonal antibody against the C-terminal of CTCF could not pull down 
the maternal ICR when the mutations were transmitted maternally, confirming loss of 
CTCF binding to the allele.

To find out the effect of mutations on the insulator function of the H19 ICR, we 
decided to check the imprinting status of both H19 and Igf2 genes as their expression 
is reported to be controlled by the ICR. RT-PCR analysis was carried out on RNA 
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samples from 1 day old neonatal mouse tissues. We observed activation of maternal
Igf2 in case of maternal transmission of mutations, while no change was observed after
paternal transmission. The H19 expression pattern was not perturbed by the changes. 
CTCF propagates the methylation free domain of the H19 ICR

Heterozygous mice were created by mating the Mus.musculus.domesticus
background homozygous mutant mouse with SD7 mouse of Mus.musculus.spretus,
background. Genomic DNA isolated from different tissues was digested with Dra I,
BamH I and BstX I for discriminating the parental alleles. Methylation sensitive Hha I 
restriction enzyme was used to analyse the methylation status of ICR. DNA was 
Southern blotted and probed with the internal probe covering all four CTCF target 
sites. DNA from maternal transmission of mutations showed gain in methylation levels
while no change was observed following paternal transmission. Bisulphite analysis
was carried out on DNA isolated from liver and heart tissues of maternally and 
paternally transmitted mutant mice. The methylation status of 11 CpGs encompassing
the CTCF target site # 3 revealed gains in methylation near the target site after 
maternal transmission, while no change was observed after the reciprocal paternal 
transmission.

Overall, this study confirms that CTCF target sites manifest the repressed status 
of the maternally inherited Igf2 allele and maintain the methylation free domain at the 
H19 ICR. As the imprinting mark is established in the parental germline, this would 
imply that CTCF has to be down-regulated and removed from the maternal ICR during
spermatogenesis for establishment of differential methylation. In the light of the recent
study showing near overlapping binding preferences and mutually exclusive 
expression patterns of CTCF and its paralogous protein BORIS in testis, this seems 
like a clear possibility. This would suggest that BORIS takes over the binding sites 
when CTCF is down-regulated during differentiation of spermatocytes from
spermatogonia. However, when the target sites are mutated, BORIS loses its ability of 
binding to the region and subsequently, a wave of methylation covers the region and
changes its profile. Alternatively, a female germline specific protein might prevent the

PAPER III

The first and the second paper convincingly demonstrated the importance of CTCF
binding to the H19 ICR for its insulator property. It was quite clear from the second 
paper that CTCF binds to 3 of the 4 target sites in the H19 ICR and its absence leads to 
a change in methylation profile of the region, associated with loss of insulator function 
and reactivation of maternal Igf2. However, it remained a question if CTCF binding to
all the sites was required to achieve this effect, with the sites acting in concert to build 
up an insulator complex at the ICR, or if the sites were redundant in function and loss
of any one site was unnoticeable.
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In order to answer these questions we again resorted to the knock-in mouse
approach. This time we mutated only a single CTCF target site (# 4) in the H19 ICR. 
The targeting strategy was similar to the one we used in the previous paper. 
Single site mutation reactivates maternal Igf2

The mutations were passaged through both maternal and paternal germlines and 
tissues from one day old neo-natal pups were used for analyses. RNA was isolated 
from different tissues and RT-PCR carried out to assess the effect on imprinting status
of Igf2 gene. Surprisingly against our expectations, we noticed biallelic expression of 
Igf2 in maternally transmitted mutant mouse while no change was observed after 
paternal transmission.  No change in expression pattern of the H19 gene was observed
after reciprocal germline transmission.

We also carried out Northern blotting assay on RNA isolated from neonatal 
tissues of mutant mice after germline transmissions. In concordance with the biallelic
expression of Igf2, we observed an increase in Igf2 RNA levels after maternal 
transmission of the mutation. Igf2 RNA levels were not perturbed in the tissues of 
paternally transmitted mutant mouse. 
Methylation status of the ICR is not affected by single CTCF target site mutation

DNA isolated from neonatal tissues was digested with Dra I, BamH I and BstX
I restriction enzymes to discriminate between the parental alleles. Methylation analysis 
was done using the methylation sensitive enzyme Hha I. Again to our surprise, we 
observed a diverse pattern of gain in DNA methylation at the H19 ICR, after maternal 
transmission of the mutation. While brain did not show any methylation, a moderate
gain was observed in liver and kidney, and a significant gain was observed in heart,
lung and muscle tissue in the region encompassing target sites # 3 and 4. No change in
methylation status was observed over sites # 1 and 2. We also carried out bisulphite
sequencing analysis of the CpG sites encompassing all four CTCF target sites in liver 
and heart tissue. We noticed that site # 4 gained de novo methylation, albeit to varying
degrees, in both liver and heart. We were surprised to note that site # 3 also gained 
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methylation on the maternal allele when the neighbouring site # 4 was mutated, in a 
subpopulation of liver cells. The minor difference could be due to the fact that organs
were pooled to isolate DNA from heart, muscle and kidney for Southern hybridisation
while DNA from individual organ was used in bisulphite analysis.
Target sites have different affinities towards CTCF 

In order to find out if the above observed effects were due to the higher affinity
of site # 4 towards CTCF, we compared the affinity of target sites using a gel shift 
assay. -P32 labelled fragments, encompassing the respective target site in the centre 
were competed with unlabeled fragments. Surprisingly, we noticed lower affinity
reflected by site # 4 compared to site # 1 and 3 in the wild type context. In the light of 
the data we conclude that the differential affinity is not the reason behind the observed 
LOI of Igf2, following mutation at site # 4. 

Our results strongly indicate that the CTCF target sites cooperate to manifest
both methylation protection and insulator function at the H19 ICR. This coincides with 
the observation of multiple CTCF target sites in higher eukaryotes. There are 4 CTCF 
sites in mouse and 7 in humans at the H19 ICR. Methylation analysis also proves that, 
contrary to popular beliefs, the gain in CpG methylation on the maternal allele does 
not occur due to linear spreading of methylation from a point, but is restricted to the 
CpGs at or near the CTCF target sites. The results however are not in agreement with a 
previously published report that a 1.2 kb deletion, covering 2 CTCF target sites (# 3 & 
# 4) does not affect the imprinting status of Igf2. This discrepancy can be easily 
explained by realising the fact that the present study is conducted in a much closer to 
real life environment. Only 3 nucleotides have been substituted as compared to a 1.2 
kb deletion. Higher order chromatin conformation has been shown to play a key role in 
the establishment of insulators and boundaries and a larger deletion is more liable to 
perturb the chromatin conformation of the region required for imprinting control. We 
propose that CTCF target site function at the H19 ICR involves an aspect of higher
order chromatin confirmation that is not recapitulated in deletion experiments or at 
ectopic loci. In the light of this and other studies relating to multiple CTCF target sites 
in eukaryotes we conclude that insulator property can be achieved by either having
multiple target sites with weaker affinity or by having a single cis element, which 
interacts with CTCF in an essentially irreversible manner.

PAPER IV

In the previous papers we have focused on the mouse H19 ICR. We have tried to 
understand the mechanism of insulator function by identifying CTCF as the insulator 
protein binding to the region and controlling the imprinting status of the linked genes. 
As described earlier, the mouse ICR region is quite homologous to the ICR region
present upstream of the human H19 gene. The main features of this commonality are 
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the distance between the ICR and the H19 promoter which is conserved about 2 kb in
length and the presence of 21 bp repeats which have been shown to harbour the target
sites for CTCF. In case of human H19 ICR, the region encompasses seven CTCF
target sites separated into repeat 1 with three and repeat 2 with four sites respectively 
(refer to figure 9). In this study we decided to analyse the utilisation of CTCF target
sites in the repeat 1 region of the human ICR and correlate it with the loss of 
imprinting of IGF2 observed commonly in different type of tumours.

Diverse utilisation of CTCF target sites in the human H19 ICR 
We analysed the chromatin conformation of repeat 1 (figure 9) in the human

H19 ICR in different tumour samples, which included Wilm’s tumour, colon cancer, 
teratoma, neuroblastoma and the two cancer cell lines Hep3B and JEG-3. We found 
the utilisation of the four potential CTCF target sites (# 4, 5, 6, and 7) in this repeat 
region was quite diverse. Most of the tumours showed predominant occupation of sites 
# 4, 5 and 7. Two of the tumours, the teratoma and the neuroblastoma, along with the
Jeg-3 cell line showed no hypersensitive sites at the CTCF target sites while the colon 
cancer and Hep-3B cell line showed hypersensitivity only at the 4th site.
Imprinting status of IGF2 varies in different tissues 

We analysed the imprinting status of IGF2 in all the above listed samples and 
found a proper imprinting pattern (i.e. monoallelic expression) in three Wilm’s
tumours, while the teratoma, colon cancer and the neuroblastoma specimens along 
with Hep3B and Jeg-3 cells, showed biallelic expression. The finding that the 
teratoma, the neuroblastoma and the Jeg-3 cell lines showed LOI was in confirmation 
to the absence of hypersensitive sites in all the samples and indicative of loss of 
insulator function in the maternal ICR. However, it was surprising to note that the
colon cancer and the Hep3B cell line showed LOI despite the presence of 
hypersensitive sites at the ICR. 
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Methylation status of the human H19 ICR is not correlated with LOI of IGF2
In order to correlate the chromatin conformation and imprinting data with the

methylation status of the ICR, we analysed the methylation status of the region. The
ICR region was digested with the methylation sensitive Hpa II enzyme along with
other enzymes. Methylation status of the ICR region was found to be quite diverse in
the different tumour samples, with very little correlation between LOI and 
hypermethylation of the ICR. Two of the Wilm's tumours (W06 and W07) showed 
biallelic methylation of the ICR despite proper IGF2 imprinting whereas the 
biallelically IGF2 expressing terratoma showed hypomethylation at the ICR. 
Insulator assay recapitulates the tumour situation 

The observation that both colon cancer and Hep3B cells showed LOI and 
hypersensitivity led us to further investigate this matter. In order to analyse the 
insulator function in vivo in cancer cells, we used a Green Fluorescent Protein (GFP)
based episomal insulator assay. In this system the GFP reporter gene was under the 
control of the P3 promoter of IGF2. Four different combinations of constructs were
made for analysis. The constructs were transfected into both JEG-3 and Hep3B cell 
lines and green florescence from the GFP reporter was monitored by confocal
microscopy and flow cytometry. In JEG-3 cells the constructs having the ICR (pB-
GFP) showed lower levels of GFP expression as compared to the construct without the 
ICR (pA-GFP). Similarly the basal construct (pO-GFP) lacking the SV40 enhancer
also showed less GFP expression. Another construct with the chicken beta globin FII 
insulator (pC-GFP) also behaved in the same way, confirming an active insulator 
function in JEG-3. The same experiment when repeated in Hep3B cells however, gave
a different result. In this case the ICR containing construct didn’t show quenching of
GFP expression, while the globin FII insulator construct maintained the insulator 
property.
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This data suggests that the insulator function of the ICR can be specifically 
bypassed under some circumstances. This novel finding was further supported by the
identical chromatin conformation of the ICR in both cell lines, showing hypersensitive 
sites.

In this study we have shown that the CTCF target site utilisation in the human 
ICR is quite diverse and differs among tumours and cancer cell-lines. We analysed the 
different reasons for LOI of IGF2 in the tumour samples and the cancer cell lines. 
While the neuroblastoma and JEG-3 cell line depicted hypermethylation of the ICR as
the possible reason for biallelic expression of IGF2, other tumours such as colon 
cancer and the Hep 3B cell line showed hypersensitive sites at ICR with or without the 
methylation of the region. We observed that in both colon cancer and the Hep3B cell 
line, the sixth CTCF target site lacked hypersensitivity. This can be affirmed in light of 
the recent reports, which show that the sixth CTCF target site is important for 
determining the proper imprinting of IGF2 in bladder cancer. The finding that the 
hypermethylation of the ICR does not always correlate with LOI of IGF2 led us to 
scrutinise the insulator function in an episomal assay. The assay showed that LOI of
IGF2 in some cancer forms might not depend on the insulator function, but on the 
activation of the maternal IGF2 promoter via tumour specific factors. Though the 
identity of the factor or factors responsible for this mechanism is not known at the 
moment, the finding suggests that LOI of IGF2 in neoplasia involves several different 
mechanisms and loss of insulator function at H19 ICR may be just one of them.
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CONCLUDING REMARKS 

This thesis work illustrates the complexities of gene regulations in a living body. The 
study highlights the importance of the interplay between the genetic and epigenetic 
components in maintaining the monoallelic expression of the H19/Igf2 genes. The co-
ordination between the elements represents a key mechanism involved in the initiation 
and maintenance of expression domains through chromatin conformations.

Initially it was shown that the hypersensitive sites at H19 ICR were associated 
with the binding of CTCF protein. Using an episomal assay we could comfortably
show that this binding was important for the insulator property of the region. We also 
confirmed the in vivo association and its relevance in a ChIP assay by specifically
pulling down the maternal allele with a polyclonal CTCF antibody. This report 
constituted one of the first reports to conclusively show the association of CTCF with 
an imprinting control region in higher vertebrates. 

Subsequently, we confirmed the in vivo role of CTCF as an insulator protein at 
the endogenous H19 ICR in a knock-in mouse model. We could also show that CTCF
was important for maintaining the methylation free domain at the H19 ICR. This
CTCF-H19 ICR association was also shown to be important for regulating the
monoallelic expression of Igf2. The study helped in identifying the important regions
at the H19 ICR which were involved with the maintenance of imprinting of the Igf2
gene.

We also identified cooperativity between the multiple CTCF target sites as an 
important factor in deciding the strength of the H19 insulator, regulating the
expression of Igf2. The work gains its relevance in the light of the observation of 4 
CTCF target sites in mouse and 7 in humans. This work also highlighted the 
drawbacks associated with inferring the results of knock-out and in vitro experiments.

Analysing the human H19 ICR in tumours and cell lines, we could identify a 
novel mechanism involved in LOI of IGF2 and could also recapitulate it in an in vitro
system.  Variation in the usage of CTCF target sites showed that LOI could occur both
with and without the involvement of CTCF at the H19 ICR. 

Although the studies have been concentrated at a very small region, together 
they provide novel insights into the mechanism of gene regulation in eukaryotic
systems especially in correlation with the phenomenon of genomic imprinting.
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