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Introduction

     The human genome consists of about 3 billion bases. Each cell contains 
several genes. The number of the genes, their duplication and patterns of 
gene expression and the fact that our bodies contain several hundred cell 
types make very complex biological systems. The cell has evolved many 
strategies to control gene expression and repression. It is clear that the gene 
expression pattern is under control of both genetic and epigenetic mecha-
nisms. Genetic information is organized in nucleotide bases and epigenetic 
information that facilitate how genetic information will be used. Study of 
epigenetic mechanisms, are mediated by either chemical modifications of the 
DNA itself or by modification of proteins that are closely associated with 
DNA.
     The study of heritable traits was limited to mutation in DNA, but it is 
becoming increasingly clear that how DNA is packed in the nucleus also 
impacts heritability. DNA and histone proteins condense into compact struc-
ture in the nucleus. These phenomena have been studied for several years but 
to understand the role of epigenetic in controlling gene activity, we need to 
consider higher order chromatin structure and looking at gene within nu-
cleus.
     The one dimensional concept of controlling gene expression has moved 
to new second dimension that gene expression can be influenced by another 
sequence at distance. Developing new methods help to support old idea of 
long rang interactions and higher order chromatin structure has also become 
important. The link between higher order chromatin structure and transcrip-
tion, which has been recently discovered, functional compartments of the 
genome and nuclear environment more and more make necessary to think 
about gene expression and genome usage in a multi-dimensional way.  
     The study of nuclear architecture is now very important subject in post 
genomic research area.   
     It is clear we need new methods to increase our ability to explore gene 
organization in spatial nuclear environment. To achieve this aim, new 
method have been started to develop for understanding how genes are 
packed into chromatin and how they are expressed inside nucleus. 
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The control of gene expression 
      Gene expression is a multi-step process that begins with transcription of 
DNA and is followed by translation and post-translational modifications. 
First step involves expression control through coding regions and regulatory 
elements such as enhancers, promoters, silencers and insulators. Second step 
of control is at the chromatin level, which contains histone and non-histone 
proteins. There are also evidences that nuclear architecture is closely related 
to genome function and this adds another level of gene regulation. 

Genetic mechanisms 
     First level of gene transcription can be defined to consist of genetic 
mechanisms, which provide sequence information inside. The regulatory 
elements include sequences that bind to sequence-specific binding factors. 
This includes transcription factors, cofactors, chromatin remodeling factors 
and RNA polymerases (Van Driel et al., 2003). In cell specific manner, these 
sequences are often hypersensitive to digestion by DNaseI, which is believed 
to reflect a local nucleosomal rearrangement (Leach et al., 2001).  

Promoter 
     Promoters are critical cis-elements that work with other regulatory ele-
ments to direct the level of transcription of a given gene. Eukaryotic promot-
ers are extremely diverse. They are typically present upstream of the genes. 
Eukaryotic promoter sequences typically bind transcription factors which are 
involved in the formation of the transcriptional complexes (Levine and Tjian 
2003).  

Enhancer
     Enhancers are cis-acting DNA sequences that can activate promoters in a 
distance and orientation independent manner (Khoury and Gruss 1983). En-
hancers can be located in upstream, downstream and within gene (usually in 
introns). An enhancer does not need to be located close to the genes or in-
deed be located on the same chromosome (Spilianakis et al., 2005). Genes 
expressed in an ordered pattern during development or differentiation, are 
often regulated by complex transcriptional enhancers called locus control 
regions (LCR) (Li et al., 2002). LCRs are distinguished from enhancer by 
their ability to impart an integration-position-independent and copy-number-
dependent expression pattern to linked transgenes in mice. LCRs have strong 
enhancer activity and are able to establish a domain of histone modification 
(Simon et al., 2001). Although enhancers are generally cis-regulatory ele-
ments, some observations have shown they can act in trans. This activation 
was observed in Drosophila, in which homologous chromosome are paired 
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in somatic cells and enhancer in one allele can activate promoter of second 
allele in a process termed transvection (Dunca 2002). 

Enhancer and promoter communication models 
There are five different models to explain how an enhancer activates its 

cognate gene across distance up to several kilobases. (I) looping model is a 
simple and attractive model that suggests interaction between enhancer and 
promoter with looping out of the sequence between (Wang et al., 1998, 
Rippe et al., 1995 and Ptashne et al., 1997). In this model transcription fac-
tors bind to enhancer and promoter (Su et al., 1991). (II) Tracking model 
proposes transcription activating complex recruitment by an enhancer and its 
tracking along the length of DNA until they find the promoter (Tuan et al., 
1992 and Herendeen et al., 1992). (III) The facilitated tracking model incor-
porates both, looping and tracking model and this model  suggests enhancer 
binding complex loop out intervening DNA several times to find promoter 
(Blackwood and Kadonaga 1998). (IV) Linking model proposes binding of 
facilitating proteins along enhancer and promoter. In this model there is no 
direct contact between the enhancer and promoter (Bulger and Groudine 
1999). (V) Another model proposes that LCR/enhancer-bound factors direct 
assembly of or migration to transcription factory. The enhancer then reels in 
the chromatin fibre in cis in search of a potentiated promoter. Interaction 
between enhancer- and promoter-bound factors, stabilize the association of 
the promoter with the transcription factory (West and Fraser 2005). Each 
model implies that the activation complex is recruited by the enhancer and 
then meets the promoter. An exception is the linking model which proposes 
that linking proteins mediate the communication between an enhancer and 
its cognate promoter. 

Silencer
     Silencers are cis-regulatory elements involved in negatively controlling 
the transcriptional activity of genes. They target specific promoters and are 
able to act in an orientation-independent manner (Baniahmad et al., 1990). 

Insulator
     Insulators are DNA sequences defined by at least one of the following 
two characteristics. First, insulators can block enhancer function when it lies 
between the enhancer and the promoter. Second, they are able to protect 
against position effects. This property of insulator is termed barrier activity 
(West et al., 2002). Insulators have been described in invertebrates and ver-
tebrates (Bell et al., 2001). The enhancer-blocking activity was discovered 
using a Drosophila mutation which involved an insertion of a transposable 
element gypsy, near the yellow gene and this insertion prevents the enhancer 
function located upstream of insertion site. The first vertebrate insulator was 
described in HS4 region located near the 5'end of chicken ß-globin locus 
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(Geyer and Corces 1992). A number of enhancer-blocking proteins have 
been identified in Drosophila (West et al., 2002). CTCF (described later) is 
the only protein known to mediate interaction with insulator in vertebrates 
(Kanduri et al., 2000 and Hark et al., 2000). 

The barrier activity of insulator was defined in scs and scs' element in 
Drosophila (Kellum and Schedl 1991). The chicken HS4 insulator can also 
serve barrier activity to prevent spreading of condensed chromatin (Prioleau 
et al., 1999). That the barrier activity of HS4 was not found to depend on the 
binding site for CTCF, suggests that the barrier activity of HS4 is separable 
from its enhancer blocking activity (West et al., 2002).  

Epigenetic mechanism and chromatin structure 
     In addition to the DNA sequence, which provides same information in all 
cells, there are epigenetic mechanisms that can influence expression and 
repression of the genes. Epigenetics can be defined as changes in DNA func-
tion without any change in DNA sequence. Epigenetic mechanisms are es-
sential for development and differentiation. DNA methylation, histone modi-
fication and polycomb/trithorax mediated gene regulation are important epi-
genetic mechanisms that have been identified. In eukaryotic cells, DNA is 
packed in structure called chromatin (Ridgway and Almouzni 2001). The 
chromatin structure is also important in epigenetic mechanisms controlling 
gene expression. The basic chromatin structure is a nucleosome, which con-
tains 147 base pairs (bp) of DNA wrapped around a core of histones oc-
tamer. The histone octamer contains two copies each of histones H2A, H2B, 
H3 and H4 (Luger et al., 1997). The N-termnial of histone residues in nu-

Figure 1: Two models of insulator functions 
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cleosome can be modified. The post-translational modification of histones, 
include acetylation, methylation and phosphorylation (Jenuwein and Allis 
2001). The histone modifications are important in functional state of chro-
matin in combinatorial manner (Turner 2002). 

DNA methylation 
     The most studied epigenetic modification in vertebrate is DNA methyla-
tion. This modification covalently adds a methyl group in 5' position of the 
cytosine residue in CpG dinucleotides. Most CpG dinucleotides in the ge-
nome are methylated. Most unmethylated CpG dinucleotides are in CpG 
islands (Antequera et al., 1989 and Brandeis et al., 1994), which mostly are 
in the promoters of active genes (Bird 1986).  

In mammals, CpG methylation is established and maintained by three dif-
ferent families of DNA methyltransferases: DNMT1, DNMT2 and DNMT3a 
and b. DNMT1 methylates hemimethylated CpG dinucleotides in mammal-
ian DNA sequence and maintains methylation pattern in the replicated DNA 
(Bestor and Ingram 1983 and Bestor 1988). DNMT2 member shows all se-
quence and structural characteristics of DNA methyltransferases except for 
the N-terminal which is absent in DNMT2. It has been shown that DNMT2 
methylates tRNA (Posfai et al., 1989 and Goll et al., 2006). The DNMT2-
null mice are viable with normal levels of methylation and this shows no 
important methylating activity of this enzyme (Okano et al., 1998 and Liu et 
al., 2003). DNMT3 member have de novo DNA methyltransferase activity 
(Okano et al., 1999). This family contains DNMT3a, DNMT3b and 
DNMT3L. DNMT3a and b are very good candidates for de novo methyla-
tion in germ line although it is not clear now. DNMT3L has been reported to 
be necessary for maternal methylation-based imprinting; possibly by inter-
acting with DNMT3a and/or DNMT3b (Okano et al., 1998 and Hata et al., 
2003).

DNA methylation in development 
      In somatic cells DNA methylation patterns are generally stable and heri-
table. However there are two stages in mammalian life cycle during which 
methylation patterns are reprogrammed. These two stages are germ cells and 
preimplantation embryos (Reik et al., 2001). Genomic DNA of Primordial 
germ cells (PGCs) is highly methylated during migration from the primary 
streak to the gonadal ridge. After reaching the gonadal ridge, both male and 
female PGCs undergo eraseure of global DNA methylation (Hajkova et al., 
2002). Demethylation of DNA includes removing methylation marks from 
most of the regions controlling expression of imprinted genes. Genome-wide 
demethylation in PGCs is completed by embryonic day (E) 13 to 14 in both 
male and female gem cells (Reik et al., 2001). Re-establishment of methyla-
tion takes place latter and it appears to occur earlier in the male germ cells at 
the prospermatogonia stage (E15 to E16 and onwards) (Kafri et al., 1992, 
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Brandeis et al., 1993 and Coffigny et al., 1999). Remethylation in female 
germ cells takes place after birth during the growth of oocytes (Hajkova et 
al., 2002). The second wave of DNA demethylation takes places after fertili-
zation during pre-implantation and early post-implantation stages. The pa-
ternal genome and maternal genome don’t show same epigenetic repro-
gramming phenomena. Whilst the paternal pronuclear genome is rapidly 
demethylated in the newly fertilized egg, the maternal genome is gradually 
demethylated during the first cell cleavages (Mayer et al., 2000). These 
processes take place in the absence of transcription and DNA replication and 
are termed active demethylation. Step-wise decline in methylation until the 
morula stage is however replication-dependent and such a loss of DNA me-
thylation is referred to as passive demethylation (Rougier et al., 1998). The 
exceptions are imprinted genes that retain their germline imprinting marks 
(Howell et al., 2001). De novo methylation precedes after this demethylation 
event and coincides with the differentiation of the first two lineages of the 
blastocyste stage, inner cell mass (ICM) which gives rise to all the tissues of 
the adult and trophectoderm which establishes placenta and extraembryonic 
lineage (Chapman et al., 1984). The establishment of the first two cell line-
ages results in significant asymmetry. The ICM becomes hypermethylateted 
while the TE remains hypomethylated (Dean et al., 2001 and Santos et al., 
2004). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2: Genomewide reprogramming of methylation marks: (A) in germ line (B) 
and preimplantation embryo. In (B) the upper dashed line represent methylated im-
printed genes and some repeat sequences and lower dashed line represent unmethy-
lated imprinted genes. EM and EX stand for embryonic and extraembryonic lineage 
respectively. (figure adapted from Reik, Dean et al., 2001). 
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Histone modifications
      Each histone within the nucleosomes contains separate functional do-
mains: a histone fold motif, NH2-terminal and COOH-terminal. The N-
terminal of histone proteins involved in chromatin structure can be modified 
by different post-translational modification mechanisms such as methylation, 
acethylation, phosphorylation and ubiquitination (Berger 2002).  
      Methylation is an important modification that is linked to epigenetic 
activation and silencing mechanisms. Methylation of lysine residues, occur 
on N-terminal of histone H3 and H4. The methylation of lysine 9 and 27 on 
histone H3 are identified and are linked to silencing phenomena and methy-
lation of lysine 4 on H3 is linked to gene activation (Khorasanizadeh 2004). 
In addition, the lysine residue can be methylated in the form of mono-, di-, or 
tri-methylation, and this differential methylation provides further functional
diversity to each site of methylated lysine. Many different histone methyl-
transferase (HMTs) have been described such as Suv39h1, Su39h2 and G9a 
in mammalian cells (Li 2002). 
      Histone acetylation normally occurs at the N-terminal on H3 and H4 
residues. Hyperacetylation of histones is associated with transcriptional acti-
vation and deacetylation is associated with transcriptional repression and 
silencing (Grunstein 1997a, Grunstein 1997b, Turner 2000 and Krebs et al., 
2000). Acetylation and deacetylation of histones are done by histone acetyl 
transferase (HATs) and histone deacetylase (HDACs) enzymes respectively 
(Kouzarides et al,. 1999). Phosphorylations of H3 are correlated with mitosis 
and chromosome condensation (Hsu et al., 2000). Ubiquitination has typi-
cally been attributed to positive control of transcription (Zhang 2003).  
      It has been shown that site-specific combination of histone modifications 
correlate with particular biological functions. For example Histone  H3 and 
H4 acetylation and Histone H3 lysine 4 methylation mark the euchromatic 
region and Histone H3 lysine 4 methylation inhibits histon H3 lysine 9 me-
thylation and vice versa. Thus, this determines the active or inactive state of 
a gene (Ben-Porath and Cedar 2001). 
      There are examples to show that histone modification marks provide 
binding sites for non-histone proteins to chromatin fiber. For example: Bro-
modomain proteins have been shown to selectively interact with a acetylated 
lysine in the histone NH2-terminal tail and chromodomains, on the other 
hand, interact with methylation marks. These non-histone proteins will initi-
ate the biological function that is associated with a particular histone mark 
(Jenuwein and Allis 2001).  
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Higher order chromatin conformation 
     The organization of eukaryotic genomes needs to address two require-
ments. The genome must be dramatically compacted to fit within the nucleus 
and on the other hand, the nuclear machinery that facilitates this compaction 
must be flexible enough to allow access of this DNA to a wide variety of 
factors essential for its transcription, repair, and replication. The primary 
level of chromatin needs to be more compact and form chromatin secondary 
structures (Woodcock and Dimitrov 2001). More compaction of this struc-
ture leads to built-up of a higher level of chromatin structure (Belmont and 
Bruce 1994). These competing requirements are accomplished through the 
co-operative packaging of DNA into a complex nucleoprotein structure, 
generally referred to as chromatin. 

Chromatin organization 
     The interaction of histone (H1) with linker DNA between two core nuc-
losomes increases the number of base pairs associated with each nu-
cleosomal unit to 165 and therefore contributes to more condensation (Bed-
nar et al., 1998 and Horn and Peterson 2002). Thus the extended arrays of 
nucleosomes, which represent 10-nm chromatin, form secondary chromatin 
structure that is a 30-nm fiber (Woodcock and Dimitrov 2001). Such 30-nm 
fibers are then further condensed to form higher levels of chromatin struc-
ture. Different models have been proposed to explain higher levels of chro-
matin structure. A classical model of such higher order structure is the chro-
monema fiber in which thinner fiber are folded to yield thicker ones with 
diameter of 100 to 130 nm and about 500 fold compaction (Belmont and 
Beuce 1994). Other models propose radial 30-nm-fibre loops of various 
lengths connected to a central protein scaffold (Cremer and Cremer 2001). 
None of these models have been proven yet and details still are not clear. In 
the early stages of mitosis or meiosis (cell division), the chromatin strands 
become more and more condensed and establish structure with a defined 
shape called chromosome. 
      In interphase nuclei, chromatin is more or less compacted. The more 
compacted regions of chromatin called heterochromatin, were originally 
defined as highly condensed chromatin by cytological staining technique 
(Heitz 1928). It is stained densely throughout all phases of the cell cycle and 
frequently located at the periphery of the nucleus, associated with centromic 
and telomeric regions of chromosomes. It is thought to contain high propor-
tion of transcriptionaly inactive regions. Heterochromatin has been divided 
into constitutive (contains chromatin that is always condensed) and faculta-
tive (contains chromatin which may be decondensed and becomes transcrip-
tionally active during some part of the cell cycle). Euchromatin is decon-
densed chromatin and is considered so because of irregular nucleosome 
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spacing. It is relatively gene rich and potentially transcriptionally active (El-
gin and Grewal 2003). It is the transcriptionally active portion of the genome 
in which DNA is more accessible to nucleases and the nucleosomes are ir-
regularly spaced (Gaszner and Felsenfeld 2006).

Figure 3: Multiple levels of chromatin folding. DNA-histones interactions lead to 
establish nucleosome and nucleosome-nucleosome interactions lead to formation 30-
nm fibers and more compacted structure. (figure adapted from Horn and Peterson 
2002).

      Epigenetic marks of silent chromatin in higher eukaryotes are histones 
hypoacetylation, methylation of lysine 9 and 27 of histone H3 and CpG me-
thylation. Euchromatin is characterized by histone acetylation or methylation 
of lysine 4 at histone H3 (Fischle et al., 2003, Grewal and Moazed, 2003, 
Wu et al., 2005).
     Heterochromatin is also marked by the presence of heterchromatin pro-
tein 1 (HP1). Histone 3 lysine 9 and 27 methylation in combination with 
HP1 leads to propagation of heterochromatin. HP1, in turn can recruit his-
tone methyltransferase, allowing further methylation of H3 lysine 9 and HP1 
binding to extend onto successive nucleosomes in a self propagating fashion 
(West and Fraser 2005).
     Insulator elements, which are described before are able to protect against 
spread of heterochromatin spreading along chromatin. This can be done by 
different mechanisms such as removing nucleosome from insulator region or 
recruitment of histone acetyltransferase (HAT) and ATP-dependent nu-
cleosome remodeling complexes (Bi et al., 2004 and Ki et al., 2004).  
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Long-range cis chromosomal interaction
     Several models have been suggested to explain the activation of gene 
transcription. In a simple model, the gene can bind to transcription factor and 
be transcribed (Groudine and Weintraub 1982). In another model, which is 
basically linear, it has been suggested that regulatory elements at large dis-
tance participate in transcription. The transcription machinery can scan DNA 
from regulatory sites to find genes (Herendeen et al., 1992).  
     Looping model predicts 3-dimensional aspect of function of regulatory 
elements at large distance from target genes. Several years ago, chromosome 
looping was proposed to explain action of enhancer on proximal promoter 
(Bulger and Groudine 1999). Recently this model has been described in 
more detail by developing new techniques such as chromosomal conforma-
tion capture (3C) and RNA TRAP (Dekker et al., 2002 and Carter et al., 
2002).  
     The study of ß-globin locus identified spatial clustering of cis-regulatory 
elements and active genes as active chromatin hub (ACH). ACH is basically 
composed of an enhancer and a promoter; depending on the antagonizing 
nature of surrounding chromatin, additional cis-regulatory elements may be 
involved to stabilize the enhancer and promoter interaction and maintain 
expression level (De Laat and Grosveld 2003). Further studies demonstrated 
that the cis regulatory elements in HS sites interact with each other without 
any interaction with genes and establish structure referred to as core ACH. 
These interactions are in cell specific manner and conserved in primitive and 
definitive erythroid cells. The core ACH switches interaction with globin 
gene during development (Palstra et al., 2003). It has been shown an 
erythroid-specific transcription factor, EKLF, which is necessary for adult ß-
globin gene transcription, is required for progression from the chromatin hub 
(CH) present in erythroid precursors to a fully active ACH (Drissen et al., 
2004). Vakoc and co-workers have shown in mouse that hematopoietic tran-
scription factor GATA-1 and its cofactor FOG1 are required for the physical 
interaction between ß-globin locus control region and the ß-major globin 
promoter in tissue specific loop (Vakoc et al., 2005). Recently it has also 
been shown that CTCF is directly involved in long-range interactions and 
local histone modification at the ß-globin locus (Splinter et al., 2006).The 
higher order chromatin structure of human ß-globin locus has been recently 
analyzed with new 3C-carbon copy (5C) assay technique that employs mi-
croarray or quantitative DNA sequencing using 454-technology as detection 
method (Dostie et al., 2006). 
     Long range looping model has been described in H19-Igf2 imprinting 
region. In this model H19 imprinting control region (ICR), which is un-
methylated on maternal allele, interacts with unmethylated differentially 
methylated region 1(DMR1) upstream of Igf2 gene. This interaction can 
block enhancer access to Igf2 gene by placing the Igf2 gene inside silent 
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loop. On the paternal allele, H19 ICR interacts with methylated DMR2 in the 
last part of Igf2 region. This interaction allows enhancer to access Igf2 pro-
moter (Murrell et al., 2004). These results indicate that there are DNA me-
thylation-dependent chromatins looping structures within the H19-Igf2 do-
main which can separate the genes into active and silent domains (Volpi et 
al., 2000).  

Another study showed by chromatin immunoprecipitation-combined 
loop assay, that the Mecp2 mediated the silent chromatin-derived 11 kb 
chromatin loop at the Dlx5-Dlx6 locus. This loop was absent in the chroma-
tin of brain cells of Mecp2 null mice and Dlx5-Dlx6 interacted with distant 
sequences, forming distance active chromatin-associated loops. This study 
identified that Rett syndrome (RTT) links to a specific defect in the 3-
dimensional folding of chromatin (Horike et al., 2005). 

Later it was been shown the long range interaction between promoters of 
Il4, Il5 and Il13 establish chromatin core or pre-poised conformation in T, B 
and non lymphoid cells. Further interaction of Th2 LCR with these promot-
ers form poised conformation. Recently, the role of special AT-rich se-
quence binding protein 1 (SATB1) has been shown in folding chromatin into 
a small loop at 200 kb region and in regulating the coordinated expression of 
Il4, Il5 and Il13 on of TH2 cells activation (Spilianakis et al., 2004, Cai et al., 
2006 and Göndör and Ohlsson 2006).
     Similar looping mechanisms have been described for IgK in B cells (Liu 
and Garrard 2005), Ifng in T helper cells (Eivazova and Aune 2004) and Igh
loci in B cells (Roldan et al., 2005, Fuxa et al., 2004, Kosak et al., 2002, 
Sayegh et al., 2005). 
     The study of human Fragile X locus (FMR1) showed in the normal cells 
where FMR1 gene is active, that the promoter of the gene is in the center of 
large chromatin domain of reduced inter-segment interaction and tightly 
localized with high levels of H3Ac, H4Ac, and H3K4Me2 and low levels of 
H3K9Me2, a modification that is correlated with inactive chromatin. On the 
other hand, in the fragile X cells, when FMR1 is inactive, chromatin con-
formation is uniform across the entire region and H3Ac, H4Ac, and 
H3K4Me2 at the FMR1 promoter were all reduced, whereas H3K9Me2 was 
increased at the transcription start site of FMR1. Therefore the expression 
correlated with changes in conformation that affect a significantly larger 
domain than those marked by histone modifications (Gheldof et al., 2006). 

Interchromosomal interaction  
     As mentioned before, trans regulation of gene expression was been iden-
tified several years ago in Drosophila’s transvection phenomenon. Recently, 
several studies provided evidence that there are specific interchromosomal 
co-localizations in various processes in mammals. The studies have empha-
sized the role of the genes interaction in trans.
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The first direct evidence that showed that loci on different chromosomes are 
brought together was provided by the study of Ifng-TH2 LCR locus. This 
study identified that promoter of Ifng loci on the mouse chromosome 10 and 
regulatory region of cytokine locus on the chromosome 11 are in close prox-
imity in the nucleus of native T-helper cells. However, during differentiation 
of native T cell to Th1 and Th2 cells, they move away and inter-
chromosomal interaction is replaced by intra-chromosomal interaction. It is 
hypothesized that the poised chromatin hub configuration is formed between 
Ifng and TH2 cytokine gene loci (containing the cytokine gene Il4, Il5 and 
Il13), which provides transcriptionally positive enviroment by recruiting 
renodelling complexes or acetyltransferases enzyme for early expression of 
cytokines (Spilianakis et al., 2005). 

More evidence, collected by the study of –globin and ß-globin genes lo-
cated on the different mouse chromosomes, identified that these two genes 
co-associated with the same transcription factory (discussed later in detail) in 
erythroid cells (Osborne et al., 2004). This study provides evidence that 
these interchromosomal or trans interaction are important in regulating ex-
pression of the genes involved.  

Another study also reported interaction between the H19-Igf2 imprinting 
control region (ICR) and a region adjacent to the Wsb1 and Nf1 genes (Ling 
et al., 2006). 

Two other studies described transient, homologous interchromosomal as-
sociation that occurs between the X-inactivation centers (Xics) of female X 
chromosomes (Bacher et al., 2006 and Xu et al., 2006).  

The roles of interchromosomal interactions have been shown in Odorant 
receptor (OR) gene. This study identified specific trans interaction of an 
enhancer element, H, on the mouse chromosome 14 with active OR gene 
promoters on the different chromosomes (Lomvardas et al., 2006).  
More recently Wurtele and co-workers developed a new method based on 
the 3C approach, called open-ended chromosome conformation capture. 
They used this technique to investigate the dynamics of the HoxB1 gene 
interaction during the induction of its expression in the context of retinoic 
acid-induced differentiation of mouse embryonic stem (ES) cells. They iden-
tified both intra- and inter-chromosomal interaction of HoxB1 locus with the 
rest of the genome. These results indicated that after induction, inter-
chromosomal interactions with HoxB1 are more frequent which is consistent 
with the expression of HoxB1 and its possible recruitment to the transcrip-
tion factory (Wurtele and Chartrand 2006). 
     Simonis and co-workers developed another technique based on 3C and 
microarrays, called the chromosome conformation capture-on-chip. They 
applied this technique to identify interaction between mouse tissue specific 
ß-globin gene and housekeeping gene Rad23a on chromosome 7. They 
found that the active and inactive genes are involved in many intra- and in-
ter-chromosomal interactions (Simonis et al., 2006). 
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     The last two studies basically are important for developing new tech-
niques to detect genome-wide interactions between one part of genome with 
the rest of the genome.  

Transcription factories 
     Different studies identified that the content of the nucleus of mammalian 
cells contain functional compartments (Pombo et al., 2000, Dundr and Mis-
teli 2001, Spector 2001 and Pederson 2002). The most prominent subcom-
partment is the nucleolus, in which ribosomal genes from different chromo-
somes are clustered; other compartments, for example, are splicing factor 
compartment and small nuclear bodies including Cajal and promylocytic 
leukemia bodies (Lewis and Tollervey 2000). 

Fluorescent photobleaching experiments with green fluorescent protein-
tagged RNA polymerase II showed there are two distinct fractions. A highly 
mobile and inactive RNA polymerase II on one hand and a relatively immo-
bile, transcriptionally engaged fractions of RNA polymerase II on the other 
(Kimura et al., 2002). Other studies showed that transcription occurs in con-
centrated sub-nuclear foci, which are enriched with active hyper-
phosphorylated form of RNA polymerase II. This assembly of active RNA 
polymerase II in interphase nuclei is referred to as transcription factory or 
transcription foci (Jackson et al., 1993 and Wansink et al., 1993).  
     This observation was supported by electron microscopic studies, which 
showed that a Hela cell nucleus contains nearly 10,000 of these distinct sites 
(Jackson et al., 1998 and Cook 2002), whereas primary cells contain only 
100-300 sites (Osborne et al., 2004). Since the numbers of RNA polymerase 
II transcription sites have always been estimated to be less than the number 
of active polymerases, it is expected that each site might be associated with 
more than one transcription unit (Jackson et al., 1998). 
     The link between higher order chromatin structure and transcription has 
recently become clear. It has also been shown that coordinately regulated 
genes are recruited into shared transcription sites. In mouse erythroid pro-
genitor cells, in addition to actively transcribed alleles of ß-like globin Hbb-
b1 genes, which co-localize with other transcribing genes in 40 Mb region 
on the same chromosome (chromosome 7), they also co-localized with -
globin gene Hba, on the different chromosome (chromosome 11) (Osborne 
et al., 2004). 

All these results suggest that transcription factories are relatively stable, 
self-organizing aggregates of transcriptional components that constitute a 
functional sub-compartment (Cook 2002 and Misteli 2001). 

It has also been suggested that gene transcription occur in periods of tran-
scriptional activity followed by long periods of inactivity (Kimura 2002) and 
potentially active genes dynamically associated with transcription factories, 
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switching transcription on and off in conjunction with movement into and 
out of factories, respectively (Osborne et al.,2004). 

In addition to transcription, DNA synthesis has also been shown to occur 
at specialized replication sites or replication factories in which several active 
replicons co-localized (Ma et al., 1999).

Chromosome territories 
     Chromosomes in interphase occupy spatially defined volume of nucleus 
called chromosome territories (CTs) (Cremer and Cremer 2001 and Parada 
and Misteli 2002). This definition denotes the fact that the genetic material 
of each chromosome is not widely distributed throughout the nucleus. Fluo-
rescent in situ hybridization using probes specific for entire chromosomes 
allowed the visualization of CTs in situ (Manuelidis 1985). 
     It was thought that the internal structure of CTs are solid domains with 
the actively transcribed genes at the surface and exposed to regulatory fac-
tors that might be present between CTs in inter-chromosomal domain (ICD). 
It is now clear that the chromosome territories are not solid structures but 
rather are permeated by nucleoplasmic channels of various sizes, called in-
terchromatin compartment (IC) (Cremer and Cremer 2001), which creates a 
porous entity with a highly convoluted and enlarged surface area. This struc-
tural property facilitates access of regulatory factors to sequences within the 
CTs. CTs are not uniform in their structure and appearance and likely con-
tain loops of varying size leading to intermingling between neighboring ter-
ritories (Van Driel et al., 2003). 

Figure 4: Structure of nuclear organization showing CTs and other nuclear comart-
ments (figure adapted from Kosak  and Groudine 2004). 
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      As mention before there are associations between loci on different chro-
mosome that are essential for correct gene expression. There are growing 
evidences that show that inter-chromosomal interactions can determine 
chromosomal organization in interphase chromosomes (paper IV, Spil-
ianakis et al., 2005, Osborne et al., 2004 and Simonis et al., 2006). Although 
in vivo studies have shown that chromatin domains are relatively stable, the 
evidence indicated that individual loci can dynamically diffuse to proximity 
of 0.4 m and can exhibit movements as large as 1.5 m (Gasser 2002, 
Chubb et al., 2002 and Abney et al., 1997). 

In the new study, using novel FISH method (cryo-FISH), the authors effi-
ciently provide high-resolution chromosome painting for the study of chro-
matin nanostructure. They provided data to show that chromosomes inter-
mingling significantly exist in the interphase nucleus of human cells, arguing 
against the presence of an interchromosomal domain that separates CTs. 
Furthermore they showed that blocking of transcription, changes the pattern 
of intermingling while preserving general chromosome properties, such as 
compaction and radial position, indicating that transcription-dependent asso-
ciation between CTs are frequent enough to influence chromosome organiza-
tion (Branco et al., 2006). 

Linking different levels 
     The access of transcription factors to enhancer and promoter is the first 
step of transcription initiation which is followed by opening of chromatin 
mediated by recruitment of two types of co-activators: ATP dependent, 
SWI/SNF-like chromatin remodeling complexes and histone acetyltrans-
ferases (HAT) which can disrupt higher order folding of nucleosome arrays 
(Lemon and Tjian 2000, Horn and Peterson 2002 and Li et al., 2004). The 
chromatin decondensation state is also regulated by transcription from a 
natural promoter by RNA polymerase (Muller et al., 2001).  
     Enhancers play important role in chromatin opening by relocating the 
target locus away from heterochromatin (Francastel et al., 1999 and Ragoczy 
et al., 2003), by affecting histone modification (Chua et al., 2003) or by ini-
tiating intergenic transcription (Li et al., 2004). It is important to consider 
that cis acting elements can not only open chromatin structure locally but 
also make higher order structures through loop formation.  
     It is clear that the gene environment and position-effect variegation 
(PEV) are important. PEV is metastable silencing of euchromatic gene 
through the spread of heterochromatin formation. Insulator blocks in cis
inactivation effects of heterochromatin and activating effect of enhancers 
(West et al., 2002). It has been suggested that ACH formation and conse-
quently accumulation of binding factor and chromatin modifying proteins 
such as histone acetyltransferase (HAT) as possible mechanisms to actively 
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protect against repressive chromatin surroundings (de Laat and Grosveld 
2003). There are increasing evidences to support that the linear genome is 
functionally compartmentalized and genome domains contain one or more 
genes which are regulated independently. 
     It has been proposed that DNA within CTs maintains a distinct spatial 
organization and that active genes can be transcribed from loci located 
throughout the territory and not only from the territory borders (Mahy et al., 
2002).  
During transcription, active loci expand as chromatin loop outside the CTs 
(Williams et al., 2002). They can share same transcription factory even when 
they are on the different chromosomes (Osborne et al., 2004). The fact that 
different genes frequently co-occupy the same factory provide evidence that 
genes do not assemble their own transcription sites de novo when they be-
come active, but instead migrate to pre-assembled transcription sites. The 
available data indicate that transcription factories are metastable structures 
which might assemble on nuclear matrix or scaffold (Jackson and Cook 
1985).  
    It is important to note that nuclei contain many discrete compartments, 
which correlate with specific functions (Spector 2001) and appear to persist 
because of the self-assembling characteristics of their components (Misteli 
2001).
     We should also consider that the arrangement of chromosomes in the 
interphase nucleus is non-random (Cremer and Cremer 2001 and Parada and 
misteli 2002). The gene-dense chromosomes are located preferentially to-
wards the center of the nucleus, whereas gene-poor chromosomes are posi-
tioned towards the periphery (Croft et al., 1999). But there have been re-
ported exceptions for single genes with some genes located preferentially 
towards the center and other located towards the periphery of the nucleus 
(Roix et al., 2003). While some chromosomes have a non-random tendency 
to occupy separate positions within the nucleus, there are evidences for non-
random positioning of chromosome relative to each other (Parada et al., 
2002). It seems that gene loci and chromosome exhibit increased motion 
during early stage of G1 as the nuclei reform. The mobility of mammalian 
gene loci and chromosome is limited to local diffusion during the rest of cell 
cycle including S phase (Vazquez et al., 2001, Thomson et al., 2004 and 
Marshall et al., 1997). 

Genomic imprinting  
     Insulin-like growth factor-2 receptor (Igf2r), was first gene found to be 
expressed in a parent of origin-dependent manner (Barlow et al., 1991). In-
sulin-like growth factor-2 (Igf2) and H19 were other imprinted genes, which 
are expressed from paternal and maternal alleles only respectively (DeChiara 
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et al., 1991 and Bartolomei et al., 1991). Today more than 70 imprinted 
genes have been described in the mouse and human (Kaneko-Ishino et al., 
2006). Many imprinted genes are involved in fetal development and some 
are reported to influence behavior (Reik 2001).  
     The imprinted genes are expressed only from one allele based on its pa-
rental origin. The imprinting marks are different between parent and off-
spring. They must be erased in the germ cells of each generation and then be 
re-established in a sex specific manner. After fertilization, the imprinting 
marks should be maintained during global demethylation of genome (dis-
cused above).
     Most imprinted genes are clustered in chromosome regions and have 
common controlling regions, called imprinting control regions (ICR). The 
ICRs are regulated by epigenetic modifications (Reik and Walter 2001 and 
Tilghman 1999).  
     DNA methylation is a common phenomenon associated with imprinted 
genes and exhibits parent-of-origin specific patterns. The parental alleles of 
imprinted genes have different levels of CpG methylation and are often lo-
cated at specific sites within genes or in regions surrounding the gene, 
named differentially methylated regions (DMRs). Most DMRs are generally 
1 to 5 kb in size (Solter 2006).  

H19 DMR was the first DMR, which was characterized. The DMR of 
H19 ICR is established in germline with high levels of DNA methylation in 
the sperm and no methylation in the oocytes. All ICRs contain such germline 
DMRs with methylation marks which are established in germline. In addi-
tion, there are also post-zygotic DMRs which are established after fertiliza-
tion (Solter 2006 and Khosla et al., 1999). 
     In addition to methylation, ICRs also show allelic differences in chroma-
tin structure, such as DNaseI hypersensitivity (Kanduri et al., 2002 and 
Mancini-DiNardo et al., 2003) and covalent histone tails modifications (Um-
lauf et al., 2004). It has also been shown that the alleles at the imprinted loci 
can replicate asynchronously (Kitsberg et al., 1993). 
      ICRs can also act as chromatin insulator. CTCF (discussed latter in de-
tail) is a protein that can bind to insulators and block enhancer activity. Such 
a CTCF-dependent insulator exists in H19-Igf2 ICR (Kanduri et al., 2000b). 
      Non coding RNAs have been implicated in controlling genomic imprint-
ing (Storz 2002). The best characterized example is Air RNA which is a non-
coding RNA transcribed antisense to Igf2r (Lyle et al., 2000). 

H19- Igf2 imprinting control region 
     These imprinted genes are within imprinted cluster region on the mouse 
chromosome 7 and human chromosome 11. This imprinted cluster is divided 
to two sub-domains; one which contains H19, Igf2 and Ins2 genes and sec-
ond, which contains Kcnq1, Kcnq1ot1, Ascl2 (Mash2), Tssc6, Cdkn1c
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(p57kip2), Tscc3 and Nap2 genes (Ainscough et al., 1998, Kanduri et al., 2002 
and Paulsen et al., 1998). 
     H19 is separated from Igf2 gene by 90 kb. They share endodermal and 
mesodermal enhancers, which are located downstream of H19. Imprinting 
control region (ICR) located 2 kb upstream of H19 gene, contains differen-
tially methylated regions (DMRs). With knock out experiments it has been 
shown that H19 ICR is necessary to maintain imprinting status of Igf2 and 
H19 genes (Tremblay et al., 1997). Analyses of DMRs of H19 ICR, have 
shown thatthey are GC rich and interact with CTCF only on the maternal 
allele (Kanduri et al., 2000a, Holmgren 2001 et al, Ohlsson et al., 2001 and 
Pant V et al., 2003). These observations lead to the insulator model, which 
suggests that binding of CTCF to maternal ICR blocks the access of enhan-
cer to Igf2 promoter and consequently silences Igf2 and activates H19. On 
the paternal allele ICR is methylated and CTCF cannot interact with ICR 
therefore allowing the enhancer access to Igf2 promoter and thus activating 
it. The methylation mark on the paternal ICR can spread into H19 promoter 
during early embryogenesis, which leads to silencing of H19 on the paternal 
allele (Srivastava et al., 2000 and 2003).

Figure 5: Schematic representation of H19/Igf2 region.  

     Igf2 contains three post-zygotic DMRs; DMR0 is placenta-specific, lo-
cated on exon U1 and maternally methylated, DMR1 and DMR2 are pater-
nally methylated located upstream of promoter 1 and exon 6 respectively of 
Igf2 gene. Deletion of DMR1 leads to reactivation of maternal Igf2 and dele-
tion of DMR2 had no affect (Reik and Walter 2001).The studies have shown 
that H19 ICR protects Igf2 DMR1 and DMR2 from methylation during early 
embryogenesis (Lopes et al., 2003 and paper II). These results have indi-
cated that there is an direct interaction between H19 ICR and Igf2 DMR1 on 
the maternal allele and between H19 ICR and Igf2 DMR2 on the paternal 
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allele (Murrel et al., 2004). This conclusion suggests looping model for H19-
Igf2 imprinting control, which I have described above. 

The CCCTC-binding factor, CTCF 
     CTCF was discovered as a zinc-finger transcription factor that binds to 
CCCTC sequence of chicken c-myc promoter and acts as a transcriptional 
repressor (Lobanenkov et al., 1990). However it was identified that this mo-
tif is not unique. CTCF contains eleven zinc fingers as a central domain and 
N- and C-terminal that build two third of the protein. By utilizing different 
combination of zinc fingers, CTCF can bind to divergent sequences. CTCF 
is a highly conserved protein with 90% similarity in overall amino acid (aa) 
sequence from Drosophila to human (Ohlsson et al., 2001 and Filippova et 
al., 1996).  
     CTCF has been found as multifunctional protein. It can act as transcrip-
tional repressor of chicken lysozyme gene (Baniahmad et al., 1990) and acti-
vator in amyloid beta-protein precursor (Vostrov and Quitschke 1997). 
     CTCF has also been described as an insulator protein. The insulator activ-
ity of CTCF was found at the 5’ end of chicken ß-globin insulator Further 
studies revealed that CTCF is involved in all vertebrate enhancer-blocking 
sequences (West 2002). CTCF molecules can interact with each other to 
form multimers and therefore generate closed loop domain. It has been pro-
posed that CTCF can also tether the chromatin fiber to the nucleolar surface 
through interaction with nucleophosmin (B23). This would create loop do-
main (Yusufzai et al., 2004) and insulate enhancer function on promoter in a 
different loop. 

Figure 6: Schematic representation of CTCF protein 

     CTCF was localized at human chromosome 16q22. This locus is associ-
ated with chromosomal abnormalities, loss of heterozygosity or aberrant 
expression in different malignancies (Rakha et al., 2004). A number of func-
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tionally significant, tumor-specific CTCF zinc finger mutations have also 
been identified in various cancers (Filippova et al., 2002). These studies in 
different human malignancies have suggested that CTCF is a candidate tu-
mor suppressor gene (Lasko et al., 1991, Driouch et al., 1997, Latil et al., 
1997 and Filippova et al., 1998). 
     Brother of the regulator of imprinting sites (BORIS) is a CTCF paralog, 
which is identical to CTCF in 11 zinc finger domains and is different at the 
N- and C-terminal domains. BORIS is expressed in a mutually exclusive 
pattern with CTCF during male germ cell development this leads to a hy-
pothesis that BORIS has a role in resetting male germ line methylation 
(Loukinov et al., 2002). 

Posttranslational modification 
     Post-translational modification means chemical modification of proteins 
after its translation. It is one of the later steps in protein biosynthesis that 
contributes to the protein diversity of structure and function. Post-
translational modification may involve the formation of disulfide bridges and 
attachment of any of a number of biochemical functional groups, such as 
acetate, phosphate, methyl, various lipids and carbohydrates. Enzymes may 
also remove one or more amino acids from the amino end of the polypeptide 
chain or cut the polypeptide in the middle of the chain (Paldi 2003). 

Poly (ADP-ribosyl)ation 
      Poly-ADP-ribose, which is a homopolymer of ADP-ribose units linked 
by glycosidic bond, was discovered over 40 years ago (Ame et al., 2004). 
There has been significant progress in research into the biology of mono- 
and poly-ADP-ribosylation reactions. During the last decade, it became clear 
that ADP-ribosylation reactions play important roles in a wide range of 
physiological and pathophysiological processes, including inter- and intra-
cellular signalling, transcriptional regulation, DNA repair pathway and 
maintenance of genomic stability, telomere dynamics, cell differentiation 
and proliferation, necrosis and apoptosis. 
      Poly-ADP-ribosylation requires nicotinamide adenine dinucleotide 
(NAD+) as a precursor and substrate of the reaction. The chain length of 
polymers is heterogeneous and can reach 200 to 400 units in vitro and in 
vivo. Long polymers are branched in an irregular manner. Branching occurs 
in vitro and in vivo with a frequency of approximately one branch per linear 
section of 20 to 40 units of ADP-ribose (Alvarez-Gonzalez and Jacobson 
1987). It has been shown that poly-ADP-ribosylation may also serve as a 
covalent posttranslational modification of proteins (Hassa and Hottiger 
2005).
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     Poly ADP-ribosylation is catalyzed mainly by Poly ADP-ribose poly-
merase (PARP). PARP1 is the best studied and abundant chromatin associ-
ated protein and one the member of PARP family with poly ADP-
ribosylation activity (Ame et al., 2004). 
    Poly-ADP-ribose glycohydrolase (PARG) hydrolyse poly-ADP-ribose 
polymers to ADP-ribose units (Bonicalz et al., 2005). Poly ADP-ribose hy-
drolase or ARH3 is another enzyme with PARG activity which was identi-
fied recently (Oka et al., 2005). 
     Poly ADP-ribosylation is a transitory mark, which is rapidly turned over 
by the PARG. It is associated with DNA rapair and can influence chromatin 
structure during apoptosis. There are evidences that poly ADP-ribosylation 
is also important in regulation of chromatin structure and gene expression in 
the normal context (Hassa et al., 2006, Klenova and Ohlsson, 2005). 

Epigenetics and diseases 
     There are growing body of evidence, which suggests that epigenetic 
mechanism play important roles in diseases. In the last decade, many aspects 
of the role of epigenetics in diseases, especially cancers, have been identi-
fied. The studies characterized disorders with defects in proteins directly 
related to DNA methylation or defects in proteins related to chromatin re-
modelling. 
      A few years ago it was discovered that the X-linked disorder, limited to 
females, called Rett syndrome is a consequence of mutations in the methyl-
cytosine binding protein (MECP2) (Amir et al., 1999). The diseases like 
immunodefeficincy, centromeric instability and facial anomalies (ICF) syn-
drome with mutation in DNMT3b gene (Ehrlich 2003), X-linked -
thalassemia/ mental retardation syndrome with mutation in ATRX gene (Au-
sio 2003) and facioscapulohumeral muscular dystrophy with expansion 
DNA repeats (Tassone and Hagerman 2003) are other examples to show the 
role of epigenetic phenomena in diseases. 
     The roles of epigenetic errors in the causation complex adult psychiatric, 
autistic and neurodegenerative disorders have just begun to be addressed 
(Abdolmaleky et al., 2004). 
     There are numerous observations of lethality and postnatal abnormal 
phenotypes in association with maternal and paternal uniparenal disomy 
(UPD) for specific chromosomal segments. A wide set of molecular events 
can lead to phenotype abnormalities which involves imprinted genes. Some 
of the most studied disorders involving imprinted genes are Prader-Willi 
syndrome (PWS), Angelman syndrome (AS), Beckwith-Wiedemann syn-
drome (BWS), Pseudohypoparathyroidism and Russell-Silver syndrome. 
     In addition to UPD, there are other mechanisms for disorder of imprinted 
genes which involve large deletions removing one or more genes, point mu-
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tations affecting specific loci leading to loss or gain of function and a variety 
of abnormal epigenetic marks, like DNA methylation, chromatin structure 
and gene expression patterns (Eggermann et al., 2002). 
     The role of the epigenetics in cancer is obvious. The epigenetic changes 
in cancer are global DNA hypomethylation, hypermethylation and hy-
pomethylation of specific genes, chromatin alterations and loss of imprinted 
expression. All of these changes can lead to activation of growth promoting 
genes and inactivation of tumour suppressor genes. 
     The epigenetic progenitor model of cancer is new idea of epigenetic 
changes taking place before genetic changes. This model suggests that can-
cers develop via a three-step process. The disruption of epigenetic regulation 
giving rise to tumor-progenitor cells within organ or tissue as a first step, 
followed by initiation of mutation and exhibition of genetic and epigenetic 
plasticity (Feinberg et al 2006). 
     The study by Horike and colleagues indicated the Mecp2-dependent role 
of chromatin loop in Rett syndrome (described above) which open new per-
spective for considering higher order chromatin structure and diseases 
(Horike et al., 2005). 
     Aging has been shown to be associated with epigenetic changes. Both 
increase and decrease in DNA methylation are associated with the aging 
process. Recently by high-resolution methylation analysis, this contention 
has been challenged (Eckhardt et al., 2006). Changes that occur in age de-
pendent manner may include deregulation of genes related to cancer, in-
creases in chromosome instability and rearrangement and also development 
of neurological disorders and autoimmunity (Richardson et al., 2003). 
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Aims of the study 

H19-Igf2 locus has been studied for several years. There is huge amount of 
information about this locus. The role of CTCF in establishment of imprint-
ing status is well known but there are still several questions, remaining to be 
answered. The aim of this thesis is to answer the following questions: 

Paper I 
Does CTCF carry post-translational modifications? 
If so, will the post-translational mark interfere with CTCF binding to the 

maternal allele? 
Does this modification regulate the insulator activity of CTCF? 

Paper II 
What is the spectrum of sequences which interact physically with distal en-
hancer and the ICR within H19-Igf2 region? 

What are higher order chromatin conformation and long range interac-
tions in this region and which ones has pivotal role for regulating imprint-
ing?

What is the role of CTCF in higher order chromatin conformation? 

Paper III 
Does CTCF bind to mitotic chromatin? 
What is the role of CTCF in mitotic chromatin? 
How is the higher order chromatin structure of H19-Igf2 region organized 

during mitosis? 

Paper IV 
The aim was to develop a technique, which can be used for detecting all 
interactions with H19 ICR. The major questions were: 

Does H19 ICR physically interact with other loci both within chromo-
some 7 and between chromosomes? 

Will such interactions imply regulation of transcription in trans?
What are the patterns of interactions with respect to the parental origin of 

the H19 ICR alleles? 
What is the pattern of H19 ICR interaction with all genome regarding in

vitro maturation of embryonic stem cells? 
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Techniques

In this thesis we used different techniques, which are described in the text. 
Two techniques are of particular relevance to the studies carried out in this 
thesis.

Chromosomal Conformation Capture (3C) 
This technology was developed by Dekker and co-workers to analyze 

yeast chromosomes (Dekker et al., 2002). In this technique cells or nuclei are 
treated with formaldehyde or paraformaldehyde to cross-link protein to DNA 
or to other proteins which interact together. The cross-linked chromatin is 
digested with an appropriated restriction enzyme. The digested chromatin is 
ligated at low concentration of DNA. After ligation the cross-links are re-
versed. The 3C product contains large collection of ligated intra-molecular 
products. Quantitative polymerase chain reaction (PCR) is applied to detect 
two genomic loci, which are ligated. The amount of ligation product is corre-
lated with cross-linking frequency and proportional frequency of interaction 
between two genomic loci both in cis and trans.

It is essential to validate 3C experiment with several controls. First: 
checking the efficiency of restriction digestion by southern blot and PCR to 
show that there are no preferences for digestion at any particular sites. Sec-
ond: determining the range of amounts of template that show linear PCR 
amplification. Third: normalising PCR efficiency of each primer combina-
tion with making a control template containing all ligation products in equal 
amount. Fourth: normalization of data by comparing the cross-linking fre-
quency between two restriction fragments present on unrelated loci. Fifth: 
determination of interactions between sites separated by increasing genomic 
distance (up to 100 kb) to estimate the frequency of random interactions 
(Dekker 2006 and Tolhuis et al.,2002). This technique has been developed 
with ligation-mediated amplification of primers, which are designed for re-
striction enzyme sites (Dostie et al., 2006). 
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Circular Chromosomal Conformation Capture (4C) 
While 3C is powerful technology to detect proximity of two sequences it 

is limited to sequences, which are assumed to interact. It is thus essential to 
have prior knowledge of sequence and design primers for specific locations 
in the 3C approach. 4C technology does not need any prior knowledge of 
sequences, which interacts with our proposed sequence. In this technique, 
circular DNA molecules, containing one part of our target sequence and 
another part with unknown sequence are formed with increasing ligation 
time, By using primer pairs from known fragment we can amplify all DNA 
unknown sequences which are in physical proximity of (and hence ligated 
with) our target sequence. 

Figure 1: 3C and 4C methodology 
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Results and discussion 

PAPER I: 
     CTCF can be modified by post-translational mechanisms that may regu-
late CTCF insulator activity. Binding of CTCF to its recognition sites and 
prevention of enhancer activation demonstrate the ability of CTCF to act as a 
classical transcriptional insulator, which has been shown by different ex-
periments. PARP1, an enzyme for polymerisation of ADP-ribose, can be 
associated with both formation of heterochromatin and region with high 
transcriptional activity in fruit fly (Tulin et al., 2003). We used a different 
approach to investigate potential correlation between poly(ADP-
ribosyl)ation and expression domains. 

The H19 ICR is associated with poly (ADP-ribosyl)ation mark only on 
the maternal allele: 
      CTCF as a chromatin insulator protein binds only to maternal H19 ICR. 
This interaction has been shown before in different studies. We used M.
musculus domesticus x M. musculus musculus intraspacific hybrids for our 
experiments. We were able to discriminate the parental alleles by using a 
restriction enzyme BsmAI polymorphism site at the second CTCF target site 
of H19 ICR. Chromatin immunoprecipitation experiments showed that the 
CTCF and poly(ADP-ribosyl)ation marks are associated only with maternal 
allele. The experiments were repeated using primary mouse fibroblast cul-
ture cells with CTCF binding sites mutation inherited maternally and pater-
nally. The results indicated that H19 ICR associated with poly(ADP-
ribosyl)ation marks only if the wild type allele was inherited maternally. 

There was a formal possibility of indirect affect of abnormal de novo me-
thylation in vivo in the absence of CTCF. We therefore transfected mixed 
equimolar amount of plasmids containing H19 ICR with wild type and mu-
tated CTCF target sites into JEG-3 cells and carried out chromatin immuno-
precipitation assay with CTCF and poly(ADP-ribosyl)ation mark antibodies. 
The results showed that only these antibodies captured the wild-type allele 
only. In this situation there is no de novo methylation of episomal H19 ICR. 
The results indicated that poly(ADP-ribosyl)ation associated exclusively 
through the CTCF target sites on the maternal H19 ICR allele.
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CTCF is poly(ADP-ribosyl)ated in vivo and in vitro: 
The affinity chromatography on matrix with the immobilized antibody to 

poly(ADP-ribosyl)ation experiments, using recombinant baculovirus CTCF 
(bvCTCF) protein which was poly(ADP-ribosyl)ated in vitro, demonstrated  
poly(ADP-ribosyl)ated protein is identical to CTCF. Western blot analysis 
identified two 130 kDa non poly(ADP-ribosyl)ated and 180 kDa poly(ADP-
ribosyl)ated of bvCTCF. 

We confirmed the results in vivo. The human cancer cell line, MCF-7 nu-
clear extract was immunoprecipitated with CTCF antibody and used in west-
ern blot experiment with antibodies against CTCF and poly(ADP-
ribosyl)ation. The modified western blot experiment showed that the 180 
kDa band is poly(ADP-ribosyl)ated CTCF. We concluded that CTCF exists 
in poly(ADP-ribosyl)ated form in different cell line including MCF-7. 

We used the poly(ADP-ribosyl)ated bvCTCF in mobility band shift assay 
experiments. The results indicated poly(ADP-ribosyl)ated form of CTCF is 
able to interact with H19 ICR. These results were in contrast with a previous 
report which mentioned that the poly(ADP-ribosyl)ation of transcription 
factor YY1 lead to ablation of DNA binding of these factors (Smith 2001). 
We used N-terminal, C-terminal and zinc finger domains of CTCF sepa-
rately for in vitro poly(ADP-ribosyl)ation experiment. The results showed 
that location of poly(ADP-ribosyl)ation marks is N-terminal domain of 
CTCF and not the zinc finger domain which is also the DNA binding do-
main.

The poly(ADP-ribosyl)ation of CRCF extended to several tissue and 
multiple target sites: 

The general link between CTCF and poly(ADP-ribosyl)ation was exam-
ined using two approaches. First, we used western blot to analyse mouse 
neonatal tissues. The results showed that poly(ADP-ribosyl)ated CTCF is 
abundant in heart and muscle but more scare in liver and brain. This might 
suggest there are tissue-specific differences in the turn-over of the 
poly(ADP-ribosyl)ation mark. We used ChIP on chip technique to explore 
the possibility that poly(ADP-ribosyl)ation mark is present also on DNA-
bound CTCF. The CTCF library published by Mukhopadhyay and co-
workers was used for our experiments (Mukhopadhyay et al 2004). The li-
brary contains CTCF target sites, which were pulled down with CTCF anti-
body in neonatal liver. This analysis indicated that 78% of CTCF target sites 
of library sequences were pulled down by both CTCF and poly(ADP-
ribosyl)ation antibodies. All these results lead to the conclusion that forma-
tion and extension of poly(ADP-ribosyl)ation marks that this mechanism 
exist on individual sites only after CTCF-DNA complex is formed. This 
could be explained by interaction of CTCF with nucleophosmin (B23), 
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which is enrich PARP enzyme, and tethering to nucleoli surface (Yusufzai T 
et al., 2004). 

The insulator function of the sequence that interact with CTCF is re-
lated to poly(ADP-ribosyl)ation: 

The insulator trap assay experiment has been used before to test insulator 
activity of DNA sequences in a high throughput manner (Mukhopadhyay et 
al., 2004).  The assay depends on the ability of candidate sequence to protect 
the toxin-A gene from SV40 enhancer in episomal context. We used this 
assay to test whether the insulator activity of sequences need poly(ADP-
ribosyl)ation of CTCF. We tested both H19 ICR and entire CTCF target sites 
in the library. First the plasmid containing H19 ICR were used to transfect 
JEG-3 cells which were then treated with 3-aminobenzamide (3-ABA), an 
inhibitor of poly(ADP-ribosyl)ation. Both the number and size of colonies 
were reduced after treatment with 3-ABA indicating that the insulator is no 
longer working. The chromatin immunoprecipitaion experiment also indi-
cated that the poly(ADP-ribosyl)ation mark is lost while CTCF is still bound 
to target site in treated cells, leading to the conclusion that poly(ADP-
ribosyl)ation marks is necessary for insulator function. 

The entire CTCF target site library also showed the same reduction in size 
and number by treating with 3-ABA. We prepared genomic DNA form sur-
viving clones after treatment with 3-ABA, amplified, labelled and hybridized 
them to the CTCF target site library. The ratio of treated to untreated signal 
indicated that strong insulator activities are more sensitive to 3-ABA and 
that there are high variations in sensitivity of weak insulator to 3-ABA com-
pared to strong insulators. 

We also tested the effects of poly(ADP-ribosyl)ation on insulator activity 
in the endogenous context. The H19 ICR as typical insulator was used for 
this experiment. We used the mouse fibroblast cell line containing human 
chromosome 11, either of paternal or maternal origin. RNase protection as-
say was used to test parental specific expression of Igf2 with and without 
treatment with 3-ABA. The results showed that maternal Igf2, which is nor-
mally inactive, was activated by treating cell with 3-ABA. This confirmed 
the essential role of poly(ADP-ribosyl)ation mark on CTCF in regulation of 
insulator activity. 

PAPER II: 
     The H19-Igf2 domain is the paradigm of genomic imprinting. The insula-
tor model has been proposed to explain how CTCF insulator protein can 
block enhancer access to Igf2 on the maternal allele. The looping model also 
has been suggested to explain how differential methylated domain can medi-
ate this access (Murrell et al., 2004). The model supported by these observa-



37

tions is that the ICR protect the Igf2 DMR1 and DMR2 from methylation 
during perimplantation and embryonic stem cells (lopes et al., 2003). The 
hypothesis that epigenetic modifications of Igf2 DMR1 and DMR2 are con-
trolled by H19 ICR is supported also by observations in which deletion of 
H19 ICR leads to de novo methylation of DMR1 and DMR2 (Fedoriw et al., 
2004). We used different experiments, mainly 3C to examine the effects of 
CTCF binding to ICR on higher order chromatin conformation. 

Parent-of–Origin-dependent interaction between the H19 enhancer and 
the H19-Igf2  region: 
     We analysed all physical interaction between an endodermal-specific 
enhancer (termed enhancer4) and the whole H19-Igf2 region by using 3C 
technique. To this end, we used the C57 x SD7 and 142* x SD7 mouse 
crosses. As explained above in paper I, the 142* x SD7 mouse contains ma-
ternaly inherited mutant H19 ICR allele (142*, unable to interact with CTCF 
in vivo). We were able to detect paternal and maternal enhancer4 allele by 
using KpnI restriction enzyme polymorphisms sites. For 3C analysis we 
chose the EcoRI restriction enzyme as this enzyme recognizes sequences in 
most of the sites of interest. We chose the region upstream of Ins2 (5’DOM), 
upstream of B2 repeat region (B2UP), placental-specific promoter P0 (P0), 
DMR1, P1 (upstream P1) or P1/DMR2, MAR3, intergenic sequence region 
(IGS), upstream of conserved DNase I hypersensitive region (HSS), IGS1 
downstream of HSS, upstream of ICR (5’ICR), ICR, H19 promoter (H19P),
enhancer-conserved sequence 10 (en10) and within second intron of L23mrp 
gene (3’DOM). To distinguish parental specific interaction we amplified the 
3C product, from neonatal liver, with specific primers and digested with 
KpnI restriction enzyme. We detected allelic origin of interaction using di-
gestion with polymorphism sites. It was very important to normalize the 
cross-linking frequency for the allelic bias in the PCR amplification step. 
The results demonstrated that enhancer4 region interacted equally well with 
both paternal and maternal allele from L23mrp gene up to H19 ICR. The 
ICR blocked enhancer to access Igf2 although the enhancer could access the 
region upstream of the H19 ICR on the maternal allele. This data does not 
supported a simple insulator model in which the maternal ICR blocked all 
physical access across its entire 5’-flank. The experiment was repeated with 
142* x SD7 cross. In this cross, the whole Igf2 region, including the promot-
ers was accessible to enhancer4 and the Igf2 promoter on the maternal allele. 

The H19 ICR interacts with Igf2 cis-regulatory elements in parental-
specific manner: 
     The next experiment was to identify all long rang interaction of interested 
sequences at H19-Igf2 region with H19 ICR. We used neonatal mouse liver 
from the same cross, as above. The EcoRI restriction enzyme was used for 
the 3C experiment. For discrimination of the parental alleles, we used FauI
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polymorphic site on the SD7 allele of H19 ICR. Following amplification, 
digestion and normalization for allelic bias in PCR amplification, the ana-
lysed data indicated that on the both maternal and paternal alleles the physi-
cal proximity between the H19 ICR and other parts of the H19-Igf2 domain 
regions are similar, except for the DMR1, P1/DMR2 and MAR3 regions. On 
the paternal chromosome, the 3C analysis revealed that the DMR1 and 
MAR3 are not juxtaposed to the H19 ICR. However, on the maternal chro-
mosome, the H19 ICR allele is specifically making contact with the DMR1 
and MAR3. As could be expected, maternal inheritance of the mutated H19
ICR allele led to loss of the physical proximites with the DMR1 and MAR3 
regions.
     These observations suggest that the CTCF binding to ICR has a key role 
in establishing higher order chromatin conformation and regulating this re-
gion. Moreover, the close proximity of H19 ICR with Igf2 DMR1 and Igf2
MAR3 leads to establishment of a loop on the maternal chromosome, which 
contains Igf2 gene. This loop blocked access of enhancer4 to a large part of 
the region including Igf2 promoter in neonatal liver. On the paternal allele, 
most of the H19-Igf2 region is in contact with enhancer, suggesting that the 
enhancer might be a part of metastable transcription factory or active chro-
matin hub on both alleles, but that the transcription factory is unable to ac-
cess the maternal Igf2 allele 

The H19 ICR-CTCF complex controls the epigenetic status at Igf2
DMR1/2
     The 3C assay for ICR-DMR1 interaction was validated using different 
restriction enzymes. The results confirmed maternal-specific interaction of 
ICR-DMR1. To demonstrate that CTCF is directly in this complex, we tested 
the hypothesis with three different experiments: chip-loop assay, mobility 
band shift assay (EMSA) and chromatin immunoprecipitation assay. The 
chip-loop assay is a combination of immunoprecipiation and 3C technique. 
In this assay formaldehyde cross-linked neonatal mouse liver cells digested 
with restriction enzyme were used for immunoprecipiation with CTCF anti-
body. DNA-protein complexes were ligated under diluted condition, fol-
lowed by reverse cross-linking and amplification with specific primers as for 
3C assay. The results of chip-loop assay demonstrated that CTCF is a part of 
the complex between H19 ICR-DMR1. 
     EMSA experiment demonstrated that CTCF interacts with Igf2 DMR1 in 
vitro. Two overlapping DNA fragments were found to interact with CTCF, 
and these contained five CpGs. We analysed the methylation status of these 
CpGs by bisulfite analysis and found that CTCF interacts with CpG number 
5 in a methylation-sensitive manner. 
     Immunoprecipiation assay using CTCF antibody indicated that CTCF 
interacts specially with maternal DMR1 allele in vivo. This specific interac-
tion was lost when we used the maternaly inherited CTCF binding sites mu-
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tation on the H19 ICR, indicating that CTCF is recruited to Igf2 DMR1 
through the physical interaction between H19 ICR-DMR1 in vivo. 
     To explore the possibility that CTCF binding in vivo protected DMR1 
against DNA methylation, we carried out methylation analysis of Igf2
DMR1. Analysis of paternal and maternal transmission of 142* allele indi-
cated maternal Igf2 DMR1 contains less methylation when the paternal allele 
transmitted 142* allele. With maternally transmitted 142* allele, there was 
increase in maternal Igf2 DMR1 methylation. The increasing methylation 
particularly was for CpG number 5, which interacts with CTCF in vitro.
The results showed that interactions between CTCF and H19 ICR has key 
role in establishing epigenetic status of DMR1 and higher order chromatin 
conformation structure on the maternal allele.  

PAPER III: 
     Prior to mitosis, the compaction of the chromosome leads to a change in 
the pattern of chromatin proteins; some proteins are excluded from mitotic 
chromatin and some remain. Comparing chromatin structure of specific 
genes in interphase and mitosis, contradicting results with respect to the 
preservation of interphase DNase I hypersensitive sites in mitotic chromo-
somes have emerged (Gazit et al., 1982) (Kuo et al., 1982). However, CTCF 
has been identified in centrosomes and midbody (Zhang et al., 2004), sug-
gesting that some binding sites are occupied with CTCF even in mitotic 
chromosomes. In this paper, we examined this possibility and a potential role 
for CTCF in maintaining higher order chromatin conformation in mitotic 
chromosomes. 

CTCF localized to mitotic chromosomes through C-terminal zinc finger 
part:

To explore the possible association of CTCF with mitotic chromosomes, 
Hela cells were used for immunostaining experiment at different stages of 
mitosis. The cells were fixed and incubated with CTCF antibody followed 
by FITC-conjugated secondary antibody. Confocal microscopy analysis 
showed that the chromosomes from prophase to telophase displayed a posi-
tive CTCF staining. Western blot experiments used to confirm this observa-
tion to indicate the presence of CTCF in mitotic chromosome in Hela cells 
and NIH3T3 cells. To verify presence of chromosome-bound CTCF in real 
time, a cell line expressing a CTCF fused with a GFP reporter module was 
used for confocal study. Association of CTCF with mitotic chromosomes 
was clearly shown. 

GFP-CTCF deletion constructs were used to confirm which part of CTCF 
was responsible for the interaction with mitotic chromosomes. Transient 
transfections using various ZFP deletions observation identified that the C-
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terminal half of the 11 zinc finger domains is associated with mitotic chro-
mosomes. The results of these experiments suggested that the DNA binding 
property of zinc finger domain might mediate the direct attachment of CTCF 
to the DNA of condensed chromosomes during mitosis. 

CTCF is bound to known target sites in mitotic chromosomes: 
We used the chromatin immunoprecipitation to test the interaction of 

CTCF with specific sites during mitosis. Well-characterized CTCF binding 
sites include the ß-globin insulator (Tanimoto et al., 2003), H19 ICR (Bell 
and Felsenfeld, 2000), the DM-1 locus (Filippova et al., 2001) and the myc-
N site (Lutz et al.,2003). The results demonstrate that CTCF binds to specific 
sequences in both asynchronized and synchronized Hela cells. The chroma-
tin immunoprecipitation assay on the mitotic chromosome from mouse cell 
line (NIH3T3) with specific primers for amyloid ß-protein precursor (APP) 
promoter (unpublished data), H19 ICR and two additional CTCF target sites 
at Igf2r (unpublished data) and #396, also confirmed that CTCF interacted 
with target sequences in mitotic chromosomes. 

H19-Igf2 long range interaction in mitosis: 
In paper II we also examined the long-range chromatin interaction in 

H19-Igf2 region. There was a possibility that some of these interactions were 
maintained during mitosis, or lost and re-established again after mitosis. To 
discriminate between these possibilities, we performed 3C analysis for some 
the key interactions in the unsynchronized and mitotic cells. Analysis of a 
short interaction within the calreticulin gene (Tolhuis et al., 2002) indicated 
that this interaction was maintained during mitosis. To role out the possibil-
ity of generating any random ligation, we amplified possible random interac-
tion between Igf2 DMR1 and calreticulin gene. This amplification did not 
generate any PCR product documenting the specificity of our 3C conditions. 

There was also a possibility that mitotic chromosomal compaction might 
generate a problem by non-specific chromatin contacts. We used Ercc3, for 
which a special conformation in interphase had been described and is known 
to cause a positive 3C signal (Palstra et al., 2003). 3C analysis using primer 
within Ercc3 separated by 14 kb demonstrated that the specific interaction 
signal in unsynchornized cells was lost in mitotic chromosomes. This indi-
cated that a ubiquitously transcribed gene with special chromatin conforma-
tion in interphase has no interaction with a non-transcribed gene during mi-
tosis. Importantly the 3C analysis of CTCF-dependent H19 ICR and Igf2
DMR1 interaction showed that this interaction was maintained in mitosis, 
but interaction between enhancer and Igf2 promoter was lost. This result is 
consistent with the possibility that a higher order chromatin conformation 
survives the condensation of chromosomes to constitute an epigenetic mark. 
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 PAPER IV: 
     In this paper we describe the invention of a new technique, termed 4C, to 
examine intra- and interchromosomal interactions in an unbiased manner. 
Moreover, we investigated the functional aspect of these interactions. 

H19 ICR interacts with wide range of sequences throughout the whole 
mouse genome:
     The circular chromosome conformation capture (4C) assay was used for 
determining DNA sequences in physical proximity of H19 ICR, without any 
prior knowledge of those sequences. We used cross-linked chromatin sample 
from neonatal mouse liver. H19 ICR was used as general platform for ampli-
fication. The PCR amplification step produced a wide range of amplified 
sequences, which were not amplified in negative control including naked and 
ligated DNA without cross-linking. We cloned and sequenced those 4C se-
quences to identify 114 unique sequences. In 18 clones there were more than 
one sequence indicating that different sequences are in physical proximity 
with H19 ICR simultaneously. The interactions in cis on the chromosome 7 
are present more than trans, indicating that the interactions in cis are pre-
ferred.

The interactions are in parental-specific manner: 
     To explore the 4C interactions in a semi-quantitative manner, the 4C li-
brary was spotted on a glass slide and hybridized to 4C probes. To test the 
reproducibility of the 4C hybridization signal, we generated a pool of inde-
pendent 4C sample generating from different cross-linked samples with an-
other 4C pool sample generated from different cross-linked samples. The 
data analysis indicated that the 4C hybridization signals are highly repro-
ducible. We compare the 4C signal with the signal from genomic probes 
from neonatal mouse liver. The analysis indicated that there was no signifi-
cant signal intensity bias based on the size of the different fragments.  
     We examined the epigenetic perspective of the observed interaction, us-
ing neonatal liver cells from SD7 x 142* and 142* x SD7 crosses. As was 
mentioned above, the 142* allele does not interact with CTCF in vivo. We 
hybridized the 4C probe from mouse neonatal livers cells with the mutated 
allele inherited paternally and maternally, respectively.  The results indicated 
the most of the inter-chromosomal interactions are maternal-specific and 
dependent on the integrity of the CTCF target sites within H19 ICR. This 
main conclusion was validated with both 3C and 3-dimensional FISH by 
randomly chosen 4C targets. 

Functional interaction between imprinted domains: 
    An interesting feature of the 4C library was the over-representation of 
imprinted domains: 10 imprinted domains and 11 candidate imprinted do-
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mains were included in the 4C library. A further analysis of the 4C library 
demonstrated that both imprinted and non-imprinted interacting sequences 
map to intergenic regions although a significant portion maps to intronic 
regions. To explore the functional aspects of these interactions, we examined 
Osbp1la gene, which 4c library indicated to contain two interactions, one 
each in exon 22 and intron 15, in closer detail. First, the interaction between 
exon 15 of Osbp1la and the H19 ICR was exclusively observed with its ma-
ternal allele. Moreover, as this interaction was lost specifically with the mu-
tated ICR allele inherited maternally, CTCF is strongly implicated. Down-
stream of Osbp1la, there is another imprinted gene, Impact. We used 3C 
technique to examine possible interaction of H19 ICR with Impact DMR. 
Similar to the Osbpl1a instance, we found that this interaction between two 
imprinted loci to be CTCF-dependent involving exclusively the maternal 
H19 ICR and Impact DMR. To address the functionality of this interaction, 
RNA extracted from neonatal livers of SD7 x 142* and 142* x SD7 mouse 
crosses, were subjected to quantitive RT-PCR analysis. The results revealed 
that the interaction between the H19 ICR and the Osbpl1a/Impact domain 
specifically repressed Osbpl1a and increased Impact expression. These ob-
servations underscore the functional aspects manifested by inter-
chromosomal interactions identified here.  

Epigenetically controlled network of neonatal liver during in vitro matu-
ration of embryonic stem cells: 
     Next, we examined 4C interactions in undifferentiated embryonic stem 
(ES) cells and in vitro-derived embryonic bodies. The hybridization analysis 
indicated that there is a specific pattern of interactions, such that some inter-
actions specifically appear and others disappear after ES cell differentiation. 
DNA blot analysis of three different sequences, which were represented only 
in undifferentiated, differentiated ES cells or both, validated the microarray 
hybridization results. Interestingly, the intra- and interchromosomal interac-
tions shown to be CTCF-specific in neonatal liver were exclusively formed 
as a consequence of ES cell differentiation. These results were documented 
to be highly significant statistically. 
  Taken together, these observations document the existence of epigeneti-
cally regulated networks of physically interacting chromosomes.  
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Concluding remarks 

     The data in this thesis indicate some of the important associations be-
tween epigenetic regulation of gene expression and higher order chromatin 
structure in 3-dimensions. 

In paper I, we showed that the poly poly(ADP-ribosyl)ation is a posttrans-
lational modification of CTCF which has an important role in the insulator 
activity of CTCF at the H19 ICR and most of the CTCF dependent insula-
tors. In this paper we showed that the poly(ADP-ribosyl)ation mark is essen-
tial to manifest the imprinted status, such that removal of the poly(ADP-
ribosyl)ation mark lead to biallelic Igf2 expression, even though CTCF still 
interacted with the H19 ICR. 

Paper II and III revealed the existence of a higher order chromatin struc-
ture in H19-Igf2 region. We showed that the H19 ICR interacts with Igf2
DMR1 and MAR3, and that these are important in establishing complex loop 
structures, which are different between the maternal and paternal alleles. Our 
data clearly indicated the role of CTCF in these interactions. Our data sup-
port the hypothesis that H19 ICR protects Igf2 DMR1 methylation on the 
maternal allele. We also showed that the maternal ICR-DMR1 interaction is 
maintained in mitosis as a cellular memory, while other interactions were 
lost during the chromosomal condensation process. This interpretation was 
reinforced by our demonstration that CTCF interacts with specific DNA 
sequences including H19 ICR in metaphase chromosomes. 
    In paper IV we developed new technology based on 3C, which allowed us 
to identify all possible interactions genome-wide. The most important advan-
tage of this technology is overcoming the limitation of 3C, which is essential 
assumption of interaction and design experiment for that special interaction. 
By using this new technique, termed 4C, we could document the existence of 
several intra- and inter-chromosomal interactions. The data also showed that 
most of these interactions are dependent on CTCF binding to H19 ICR. A 
major point raised by this interaction network is the proximity between dif-
ferent imprinted domains, and the ability of the CTCF-bound maternal H19
ICR allele to regulate expression of another imprinted locus, Impact, in 
trans. We found that some of these interactions exist in embryonic stem cells 
as general interactions, but others, notably CTCF-dependent interactions are 
established in a tissue-specific manner during differentiation. 
     While this study has contributed to advance our understanding of com-
plex epigenetic phenomena including mechanisms underlying genomic im-
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printing, it has also pointed to our ignorance of how the chromosomes com-
municate with each other. Clearly, much more work is needed to tease out 
how these fundamental processes function to understand epigenetic regula-
tion of development and how epigenetic lesions contributed to human dis-
eases. 
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Summary in Swedish 

     Den genetiska informationen som kodas av DNA-sekvensen kan uttryck-
as på olika sätt. Genetisk prägling är ett epigenetiskt fenomen som resulterar 
i monoallelisk expression av präglade gener från antingen den maternellt 
eller den paternellt nedärvda allelen. Präglade gener förekommer ofta i 
samma genkluster där de delar samma regulatoriska element. De flesta präg-
lade gener regleras av en ICR (Imprinting Control Region). H19/Igf2 regio-
nen är ett välstuderat präglat genkluster som regleras av en ICR lokaliserad 
uppströms av H19 genen och dess insulatorfunktion. Det har föreslagits att 
epigenetisk kontroll av insulatorfunktionen involverar organisering av kro-
matinets interaktioner. 
     I detta arbete har vi undersökt rollen av post-translationella modifieringar 
gällande reglering av insulatorproteinet CTCF (CCCTC binding factor). 
Resultaten visar på en länk mellan poly(ADP-ribosyl)ering och CTCF som 
är nödvändig för regleringen av insulatorfunktionen. 
    Vi undersökte kromatinkonformationen i den präglade Igf2/H19-regionen. 
Resultaten indikerade att kromatinstrukturerna i de maternellt och paternellt 
nedärvda allelerna var olika. Vi identifierade en CTCF-beroende loop i den 
maternella allelen som skiljer sig från den paternala kromatinstrukturen och 
som är nödvändig för korrekt prägling av Igf2 och H19-generna. Interaktio-
ner mellan H19-ICRen och Igf2-genens DMRer (Differential Methylation 
Regions) skiljer sig beroende på om allelen är maternellt eller paternellt ned-
ärvd och interaktionerna bibehåller specifika epigenetiska markörer på de 
maternella och paternella allelerna. 
    Resultaten visar även att CTCF binder specifika platser på kondenserade 
mitotiska kromosomer. CTCF-beroende interaktioner över långa avstånd på 
den maternella allelen bibehålls under mitosen, vilket antyder att kromo-
somkonformation kan utgöra en epigenetisk minnesmekanism i celler som 
genomgår delning. 
    Vi utvecklade en ny metod som benämns 4C (Circular Chromosome Con-
formation Capture) för att identifiera alla interaktioner med H19-ICRen 
inom genomet. Resultaten indikerade förekomsten av ett stort antal intra- 
och interkromosomala interaktioner varav de flesta är beroende av att CTCF 
binder H19-ICRen.
   Dessa observationer antyder nya mekanismer för epigenetisk reglering av 
den genetiskt präglade H19/Igf2-regionen och övergripande kromatinstruktu-
rer i cellkärnan. 



46

Acknowledgment

I am deeply indebted to my supervisor Prof. Rolf Ohlsson, for this guidance 
and encouragement throughout my project. It has truly been a pleasure work-
ing under his supervision. Thank you for all your help and support. 
I thank Dr. Chandrasekhar Kanduri for his kind help and discussions. 
Thanks to my former and present colleagues Piero, Tiger, Anita, Magda, 
Sha, Rosita, Mikeal, Sylvain, Carole, Vijay, Taras, Olga, Irina, Claes, Pan-
day, Fizaan, Kuljeet, Sreenivas, Ritu, Wenqiang, Meena, Joanne, Vinod, 
Rebecca and Clara. 
I also thank the mouse genetics group: Reinald Fundele, Wei Shi, Tong, 
Farhan, Tian. 
Special thanks to Helena, Anita Mattson and Rose-Marie. 
I thank behavioral genetics group, Elena Jazin, Peter, Julia, Björn and Eva. 
Thanks to all member of ZUB, Carina Östman, Calle Cantell, Åke Franzen, 
Stefan Gunnarsson, Gary Franklin and Gray Wife. I also thank Stefan Ås for 
his help. 
Thanks to Umashankar and Noopur, Yang, Tiger, Wendy and Xin Xin for 
being excellent family friends. 
I thank my best friends Sodief, Alireza, Ali and Hamid.   
I thank all my Iranian friends for wonderful support my family in Sweden. 
I would like to express my gratitude to everyone who contributed to this 
thesis and I forgot to mention. 
Finally I would like to extend thanks to my wife, Nazila, for her unending 
love and patience. 



47

References

Abdolmaleky HM, Tsuang MT et al., 2004. Methylomics in psychia-
try: Modulation of gene–environment interactions may be through 
DNA methylation. Am J Med Genet B Neuropsychiatr Genet: 127, 
51-9.
Abney JR, Scalettar BA et al., 1997. Chromatin dynamics in inter-
phase nuclei and its implications for nuclear structure. J Cell Biol: 
137, 1459–1468. 
Ainscough JF, Surani MA et al., 1998. Mechanism of imprinting on 
mouse distal chromosome 7. Genet Res: 72, 237-245. 
Alvarez-Gonzalez R, Jacobson MK. 1987. Characterization of 
polymers of adenosine diphosphate ribose generated in vitro and in 
vivo. Biochemistry: 26, 3218-3224. 
Ame JC, de Murcia G et al., 2004. The PARP superfamily. Bioes-
says: 26,882-893. 
Amir RE, Zoghbi HY et al., 1999.  Rett syndrome is caused by mu-
tations in X-linked MECP2, encoding methyl-CpG-binding protein 
2. Nat Genet: 23, 185–188. 
Antequera F, Bird AP et al., 1989. Specific protection of methylated 
CpGs in mammalian nuclei. Cell: 11, 58(3):509–517. 
Ausio J, MacLeod PM et al., 2003. Syndromes of disordered chro-
matin remodeling. Clin Genet: 64, 83–95. 
Bacher CP, Heard E et al., 2006. Transient colocalization of X-
inactivation centres accompanies the initiation of X inactivation. Nat 
Cell Biol: 8, 293–299. 
Baniahmad A, Renkawitz R et al., 1990. Modular structure of a 
chicken lysozyme silencer: involvement of an unusual thyroid hor-
mone receptor binding site. Cell: 61, 505-14. 
Barlow DP, Schweifer N et al., 1991. The mouse insulin-like growth 
factor type-2 receptor is imprinted and closely linked to the Tme lo-
cus. Nature: 3, 349(6304):84–87. 
Bartolomei MS, Tilghman SM et al., 1991. Parental imprinting of 
the mouse H19 gene. Nature: 351, 153-155. 
Bednar J, Woodcock CL et al., 1998. Nucleosomes, linker DNA and 
linker histone form a unique structural motif that directs the higher-



48

order folding and compaction of chromatin. PNAS: 95, 14173–
14178. 
Bell AC, Felsenfeld G et al., 1999. The protein CTCF is required for 
the enhancer blocking activity of vertebrate insulators. Cell: 98: 387-
396.
Bell AC, Felsenfeld G et al., 2001 Insulators and Boundaries: Versa-
tile Regulatory Elements in the Eukaryotic Genome. Science: 19, 
291. 5503, 447 – 450 
Belmont AS and Bruce K. 1994. Visualization of G1 chromosomes: 
a folded, twisted, supercoiled chromonema model of interphase 
chromatid structure. J Cell Biol: 127, 287–302. 
Ben-Porath I and Cedar H 2001. Epigenetic crosstalk. Mol Cell: 
5,933-5. 
Berger SL. 2002. Histone modifications in transcriptional regulation. 
Curr Opin Genet Dev: 12, 142-148 
Bestor TH and Ingram VM. 1983 Two DNA methyltransferases 
from murine erythroleukemia cells: purification, sequence specific-
ity, and mode of interaction with DNA. PNAS: 80, 5559-5563. 
Bestor TH. 1988. Cloning of a mammalian DNA methyltransferase. 
Gene: 74, 9-12. 
Bird AP. 1986. CpG-rich islands and the function of DNA methyla-
tion. Nature: 321, 209-213. 
Bi X, Zou Y et al., 2004. Formation of boundaries of 
transcriptionally silent chromatin by nucleosome-excluding 
structures. Mol Cell Biol: 24, 2118–2131.  
Blackwood EM and Kadonaga JT. 1998. TRANSCRIPTION Going 
the Distance:A Current View of Enhancer Action. Science: 281, 61- 
3.
Bonicalzi ME, Poirier GG et al., 2005. Regulation of poly(ADP-
ribose) metabolism by poly(ADP-ribose) glycohydrolase: where and 
when? Cell Mol Life Sci: 62, 739-750. 
Branco MR and Pombo A. 2006. Intermingling of Chromosome Ter-
ritories in Interphase Suggests Role in Translocations and Transcrip-
tion-Dependent Associations. PLoS Biol: 4, 5.138.  
Brandeis M, Cedar H. et al., 1993. The ontogeny of allele-specific 
methylation associated with imprinted genes in the mouse. EMBO J: 
12(9): 3669–3677. 
Brandeis M, Cedar H.  et al., 1994. Sp1 elements protect a CpG is-
land from de novo methylation. Nature: 371, 435 438. 
Bulger M et al., 1999. Looping versus linking: toward a model for 
long-distance gene activation. Genes Dev: 13, 2465–2477. 
Cai S and Kohwi-Shigematsu T. 2006. SATB1 packages densely 
looped, transcriptionally active chromatin for coordinated expression 
of cytokine genes. Nat Genet: 38, 1278 – 1288. 



49

Carter D, Fraser P et al., 2002. Long-range chromatin regulatory in-
teractions in vivo. Nat Genet: 32, 623-626. 
Chapman V, Rossant J et al., 1984. Cell lineage-specific under-
methylation of mouse repetitive DNA. Nature: 307, 284.  
Christopher R, Blobel GA et al., 2005. Proximity among Distant 
Regulatory Elements at the -Globin Locus Requires GATA-1 and 
FOG-1. Moll Cell: 17, 3. 453-462 
Chua YL, Gray JC et al., 2003. The transcriptional enhancer of the 
pea plastocyanin gene associates with the nuclear matrix and regu-
lates gene expression through histone acetylation. Plant Cell: 15, 
1468–1479. 
Chubb JR, Bickmore WA et al., 2002. Chromatin motion is con-
strained by association with nuclear compartments in human cells. 
Curr Biol: 12, 439–445. 
Coffigny H, Dutrillaux B et al., 1999. Alterations of DNA methyla-
tion patterns in germ cells and Sertoli cells from developing mouse 
testis. Cytogenet Cell Genet: 87, 175-181. 
Cook PR. 2002. Predicting three-dimensional genome structure from 
transcriptional activity. Nat Genet: 32, 347–352. 
Cremer T and Cremer C 2001. Chromosome territories, nuclear ar-
chitecture and gene regulation in mammalian cells. Nat Rev Genet: 
2, 292–301. 
Croft JA, Bickmore WA et al., 1999. Differences in the localization 
and morphology of chromosomes in the human nucleus. J Cell Biol: 
145, 1119–1131. 
Dean W, Reik W et al., 2001. Conservation of methylation repro-
gramming in mammalian development: aberrant reprogramming in 
cloned embryos. PNAS: 98 13734–13738. 
DeChiara TM, Efstratiadis A et al., 1991. Parental imprinting of the 
mouse insulin-like growth factor II gene. Cell: 22, 64 (4):849–859. 
Dekker J, Kleckner N et al., 2002. Capturing Chromosome Confor-
mation.  Science: 295, 1306-1311. 
De Laat W and Grosveld F. 2003. Spatial organization of gene 
expression: the active chromatin hub. Chromosome Research: 11, 5, 
(13) 447-459. 
Dostie J, Dekker J et al., 2006. Chromosome Conformation Capture 
Carbon Copy (5C): A massively parallel solution for mapping inter-
actions between genomic elements. Genome Research: 16, 1299-
1309. 
Driouch K, Lidereau R et al., 1997. Loss of heterozygosity on chro-
mosome arm 16q in breast cancer metastases. Genes Chromosomes 
Cancer: 19:185–191. 



50

Drissen R, de Laat et al., 2004. The active spatial organization of the 
beta-globin locus requires the transcription factor EKLF. Genes 
Dev: 18, 2485–2490
Duncan IW., 2002. Transvection effects in Drosophila. Annu Rev 
Genet: 36:521-56 
Dundr M and Misteli T 2001. Functional architecture in the cell nu-
cleus. Biochem. J: 356, 297–310. 
Eckhardt F et al., 2006. DNA methylation profiling of human chro-
mosomes 6, 20 and 22. Nat Genet: 38, 1378-1385 
Elgin SC and Grewal SI. 2003. Heterochromatin: silence is golden. 
Curr Biol: 13, 895–898. 
Eggermann T, Wollmann HA et al., 2002. Uniparental disomy: 
clinical indications for testing in growth retardation. Eur J Pediatr: 
161, 305–312. 
Ehrlich M. 2003. The ICF syndrome, a DNA methyltransferase 3B 
deficiency and immunodeficiency disease. Clin Immunol: 109, 17-
28
Eivazova ER and Aune TM. 2004. Dynamic alterations in the con-
formation of the Ifng gene region during T helper cell differentia-
tion. PNAS: 101, 251–256. 
Fedoriw A, Bartolomei M et al., 2004. Transgenic RNAi Reveals 
Essential Function for CTCF in H19 Gene Imprinting. Science: 303, 
238–240. 
Feinberg AP, Henikoff S et al., 2006. The epigenetic progenitor ori-
gin of human cancer. Nat Rev Genetics: 7, 21-33. 
Filippova GN, Lobanenkov VV et al., 1996. An exceptionally con-
served transcriptional repressor, CTCF, employs different combina-
tions of zinc fingers to bind diverged promoter sequences of avian 
and mammalian c-myc oncogenes. Mol Cell Biol: 16, 2802–2813. 
Filippova GN, Lobanenkov VV et al., 1998. A widely expressed 
transcription factor with multiple DNA sequence specificity, CTCF, 
is localized at chromosome segment 16q22.1 within one of the 
smallest regions of overlap for common deletions in breast and pros-
tate cancers. Genes Chromosomes Cancer: 22: 26 36.
Filippova GN, Lobanenkov VV et al., 2002. Tumor-associated zinc 
finger mutations in the CTCF transcription factor selectively alter its 
DNA-binding specificity. Cancer Res: 62, 48-52. 
Fishle W, Allis CD et al., 2003. Histone and chromatin cross-talk. 
Curr Opin Cell Biol: 15, 172-183 
Francastel C, Martin DI et al., 1999. A functional enhancer sup-
presses silencing of a transgene and prevents its localization close to 
centromeric heterochromatin. Cell: 99, 259-269. 



51

Fuxa M, Busslinger M et al., 2004. Pax5 induces V-to-DJ rear-
rangements and locus contraction of the immunoglobulin heavy-
chain gene. Genes Dev: 18, 411–422. 
Gasser SM. 2002. Visualizing chromatin dynamics in interphase nu-
clei. Science: 296, 1412–1416. 
Gaszner M and Felsenfeld G. 2006. Insulators: exploiting transcrip-
tional and epigenetic mechanisms. Nat Rev Genetics: 7, 703-713. 
Gazit B, Voss R et al., 1982. Active genes are sensitive to deoxyri-
bonuclease I during metaphase. Science: 217, 648–650 
Geyer PK and Corces VG. 1992. DNA position-specific repression 
of transcription by a Drosophila zinc finger protein. Genes Dev: 
6.1865-1873 

    Gheldof N, Dekker J et al., 2006. The active FMR1 promoter is as-
sociated with a large domain of altered chromatin conformation with 
embedded local histone modifications. PNAS: 15,103(33):12463-8. 
Goll MG, Bestor TH et al., 2006. Methylation of tRNAAsp by the 
DNA methyltransferase homolog Dnmt2. Science: 311, 395-398. 
Göndör A and Ohlsson R. 2006. Transcription in the loop. Nat 
Genet: 38, 1229 – 1230.  
Grewal SIS and Danesh M. 2003. Heterochromatin and Epigenetic 
Control of Gene Expression. Science: 8, 301. 5634, 798 – 802.  
Gribnau J, Jaenisch R et al., 2003. Asynchronous replication timing 
of imprinted loci is independent of DNA methylation, but consistent 
with differential subnuclear localization. Hum Mol Genet: 17, 
15.759-773, 15, 2003 
Groudine M and Weintraub H. 1982. Propagation of globin DNAase 
I-hypersensitive sites in absence of factors required for induction: A 
possible mechanism for determination. Cell: 30, 1:131-139 
Grunstein M. 1997a. Histone acetylation in chromatin structure and 
transcription. Nature: 389,349-52.
Grunstein M. 1997b. Molecular model for telomeric heterochro-
matin in yeast. Curr Opin Cell Biol: 9, 383-7.
Hajkova P, Surani MA et al., 2002. Epigenetic reprogramming in 
mouse primordial germ cells. Mech  De: 117, 15-23 
Hassa PO and Hottiger MO. 2005. An epigenetic code for DNA 
damage repair pathways? Biochem Cell Biol: 83, 270-285 
Hassa PO, Hottiger MO et al., 2006. Nuclear ADP-Ribosylation Re-
actions in Mammalian Cells: Where Are We Today and Where Are 
We Going? Microbiol Mol Biol Rev: 1, 70(3): 789 - 829. 
Hata K, Li E et al., 2003. Dnmt3L cooperates with the Dnmt3 family 
of de novo DNA methyltransferases to establish maternal imprints in 
mice. Development: 129, 1983-1993 



52

Hark AT, Tilghman SM et al., 2000. CTCF mediates methylation-
sensitive enhancer blocking activity at the H19/Igf2 locus. Nature: 
405, 486–489. 
Heitz E. 1928. Das Heterochromatin der Moose. Jahrb Wiss Bot: 69, 
762-818 
Herendeen DR, Geiduschek EP et al., 1989. Enhancement of bacte-
riophage T4 late transcription by components of the T4 DNA repli-
cation apparatus. Science: 1, 245.4921, 952 – 958.
Herendeen DR, Geiduschek EP et al., 1992. A transcriptional enhan-
cer whose function imposes a requirement that proteins track along 
DNA. Science: 256, 1298–1303. 
Holmgren C, Ohlsson R et al., 2001. CpG methylation regulates the 
Igf2/H19 insulator. Curr Biol: 24, 11(14):1128-30.  
Horike S, Kohwi-Shigematsu T et al., 2005.  Loss of silent-
chromatin looping and impaired imprinting of DLX5 in Rett syn-
drome. Nat Genet: 37 31–40. 
Horn PJ and Peterson CL. 2002. Chromatin Higher Order Folding: 
Wrapping up Transcription. Science: 13, 297. 5588, 1824 – 1827.
Howell CY, Chaillet JR et al., 2001. Genomic imprinting disrupted 
by a maternal effect mutation in the Dnmt1 gene. Cell: 104, 829-
838.
Hsu JY, Allis CD et al., 2000. Mitotic phosphorylation of histone H3 
is governed by Ipl1/aurora kinase and Glc7/PP1 phosphatase in bud-
ding yeast and nematodes. Cell: 102, 279-291. 
Jackson DA, Cook PR et al., 1985. Transcription occurs at a nu-
cleoskeleton. EMBO J: 4, 919 925.
Jackson DA, Cook PR et al., 1993. Visualization of focal sites of 
transcription within human nuclei. EMBO J: 12, 1059–1065. 
Jackson DA, Cook PR et al., 1998. Numbers and organization of 
RNA polymerases, nascent transcripts, and transcription units in 
HeLa nuclei. Mol Biol Cell: 9(6):1523-1536. 
Jenuwein T and Allis CD. 2001. Translating the histone code. Sci-
ence: 10, 293(5532):1074-80. 
Kafri T, Razin A et al., 1992. Developmental pattern of gene-
specific DNA methylation in the mouse embryo and germ line. 
Genes Dev: 6, 705 714. 
Kanduri C, Ohlsson R et al., 2000a. The 5' flank of mouse H19 in an 
unusual chromatin conformation undrectionally blocks enhancer-
promoter communication. Curr Biol: 20, 10(8):449-57. 
Kanduri C, Ohlsson R et al., 2000b. Functional association of CTCF 
with the insulator upstream of the H19 gene is parent of origin-
specific and methylation-sensitive. Curr Biol: 13, 10(14):853-6.
Kanduri C, Ohlsson R et al., 2002. A differentially methylated im-
printing control region within the Kcnq1 locus harbors a methyla-



53

tion-sensitive chromatin insulator. J Biol Chem: 17, 277(20):18106-
10.
Kaneko-Ishino T, Ishino F et al., 2006. Complementation hypothe-
sis: the necessity of a monoallelic gene expression mechanism in 
mammalian development. Cytogenet Genome Res: 113, 24-30.
Kellum R and Schedl P. 1991. A position-effect assay for bounda-
ries of higher order chromosomal domains. Cell: 8, 64(5):941–950. 
Khosla S, Feil R et al., 1999. Parental Allele-Specific Chromatin 
Configuration in a Boundary-Imprinting-Control Element Upstream 
of the Mouse H19 Gene.  Molecular and Cellular Biology: 4, 2556-
2566.
Khorasanizadeh S. 2004. The Nucleosome From Genomic Organiza-
tion to Genomic Regulation. Cell: 2, 23. 259-272.
Khoury G and Gruss P. 1983. Enhancer elements .Cell: 33, 3 t3-314 
ki M, Kamakaka RT et al.,2004. Barrier proteins remodel and 
modify chromatin to restrict silenced domains. Mol Cell Biol: 24, 
1956–1967. 
Kimura H, Cook PR et al., 2002. The transcription cycle of RNA   
polymerase II in living cells. J Cell Biol: 159, 777–782. 
Kitsberg D, Cedar H et al., 1993. Replication structure of the hu-
man-globin domain. Nature: 366, 588-590.
Klenova E and Ohlsson R. 2005. Poly(ADP-ribosyl)ation and epige-
netics. Is CTCF PARt of the plot? Cell Cycle: 4, 96-101.
Kosak ST, Singh H et al., 2002. Subnuclear compartmentalization of 
immunoglobulin loci during lymphocyte development. Science: 296, 
158–162.
Kosak ST and Groudine M. 2004. Form follows function: the ge-
nomic organization of cellular differentiation. GENES and DEVEL: 
18, 1371–1384
Kouzarides T. 1999. Histone acetylases and deacetylases in cell pro-
liferation. Curr Opin Genet Dev: 9, 40–48. 
Krebs JE and Peterson CL. 2000. Understanding "active" chromatin: 
A historical perspective of chromatin remodeling. Cri Rev in Eu-
karyotic Expression: 10(1): 1-12. 
Kuo MT, Schwarz RJ et al., 1982. Condensation of chromatin into 
chromosomes preserves an open configuration but alters the DNase I 
hypersenstive cleavage sites of the transcribed gene. Nucleic Acids 
Res 10:4565–79 
Lasko D, Nordenskjold M et al., 1991. Loss of constitutional het-
erozygosity in human cancer. Ann Rev Genet: 25, 281-314. 
Latil A, Lidereau R et al., 1997. Loss of heterozygosity at chromo-
some 16q in prostate adenocarcinoma: identification of three inde-
pendent regions. Cancer Res: 57, 1058-1062. 



54

Leach KM, Bungert J et al., 2001. A chromatin independent step in 
human beta-globin locus control region hypersensitive site forma-
tion. Mol Cell Biol: 21, 2629-2640. 
Lemon B and Tjian R. 2000. Orchestrating response: Asymphony of 
transcription factors for gene control. Genes and Dev: 14, 2551–
2569. 
Lewis JD and Tollervey D. 2000. Like attracts like: getting RNA 
processing together in the nucleus. Science: 288, 1385–1389. 
Levine M and Tjian R. 2003. Transcription regulation and animal 
diversity. Nature: 424, 147 – 151. 
Li E. 2002. Chromatin modification and epigenetic reprogramming 
in mammalian development. Nat Rev Genet: 3, 662—673.
Li Q, Stamatoyannopoulos G et al., 2002. Locus control regions. 
Blood: 100, 3077–3086. 
Liu K, Muller MT et al., 2003. Endogenous Assays of DNA Methyl-
transferases: Evidence for Differential Activities of DNMT1, 
DNMT2, and DNMT3 in Mammalian Cells In Vivo. Mol Cell Bio:
23, 2709-2719. 
Liu Z and Garrard WT. 2005. Long-range interactions between three 
transcriptional enhancers, active V  gene promoters, and a 3  bound-
ary sequence spanning 46 kilobases. Mol Cell Biol: 25, 3220–3231. 
Ling Q, Hoffman AR et al., 2006. CTCF mediates interchromosomal 
colocalization between Igf2/H19 and Wsb1/Nf1. Science: 312, 269–
272.
Li YJ, Liang CC et al., 2004. Opening the chromatin for transcrip-
tion. Int J Biochem Cell Biol: 36:1411–142
Lobanenkov VV, Goodwin GH et al., 1990. A novel sequence-
specific DNA binding protein which interacts with three regularly 
spaced direct repeats of the CCCTC-motif in the 5'-flanking se-
quence of the chicken c-myc gene. Oncogene: 5, 1743-1753. 
Lopes S, Reik W et al., 2003. Epigenetic modifications in an im-
printing cluster are controlled by a hierarchy of DMRs suggesting 
long-range chromatin interactions. Hum Mol Genet: 12, 3. 295-305. 
Lomvardas S, Axel R et al., 2006. Interchromosomal interactions 
and olfactory receptor choice. Cell:  28,126(2):403-13. 
Loukinov DI, Lobanenkova VV et al., 2002. BORIS, a novel male 
germ-line-specific protein associated with epigenetic reprogramming 
events, shares the same 11-zinc-finger domain with CTCF, the insu-
lator protein involved in reading imprinting marks in the soma. 
PNAS: 14, 99, 10.6806-6811.  
Luger K, Richmond TJ et al., 1997. Structure of the nucleosome 
core particle at 2.8Å resolution. Nature: 389, 251.



55

Lyle R, Barlow DP et al., 2000. The imprinted antisense RNA at the 
Igf2r locus overlaps but does not imprint Mas1. Nat Genet: 25, 19-
21.
Ma H, Berezney R et al., 1999. Association of Chromosome Territo-
ries with the Nuclear Matrix: Disruption of Human Chromosome 
Territories Correlates with the Release of a Subset of Nuclear Matrix 
Proteins. J Cell Biol: 149, 531-542. 
Mahy NL, Bickmore WA et al., 2002. Spatial organization of active 
and inactive genes and noncoding DNA within chromosome territo-
ries. J Cell Biol: 157, 579–589. 
Mancini-DiNardo D, Tilghman SM et al., 2003. A differentially me-
thylated region within the gene Kcnq1 functions as an imprinted 
promoter and silencer. Hum Mol Genet: 12, 283-294.
Manuelidis L. 1985. Individual interphase chromosome domains re-
vealed by in-situ hybridization. Hum Genet: 71, 288–293. 
Marshall WF, Sedat JW et al., 1997. Interphase chromosomes un-
dergo constrained diffusional motion in living cells. Curr Biol: 7, 
930–939. 
Mayer W, Haaf T et al., 2000. Demethylation of the zygotic paternal 
genome. Nature: 403, 501–502. 
Misteli T. 2001. The concept of self-organization in cellular archi-
tecture. J Cell Biol: 155, 181–185. 
Muller WG, McNally JG et al., 2001. Large-scale chromatin decon-
densation and recondensation regulated by transcription from a natu-
ral promoter. J Cell BioL: 154, 33–48. 
Murrell A, Reik W et al., 2004. Interaction between differentially 
methylated regions partitions the imprinted genes Igf2 and H19 into 
parent-specific chromatin loops. Nat Genet: 36, 889–893.  
Obata Y and Kono T. 2002. Maternal primary imprinting is estab-
lished at a specific time for each gene throughout oocyte growth. J 
Biol Chem: 15, 277. 5285–5289. 
Ohlsson R, Lobanenkov V et al., 2001. CTCF is a uniquely versatile 
transcription regulator linked to epigenetics and disease. Trends 
Genet: 17: 520-7. 
Oka S, Moss J et al., 2006. Identification and characterization of a 
mammalian 39-kDa Poly(ADP-ribose)glycohydrlase. J Biol Chem: 
13, 281(2):705-13. 
 Okano M, Li E et al., 1998. Dnmt2 is not required for de novo and 
maintain methylation of viral DNA in embryonic stem cells. Nat 
Genet: 19, 219-220. 
Okano M, Li E et al., 1999. DNA methyltransferases Dnmt3a and 
Dnmt3b are essential for de novo methylation and mammalian de-
velopment. Cell: 99, 247-257. 



56

Osborne CC Reik W et al., 2004. Active genes dynamically colocal-
ize to shared sites of ongoing transcription. Nat Genet: 36, 1065-
1071. 
Palstra R, de Laat W et al., 2003. The ß-globin nuclear compartment 
in development and erythroid differentiation. Nat Genet: 35, 190- 
194.
Pant V, Ohlsson R et al., 2003. The nucleotides responsible for the 
direct physical contact between the chromatin insulator protein 
CTCF and the H19 imprinting control region manifest parent of ori-
gin-specific long-distance insulation and methylation-free domains. 
Genes Dev: 1, 17(5):586-90.
Parada L and Misteli T. 2002. Chromosome positioning in the inter-
phasenucleus. Trends Cell Biol: 12:425. 
Parada L, Misteli T et al., 2002. Conservation of relative chromo-
some positioning in normal and cancer cells. Curr Biol: 12, 1692. 
Paulsen M et al., 1998. Syntenic organization of the mouse distal 
chromosome 7 imprinting cluster and the Beckwith-Wiedemann 
syndrome region in chromosome 11p15.5. Hum Mol Genet: 
7(7):1149-59. 
Pederson T. 2002. Dynamics and genome-centricity of interchro-
matin domains in the nucleus. Nat Cell Biol: 4, E287-E291. 
Pombo A, Jackson DA et al., 2000. Specialized transcription facto-
ries within mammalian nuclei. Crit Rev Eukaryotic Gene Exp: 10, 
21-29.
Posfai J, Roberts RJ et al., 1989. Predictive motifs derived from cy-
tosine methyltransferases. Nucleic Acids Res: 17, 2421–2435. 
Ptashne M and Gann A. 1997. Transcriptional activation by recruit-
ment. Nature: 386. 569–577. 
Prioleau MN, Felsenfeld G et al., 1999. An insulator element and 
condensed chromatin region separate the chicken beta-globin locus 
from an independently regulated erythroid-specific folate receptor 
gene. 1999. EMBO J: 15, 18(14): 4035–4048. 
Ptashne, M. 1988. How eukaryotic transcriptional activators work. 
Nature: 335, 683–689. 
Ragoczy T, Kosak ST et al., 2003. A genetic analysis of chromo-
some territory looping: Diverse roles for distal regulatory elements. 
Chrom Res: 11, 513–525. 
Rakha EA, Ellis IO et al., 2004. Expression of the transcription fac-
tor CTCF in invasive breast cancer: a candidate gene located at 
16q22.1. Br J Cancer: 91, 1591–1596. 
Reik W and Walter J. 2001. Genomic imprinting: parental influence 
on the genome. Nat Rev Genet: 2(1):21-32. 
Reik W, Dean W et al., 2001. Epigenetic Reprogramming in Mam-
malian Development. Science: 10, 293.5532, 1089 – 1093. 



57

Reik W, Feil R et al., 2004. Chromosome loops, insulators, and his-
tone methylation: new insights into regulation of imprinting in clus-
ters. Cold Spring Harbor Symp Quant Biol: 69, 29-37. 
Richardson B. 2003. Impact of aging on DNA methylation. Ageing 
Res Rev: 2, 245-61. 
Ridgway P and Almouzni G. 2001. Chromatin assembly and organi-
zation. J Cell Sci: 114, 2711-2712. 
Rippe K, Langowski J et al., 1995. Action at a distance: DNA-
looping and initiation of transcription. Trends Biochem Sci: 20, 
500–506. 
Roldan M Skok JA et al., 2005. Locus ‘decontraction’ and centro-
meric recruitment contribute to allelic exclusion of the immu-
noglobulin heavy-chain gene. Nat Immunol: 6, 31–41. 
Rougier N, Viegas-Pequignot E et al., 1998. Chromosome methyla-
tion patterns during mammalian preimplantation development. 
Genes and Dev: 12, 2108–2113. 
Roix JJ, Misteli T et al., 2003. Spatial proximity of translocation-
prone gene loci in human lymphomas. Nat Genet: 34, 287–291. 
Santos F and Dean W. 2004. Epigenetic reprogramming during early 
development in mammals. Reproduction: 127, 643-651.
Sayegh C Murre C et al., 2005. Visualization of looping involving 
the immunoglobulin heavy-chain locus in developing B cells. Genes 
Dev: 19, 322–327. 
Simon I, Cedar H et al., 2001. Developmental regulation of DNA 
replication timing at the human beta globin locus. EMBO J: 20, 
6150–6157 
Simonis M, de Laat W et al., 2006. Nuclear organization of active 
and inactive chromatin domains uncovered by chromosome confor-
mation capture-on-chip (4C). Nat Genet: 38(11):1348-54. 
Smith S. 2001. The world according to PARP. Trends Biochem Sci: 
26, 174-179
Solter D. 2006. Imprinting today: end of the beginning or beginning 
of the end? Cytogenet Genome Res: 113, 12-16.
Spector DL. 2001. Nuclear domains. J Cell Sci: 114, 2891-2893. 
Spilianakis GG and Flavell RA. 2004. Long-range intrachromo-
somal interactions in the T helper type 2 cytokine locus. Nat Immu-
nol: 5, 1017–1027. 
Spilianakis CG, Flavell RA et al. 2005. Interchromosomal associa-
tions between alternatively expressed loci. Nature:2, 435(7042):637-
45.
Splinter E, de Laat W et al., 2006. CTCF mediates long-range chro-
matin looping and local histone modification in the beta-globin lo-
cus. Genes Dev: 1, 20(17):2349-54 



58

Srivastava M, Pfeifer K et al., 2000. H19 and Igf2 monoallelic ex-
pression is regulated in two distinct ways by a shared cis acting 
regulatory region upstream of H19. Genes and Dev: 14, 1186-1195. 
Srivastava M, Pfeifer K et al., 2003. Imprint Control Element-
mediated Secondary Methylation Imprints at the Igf2/H19 Locus. J 
Biol Chem: 21, 278 (8): 5977 - 5983. 
Storz G. 2002. An expanding universe of noncoding RNAs. Science: 
296:1260-1263.
Su W, Echols H et al.,1991. DNA looping between sites for tran-
scriptional activation: self-association of DNA-bound Sp1. Genes 
Dev: 5, 820-6. 
Tassone F and Hagerman PJ. 2003. Expression of the FMR1 gene. 
Cytogenet Genome Res: 100,124-8. 
Thomson I, Chubb JR et al., 2004. The radial positioning of chroma-
tin is not inherited through mitosis, but is established de novo in 
early G1. Curr Biol: 14, 166–172. 
Tilghman SM. 1999. The sins of the fathers and mothers: genomic 
imprinting in mammalian development. Cell: 22, 96(2):185–193.
Tremblay KD, Bartolomei et al., 1997. A 5' 2-kilobase-pair region of 
the imprinted mouse H19 gene exhibits exclusive paternal methyla-
tion throughout development. Mol. Cell. Biol. 17: 4322-4329 
Tuan D, Hu K et al., 1992. Transcription of the hypersensitive site 
HS2 enhancer in erythroid cells. PNAS: 89, 11219–11223. 
Tulin A, Spradling A et al., 2002. The Drosophila heterochromatic 
gene encoding poly(ADP-ribose) polymerase (PARP) is required to 
modulate chromatin structure during development. Genes Dev: 16, 
2108 2119. 
Turner BM. 2000. Histone acetylation and an epigenetic code. Bio-
essays: 22, 836-845.
Turner B M. 2002. Cellular Memory and the Histone Code. Cell: 1, 
285-291. 
Umlauf D, Feil R et al., 2004.  Imprinting along the Kcnq1 domain 
on mouse chromosome 7 involves repressive histone methylation 
and recruitment of Polycomb group complexes. Nat Genet: 36, 
1296-1300.
Vakoc CR, Blobel GA et al., 2005. Proximity among distant regula-
tory elements at the beta-globin locus requires GATA-1 and FOG-1.
Mol Cell: 17, 453-462 
Van Driel R, Verschure PJ et al., 2003. The eukaryotic genome: a 
system regulated at different hierarchical levels. J Cell Sci: 116, 
4067-4075. 
Vazquez J, Sedat JW et al., 2001. Multiple regimes of constrained 
chromosome motion are regulated in the interphase Drosophila nu-
cleus. Curr Biol: 11, 1227–1239. 



59

Vostrov A and Quitschke W. 1997. The zinc finger protein CTCF 
binds to the APB beta domain of the amyloid beta-protein precursor 
promoter. Evidence for a role in transcriptional activation. J. Biol. 
Chem: 272, 33353–33359. 
Wang C and Giaever GN. 1998. Action at a distance along a DNA. 
Science: 240, 300–304. 
Wansink DG, de Jong L et al.,1993. Fluorescent labeling of nascent 
RNA reveals transcription by RNA polymerase II in domains scat-
tered throughout the nucleus. J Cell Biol: 122, 283–293. 
West AG, Felsenfeld G et al., 2002. Insulators: many functions, 
many mechanisms. Genes Dev: 16, 271–288. 
West AG and Fraser P. 2005. Remote control of gene transcription. 
Human Molecular Genetics: 15, 14.1:101-11. 
Williams RRE, Ragoussis J et al., 2002. Subchromosomal position-
ing of the epidermal differentiation complex (EDC) in keratinocyte 
and lymphoblast interphase nuclei. Exp. Cell Res: 272 163–175. 
Woodcock CL and Dimitrov S. 2001. Higher-order structure of 
chromatin and chromosomes. Curr Opin Genet: 11(2): 130-5. 
Wurtele H and Chartrand P. 2006. Genome-wide scanning of 
HoxB1-associated loci in mouse ES cells using an open-ended 
Chromosome Conformation Capture methodology, Chromosome 
Research:14: 477–495. 
Wu W, Mizuguchi G et al., 2005. Swc2 is a widely conserved 
H2AZ-binding module essential for ATP-dependent histone ex-
change. Nat Struct Mol Biol: 12(12):1064-71. 
Xu N, Lee JT et al., 2006. Transient homologous chromsome pairing 
marks the onset of X inactivation. Science: 311, 1149–1152. 
Yusufzai TM, Felsenfeld G et al., 2004. CTCF tethers an insulator to 
subnuclear sites, suggesting shared insulator mechanisms across 
species. Mol. Cell: 13, 291–298. 
Zhang Y. 2003. Transcriptional regulation by histone ubiquitination 
and deubiquitination. Genes and Dev: 17, 2733-2740. 
Zhang R, Renkawitz R et al., 2004. Dynamic association of the 
mammalian insulator protein CTCF with centrosomes and the mid-
body. Exp Cell Res: 294, 86–93. 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 262

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through the
series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-7435

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2006


	Abstract
	List of papers
	Contents
	Abbreviations
	Introduction
	The control of gene expression
	Genetic mechanisms
	Epigenetic mechanism and chromatin structure

	Higher order chromatin conformation
	Chromatin organization
	Long-range cis chromosomal interaction
	Interchromosomal interaction
	Transcription factories
	Chromosome territories
	Linking different levels

	Genomic imprinting
	H19- Igf2 imprinting control region 

	The CCCTC-binding factor, CTCF
	Posttranslational modification
	Poly (ADP-ribosyl)ation

	Epigenetics and diseases

	Aims of the study
	Techniques
	Chromosomal Conformation Capture (3C)
	Circular Chromosomal Conformation Capture (4C)

	Results and discussion
	PAPER I:
	PAPER II:
	PAPER III:
	PAPER IV:

	Concluding remarks
	Summary in Swedish
	Acknowledgment
	References

