
ACTA

UNIVERSITATIS

UPSALIENSIS

UPPSALA

2007

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 359

Epigenetic Regulation of Higher
Order Chromatin Conformations
and Gene Transcription

ANITA GÖNDÖR

ISSN 1651-6214
ISBN 978-91-554-7012-8
urn:nbn:se:uu:diva-8296



����������	
 �����
��� �� ������ 
�������� �	 �� �������� �����
�� �
 ��
���������
� �	���

� �� �	�������
 �� � !"#� $�������� �	������ %&� %''( �� �')'' *	� ��� ������ 	* �	��	�
	* +���	�	���, -�� �����
���	
 .��� �� �	
������ �
 !
�����,

��������

/0
�0��  , %''(, !����
���� 1�������	
 	* ������ 2���� #��	����
 #	
*	�����	
� �
� /�
�
-��
�������	
,  ��� 
����������� ������
���, ������� �	
������� ��

���� 	� �������
���������	�� ��	
 �� ������� 	� ����� ��� ����	�	�� 3�4, (3 ��, ������,
5$"� 4(�64�6��&6('�%6�,

!����
���� ������ �	
������� ��������� *������� 	* ��� ���	����
 �	 �������� .��
� .���� �
�
�	. ��
�� ��� ��������� �
 ��� �����	��
� �	
������,  ������� ���� 	* �����
���� ��������	
�
��
	��� �����
��
�� �� ��*�
�� �� ����
� 	* 	����
6����
��
� �	
	������� ��������	
, -��
5�*%6��4 �	��� �� �	
������� �� �������� 	* ��
	��� �����
��
� .��� � ��	.��6��	�	��
�
��
�� 5�*%� ��������� �����
���� �
� � ��	.�� �
���	
���� ��4 �
�	��
� � 
	
6�	��
�
���
������� ��������� 	
�� *�	� ��� �����
�� ������, -�� �	
	������� ��������	
 ������
� ���
��������� �� ��� �����
���� ������ �� �
 �����
��
� �	
��	� ����	
 75#18 �
 ��� �96*��
: 	* ���
��4 ��
�, -�� ���	����
 �
�����	� ��	���
 #-#; �
������� .��� 	
�� ��� �����
�� ��4 5#1
������ �	 �����
� �	.
������ �
��
���� �	 �	���
����� .��� ��� 5�*% ��	�	����, <�����	
�
	* ����� #-#; ��
��
� ����� ���� �	 ��������� 5�*% ��������	
� �
������� ��=� 	* ��� �	
������
�
� �������	����	
 *	� ��
���,
1���	
�
� ���� ����� �**���� ��

	� �� ������
�� �� ��� ��������	
 	* 5�*% ��������	
 ��	
��

� ����
�>�� .�� �
��
��� �	 �����
� �	
�6��
�� ���	����
 �
�������	
� .���	�� ���	�
:
	.����� 	* ��� �
�������
� ����
���,  �����
� ��� �������� ���	�	�	��� �	
*	�����	

������� 7&#8 ����
�>�� �	 �	��� 
�	
���� ����� ������ �� .�� 	������� ���� ��& �
�>��
��>��
��� �
�������� .��� ��� ��4 5#1,  ��?	���� 	* ����� �
������	�� .�� �
 �	����� .���
	
�� ��� �����
�� ��4 5#1 ������ �
� ����
��� 	
 ��� �����
�� 	* *�
���	
�� #-#; ��
��
�
�����, -�� *�
���	
�� �	
��>��
�� 	* ���	�	�	��� 
��.	�:� .�� ���	
������� �� ���
	��������	
 ���� ��� �����
�� ��4 5#1 ������ ��������� ��� ���
�������	
 	* �.	 ��
�� 	

�
	���� ���	�	�	��,  � ��� ���	�	�	��� 
��.	�:� �
���.�
� ����	������
� ����
� ���
��������	
 	* �����	
�� ���� ������ ����
��	
 .�� ���
�� �	 ����
 ��
��� ������ ��������
�
*������� �	��	
 .��� �	��� �����	
�� ���� �����, $����>��
���� ���	����
 *	���
� �� ���
����
 ��4 5#1 ��������� ���� ������ ���	����
 �		�� .��� 	���
�=�� �� ��
��������
�
�������	
� .����
 �
� ���.��
 ����� �
� �
������	��, -�� �����
�� 	* ����� �
�������	
� .��
��
:�� �	 �� ���������	
 ������
� �
�	���
� ������ �����
��,  @*�	.��@ �	��� 	*
���	����
 
��.	�:� .�� *	�������� �	 ������
 ����� 	��������	
�,
-��� ������ ��� �
�������� � 
	��� *������ 	* ��� �����
	�� �
� ��� *�
���	
� �	 ��������

��
� ��������	
 �
 ���
�, -�� ���
��*��� �	��� *	� #-#; �� �
 ������������� *���	� �
 ���
	���
�=���	
 	* ������ 	���� ���	����
 �	
*	�����	
� ��� �� 	* ���	���
�� �
 �
������
��
�
�����	���
� �
� ������� 	
�	��
� *�	� 
	��� ������������,

���	���� �����	���
��� ��	�	��� /�
	��� �����
��
�� #��	����
� !����
������ #�
���

����� � �� �! �����
�� 	� "����	�	�� ��� ���	�
���� #�	�	��! ���
�� ���	�
��
��� ������! $	�%�� &' �! ������� ���������! �()*+,-. �������! ����

A  
��� /0
�0� %''(

5$$� �B��6B%�&
5$"� 4(�64�6��&6('�%6�
��
)
�
)��)��)����6�%4B 7����)CC��
,:�,��C���	���D��
E��
)
�
)��)��)����6�%4B8



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                       To 
                                                                                My 
                                                                                             Family 
 



 

 



 

List of papers 

I. Zhao Z, Tavoosidana G, Sjölinder M, Göndör A, Mariano P, 
Wang S, Kanduri C, Lezcano M, Singh K, Singh U, Pant V, Ti-
wari V, Kurukuti S and Ohlsson R.  
Circular chromosome conformation capture (4C) uncovers 
extensive networks of epigenetically regulated intra- and in-
ter-chromosomal interactions.  
Nature Genetics: 38, 1341-7 (2006)  
 

II. Anita Göndör, Carole Rougier, Kuljeet Sandhu Singh, Noriyuki 
Sumida, Irina Holodnuk, Wang Sha and Rolf Ohlsson 
A high-resolution map of chromatin loops impinging on the 
human H19 imprinting control region in cis uncovers a re-
peat element-based higher order chromatin structure 
Manuscript 

 
III. Anita Göndör, Carole Rougier and Rolf Ohlsson  

High-resolution circular chromosomal conformation cap-
ture (4C) assay 
Nature protocol, under revision 

 
 

IV. Rolf Ohlsson and Anita Göndör  
The 4C technique: the ´Rosetta stone` for genome biology in 
3D? 
Curr Op Cell Biol: 19, 321-5 (2007)  
 

 
 
 
 
 
All the above papers were reproduced with the kind permission of the pub-
lishers. 
 



 

 



 

Contents 

Introduction...................................................................................................11 

1. Homeostasis in the nucleus: Maintenance of genomic integrity and 
cellular memory ............................................................................................13 

1.1 Regulation in the primary structure of chromatin ..............................13 
1.1.1 Epigenetic regulation by nucleosome positioning, histone 
modifications and DNA-methylation...................................................13 

1.2 Subcompartmentalisation of the nucleus into functional domains.....19 
1.2.1 Landmarks of the nucleus: nuclear membrane, centromeres and 
nucleoli ................................................................................................20 
1.2.2. Positional relationships between genes and their chromosomal 
territories: expression domain and transcriptional co-regulation.........23 
1.2.3 Transcriptional regulation via loop formation ............................25 
1.2.4 Higher order chromatin conformation in the epigenetic 
phenomenon of imprinting ..................................................................28 
1.3 Vehicle of epigenetic inheritance ..................................................32 
1.4 Epigenetic regulation during development ....................................35 

2. Tumor development: loss of cellular memory and genomic integrity ......39 
2.1 Complex diseases: Interactions between the genome, epigenome and 
environment..............................................................................................39 

2.1.1 Definition and characteristic features of neoplasia.....................40 
2.1.2 Traditional genetic view on the initiation of neoplastic process.41 
2.1.3.” Epigenetic progenitor origin of human cancer” .......................42 
2.1.4.  Nuclear architecture and tumor development ...........................45 

Aims of the study ..........................................................................................49 

Results and discussion ..................................................................................51 
Paper I ......................................................................................................52 
Paper II .....................................................................................................55 
Papers III and IV ......................................................................................58 

Concluding remarks ......................................................................................62 

References.....................................................................................................64 

Acknowledgements.......................................................................................71 



 

 



 

Abbreviations 

3C Chromosome Conformation Capture 
4C Circular Chromosome Conformation Capture 
APC Adenomatous polyposis coli 
BORIS Brother of the Regulator of Imprinted Sites 
CT  Chromosome Territory 
CTCF CCCTC-binding factor 
DMR Differential Methylated Region 
DNMT DNA methyl-transferase 
ES Embryonic stem 
HAT Histone acetyl transferase 
Hbb Beta-globin gene 
HDAC Histone deacetylase 
HP1 Heterochromatin Protein 1 
HS Hypersensitive Site 
ICR Imprinting Control Region 
Igf2 Insulin-like growth factor 2 
LCR Locus Control Region 
MAR Matrix Attachment Region 
PAR Poly (ADP-ribose) 
PGC Primordial Germ Cells 
Trx Trithorax 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 



 11

Introduction 

Multicellular organisms develop from a single cell, the fertilized egg 
or zygote, which has the potential to differentiate into all the phenotypically 
different cell types of the organism. The development from zygote to adult-
hood requires the ability to respond to developmental clues, environmental 
stimuli while maintaining a homeostatic state (Feinberg 2007).   

Epigenetic regulation is one key factor that underlies this structural, 
functional plasticity and robustness against perturbations. The exact meaning 
of the word, epi-, is at, around, and the term epigenetics refers to a system 
that does not involve the DNA sequence itself(Riggs, Xiong et al. 1998).  

Originally, epigenetics has been used to describe the sequential turn-
ing on or off genes responsible for the permanent changes associated with 
development, in that phenotype emerged as a consequence of predetermined 
genetic changes (Waddington 1959).  

Since then the molecular basis of gene expression has been explored 
in great details, the nuclear processes regulated by epigenetic mechanisms 
have expanded beyond gene expression and have challenged genetic deter-
minism in its core (Feinberg 2007). 
 The root of the modern definition of epigenetics lies in the 
early experiments showing that uniparental mammalian conceptuses are not 
viable (Barton, Surani et al. 1984; Reik, Collick et al. 1987). These early 
findings have revealed that both the maternal and the paternal genomes are 
necessary for development and have lead to the discovery of parental spe-
cific heritable chromosomal marks other than the DNA sequence. These 
marks can be manifested as parent of origin specific gene expression pattern 
in a subset of autosomal genes, and are generally referred to as the phe-
nomenon of genomic imprinting (Barton, Surani et al. 1984). Eventually, the 
expansion of epigenetic marks associated with diverse nuclear processes has 
made it necessary to define the word epigenome. The epigenome of each cell 
comprises of mitotically and sometimes even meiotically stable, yet reversi-
ble modifications of the DNA itself, the posttranslational modifications of 
the histones around which the DNA is wrapped, and the presence of chromo-
some associated non-histone proteins, such as the developmental regulator 
polycomb (PcG) repressors (Bird 2007; Kouzarides 2007). Moreover, it is 
increasingly being recognized that the genome functions in 3 dimensions. 
The primary chromatin fiber is folded into different layers of higher order 
structures and finally into the chromosomes, thereby dividing the eukaryotic 
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genomes into separate functional domains and the nucleus into compart-
ments with specialized microenvironments (Misteli 2007).  

One of the most challenging tasks in modern biology is to un-
fold the language of epigenetic regulation, and thereby to understand the 
marks, which regulate and fine tune gene expression, DNA replication, re-
combination, repair, and chromosome biology.  
 The crucial function of epigenetic mechanisms in develop-
ment and cellular memory would predict that the dysfunction of epigenetic 
networks has a substantial contribution to human pathology in several differ-
ent ways. The disruption of epigenetic memory and cellular identity has been 
recognized to be at the core of tumor development(Feinberg, Ohlsson et al. 
2006). This can be exemplified by the postulate that cancer would originate 
from a pool of stem/progentitor cells harboring epigenetic alterations which 
interfere with differentiation, and evolve via accumulating additional genetic 
and epigenetic changes (Feinberg, Ohlsson et al. 2006).  
 The main theme of my thesis addresses how the epigenome 
governs diverse nuclear functions in the context of the 3 dimensional organi-
zation of the nucleus, and the functional relevance of higher order chromatin 
structure in development and disease.  
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1. Homeostasis in the nucleus: Maintenance of 
genomic integrity and cellular memory 

 

1.1 Regulation in the primary structure of chromatin 

 

1.1.1 Epigenetic regulation by nucleosome positioning, histone 
modifications and DNA-methylation 
 

Homeostasis in the nuclei of a multicellular organism implies 
that cells with identical genomes develop and maintain distinct functional 
identities, and ensure genomic integrity. This kind of cellular memory is laid 
down during a constant interplay between environmental stimuli and epige-
netic regulation (Whitelaw and Whitelaw 2006; Feinberg 2007).   
 By constituting a filter layered on top of the DNA, epigenetic 
marks can regulate the accessibility of the genetic material to all nuclear 
functions by creating platforms for binding of tissue specific transcription 
factors, for example. The language of this filter, however, has turned out to 
be very challenging to understand, partly because epigenetic marks cannot 
be classified as associated with either repressed or active states (Cairns 2005; 
Mellor 2006). Furthermore, almost no study has examined the presence of 
the various histone modifications on mitotic chromosomes, which can make 
it difficult to discriminate heritable epigenetic marks from transient chroma-
tin modifications within the cell cycle. 
 The basic unit of eukaryotic chromatin is the nucleosome, 
where 146 bp of DNA is wrapped around an octamere consisting of 2 mole-
cules of each core histones, namely histone H2A, H2B, H3 and H4. Regula-
tion can be achieved already at this level of the chromatin, as nucleosomes 
can limit DNA accessibility for the binding of transcription factors, while 
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allowing access to the intervening linker DNAs(Cairns 2005; Mellor 2006).  
It is the linker DNA which is available for most transcription factors to regu-
late tissue specific gene expression, or it is alternatively available to linker 
histone H1. The control of nucleosome positioning and nucleosome dynam-
ics is an integral part of gene regulation. Nucleosome positioning signals are 
embedded in the DNA sequence, and anti-nucleosomal sequences emerge as 
important promoter regions (Cairns 2005; Mellor 2006). Besides sequence 
determinants, nucleosomes can be moved, slided along the DNA fiber or 
exchanged in and out of the chromatin by ATP dependent chromatin remod-
elling factors. By positioning nucleosomes over unfavorable positions, these 
enzymes regulate gene expression for example at the promoter of POT1 
(Cairns 2005; Mellor 2006). 

The histone tails of the nucleosomes are subjected to a large 
number of modifications, which represent an additional opportunity for epi-
genetic regulation of the chromatin fiber (Kouzarides 2007). Histone 
acethyl-transferases can acethylate the lysine residues of the histone tails and 
in turn, histone deacethylases remove acethyl groups from histones. Lysine 
residues can be mono-, di-, or tri-methylated and arginine residues mono- 
and di-methylated by histone methyl-transferases, whereas histone demethy-
lases remove the methyl-groups. Histones can also be ubiquitinylated, 
poly(ADP-ribosyl)-ated and phosphorylated in dynamic manners. Depending 
on the nature of the chromatin mark, the specific amino acid modified and 
the chromatin environment, these modifications have different effects on 
nuclear functions, such as gene expression (Fig. 1). In contrast to the canoni-
cal histones, core histones and histone H1, which are expressed tightly only 
during S-phase, histone variants are transcribed and incorporated into chro-
matin throughout the cell cycle. The presence of variant histones has been 
implicated in diverse biological processes, histone H3.3 for example marks 
active chromatin whereas the H3 variant CENPA defines the centromeric 
region of chromosomes(Garcia, Pesavento et al. 2007; Rando and Ahmad 
2007).  

In contrast to the dynamic histone modifications, covalent 
modification of the DNA itself, namely the methylation of cytosine nucleo-
tide, is remarkably stable in eukaryotic somatic cells(Bird 2002; Bird 2007). 
Indeed, no DNA demethylase activity has been identified this far in somatic 
cells. Most of the cytosine methylation occurs when cytosine is followed by 
guanine nucleotide, but minimal amount of non-CpG methylation of cyto-
sine has also been observed in embryonic stem cells (Ramsahoye, Binisz-
kiewicz et al. 2000). DNA methylation can exert its effect on nuclear func-
tions in many ways, it can interfere or induce the binding of transcription 
factors, or it can influence the chromatin structure indirectly, via attracting 
methyl-binding proteins (Bird 2002; Bird 2007). 
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1.1.2 Principles of epigenetic regulation 

 
A central question addresses the functional consequences of 

the different epigenetic marks. In other words, is there a universal code that 
would associate certain epigenetic marks or a certain combination of marks 
with specific nuclear function, such as repression or activation of transcrip-
tion?  The slowly emerging picture from genome wide mapping studies indi-
cate that marks previously perceived as repressive, have also been found in 
the gene body of actively transcribing genes (Mellor 2006; Berger 2007). 
Such examples are CpG methylation and trimethylation of the K9 residue in 
histone H3, which have proven to be essential for silencing of repetitive 
DNA and to bring about silencing if deposited on promoter regions. One 
explanation for the appearance of repressive marks in the open reading frame 
of active genes is that they could be necessary to repress cryptic initiation 
sites by reformation of closed chromatin structure after the passage of RNA 
pol II (Fig. 1). This could be essential, as unscheduled initiation events in the 
ORFs has been shown to inhibit proper elongation and gene expression 
(Mellor 2006; Berger 2007).  

Another example concerns the trimethylation of K4 residue in 
H3, a mark associated with the 5’region of active genes. Coupled to active 
transcription, H3K4me3 is able to bind chromodomain and bromodomain 
containing activators with histone acetyl-transferase and ATP-dependent 
nucleosome remodelling activity, respectively, to open up chromatin con-
formation. It is surprising therefore that activation-associated chromodo-
mains can also bind H3K9me3 mark. Moreover, the repressive complex 
Sin3-Hdac1 histone deacetylase also binds H3K4me3 in response to DNA 
damage and brings about repression of transcription (Mellor 2006; Berger 
2007).  

The simultaneous presence of chromatin marks with both 
positive and negative connotations is not limited to the open reading frame 
of active genes. Recent report has described the presence of two marks, the 
active H3K4me3 mark and the repression associated H3K27me3 mark in 
certain chromatin domains of embryonic stem cells. Such bivalent marks 
might represent a poised state for expression later during the process of de-
velopment (Bernstein, Mikkelsen et al. 2006). 

Recent discoveries have shed light on the distribution, and at 
the same time on the somewhat controversial role of DNA methylation in the 
regulation of gene expression(Weber, Hellmann et al. 2007). Most of the 
CpG islands in the intergenic regions of the genome of somatic cells are 
methylated. This is in strong contrast to the CpG-rich promoter regions 
mostly but not exclusively associated with housekeeping genes. These CpG-
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rich promoters remain unmethylated even when not occupied by Pol II and 
presumably not transcribed, suggesting mechanisms other than DNA methy-
lation responsible for transcription regulation at these sites. The CpG-poor 
promoter regions on the other hand, which undergo continuous elimination 
of CpGs from their promoter region in an evolutionary scale are often found 
to be methylated. Surprisingly, the methylation mark at the CpG-poor pro-
moters does not undermine transcription, suggesting that not the presence 
but the density of CpG methylation regulates transcription. Promoters con-
taining intermediate amounts of CpGs are somewhat similar to CpG-rich 
promoters in that they are sensitive to DNA methylation, and a slightly 
higher proportion of them show DNA-methylation in somatic cells. How-
ever, when these intermediate promoters are methylated, they do not tend to 
be occupied by Pol II.  The genome wide methylation analyses of promoter 
regions have also pointed to a candidate factor capable of influencing methy-
lation status at promoters. The presence of histone acethylation and K4 me-
thylation at most of the CpG island (intermediate and high) promoters sug-
gests that these marks help to maintain the unmethylated state. At the same 
time, this finding also adds to the question, how the „spurious activation” of 
these genes can be prevented (Weber, Hellmann et al. 2007). A recent report 
also confirmed the open chromatin conformation at the promoter of many 
protein-coding genes and even developed it further by showing that the pro-
moter of many developmental regulators binds the Pol II initiation complex 
without detectable elongation. Transcription regulation after the initiation 
step emerges from this paper as a generally occurring phenomenon 
(Guenther, Levine et al. 2007).  
 

 
 
 
 
 
 

 
Figure 1. Maintenance of positional information (identity) by DNA methylation 
and covalent modifications of histone tails. The nucleosomes are depicted in grey, 
whereas the histone tails are visualized as blue bars. Histone H3 and H4 acethylation 
and histone H3K4 mono-methylation are characeristic for enhancer regions. Histone 
acetylation and   trimethylation of H3K4 are associated with open chromatin con-
formation above transcription start sites, whereas cryptic promoters are repressed by 
histone H3K9 tri-methylation within the gene body. Insulation can require the pres-
ence of poly(ADP-ribosyl)ation. Silencing can be achieved by DNA-methylation 
and histone trimethylation at H3K9 and dense nucleosome positioning.  

 

            Enhacing          Transcription        Insulation                              Silencing 
H3K4me1/H3/H4Ac H3K4me3             PAR                                   H3K9me3 



 17

Taken together, with the exception of DNA-methylation, all 
of the chromatin marks are very dynamic. Repressive marks in gene bodies 
can be removed and re-established at each round of transcription elongation 
to suppress cryptic promoters(Berger 2007). Even HP1 binding at perma-
nently suppressed loci, such as pericentromeric heterochromatin, has proved 
to be very dynamic, having just slightly longer residence time on the chro-
matin, than the modifications present at active transcription sites (Cheutin, 
McNairn et al. 2003). If so dynamic, the paradigm of the activation of an 
inactive in-accessible gene can be perceived as a balance between activating 
and repressing mechanisms acting on the chromatin(Paldi 2003). The ran-
dom, energy-independent high mobility diffusion of chromatin modifying 
enzymes and high exchange rate of chromatin marks makes each step of 
transcription probabilistic, which is supported by single cell-based studies on 
gene expression. This way an increase in gene expression would indicate an 
increase in the number of cells that express a certain gene, a phenomenon 
known as variegation. An important consequence of this is that the cell itself 
contributes to its own gene expression pattern, creating an intrinsic noise in 
the pattern of transcription. Such noise can be measured and has been hy-
pothesized to be one of the driving forces of embryonic development. Thus, 
the dynamic nature of chromatin marks together with windows of opportuni-
ties in the chromatin as a consequence of intrinsic noise would allow the 
epigenome to respond to environmental or developmental clues (Paldi 2003).  

The combinatorial nature and the context dependency of 
chromatin marks contribute to almost limitless number of read-outs. The 
different layers of epigenetic modifications can partially overlap to create 
inactive and active states. In further support of this, some genes are sensitive 
to either trichostatin A (TSA) histone deacetylase treatment or to azacytidine 
(to block DNA methylation), other silenced genes require both TSA and 
azacytidine to become activated (Ohlsson, Kanduri et al. 2003). 

The other significant feature of the epigenetic modifications is 
that they do not act in isolation, but instead establish intensive conversations 
between each other. DNA-methylation of CpG islands has been shown to 
recruit histone-deacetylases and -methyl transferases via methyl binding 
proteins to generate a less accessible chromatin conformation(Brown and 
Robertson 2007; Rando and Ahmad 2007).  

Methylated histones at lysine residue K9 in turn can attract 
HP1 proteins to direct de novo DNA methylation of the underlying sequence 
via binding to DNA-methyltransferase I, and even spread along the chroma-
tin fiber via SuVar-39 histone K9 methyl transferases. The spread of hetero-
chromatin can lead to the stochastic, meta-stable and heritable silencing of 
neighbouring genes, which is called position effect variegation (Brown and 
Robertson 2007; Rando and Ahmad 2007). 
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1.1.3 Domain organization in the primary chromatin fiber 
 

The default spreading of closed chromatin conformations 
represents one of the major challenges that eukaryotic genome organization 
imposes on gene expression: How can active domains avoid the influence of 
inactive regions? The maintenance of the identity of the expression domains 
is taken care by regulatory elements, such as enhancers capable of increasing 
the expression of target genes as far as 1 million base pairs. Conversely, 
silencers decrease the expression of neighboring genes. Boundary elements 
can interfere with the spreading of inactive states, whereas insulator ele-
ments prevent enhancer-promoter communication if placed in between the 
two (Gaszner and Felsenfeld 2006; Lunyak, Prefontaine et al. 2007). The 
function of these regulatory elements is also regulated by epigenetic compo-
nents. Boundary elements, similarly to enhancers, have been shown to attract 
histone acethyl-transferases, ATP-dependent chromatin remodelling factors 
to stably maintain positive histone modifications(Mutskov, Farrell et al. 
2002; Gaszner and Felsenfeld 2006; Barski, Cuddapah et al. 2007; Heintz-
man, Stuart et al. 2007). Barrier function has also been associated with nu-
cleosome-repelling regions and actively transcribed SINE B2 repeat, or 
tRNAs. A deeper understanding, however, of how enhancers reach distant 
target promoters or how the insulators can interfere with the enhancer-
promoter communication requires models, which take into consideration that 
the chromatin is a physical 3 dimensional structure (Gaszner and Felsenfeld 
2006; Lunyak, Prefontaine et al. 2007).  

Three different models describe the mode of enhancer func-
tion, and tightly linked with it, the ability of insulators to prevent enhancer-
promoter communication (Fig. 2). According to the linking model, the en-
hancer signals progressively spread through the chromatin via protein factors 
to reach the promoter, where an insulator can be perceived as a physical 
obstacle for the spreading process. Both in the looping and tracking-looping 
models, the enhancer physically interacts with its target promoter. However, 
whereas in the looping model the enhancer-promoter communication has 
been proposed to involve higher order chromatin folding, the tracking-
looping model posits that the enhancer reaches its target promoters by mov-
ing along the chromatin fiber. While the ´roadblock` model of insulator 
function is compatible with the tracking-looping mode of enhancer function, 
it cannot readily explain the blocking of enhancers that would operate in the 
looping model. As experimental evidence has long supported the ability of 
distant enhancers to loop to their target promoters, the insulator function has 
been proposed to interfere with the higher order chromatin folding necessary 
for the enhancer-promoter contact. In support of this, the fruit fly gypsy insu-
lator elements have been shown to coalesce into large insulator bodies in 
diploid cells via protein-protein interactions. Moreover, the insulator bodies 
localize to the nuclear periphery, thereby possibly dividing the chromatin 
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into separate loop domains. The higher order chromatin folding and the con-
text of the 3 dimensional nucleus are emerging as major regulators of fun-
damental nuclear functions such as transcription (Ohlsson, Paldi et al. 2001; 
Ohlsson, Renkawitz et al. 2001; Gaszner and Felsenfeld 2006).    

   

1.2 Subcompartmentalisation of the nucleus into 
functional domains  
 

It is well established, that nuclear processes, such as transcrip-
tion and replication, do not take place ubiquitously throughout the nucleus, 
but instead localize to spatially defined loci and nuclear bodies, just like the 
machinery itself which reads, maintains and copy the genome(Misteli 2007). 
Transcription hot spots or factories are believed to contain enough transcrip-
tion factors and RNA polymerase to support the expression of multiple 
genes. Theoretically, they could potentially provide different transcriptional 
environments with the presence of different transcription factors. It is, how-
ever, difficult to integrate this view into the emerging picture that many 
genes actually experience transcription initiation followed by a block in the 
elongation step(Guenther, Levine et al. 2007).  

Figure 2. Three different models depicting enhancer action and insulation.  
The linker model and the tracking-looping model assume that the enhancer sig-
nal spreads along the chromatin fibre and visualize insulators as physical obsta-
cles. The looping models emphasises the role of higher order chromatin folding 
in enhancer-promoter communication. Adapted from (Ohlsson, Renkawitz et al. 
2001). 
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The maturation of the RNA, RNP assembly and other nuclear 
processes take place in nuclear speckels, promyelocytic leukemia (PML) 
bodies. During S-phase, replication factories associate with multiple replica-
tion origins, and contain both the replication machinery, as well as chromatin 
modifying enzymes and cell cycle regulators (Meister, Taddei et al. 2006; 
Misteli 2007). The modifications involved in the regulation of nuclear archi-
tecture and the assembly of the compartments still remains largely unknown, 
although sumoylation has been implicated in the assembly of PML bodies, 
chromatin loops and maintenance of rDNA stability(Heun 2007). 

The spatial and temporal organisation of nuclear processes is 
further reflected by the potential of nuclear landmarks, such as the lamina, 
nuclear periphery, nucleolus and centromeres, to influence gene expres-
sion(Branco and Pombo 2007). Furthermore, each chromosome occupies a 
specific location in the interphase nucleus, the so-called chromosomal terri-
tory, which is highly regulated and dynamic. The chromosomal territories 
intermingle with each other by creating large chromosome loops placing 
distant DNA sequences into close proximity to each other. The loops provide 
structural support for the chromatin fiber and allow regulatory DNA ele-
ments to exert their function on gene expression in trans (Burke, Zhang et al. 
2005; Cremer, Cremer et al. 2006; Misteli 2007). As some intra-
chromosomal interactions can be stably inherited through mitosis, chromatin 
loops can also provide epeigenetic memory and thereby serve as epigenetic 
marks (Burke, Zhang et al. 2005; Cremer, Cremer et al. 2006; Misteli 2007)  
 

1.2.1 Landmarks of the nucleus: nuclear membrane, centromeres 
and nucleoli  
 

By segregating different nuclear functions from each other, 
compartmentalisation in the nucleus provides specialized microenvironments 
enriched in factors dedicated to certain nuclear processes, and thereby in-
creases the efficiency of nuclear metabolism (Misteli 2007).  

One of the most well characterized nuclear compartments is 
the nucleolus, the site of ribosome-subunit biogenesis. Several lines of evi-
dence now show that as a subcompartment, it has also additional functions. 
Thus, the space surrounding the nucleolus has been implicated in replicating 
and maintaining the silent state of the inactive X chromosomes of female 
mammals during the cell cycle (Hernandez-Verdun 2006; Zhang, Huynh et 
al. 2007). Besides X-inactivation, the peri-nucleolar space seem to play a 
role in another epigenetic phenomenon as well, namely in imprinting. CTCF, 
the only known protein with insulator function in vertebrates, has been 
shown to tether the H19 imprinting control region to the nucleolus via bind-
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ing to a nucleolar protein, nucleophosmin(Yusufzai, Tagami et al. 2004). 
The exact mechanism, though, and how this tethering can contribute to insu-
lation is not known. It appears similar, however to the phenomenon associ-
ated with insulation in fruit flies. In Drosophila melanogaster, clusters of the 
gypsy insulator elements and their associated proteins anchor at the nuclear 
periphery and create loop domains that could interfere with the enhancer-
promoter communications.  The similarity between insulators of the fruit fly 
and vertebrate insulators, the localization to subnuclear structures, which 
gives rise to loop, points to the importance of loop formation in insulation 
and not the actual point of attachment (Yusufzai, Tagami et al. 2004). 

The nuclear periphery is another major sub-compartment, 
which contains both repressive and activating domains, and has been shown 
to increase the efficiency of repair in yeast(Shaklai, Amariglio et al. 2007; 
Taddei 2007). The regulatory function of the nuclear periphery has been 
supported by the observation, that in yeast, nuclear pore components, such as 
nucleoporin yNUP2 and other nuclear transport proteins harbor robust 
boundary functions and are capable of blocking the spread of heterochro-
matin. Furthermore, several active genes do associate with nuclear pore 
components and the nuclear export machinery, although a stabile interaction 
is not an obligatory feature of gene activity in yeast. On the other hand, the 
genes associated with B type lamins in Drosophila are transcriptionally si-
lent. Moreover, in mammalian cells gene-poor sequences are located towards 
the nuclear edge. The immunoglobulin loci in inactivated  pro-T-cells pref-
erentially co-localize with lamin B at the nuclear periphery but move to-
wards the nuclear interior and becaome active in pro-B-cells. 

The lamin B-receptor has been shown to interact with HP1, 
actively involved in maintaining repressed states by binding to 3MeH3K9 
and histone K9 methyl-transferases and to itself (Shaklai, Amariglio et al. 
2007; Taddei 2007). Other lamin-associated proteins, such as LAP 2�, have 
been demonstrated to associate with thranscriptional repressors, like germ 
cell less (GCL). Further data supports the importance of the nuclear periph-
ery in the regulation of gene expression that pRB, the guardian of the cell 
cycle progress, has found to be in a complex with lamins A, C and LAP 2�, 
the association of which has been necessary for its localization (Shaklai, 
Amariglio et al. 2007; Taddei 2007). 

 Gene repression and activation can be achieved through dif-
ferent pathways that can lead to distinct positions within the nucleus. The 
transcriptional regulator, Ikaros, involved in T, B, and NK cell development, 
has been shown to define centromeric heterochromatin, where it associates 
with transcriptionally inactive genes. It provides evidence for the compart-
mentalisation of transcriptionally silent genes in the nucleus and points to the 
potential of genetic domains to move between transcriptionally active and 
silent environments (Brown, Guest et al. 1997). 
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The question remains, whether this is either a directed, en-
ergy-dependent movement, or it is the result of passive stochastic move-
ments of chromatin within the constraints of the nuclear space influenced by 
the different affinities between certain chromatin domains, or a combination 
of these alternatives. One example has been described so far supporting the 
notion of directional migration of a chromosome locus from the nuclear pe-
riphery to the interior upon targeting of a transcriptional activator to the site 
(Chuang, Carpenter et al. 2006). The observed extended periods of chromo-
some immobility interspersed with several minutes of unidirectional move-
ments are in support of a directional movement. Moreover, the migration has 
been perturbed by mutations in nuclear actin and myosin I. Interestingly, in 
this case the inhibition of transcription has had no effect on localization. This 
is in contrast to other observations, which suggest that the transcription 
process itself could be one of the driving force of nuclear chromosome posi-
tioning and the formation of chromatin loops(Chakalova, Debrand et al. 
2005; Faro-Trindade and Cook 2006; Branco and Pombo 2007).  

The role of the transcriptional process in nuclear architecture 
leads to another question, namely whether the distinct nuclear compartments 
assemble around stabile architectural proteins prior to the onset of nuclear 
functions within those compartments, or if they form de novo from dynamic, 
self-organizing structural elements as an interplay between structure and 
function(Hancock 2004; Misteli 2007). The self-organizing model is com-
patible with the fact, that interference with the nuclear processes, such as 
transcription, replication, lead to rapid changes in global nuclear architec-
ture. Furthermore, structural elements can rapidly form de novo at the site of 
nuclear functions, such that ectopic expression of ribosomal genes leads to 
the formation of micronucleoli. Replication factories are also rapidly formed 
de novo at replication origins, and repair foci form upon induction of double 
strand breaks. All RNA pol I subunits undergo rapid exchange at the pro-
moters and become stably associated with chromatin only during the elonga-
tion step. Although stochastic assembly from subunits seems to be an ineffi-
cient way to build up a complex functional machinery, molecular crowding 
in the nucleus, the exceedingly high concentration of proteins and the spatial 
trapping of molecules favor and greatly facilitate stochastic interactions by 
increasing the effective concentrations of the molecules. Another feature of 
crowded systems is the emergence of protein aggregates, discrete phases, 
which has been hypothesized to be the driving force behind the assembly of 
transcription and replication factories (Hancock 2004; Misteli 2007).  
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1.2.2. Positional relationships between genes and their 
chromosomal territories: expression domains and transcriptional 
co-regulation  
 

The non-random positioning of the entire genome itself 
emerges as an important organizer of nuclear compartmentalization. Chro-
mosomes tend to occupy preferential positions relative to the nuclear centre 
(radial position) and also to each other in the nucleus, thereby providing 
opportunity for bringing co-regulated genes into close physical proximity 
and separate active and inactive regions from each other (Misteli 2007).  

A chromosome territory can be described as the space occu-
pied by the individual chromosomes in the interphase nucleus. Although the 
positions of the chromosome territories have probabilistic features, they are 
not random and they tend to settle back into similar relative positions after 
cell division in the daughter cells in a cell type-specific manner(Mahy, Perry 
et al. 2002; Mahy, Perry et al. 2002; Cremer, Cremer et al. 2006; Misteli 
2007; Neusser, Schubel et al. 2007). The mechanism underlying the inheri-
tance of chromosome positioning is not known, however the timing of sister 
chromatid separation during mitosis has been implicated to influence the 3 
dimensional localization of chromosomes upon decondensation in the next 
cell cycle(Gerlich, Beaudouin et al. 2003). Moreover, they are developmen-
tally regulated and in many cases show evolutionary conservation. For ex-
ample, chromosome 18 and 19 tend to occupy peripheral and internal posi-
tions respectively in humans, and so do the corresponding genetic material in 
Old World monkeys(Mahy, Perry et al. 2002; Mahy, Perry et al. 2002; Cre-
mer, Cremer et al. 2006; Neusser, Schubel et al. 2007). Radial position has 
been related to gene density and DNA content, but the correlation is not ab-
solute. Gene-poor chromosomes tend to locate towards the periphery and 
gene-rich ones towards the nuclear interior, which organization is conserved 
in vertebrates. Many chromosomes, however, contain domains with varying 
gene density and, as a consequence of this, gene-rich regions can be con-
tained in the nuclear periphery as well as in the nuclear interior (Mahy, Perry 
et al. 2002; Mahy, Perry et al. 2002; Cremer, Cremer et al. 2006; Neusser, 
Schubel et al. 2007).  

According to the self-organization model, chromosome posi-
tions would reflect the distribution and expression pattern of their active and 
silent genetic material, leading to different physical properties of the indi-
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vidual chromosomes(Branco and Pombo 2006; Branco and Pombo 2007; 
Misteli 2007). This model could explain some features of nuclear compart-
mentalisation, such as the clustering of chromosomal regions with similar or 
equivalent functions, for example the centromeres. According to an alterna-
tive, deterministic model, a mechanisms could exist, which would recognize 
individual chromosomes in a cell type specific manner and stabilize them 
during the cell cycle, for which, however, no evidence exist so far.  
It is not yet clear, how do chromosomes fold into chromosomal territories, 
whether the building blocks are small or giant chromatin loops, there is how-
ever substantial evidence for the existence of both. Chromosomal territories 
have been shown to intermingle with each other extensively via giant loops 
even at the electron microscopic level (Branco and Pombo 2006; Branco and 
Pombo 2007; Misteli 2007).  

Interestingly, the extent of the intermingling has turned out to 
be transcription-dependent. Certain regions, such as the MHC class II locus, 
a highly transcribed and gene dense region have been shown to form a giant 
loop and to leave their territory upon activation. The giant loop presumably 
places this region to a distinct nuclear compartment to optimize the activity 
of the genes in the loop (Branco and Pombo 2006). At the mouse HoxB lo-
cus, it is the higher order chromatin structure, the loop formation that coin-
cides with the coordinated transcriptional activity of the HoxB genes(Mahy, 
Perry et al. 2002; Chambeyron and Bickmore 2004; Fraser and Bickmore 
2007). The histone acetylation status and the decondensed chromatin con-
formation probably represent only a permissive or poised state for gene ex-
pression but they are not sufficient for transcriptional activation. Not only 
co-regulated genes have been shown to loop out of the chromosomal terri-
tory, but looping seems to be a general feature of gene dense regions(Mahy, 
Perry et al. 2002; Chambeyron and Bickmore 2004; Fraser and Bickmore 
2007). The human chromosome 11p15.5 contains generally high levels of 
transcription and many megabases of chromatin have been observed to leave 
the chromosome territory in a giant loop. Gene dense regions on chromo-
somes 21 and 22 have also been shown to have preferential localisation in 
the edge or outside of the chormosome territory. On the other hand, many 
genes do not change their position upon activation. Furthermore, genes can 
be transcribed from the interior of autosomal chromosome territories, which 
demonstrates that the territory does not represent a barrier for the transcrip-
tion machiner (Mahy, Perry et al. 2002; Chambeyron and Bickmore 2004; 
Fraser and Bickmore 2007). It is thus too early to draw general conclusions 
about to what extent the position of a gene determines whether it is ex-
pressed or not. 
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1.2.3 Transcriptional regulation via loop formation 

  
Chromatin loops provide opportunities for distant regulatory 

elements to get into close physical proximity to their target 
genes(Spilianakis, Lalioti et al. 2005; Fraser 2006; Fraser and Bickmore 
2007).  Distant enhancers, for example, are able to exert their function to 
promote transcription on genes located on the same chromosome or even on 
other chromosomes. Positioning via loop formation has also been shown to 
fine tune the dynamics of gene expression by promoting different levels of 
activity ranging from pre-poised, poised states for activation to the active 
transcription. Moreover, higher order chromatin structure can also contribute 
to coordinated transcriptional regulation of related genes (Spilianakis, Lalioti 
et al. 2005; Fraser 2006; Fraser and Bickmore 2007).  

The first documentation of long-range enhancer promoter 
communication has described the in vivo physical contact between the globin 
locus control region and the promoter region of the developmentally and cell 
type specifically regulated four ß-like globin genes (Osborne, Chakalova et 
al. 2004). The interaction has been restricted specifically to the locus control 
region- which functions as an enhancer, insulator and boundary element at 
the same time- and the promoter of the active globin genes, globin �1 and 
�2, providing invaluable insight into the potential functional relevance of the 
LCR-gene interface.  

 Another example for how positioning via loop formation can 
fine-tune the dynamic of gene expression is represented by the T-helper 1 
and T-helper 2 cytokine genes. Located on chromosome 10 and chromo-
some11 respectively, these genes are held in close physical proximity to 
each other in a silent but pre-poised state in naive T-cells (Spilianakis, La-
lioti et al. 2005; Fraser 2006; Fraser and Bickmore 2007). This is achieved 
by an interaction between the promoter of the Th1 cytokin, interferone-�, 
and the locus control region (LCR) of the Th2 cytokins that coordinates the 
expression of the whole Th2 locus. Upon differentiation into Th1 and Th2 
cells, the interchromosomal interaction has been lost in favour of intra-
chromosomal interactions, and the mutually exlusive expression pattern of 
the Th1 and Th2 cytokins has been established with a peak of their expres-
sion 2-3 hours after stimulation. After the disruption of the inter-
chromosomal interaction by introducing a mutation in the LCR, the early 
peak of the cytokin expression upon stimuli has been delayed by 9 hours, 
and the level of cytokin expression has decreased although has not been 
completely abolished (Spilianakis, Lalioti et al. 2005).  
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The relationship between chromatin loop structure and gene 
expression has been further examined in great details at the Th2 cytokin 
locus, containing the co-regulated interleukin 4 (Il4), Il5 and Il13 genes clus-
tered in a 120 kb region (Cai, Lee et al. 2006; Gondor and Ohlsson 2006). 
Upon induction of Th2 cell differentiation, the transition between poised and 
active states at the interleukin locus has been accompanied by the formation 
of dense small chromatin loops (Fig. 3). This is a counterintuitive observa-
tion as it implies that a closed and dense chromatin structure is compatible  

 
 
 
 
 
 
 
 
 
 
 
 
 

with transcriptional activity. On the other hand, small chromatin loops could 
support transcription either by stabilizing or facilitating interactions between 
the enhancer in the LCR and the interleukin gene promoters, or by simply 
reducing the volume of the gene cluster to increase its exposure to transcrip-
tional regulators. As a third alternative, the formation of dense chromatin 
loops might contribute to the formation of a chromatin scaffold and fix gene 
expression pattern at the interleukin locus for a longer period of time to exert 

Figure 3. Chromatin loops and coordination of gene transcription. In naïve 
mouse T cells, the interleukin gene cluster (marked in red) is looped out from the 
chromosomal scaffold to bridge the distance to the interferon-� gene (marked in 
blue) located on another chromosome. This is termed the “prepoised” state. In acti-
vated Th2 cells, this inter-chromosomal interaction has been lost and the interleukin 
gene cluster is instead tethered to the chromosomal scaffold via SATB1 (spheres). 
An intermediate, “poised”, state in resting Th2 cells is not shown. The generation of 
SATB1-dependent, small-sized chromatin loops anchored to the scaffold in acti-
vated Th2 cells may restrict chromatin movement to perhaps antagonize inter-
chromosomal interactions and fix patterns of gene expression. In addition, these 
many chromatin loops may stabilize/facilitate communications between the Th2 
locus control region and promoters within the interleukin gene cluster to coordinate 
transcription (Gondor and Ohlsson 2006). 
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robust immune response. The protein, SATB1 (special AT-rich sequence 
binding protein 1) identified to be present at the base of the small loops has 
turned out to be responsible not only for anchoring the loops but at the same 
time, also for the expression of the Il genes. Even though the same factor is 
responsible for both loop formation and transcriptional activation at the Th2 
locus, it is still not clear whether transcription can be achieved without loop 
formation at this locus, and whether they coincide with each other or one 
precedes the other (Cai, Lee et al. 2006; Gondor and Ohlsson 2006).  

To understand the relationship between higher order chroma-
tin folding and transcriptional activation and eventually other nuclear proc-
esses, it will be necessary to identify the factors involved in the initiation and 
maintenance of loop formation and also the underlying regulatory elements 
in the DNA. What makes SATB1 a unique candidate for the organization of 
chromatin folding is that it binds to regions of unpaired bases exposed to 
negative torsional stress. It also interacts with chromatin remodelling factors 
and, importantly, it forms a cage like structure in thymocytes. The activation 
of interleukin gene cluster might be only one of many examples of SATB1-
dependent coordination of expression in Th2 cells. Since the nuclear distri-
bution of SATB1 and RNA pol II extensively overlaps, these proteins might 
interact with each other perhaps in the context of transcription factories (Cai, 
Lee et al. 2006; Phatnani and Greenleaf 2006). Besides SATB1, the RNA 
pol II itself has been suggested to act like a molecular glue to hold together 
transcriptional factories and to generate loop formations (Faro-Trindade and 
Cook 2006; Phatnani and Greenleaf 2006). Other candidate proteins capable 
of holding together distant chromosomal elements are cohesine and condens-
ine complexes, and more specifically the structural maintenance of chromo-
some (SMC) proteins acting in the core of these complexes(Jessberger 2002; 
Hagstrom and Meyer 2003; Losada and Hirano 2005).  The SMC proteins 
are chromosomal ATPases, form unique ring- or V-shaped structures with 
long coiled-coil arms and could function as dynamic molecular linkers of the 
genome also outside of the context of sister chromatid cohesion, chromo-
some assembly and segregation. The individual subunits of cohesine and 
condensin complexes can associate with different proteins to achieve diverse 
functions. They have been implicated in the regulation of single genes, 
DNA-repair, cell cycle checkpoint and centromere organization (Jessberger 
2002; Hagstrom and Meyer 2003; Losada and Hirano 2005). Finally, poly-
comb proteins have been implicated setting up long distance chromosome 
interactions in Drosophila. Clearly, the list of proteins involved in higher 
order chromatin folding will increase in parallel with many other transcrip-
tional regulators (Lei and Corces 2006). 

Loop formation could possibly depend on the chromatin 
modifications regulating the accessibility of the underlying DNA for the 
factors responsible for establishing higher order chromatin folding. This way 
epigenetic marks could direct the position of the underlying DNA elements 
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in the nucleus. At the same time different chromatin modifications have been 
shown to alter the physical properties and flexibility of the chromatin fiber in 
different ways, which probably could also influence the way it is folded (Li, 
Barkess et al. 2006). 
 As more examples of remote regulation will be described, it 
will be interesting to see whether or not positioning via chromatin loops and 
higher order chromatin folding can have dominant negative or positive regu-
latory effects on nuclear functions. The understanding how higher order 
folding is encoded in the primary chromatin fiber will also help to unfold the 
epigenetic phenomena such us imprinting and X. 
 
 
 
 
 

1.2.4 Higher order chromatin conformation in the epigenetic 
phenomenon of imprinting 
  
  The locus on the mouse chromosome 7 and human chrom-
some 11 containing the H19 and Igf2 genes, encoding a non-coding RNA 
and a growth factor, respectively, represents the paradigm of imprinting 
(Tremblay, Duran et al. 1997; Kaffer, Srivastava et al. 2000; Kanduri, 
Holmgren et al. 2000; Holmgren, Kanduri et al. 2001; Klenova, Morse et al. 
2002). Both genes share enhancers located downstream of H19 and an im-
printing control region, which is located 2kb upstream of the H19 gene 
which itself is approximately 80 kb downstream of Igf2. The role of the im-
printing control region in establishing the parent of origin specific expres-
sion pattern of the two genes is demonstrated by the fact that deletion of the 
ICR or mutation in a single CTCF binding site result in biallelic expression 
of both H19 and Igf2(Pant, Mariano et al. 2003; Pant, Kurukuti et al. 2004). 
The mechanism underlying this phenomenon is known to involve CTCF, an 
11 Zn-finger transcription factor and insulator protein. The binding of CTCF 
to the insulator in the imprinting control region on the unmethylated mater-
nal allele is continuously required to maintain the imprinted expression pat-
tern. CTCF not only interprets epigenetic states by binding to the unmethy-
lated maternal ICR but it also confers methylation protection in somatic 
cells, as well as in oocytes, embryonic stem cells and preimplantation con-
ceptuses (Tremblay, Duran et al. 1997; Kaffer, Srivastava et al. 2000; Kan-
duri, Holmgren et al. 2000; Holmgren, Kanduri et al. 2001; Klenova, Morse 
et al. 2002)  
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The mouse ICR contains 4 CTCF binding sites and is flanked 
by telomere like repeats on the 3`end and by Alu-like repeats on the 5`end. 
In vitro bandshift assays confirmed the binding of CTCF to sites 1, 3 and 4. 
The human ICR on the other hand consist of 2 repeat units. The repeat unit 1 
contains 4 CTCF binding sites and the repeat unit 2 contains 3 CTCF bind-
ing sites, separated by an in-between region not harbouring CTCF binding 
sites. The repeat unit 2 is flanked by Alu repeats, followed by LTR repeats 
on the 5` end, towards IGF2 (Weber, Hagege et al. 2003; Suzuki, Ono et al. 
2007). The role of the repeats is not really understood but the deletion of 
either the Alu repeats or the telomere like repeats from the mouse ICR leads 
either to no or marginal changes in gene expression of Igf2 and H19 (Lewis, 
Mitsuya et al. 2004). Interestingly, the insulator function of the maternally 
inherited ICR-CTCF complex depnds on a poly(ADP-ribosylation) mark 
(Yu, Ginjala et al. 2004). 

The Igf2 gene also contains differentially methylated regions, 
which aquire the allele-specific methylation pattern during post-zygotic de-
velopment. DMR0 is maternally methylated and placenta-specific, DMR1 
act as a paternally methylated methylation sensitive silencer and DMR2 is a 
paternally methylated activator of Igf2. Experiments showing that the dele-
tion of maternal H19 ICR leads to de novo methylation of the maternal 
DMR1 and DMR2 and that the deletion of the DMR1 leads to de novo me-
thylation of DMR2 have suggested that the ICR coordinates epigenetic 
marks in the imprinted domain and that a hierarchy exist between the differ-
entially methylated regions (Lopes, Lewis et al. 2003). This observation 
initiated the analysis of the higher order chromatin folding in this imprinted 
locus.  

As discussed above, the insulator function has been proposed 
to act by preventing chromatin loops associated with enhancer-promoter 
communications. By analogy, it has been hypothetised that the ICR and the 
differentially methylated regions of the locus would establish long-range 
interactions to maintain imprinting. Based on the detected interactions be-
tween ICR and DMR1 on the maternal allele and between the methylated 
ICR and methylated DMR2 on the paternal allele, the initial model sug-
gested that the maternal allele of the Igf2 gene is moved to an inactive do-
main away from the enhancer whereas the paternal allele of Igf2 is posi-
tioned close to the enhancer within an active domain(Murrell, Heeson et al. 
2004). The extensive investigation of the region`s chromatin loops in neona-
tal liver starting from the ICR and from the enhancer as a bait have revealed, 
however, a more complicated picture(Kurukuti, Tiwari et al. 2006). Thus, 
the CTCF-dependent insulator function on the maternal ICR is accompanied 
by extensive chromatin loop formations, wich establish contact with, 
amongst others, the ICR and the DMR1 silencer on the maternal chromo-
some. Interestingly, this interaction seems to be crutial for keeping DMR1 
methylation free and active, because mutations in the CTCF binding sites 1,3 
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and 4 lead not only to the reversal of silencing of Igf2, but also to de novo 
methylation of DMR 1(Kurukuti, Tiwari et al. 2006). To the story belongs, 
however, that the deletion of DMR1 leads to activation of Igf2 on the mater-
nal allele primarily in the mesodermal tissues (Constancia, Dean et al. 2000). 
As neonatal liver belongs to the endodermal lineage, a network of interac-
tions between ICR and other elements, than DMR1 might also play a crucial 
role in the manifestation of imprinting leading to functional redundancy of 
the interactions. Another regulatory element, the scaffold or matrix attach-
ment region 3 flanking Igf2 on the 3` end has also been shown to be in con-
tact with the maternal ICR and at the same time, have an activator function 
when methylated. It has not been examined whether or not the maternal ICR 
can simultaneously interact with DMR1 and MAR3. However, it is tempting 
to build a model in that insulator function is established via physical contacts 
between silencers and activators to control Igf2 expression in a tissue spe-
cific manner (Fig. 4) (Kurukuti, Tiwari et al. 2006). In accordance with the 
expectations, the enhancer is in contact with the Igf2 promoter only on the 
paternal allele, where Igf2 is expressed, and the enhancer makes contact all 
along the chromatin fiber till Igf2. On the maternal allele, however, the en-
hancer is not juxtaposed to the Igf2 promoter and is largly excluded from 
interactions with regions 5` to the ICR. Surprisingly, there are hypersensitive 
sites in the intergenic region between Igf2 and H19, which are able to physi-
cally interact with the enhancer despite being separated by the H19 ICR. 
This would suggest that insulator is not simply a barrier for the enhancer, but 
instead provides a platform for interactions which manifest the expression 
pattern of imprinted genes in an allele specific way (Kurukuti, Tiwari et al. 
2006). Along this line of reasoning, it would be interesting to see how chro-
matin folds and insulation can be achieved in different tissues, as Igf2 ex-
pression responds to the deletion of DMR1 in a tissue-specific way. More-
over, lineage specific enhancers and promoters associated with Igf2 could set 
up chromatin loops in a tissue specific manner to achieve imprinted expres-
sion of the two genes. Another surprise revealed by the interaction pattern at 
the locus is that enhancer is in contact with both the unmethylated and me-
thylated H19 promoter, but only the unmethylated maternal allele is ex-
pressed. This could be interpreted by the lack of a strong transcription factor 
that is able to bind to the condensed methylated promoter. The allele specific 
chromatin folding at the H19 ICR is probably not unique and might be pre-
sent at other imprinted domains as well to coordinate the expression of the 
usually clustered imprinted genes (Kurukuti, Tiwari et al. 2006).   

 
 
 
 
 
 



 31

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

 
The question remains, to what extent is the chromatin folding 

responsible for the manifestation of imprinted expression pattern and is there 
anything more to the allele specific complicated chromatin folding apart 
from local effects on parent of origin specific expression patterns? Recent 
reports have shown that imprinting is a barrier to the development of off-
springs from two maternal germ cells(Kono, Obata et al. 2004). It has been 
possible, however, to obtain viable adult mouse from two maternal genomes. 
This was achieved by combining the genome of a mature haploid oocyte 
with the genome of a non-growing immature haploid oocyte that lacked the 
H19 ICR. Surprisingly, the genome wide expression patterns of the gyno-
genote embryos were more similar to the wild type embryos than those of 
the gynogenote embryos with a normal H19 ICR genotype (Kono, Obata et 
al. 2004). This global effect of the region encopassing the ICR and the H19 
gene on gene expression points to the role of this region beyond the regula-
tion of local imprinted gene expression patterns. Furthermore, it suggests 
that the survival of the gynote embryos probably has not been solely due to 
the expression of the Igf2, a necessary factor for embryonic development and 
growth.  
These observations give a glimpse into the fundamental effect of higher or-
der chromatin conformation on coordination of nuclear processes and even-
tually the development of an organism. To attain a deeper insight how im-
printing is maintained it will be important to understand what are the epige-
netic marks that survive mitosis to re-establish the higher order folding at 
each round of cell cycle.   

Figure 4. Higher order chromatin folding at the mouse H19 ICR. The 
DMR1-ICR interaction maintains a silencer targeting the Igf2, whereas the 
MAR3-ICR interaction inhibits an activator of Igf2 on the maternal chromosome. 
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1.3 Vehicle of epigenetic inheritance 

 
 In the current definition, epigenetic marks must fulfil the cri-
teria of heritability through mitosis, which sometimes involve even transmis-
sion through the germ line into the next generation(Groth, Rocha et al. 
2007). In order to maintain cellular memory, the parental chromatin organi-
zation has to be copied during the process of DNA replication. On one hand, 
the packaging of the DNA into chromatin presents a dual challenge at the 
replication fork. First, the DNA has to be accessed by the disruption of 
chromatin and then after replication, the chromatin organization has to be 
reproduced. On the other hand, the S-phase provides a window of opportu-
nity for reconfiguration of the epigenetic marks during reprogramming. Un-
scheduled chromatin changes could also arise if the cells fail to duplicate the 
parental epigenetic signatures or fail to respond to differentiation signals 
(Groth, Rocha et al. 2007).  

The maintenance of the most stable epigenetic mark, DNA 
methylation, is achieved by the maintenance DNA methylation machin-
ery(Martin and Zhang 2007). The maintenance DNA-methyl transferase 1 
(DNMT1), binds to proliferating cell nuclear antigen at replication foci, and 
preferentially recognises and methylates hemimethylated sequences arising 
during replication. The semiconservative nature of DNA replication allows 
in this way the propagation of DNA methylation patterns into the daughter 
cells with an approximately 96% accuracy. Mouse conceptuses lacking 
DNMT1 loose 90% of their DNA methylation and die during early embry-
onic development (Brown and Robertson 2007). Of potentially outstanding 
implications, mouse embryonic stem cells can be propagated in the absence 
of DNMT1, but cannot suppor differentiation processes(Li, Bestor et al. 
1992). This observation suggests that the performance of chromosomal terri-
tories varies between ES cells and their derivatives.  

DNMT1 has recently been shown to be able to act outside the 
replication foci, as an engineered splice variant that fails to bind PCNA in a 
colon cancer cell line is still able to maintain 80% of the methylation marks. 
The role of DNMT1 is not restricted to maintenance only, as it has turned 
out to to methylate DNA sequences marked by H3K9me3 outside the con-
text of the S-phase (Brown and Robertson 2007; Chen, Hevi et al. 2007). 
The main de novo DNA methy-transferases (DNMT3a and 3b), however, 
methylate unmethylated CpG dinucleotides and create hemymethylated se-
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quences. To achieve full methylation of these hemimethylated sequences the 
action of the de novo and maintenance DNA methyltransferases is required 
during several rounds of replication (Groth, Rocha et al. 2007; Martin and 
Zhang 2007). 
 The existence of organisms, such as D. melanogaster or the 
fission yeast, which lack DNA methylation but still employ epigenetic modi-
fications to regulate and maintain gene expression patterns supports the idea 
of additional long term memories (Martin and Zhang 2007). Moreover, the 
colon cancer cell line HCT116 engineered to loose 99% of its DNA methyla-
tion is viable and possesses surprisingly few gene expression changes com-
pared to the parental cell line (Rhee, Bachman et al. 2002). Among the can-
didates for maintaining cellular memory through cell divisions are the Poly-
comb repressor and Trithorax activator proteins. Both group of proteins act 
through the binding to the same DNA elements, namely the poly-
comb/trithorax responsive elements. They preserve the transcriptional status 
of the associated gene via interactions with other epigenetic machineries 
such as histone modifying enzymes, and maintain previously established 
states of gene expression through the cell cycle via unknown mechanisms. 
As many developmental regulators are target genes for PcG/TrX proteins, it 
is not surprising that they are essential to maintain stem cell identity or the 
differentiated state (Martin and Zhang 2007; Ringrose 2007).  

Another form of replication-coupled memory is the transfer of 
parental nucleosomes with certain post-translational modifications of their 
histone tails onto the newly replicated DNA. The parental histone segrega-
tion, i.e. the disruption of pre-existing nucleosomes ahead of replication 
forks and their segregation onto the new DNA copy could probably 
propagete epigenetic marks, for example H3K9me3, and this way pave the 
way for the epigenetic modifications of the newly assembled nucleosomes. 
Indeed, in the newly emerging picture, the replication machinery, among 
others PCNA, has been documented to serve as a hub for chromatin modify-
ing enzymes thereby forming a link between the past and the future of a 
cell’s history.  Among the enzymes recruited by PCNA are DNMT1, histone 
deacetylases, which can then recreate the parental epigenetic signature on the 
newly assembled histones. As these enzymes must operate in a domain spe-
cific manner, their recruitment has to be highly regulated (Groth, Rocha et 
al. 2007; Martin and Zhang 2007).  

An important component of replication-coupled propagation 
of locus specific epigenetic marks is the timing when certain sequences rep-
licate. The duplication of the genetic material proceeds in an ordered se-
quence at replication foci that occupy defined nuclear sites at specific times 
during S phase. This temporal program of replication is extremely stabile 
and is often cell type specific. While it is unresolved how this specific spati-
otemporal organization is determined and maintained from one cell cycle to 
the next, transcriptional activity and chromatin modifications have been 
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linked with replication timing (Aladjem 2007). For example, the asynchro-
nous replication of imprinted loci, such as the Igf2/H19, directly or indirectly 
depends on epigenetic marks and the presence of intact binding sites for the 
insulatior protein CTCF (Bergstrom, Whitehead et al. 2007). Centromeric 
regions usually replicate late whereas actively transcribed genes tend to rep-
licate early during S-phase. As the replicase complex has different composi-
tions during replication timing– HDAC2 associated with replicases during 
only the late S phase – the timing of replication provides a vehicle to mani-
fest epigenetic states (Aladjem 2007).  

Finally, it is likely that cells establish different sets of intra-
and inter-chromosomal interactions during the different phases of cell cycle. 
The web of intermingling chromatin loops emerging in G1 phase in order to 
regulate and fine-tune transcriptional responses is likely to be re-organized 
before replication starts in S-phase. The disentangling of transcription spe-
cific chromatin loops could facilitate the process that coordinates transcrip-
tion and replication in order to avoid collision. The formation of individual 
mitotic chromosomes must require the reversal of inter-chromosomal inter-
actions. The question is, what kind of epigenetic marks would be left behind 
to orchestrate chromatin folding in the next cell cycle? The stability and 
even heritability of chromatin loops is less well explored. There is, however, 
one example showing the presence of an intra-chromosomal interaction even 
on mitotic chromosomes between the H19-Igf2 imprinting control region and 
DMR1,a differentially methylated region upstream of Igf2 (Burke, Zhang et 
al. 2005). 
 Depending on whether the cells undergo differentiation or 
maintain their cellular identity, the epigenome can be both configured and 
copied during S-phase. There is, however, a considerable variability in the 
accuracy of the transmission of epigenetic marks during cell division in dif-
ferent parts of the genome. In other worlds, epimutations are much more 
frequent, than mutations leading to the thousands of epigenomes with a con-
tinuum of phenotypes in the organism (Ohlsson, Kanduri et al. 2003).  In 
contrast to the propagation of epigenetic marks during mitotic cell divisions, 
most of the epigenome has to be cleared and reset from parent to offspring. 
Most of the genome becomes reprogrammed during two major waves of 
demethylation, once during primordial germ cell development and once dur-
ing pre-implantation embryogenesis. Occasionally, the erasure of epigenetic 
marks is incomplete, resulting in transgenerational inheritance. Active retro-
transposons are particularly resistant to the demethylation process, which, if 
associated with measurable phenotype, results into unusual patterns of in-
heritance (Rakyan and Whitelaw 2003). 
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1.4 Epigenetic regulation during development 
 

The fundamental difference between the developmental po-
tential of a fully differentiated cell and a totipotent cell capable of giving rise 
to a whole organism is embbodied in the epigenome of the cells(Reik 2007). 
After fertilisation, a major change takes place in the developmental potential 
of the united gametes. Most of the parental gamete specific marks are erased 
during these dramatic reprogramming events. The paternal genome ex-
changes protamines –sperm specific chromatin proteins- for somatic type of 
histones, and maternal and paternal genomes undergo a wave of demethyla-
tion with the exception of imprinted genes and a subset of repeat elements. 
Histone modifications also become radically reorganized. These changes are 
necessary for the acquisition of totipotency, the initiation of embryonic gene 
expression and later on for the early lineage commitment, as the embryo 
progressively develops a narrower potential. The differentiation-specific 
genes are held in epigenetically bivalent states in pluripotent cells to avoid 
premature silencing. Conversely, pluripotency associated genes can in theory 
be permanently silenced in differentiating cells, as they need to become acti-
vated only in the next generation (Reik 2007).  

The development of germ cells involves a special type of re-
programming event in the early post-implantation embryo(Reik 2007). As 
the primordial germ cells are derived from cells that are on the way of line-
age commitment in the egg cylinder, the somatic type of gene expression 
program has to be stably repressed. As development proceeds, the primordial 
germ cells re-activate expression of some key pluripotency-associated genes. 
However, they remain highly specialised cells as they cannot contribute to 
chimeras if introduced into blastocyst. After entering the genital ridge, the 
primordial germ cells undergo demethylation events, which include repeti-
tive elements and parental imprinting marks, and the establishment of the 
new imprinting marks initiates according to the gender of the embryo. De-
methylation of CpG islands during development seems to be very unique 
event and is restricted to the primordial germ cells, and the zygote after fer-
tilization (Reik 2007). Only two reports have described regulated, probably 
active demethylation of CpG islands in somatic cells, namely at the promoter 
region of the IL2 and Inf-� loci after stimuli, in T-cells (Bruniquel and 
Schwartz 2003; Murayama, Sakura et al. 2006). The epigenetic basis of 
pluripotency and of the restriction of developmental potential during the 
course of development is still largely unknown, and is likely to reflect more 
than the expression of certain combination of transcription factors.  

As mentioned above, a unique feature of the stem cell chro-
matin is the presence of bivalent marks. These bivalent domains have 
marked the genes of transcription factors that regulate development and 
show a low level of expression in stem cells. In the progeny of these cells the 
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active marks persist at locations that will become active, while the repressive 
marks persist at genes that will become inactive. These observations suggest 
that the bivalent state represents a poised state for activation to escape pre-
mature repression. H3K27me3 and H3K4me3 marks can be deposited and 
read by the Polycomb repressor and Trithorax activator protein complexes 
respectively, which have been suggested to regulate cellular plasticity and/or 
switches between pluripotent and differentiated cell states (Bernstein, Mik-
kelsen et al. 2006; Lee, Jenner et al. 2006). Some members of these protein 
complexes are capable of binding to the polycomb responsive elements. 
Which group of proteins binds to these elemens, thritorax or polycomb, is 
determined by the active or inactive state of the chromatin around PREs. 
Although not present on mitotic chromosomes, polycomb/trithorax proteins 
can stably maintain the active or repressed states during consecutive cell 
divisions. In accordance with the fact that all histone modifications and 
polycomb/trithorax complexes can be removed by specific enzymatic reac-
tions operating in all cell types, these marks transiently inactivate differentia-
tion-specific genes in pluripotent cells. For example, developmentally regu-
lated genes, such as homeobox transcription factors required for axis forma-
tion, are kept silenced in stem cells by polycomb group of protein repressive 
system, thereby providing opportunity for en eventual activation later on 
during development. ES cells lacking Eed, a component of the PcG repressor 
complex 2, are prone to spontaneous differentiation. Moreover, as usually 
several PREs can be found nearby their target genes, the dynamic competi-
tion between PcG and Trx proteins for these elements can result in abrupt 
changes in gene expression. The conversion of small initial variations in 
gene expression into robust read-outs might be necessary to achieve switch-
like behaviors for example during lineage commitment (Lee, Jenner et al. 
2006; Ringrose 2007; Schuettengruber, Chourrout et al. 2007). 

The silencing of pluripotency associated genes and of the tes-
tis specific genes is achieved by the combination of histone modifications 
and a more stable epigenetic mark, DNA methylation. As to date, no somatic 
type DNA-demethylase has been identified, this mark provides a long-term 
memory, locking in pluripotency or germ cell specific reprogramming asso-
ciated genes in permanently inactive chromatin conformation in somatic 
cells. This safeguarding seems to be essential to prevent dedifferentiation 
and to maintain cellular memory. The positive feed-back loops created by 
the self-reinforcing features of DNA-methylation inducing histone deacety-
lation, and histone methylation directing DNA methylation can be particu-
larly effective to maintain permanent inactive states at the promoter region 
of pluripotency associated genes like Oct3/4, at repetitive pericentromeric 
sequences and transposable elements (Feldman, Gerson et al. 2006; Reik 
2007). The activation of the machinery that is able to re-program these 
marks outside their normal context during development has been linked to 
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cancer development, a complex disease of loss of cellular memory and iden-
tity (Feinberg, Ohlsson et al. 2006; Widschwendter, Fiegl et al. 2007). 
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2. Tumor development: loss of cellular 
memory and genomic integrity 

 

2.1 Complex diseases: Interactions between the genome, 
the epigenome and the environment   
 

Complex diseases are considered to be caused by the accumu-
lation of subtle genetic and epigenetic changes. These events are insufficient 
to induce disease by themselves, but pathogenic when arrayed along critical 
functional pathways (Feinberg 2007; van Vliet, Oates et al. 2007). A com-
mon feature of complex diseases is that genetic and epigenetic predisposition 
together with non-linear and complex gene-environment interactions shape 
the disease phenotype that cannot be understood without the concept of epi-
genetics. The ability of epigenetic mechanisms to contribute to disease phe-
notypes rests partly on the paradigm of the partial stability and plasticity of 
epigenetic regulation. This property makes it possible for the effect of harm-
ful environmental stimuli to be stabily propagated throughout cell genera-
tions and contribute to the development of complex diseases, such as cancer 
for example. Epigenetic mechanisms are consistent with various non-
Mendelian features of complex diseases, such as the surprising degree of 
discordance in monozygotic twins, the critical age group for susceptibility to 
the disease, clinical differences in males and females, incomplete penetrance 
and fluctuation of the disease course, including interchanges of manic and 
depressive phases in bipolar disorders or exacerbations in the course of SLE 
for example(Feinberg 2007; van Vliet, Oates et al. 2007).  

It is important to recognize, that it is the interaction between 
genetic and epigenetic factors in a certain environment that is responsible for 
establishing and maintaining tissue specificity, functional integrity and ho-
meostasis. Alternatively, this interaction shapes the clinical course of the 
disease. One example of how epigenetic states can interact with genetic 
states and influence the manifestation of a disease is the ability of epigenetic 
mechanisms to mask genetic defects. For example, in the case of X-linked 
diseases the choice of X-inactivation can mask a mutation if it is situated in 
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the silenced part of the inactive X. Epigenetic states can contribute, on the 
other hand, to the manifestation of an existing mutation as well. Diverse sets 
of silencing and activating mechanisms are capable of effectively inhibiting 
or activating the expression of genes, thereby creating a cellular environ-
ment, that is able to mask or enhance the effect of genetic events. These is-
sues are further compounded by the possibility that certain SNPs could pre-
dispose individuals to or protect from epigenetic lesions. Inter-individual 
variability in allele-specific gene expression or epigenetic heterogeneity has 
been described in certain imprinted genes in the literature. In turn, epigenetic 
changes can promote genetic instability in many ways. Global hypomethyla-
tion leading to the transcription of transposable elements, recombination or 
hypermethylation of the promoter of mismatch repair genes can induce ge-
netic instability. When studying disease aetiology and pathomechanism, it 
has to be considered that a new picture is emerging about the role of the 3D 
structure of the nucleus. Intra- and interchromosomal interactions emerge as 
important factors in the proper regulation of gene expression, maintenance of 
genetic and epigenetic stability of the genome (Whitelaw and Whitelaw 
2006; van Vliet, Oates et al. 2007).  

Finally, it is also important to keep in mind, that in the case of 
complex diseases it is not easy to establish a cause and effect relationship 
between the disease and altered epigenetic states. For example, an epimuta-
tion can be a predisposing factor to the disease, but it can be induced by en-
vironmental factors contributing to the disease or alternatively be a conse-
quence of the disease patophysiology (Feinberg 2007).   
 

2.1.1 Definition and characteristic features of neoplasia  
 

According to the current definition, neoplasia is an abnormal-
ity of cellular differentiation, maturation and growth. Tumors can be classi-
fied as benign and malignant based on some key features in their behavior, 
such as invasion and metastatic potential being only associated with malig-
nant neoplasms (Concise Pathology 3rd Edition, Parakrama Chandrasoma 
and Clive R. Taylor).  

Surprisingly, the importance of the individual criteria depict-
ing malignancy varies to a large extent with different neoplasms. For exam-
ple, mitotic rate is a major determinant that distinguishes benign smooth 
muscle lesions from malignant ones in the uterus, whereas in many other 
tumors it is of little relevance. The benign neoplasm of the adrenal medulla 
can display extreme cytological abnormalities without any signs of invasion 
and metastasis (Concise Pathology 3rd Edition, Parakrama Chandrasoma and 
Clive R. Taylor). The diversity of solid tumors has constituted a challenge 
for a unified model describing the process of carcinogenesis and identifying 
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the cell population that could be the target for transformation. Two opposing 
models exist so far, one emphasizing the stepwise acquisition of genetic 
mutations in tumor development, whereas the other points to the disruption 
of epigenetic regulation in progenitor cells as the driving force of cancer 
(Aaltonen 1996; Feinberg, Ohlsson et al. 2006).  

 

2.1.2 Traditional genetic view on the initiation of neoplastic 
process 
 

The clonal genetic model of carcinogenesis builds to a large 
extent on the well-characterised example of the stepwise development of 
colon cancer(Fearon and Vogelstein 1990). In familial polyposis of the co-
lon, colon cancer develops through the transformation of normal colon epi-
thelium to adenomatous polyps with dysplasia and finally into invasive can-
cer. This sequence of events contributed to the formation of the model that 
describes cancer as a multistep clonal process directly related to the acquisi-
tion of sequential genetic changes. In harmony with this model, the devel-
opment of colorecal cancer has been shown to involve a series of alterations 
in dominantly acting oncogenes, genes that act in concert to control cell cy-
cle entry and programmed cell death, and in recessively acting tumor sup-
pressor genes that serve to downregulate proliferation. This view of cancer 
development has been useful to identify so called gatekeeper mutations, 
which are necessary for the earliest stages of tumor growth. In the case of 
colon cancer for example, a mutation in the adenomatosis polyposis coli 
(APC) gene defines the earliest stages of neoplasia. The accumulation of 
mutations in APC, later on in Kirsten rat sarcoma-2-viral (v-Ki-ras2) onco-
gene homologue and then in tumour protein 53 (TP53) has been shown to 
follow roughly the progression from small benign adenomas to advanced 
metastatic tumors, each mutation leading to a selective overgrowth of a 
monoclonal population of tumor cells. Epigenetic changes have also been 
incorporated into the genetic model as surrogate alterations for mutations, 
because repression of tumor suppressor genes by DNA-methylation for ex-
ample can stabily be propagated in a clonal cell population (Gryfe, Swallow 
et al. 1997; Kountouras, Boura et al. 2000; Vogelstein and Kinzler 2004; 
Feinberg, Ohlsson et al. 2006).  

These progression-related mutations and epimutations, how-
ever, have proven to be inconsistent, with the exception of the gatekeeper 
mutation. The model has been then modified accordingly, and it has been 
proposed that following the gatekeeper mutation event, the specific order of 
the sequential genetic changes contributing to each pathological stage of 
tumor progression might not be important (Feinberg, Ohlsson et al. 2006).   
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The genetic model of carcinogenesis finds strong support in 
the observations and experiments proving that deficiency in DNA repair 
leads to cancer development. Moreover, certain genotypes of mismatch re-
pair genes have been associated to increased risk for bladder cancer 
(Andrew, Karagas et al. 2007). The role of genotype is further emphasized 
by the experiments showing that mice can be selected for high and low can-
cer incidence by in breeding (Nagasawa and Kusakawa 2001). A significant 
limitation of this model is, however, that so far no recurrent mutation has 
been identified that could be hold responsible for invasion, neither for metas-
tasis. Expression changes without any underlying mutation, however, 
emerge as major contributors to the properties of invasion and metastasis. 
For example, overexpression of MET gene breast increases potential for 
cancer metastasis in mice, whereas experimental reduction of it in mouse 
prostate cancer reduces metastatic potential. Overexpression of Twist pro-
motes breast cancer invasion in mice by inducing epithelial-mesenchymal 
transition, a process by which tumor cells weaken E-cadherin-dependent 
intercellular adhesion, enhance motility and become able to penetrate sur-
rounding tissues (Feinberg, Ohlsson et al. 2006).  

Another controversial part of this model concerns discrepancy 
between the time it would take for multiple clonally selected mutations to 
account for changes in the progression of the disease. It is also difficult to 
explain, why do most adult tumors to develop late in life, if the only re-
quirement for the initiation step is mutations in a gatekeeper gene (Feinberg, 
Ohlsson et al. 2006).  

The third critique to the multistep clonal genetic view on can-
cer concerns the way it looks upon the role of epigenetic changes in cancer 
development. Even though the epigenetic changes have been acknowledged, 
they are just considered either surrogates for mutations in the DNA at gate-
keeper genes or oncogenes or promote genetic instability. The upregulation 
of the histone variant, CenP-A which defines centromeres in non-neoplastic 
cells, can establish ectopic centromeres in cancer cells and contribute to ane-
uploidy(Eden, Gaudet et al. 2003; Feinberg, Ohlsson et al. 2006). The global 
hypomethylation, which is a common denominator of all benign and malign 
tumors, also contributes to the instability of the genome by de-repressing 
retrotransposons and other mobile elements(Eden, Gaudet et al. 2003; Gau-
det, Hodgson et al. 2003; Feinberg, Ohlsson et al. 2006; Howard, Eiges et al. 
2007).  
 

2.1.3.” Epigenetic progenitor origin of human cancer” 
 

In contrast to the genetic model, the novelty of the epigenetic 
progenitor model lies partly in that it points to the disruption of epigenetic 
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regulation as the common basis of all tumors. Moreover, it also states that 
the initial epigenetic disruption took place in a population of stem/progenitor 
cells. The polyclonal epigenetic disruption of progenitor cells would be me-
diated by mutations or epimutations in tumor progenitor genes. Monoclonal 
genetic mutations of gatekeeper genes in the susceptible cell population 
would then be the second step towards cancer development. A third step, 
finally, would involve the increase of genetic and epigenetic instability 
(Feinberg, Ohlsson et al. 2006).  

Several lines of evidence support the role of epigenetics in the 
initiation step of tumor development. Some findings suggest even more than 
that, i.e. the nature of the process that leads to neoplasia is inherently epige-
netic. Firstly, the experiment showing that cloned mouse melanoma nuclei 
can be reprogrammed to start normal development and differentiate into 
mice indicates that most properties of a tumor are reversible(Hochedlinger, 
Blelloch et al. 2004). Reversibility is the feature of epigenetical control and 
not that of changes in the DNA sequence. In line with this, in vitro studies 
have demonstrated that both solid tumor cells and leukaemias can revert the 
tumor phenotype (Feinberg, Ohlsson et al. 2006).  

A more direct role for epigenetic changes in the initiation step 
of tumor formation is supported by the observations that epigenetic lesions, 
such as global hypomethylation and promoter hypermethylation can be 
found in all tumors, even in the early benign lesions. As both DNA-
methylation and genetic mutations are inherited clonally through cell divi-
sions, global methylation changes have had to happen at the same time as 
mutations, which is very unlikely, unless they have preceded the acquisition 
of genetic changes.  Moreover, epimutations such as loss of imprinting (LOI) 
of the IGF2 gene, promoter hypermethylations are found not only in the 
tumor but also in the normal colon mucosa of colon cancer patients. Fur-
thermore, the presence of IGF2 LOI in the apparently normal colon mucosa 
have shown to be an independent risk factor for the development of colon 
cancer (Feinberg, Ohlsson et al. 2006).  

To experimentally test the effect of LOI at Igf2 on cancer risk, 
Min mice, heterozygous for an APC deletion, have been crossed with a 
mouse model engineered to inherit maternally a deleted imprinting control 
region and H19 gene to mimick loss of imprinting. As a result, both the 
number and the size of the tumors have increased compared to Min mice 
alone, and they have developed significantly earlier. One interpretation of 
these data can lead to a new concept suggesting that epigenetic changes, LOI 
would increase the risk of that a given mutation, such as mutation in the Apc 
gene, leads to cancer (Sakatani, Kaneda et al. 2005).  

The other important finding of these experiments is that the 
mutations mimicking LOI at Igf2 have shifted the balance of the intestinal 
epithelium towards an expanded stem/progenitor cell compartment. The 
same shift has been observed in mice having a maternally inherited mutated 
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ICR without the deletion of H19 gene further supporting the role of LOI in 
the expansion of progenitor cells. Together with the similar findings on the 
expanded stem/progenitor cell compartment in the colon mucosa of patients 
with LOI, increased risk for tumor development might also be indirectly 
linked to an increase in the number of the stem/progenitor cells. The idea, 
that stem cells would be the actual target of epigenetic lesions and the ori-
gins of cancer has already been expressed earlier. A variety of tumors have 
shown to harbor cells that stain positively for a combination of stem cell 
markers (Widschwendter, Fiegl et al. 2007). However, since fate-mapping 
experiments cannot be done on human material, the true nature of these cells 
remain unknown (Sakatani, Kaneda et al. 2005).  

Even though the existence of cancer stem cells is still contro-
versial(Simon and Frisen 2007), it is possible to imagine that epimutations in 
general can emerge in stem or progenitor cells that could interfere with the 
differentiation process and manifest only during the maturation of the cells. 
In line with this, the removal of most of the DNA methylation from embry-
onic stem cells does not induce genomic instability. Although such cells 
appear normal, they cannot support post-implantation development (Li, Be-
stor et al. 1992). The experiments showing that the H19 ICR is a barrier for 
parthenogenesis and the removal of it supports reprogramming to support 
embryonal growth suggest that the ICR might have a more general role in 
differentiation processes.   

The understanding of how the epigenetic disruption of pro-
genitor cells would lead to their expansion and a change in the tissue archi-
tecture in the colon mucosa might aid in unfolding how and why does LOI 
create a „neoplasia ready” cell population. The role of the tissue architecture 
in maintaining proper cellular functions is increasingly recognized (Engler, 
Sen et al. 2006).  

Further considerations might support the role of LOI at the 
H19 ICR in cancer development. BORIS (brother of the regulator of im-
printed sites), the paralogue of CTCF and a testis cancer gene, is often am-
plified and over-expressed in several different cancer cell lines and tumor 
tissues. As BORIS and CTCF have identical Zn-finger domains but different 
N- and C-terminals, they compete for the same sequences if expressed si-
multaneously, but exert different protein-protein interactions and therefore 
different functions at their target sites. Considering that BORIS has been 
implicated in reprogramming of parental specific imprinting marks during 
male germ line development, it is possible to imagine that BORIS might 
exert its oncogenic effect partially through interfering with the function of 
CTCF. These functions might include for example not only the regulation of 
genes involved in cell proliferation such as p53, MYC and p19ARF, but also 
the maintenance of the imprinting status of the maternal H19 ICR (Ohlsson, 
Renkawitz et al. 2001; Klenova, Morse et al. 2002).  



 45

The third step of this model describes the epigenetic and ge-
netic instability of tumors, which is also reflected in the observed heteroge-
neity, pleomorphism of cancer cells. The constant epigenetic changes enable 
the tumor cells for quick adaptation to the environment. The epigenetic vari-
ability, dynamic and reversible epigenetic changes upon which selection 
mechanisms can act during tumor progression can underlie the ability of the 
tumor cells to spread to distant places in the body and expand cell popula-
tions which are able to survive and grow in a wide variety of microenviron-
ments. The advantage of epigenetic variability is for example reflected in the 
phenomenon that down regulation of the adhesion protein E-cadherin pro-
motes the release of tumor cells from the site of primary tumor, whereas the 
expression of it promotes the ability of circulating cancer cells to anchor and 
grow at distant sites, in other words metastatize. Epigenetic changes can also 
pave the way for irreversible genetic changes, including genetic instability 
(Ohlsson, Kanduri et al. 2003; Feinberg, Ohlsson et al. 2006).  
 At the core of the epigenetic progenitor origin model is a re-
programming process, which involves the destabilization of cellular identi-
ties, loss of cellular memories and the acquisition of a phenotype that can 
constantly evolve and selected upon by the environment. To understand what 
this phenotype means at the molecular level, what is selected upon, and how 
it can emerge, it is important to place the current models of tumor develop-
ment in the context of the three dimensional structure of nuclear organiza-
tion.  

2.1.4.  Nuclear architecture and tumor development 
 

One of the most striking difference between the nucleus of 
tumor cells and their non-cancerous counterparts concerns the nuclear vol-
ume. A hallmark of cancer cells is the enlarged nucleus, and an increase in 
the nuclear to cytoplasmic ratio already at the very early stages of carcino-
genesis, before the invasion of basement membrane in the case of epithelial 
tumors(Rubio 2007). The relevance of this parameter in the process of tumor 
development is reflected by its prognostic value in almost all tumor types 
examined (Aziz and Barathur 1994). Interestingly, the increase in nuclear 
volume is a characteristic feature of cells undergoing reprogramming. Suc-
cessful reprogramming in nuclear transplantation experiments has been 
linked to nuclear swelling in several different species (Barnes, Robl et al. 
1987; Prather, Sims et al. 1990). Furthermore, the time corresponding to the 
erasure of parental imprints and the initiation of the establishment of new 
imprints during germ cell development is also accompanied by the increase 
in nuclear size (Takamune, Teshima et al. 1995). The strong correlation be-
tween reprogramming and nuclear volume might not be accidental, as there 
are many ways how the change in the size of the nucleus could contribute to 
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genome wide global changes in gene expression and the way the cells re-
spond to their environment. Considering that the high effective concentration 
of proteins in the nucleus due to molecular crowding is an essential factor in 
establishing and maintaining nuclear compartments, nuclear size has to be 
regulated in harmony with the concentration of the proteins within. An in-
crease in nuclear volume has the potential to dilute out key components 
which are neccessary to maintain chromatin states, proper expression pat-
terns which are necessary to maintain cellular identity. The experimental 
expansion of nuclear volume has been shown to induce the disassembly of 
nuclear compartments, nucleolus and the inhibition of nuclear processes 
such as pol I transcription. The importance of molecular crowding, discrete 
phases formed by dynamic protein aggregates in nuclear functions further 
supported by the observation that the addition of inert penetrating macro-
molecules to the medium of cells with expanded nuclei has been able to re-
store nuclear compartments and functions (Hancock 2004).  

The effect of the sudden change in nuclear volume on the 
compartments of the nucleus and especially on the assembly of the nucleolus 
is remarkable, as carcinogenesis is strongly associated with changes in the 
size and number of nuleoli. Moreover, the visualization of nucleolar organ-
izer regions (AgNOR) by silver staining represents a powerful tool in pre-
dicting invasive and metastatic potential and growth rate (Fischer, Bardarov 
et al. 2004; Stemberger-Papic, Stankovic et al. 2006). The increase in the 
number of nucleoli might on one hand be necessary for the production of 
ribosomes to support the requirements in proteins for increased prolifera-
tion(Ruggero and Pandolfi 2003). On the other hand, as the perinucleolar 
space has been implicated in epigenetic regulation maintaining silenced 
states, in X-inactivation and genomic imprinting, the disruption of this com-
partment might have consequences which could influence the stability of 
epigenetic states in general (Huang, Deerinck et al. 1997). Finally, nuclear 
expansion and the disassembly of nuclear compartments, dynamic protein 
aggregates might influence epigenetic stability in a more indirect way. A less 
well explored avenue addresses the potential of phase changes and protein 
sequestration in nuclear compartments to provide a robust buffer against 
stochastic fluctuations in the protein concentrations regulating chromatin 
(Slepchenko and Terasaki 2004). 

Another major organizer of nuclear architecture is the folding 
of chromatin into different layers of higher order structure and finally into 
chromosomes occupying dynamically regulated territories in the interphase 
nucleus. As nuclear positioning has been implicated in the regulation of gene 
expression, it is easy to percieve that aneuploidy, the gain or loss of chromo-
some might interfere with this process. Nuclear positioning has also been 
shown to pave the way for certain translocations. The degree of intermin-
gling between different chromosomes in human lymphocytes have correlated 
well with the frequency of translocations in the same cell type (Branco and 



 47

Pombo 2006). Positioning and physical proximity could in principle provide 
explanation for why translocations between chromosomes recur at specific 
breakpoints in the genome (Osborne, Chakalova et al. 2007).  

Finally, the relevance of understanding nuclear architecture is 
further emphasized by the potential of proteins regulating chromatin folding, 
their target sequences and nuclear compartmentalisation to reset the tran-
scription rate of many genes simultaneously within the same cell. This could 
increase the chances of mutually adaptive regulatory changes both during 
development and evolution, but also during tumor development enhancing 
the ability of the tumor cells to adapt to a new microenvironment during 
metastasis for example. 
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Aims of the study 

 
The H19 ICR is engaged in extensive allele specific loop formation while 
regulating the imprinted expression patter of H19 and Igf2. However, the 
H19 ICR has also been implicated in processes such as cancer development 
and parthenogenesis, which suggest a role for this region beyond the realms 
of local regulation of imprinting.  
 
Paper I 
 
The aim of this paper was to develop a high throughput technique that en-
abled the identification of sequences physically interacting with the H19 
ICR.  
 
The following questions were addressed: 
What is the distribution of the interacting sequences in the mouse genome? 
Do the epigenetic marks of the two alleles of the H19 ICR influence the pat-
tern of interactions? 
What are the functional consequences of the identified interactions with re-
spect to gene expression? 
Are these interactions subjected to developmental regulation during in vitro 
maturation of mouse ES cells? 
 
Paper II 
 
This paper examines the anatomy of the higher order chromatin structure at 
the human H19 ICR in details. 
The following questions were addressed: 
Do neighboring sequences display overlapping patterns of interactions? 
Does proximity influence the frequency of interactions? 
Are the interactions regulated by the methylation status of the interacting 
sequences? 
 
Paper III 
 
The aim of this paper was to present an advanced protocol for a high resolu-
tion circular chromosomal conformation capture technique. 
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Paper IV 
 
The aim of this paper was to provide an overview about the advantages and 
disadvantages of techniques allowing examination of the higher order fold-
ing of chromatin fiber. Moreover, the aim was to discuss and present new 
ideas about the rules governing chromatin looping.  
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Results and discussion 
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Paper I 
 
1.1 Circular chromosomal conformation capture (4C) assay of intra- and 
interchromosomal interactions 

 
A technique was developed to identify sequences juxtaposed to the H19 ICR 
from remote locations without a prior knowledge of their identities. The 4C 
assay was based in part on the chromosome conformation capture (3C) as-
say, which was developed to determine very close physical proximity of 
known sequences in cross-linked chromatin. The 4C method takes advantage 
of the proximity ligation principle, in that cross-linked restriction enzyme 
digested DNA-protein/protein-DNA complexes form a circular molecules 
under high concentrations of ligase following prolonged incubations (Fig 
1a). After the reversal of crosslink, the strategic positioning of PCR primers 
within the circular DNA products enables the identification of interactors in 
an unbiased manner. This method has generated a wide range of interacting 
sequences with different lengths in the cross-linked ligated 4C sample, but 
not in the non-crosslinked or non-ligated controls (Fig 1b). The subsequent 
cloning and sequencing of the 4C samples have identified 114 unique se-
quences (Fig 1c) interacting with the H19 ICR in mouse neonatal liver from 
SD7 x 142* crosses(Pant, Mariano et al. 2003). SD7 mice harbor the distal 
chromosome 7 imprinting region of Mus spretus origin in a Mus musculus 
musculus background. The 142* allele, which does not bind CTCF in vivo, 
was generated by mutating CTCF binding sites one, three and four within the 
H19 ICR (site nr two does not bind CTCF in vivo). Sixteen interacting se-
quences appeared in two or more times in four independently established 
libraries representing 4C experiments, which suggested that the 4C library 
covered a substantial portion of genome wide interactions with the H19 ICR. 
The sequencing approach enabled the detection of simultaneous interactions 
between the H19 ICR and multiple sequences from different chromosomes. 
The simultaneous juxtaposition of up to four different chromosomes to the 
H19 ICR supported the notion of dynamic chromosomal networks.  Al-
though all autosomes were represented in the 4C library, most of the inter-
acting sequences were located on chromosome 7, which suggested that the 
H19 ICR interacted more frequently with proximal cis elements (Fig 1c). 
The relative frequencies of interactions were examined by spotting the 4C 
library on microarray glass slides followed by hybridization to 4C probes. 
The reproducibility of the 4C signals and the biological variation were tested 
by comparing the hybridization signal of a pool of three independent 4C 
experiment to another pool of three independent 4C experiment on one slide 
(Fig 1d). The signals were shown to be reproducible. To neutralize variations 
in the microarray spotting and sequence complexity, the 4C signals were 
normalized with signals generated by of genomic DNA. About one third of 
the sequences showed at least four fold signal to genomic DNA ratio (Fig 
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1e). The size of the interactors showing high hybridization signals ranged 
from 38 bp to 860 bp (Fig 1e).  
 
1.2 Epigenetic control of intra- and inter-chromosomal networks 
  
CTCF target sites within the H19 ICR are essential both for the imprinted 
expression pattern of Igf2 and H19, and for the formation of higher order 
chromatin folding of the region. To assess if any of the interactors specifi-
cally associate with the CTCF- H19 ICR complex, we examined neonatal 
liver nuclei from SD7 x 142* and 142* x SD7 crosses. Hybridisation signals 
of 4C samples from neonatal liver inheriting the mutant H19 ICR maternally 
or paternally over genomic DNA were used to create ratios, which are repre-
sented as maternal to paternal inheritance of the 142* allele (Fig 2a). Inter-
estingly, there was little overlap between the interchromosomal interactions 
present in the 142* x SD7 and the SD7 x 142* crosses, despite the high re-
producibility of the 4C hybridizations. Twelve randomly picked sequences, 
representing approximately 10% of the entire library, was subjected to allele 
specific 3C analyses. Notably, 8 out of 12 sequences were specific to the 
maternal allele in SD7 x 142* crosses, and the remaining 4 interactors were 
interacting with both parental H19 ICR alleles. All of the examined 8 mater-
nal specific interactions were lost in 142* x SD7 background, whereas the 
unligated negative control and the ligated positive control were comparable 
between the crosses (Fig 2b). Moreover, 3 dimensional DNA FISH analyses 
confirmed that the maternal specific interactions were lost in the 142* x SD7 
cross, and was in agreement with the 4C analyses (Fig 2d). In contrast to the 
inter-chromosomal interactions, the regions very proximal to the H19 ICR 
did not show allelic preferences (Fig 2f).  
 
1.3 Transcriptional regulation in trans 
 
To assess the functional consequences of the uncovered interactions, the 
region containing two 4C interactors within exon 15 and exon 22 of the 
Osbpl1a gene was examined closer. 3C analysis demonstrated that intron 15 
interacted preferentially with the maternal allele, an interaction which was 
lost when the mutant H19 ICR was inherited maternally (Fig 3b).  Interest-
ingly, the 5`of the Osbp1la gene maps to an imprinted gene, Impact. 3C 
primers were designed to detect a possible interaction between H19 ICR and 
the DMR of Impact. Again, the interaction was specific for the maternal H19 
ICR allele and was lost when the mutant H19 ICR was inherited maternally. 
To examine the functional consequences of the loss of this interaction, 
mRNA levels of Impact and Osbp1la were analysed by qPCR, followed by 
normalization with to �-actin mRNA levels. As a result of the loss of interac-
tion, the expression of Osbp1la increased 2.5 fold and the expression of Im-
pact reduced 50% in 142* x SD7 crosses compared to SD7 x 142* (Fig 3c). 
The unexpected functional link between H19 ICR and the non-imprinted 



 54 

Osbpl1a, a sterol binding protein, sheds new light on the epigenetic regula-
tion of lipid metabolism. Potential explanations for this effect can include 
not only the remote regulation of epigenetic states of cis elements, but also 
insulation by the H19 ICR in trans. 
 
1.4 Imprinted domains are connected via DMRs 
 
The genome wide 4C experiments have revealed that the sequences interact-
ing with the H19 ICR are enriched in known and predicted imprinted genes. 
Both imprinted and non-imprinted interactors mapped primarily to intergenic 
regions (Fig 2e) arguing against a simple transcriptional network as an un-
derlying cause for interactions. The existence of a network of physical inter-
actions between DMRs of imprinted genes was further supported by the 
interactions between H19 ICR and the DMRs of the imprinted genes Nap1l5 
and Kcnq1 detected by 4C and the DMR of Impact detected by 3C (Fig 3b). 
Interestingly, all three interactions were specific to the maternal allele. Fur-
ther experiments are required, however, to address the functional implica-
tions of these interactions and examine the possibility of differential epige-
netic templating in cis and trans by an ancient ICR during male and female 
germ line.  
 
1.5 CTCF-dependent chromosomal networks form upon in vitro differentia-
tion of ES cells 
 
 
To address the question whether chromosomal networks were subjected to 
developmental regulation, the interaction patterns in mouse ES cells and 
derived embryoid bodies were compared. By hybridizing a pool of three 
independent 4C samples derived from ES cells and embryoid bodies to the 
dedicated 4C microarrays, we found interactions present either in ES cells or 
EBs, or in both, suggesting an ongoing dynamic reprogramming of chromo-
somal networks as ES cells mature. The results of the microarray hybridiza-
tions were validated by analyzing the presence of 3 randomly picked interac-
tors in the 4C samples by Southern blots (Fig 4b). Interestingly, the se-
quences interacting with the H19 ICR in a CTCF dependent manner in neo-
natal liver were significantly more frequently detected in embryiod bodies 
(Fig 4a). Signals derived from embryoid bodies only partially overlapped 
with signals derived form neonatal liver suggesting that the patterns of inter-
actions are cell type-specific. The functional relevance of the formation of 
CTCF-dependent chromosomal networks in proper maturation might be 
reflected by the strong association between the enlarged progenitor cell 
compartment in the colon mucosa and the maternal inheritance of the mutant 
H19 ICR. The need to establish a developmentally regulated chromosomal 
network between the H19 ICR and remote elements might also underlie the 
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link between cancer-predisposing changes in progenitor cells and a lesion at 
the maternal H19 ICR.  
 
 

Paper II 
 
1.1 High resolution map of chromatin folding at the human H19 ICR 
 

Genetic and epigenetic lesions at the mouse as well as at the human H19 
ICR have been linked to cancer development in the colon. As the extensive 
communication between the mouse H19 ICR and the genome pointed to a 
potential role of chromatin folding in cancer predisposition, the anatomy of 
chromatin loops at the H19 ICR was examined in a colon cancer cell line 
(HCT116) in great details. As the chromosomal networks impinging on the 
mouse H19 ICR have been shown to undergo reprogramming during in vitro 
maturation of ES cells , the availability of HCT116 cell derivatives engi-
neered to lack DNMT1 and DNMT3B and displaying global hypomethyla-
tion -a feature of embryonic stem cells- was of particular interest. 

The use of the Csp 6I restriction enzyme enabled the dissection of the 
H19 ICR into three different fragments, namely repeat unit one (RU1) and 
RU2 containing 3 different CTCF binding sites each and an in between (IB) 
region connecting the two repeat units. To obtain high resolution map of the 
interactors, a restriction enzyme recognizing 4 base pairs was used during 
the 4C protocol. The efficiency of the restriction enzyme digestion was ex-
amined by using primers spanning the restriction enzyme sites, as well as 
neighboring sequences as internal controls (Fig. 1S). Strategically positioned 
core and nested primers within the baits allowed the identification of the 
interacting sequences with the individual baits (Fig. 1A). By using an im-
proved protocol described in Paper III,  it was possible to achieve 90% di-
gestion efficiency of the chromatin template. The 4C samples generated 
from the parental cell line and its derivatives were hybridized to NimbleGen 
custom tile (52 bp resolution) microarrays covering 35.4 mb of the short arm 
of the human chromosome 11. A representative portion of the bait is shown 
in Figure 1B whereas Figure 1C shows a heat map comparing each of the 
three H19 ICR baits in the parental HCT116 cell line named 28 and its de-
rivatives having 20 fold lower levels of DNA-methylation, named 44 and 66. 
As the 44 and 66 cell lines were obtained independently from each other, 
they allowed the assessment of the biological variation in the chromosomal 
folding. The heat map showed that all three baits engaged in interactions, but 
with very little overlaps in the interacting sequences. Moreover, there was a 
substantial amount of variation between the samples either due to differences 
in the interaction patterns in the original cell populations or to variation in-
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herent to the 4C procedure. Interestingly, whereas most of the interactors 
were proximal to the baits, there was no simple relationship between the 
distances from the baits and the frequency of interactions.  

 
1.2 Synergistic interactions generate stabile higher order chromatin confor-

mation 
 

To determine the validity of the interactions identified by the 4C 
method, the distribution of Csp 6I sites were compared to the microarray 
signals. To further examine the patterns of interactors in the different cell 
types, 3C analyses were carried out. Figure 2 shows that the 3C approach 
validated the interaction impinging on the 28IB bait as identified by 4C. 
However, it is also evident that according to the 3C assays, the different 
interactions are not entirely cell type-specific, but could be found in not only 
the 28 cell line but also in the 66 cell line, although at a lower level. This 
finding indicated that although the 4C technique was able to identify the 
interacting sequences correctly, it was not precise in determining the fre-
quencies of these interactions. To assess whether this difference in the two 
assays was caused by the limiting amounts of 4C templates in the PCR reac-
tions, the concentration of circular DNA in the exonuclease-treated 4 C sam-
ples was determined by qPCR. This analysis revealed that the number of 
circular molecules containing the H19 ICR was approximately one per 35 
cells. When counting with 1% crosslinking efficiency, which is a general 
estimate with respect to formaldehyde, the maximum number of nuclei that 
can be examined for interactions between chromatin fibers was about 1 allele 
per 3500 cells. With an input of 250000 cells in each 4C sample per bait sent 
for microarray analysis, only 80 alleles could be maximally scored for. Thus, 
the small overlap in the interaction pattern of the different baits in different 
cell types depicted in Figure 1 could reflect that only a fraction of existing 
interactions were captured by each 4C experiments.  

Further complicates the analysis that formaldehyde is notoriously poor 
in fixing proteins to proteins. The dissection of the H19 ICR into small baits 
therefore could interfere with the identification of those sequences that inter-
act with the H19 ICR via multimeric protein bridges. The initial observation 
of an interaction between RU1 and RU2 with the IB fragment looping out in 
28 and 44 cells further supported the potential of the existence of interactors 
hold together by multiprotein complexes. To overcome the low efficiency of 
formaldehyde in protein-protein crosslinking, a longer bait was generated to 
include not only RU1 but also the IB region (30%) and RU1 (10%) by sub-
jecting crosslinked samples from 44 cell line to partial Csp6I digestion. Us-
ing core and nested primers annealing to RU1, the number of interactors 
identified by 4C were significantly increased (Fig. 3B). The finding, that the 
Mse I restriction enzyme did not cut efficiently the H19 ICR between RU1 
and RU2 provided an additional opportunity to examine the relationship 
between the size of the bait and the number of detected interactions. As both 
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Mse I and Csp 6I enzymes are 4-cutters and generate TA overhangs, the 
efficiency of the circularization step of the 4C protocol was not expected to 
be influenced significantly. Figure 3A compares completely digested, par-
tially digested Csp 6I and Mse I RU1 baits over the same region in the 44 
cell line. The results revealed that the number of interactions significantly 
increased with the size of the bait, being the largest for the Mse I-digested 
samples leaving 50-90% of the entire H19 ICR intact. It is proposed there-
fore, that the size of the bait appears to reflect synergistic interactions that 
could potentially increase the stability of higher order chromatin conforma-
tion in vivo. Moreover, the fact that the accumulated number of interactors 
(>150) exceeded the estimated number of nuclei scored for suggested the 
presence of simultaneous interactors impinging on the H19 ICR bait.  
 
1.3 Loss of DNA-methylation at repeat regions linked to chromatin loop 

formation 
 

Chromatin folding at the H19 ICR was compared between the parental 
cell line and its derivatives displaying 20-fold lower DNA methylation and 
loss of imprinted expression of IGF2. Figure 4 shows that the number of 
interactions is significantly less in the parental (28) cell line compared to the 
44 and 66 cell lines with hypomethylated genomes, suggesting a role for 
DNA-methylation in chromatin loop formation. A closer look at the interact-
ing sequences revealed that repeat units can be identified as common parts of 
the interacting sequences (Fig. 5A and 5B). Moreover, repeat elements were 
more abundant among the sequences interacting with the H19 ICR in 4C 
samples partially digested with Mse I, than compared to the Csp 6I-specific 
interactors of the same size. Figure 5C shows the patterns of repeat elements 
within sequences interacting with the IB (similar data for the other regions 
are not shown) in the cell lines examined. The high resolution Csp 6I-
specific baits (Fig 5C and data not shown) were dominated by SINE/Alu and 
LINE repeats being present in approximately 50% of the interacting se-
quences. When Mse I-specific interacting sequences of certain size are con-
sidered, however, the presence of the repeats exceeded 80%. As SINE ele-
ments have been recently identified as chromatin boundaries(Lunyak, Pre-
fontaine et al. 2007), they might represent a novel link between the architec-
ture of the genome, epigenome and higher order chromatin conformation. 
This observation is further supported by the preliminary observation linking 
demethylation of certain repeats (arrows, Fig. 4C) directly or indirectly to 
their interaction with the H19 ICR (unpublished observation in collaboration 
with L Bäckdahl and S Beck). As this association extended to part of chro-
mosome 10 present on the custom microarrays (data not shown), repeat ele-
ments might be a common feature of not only local chromatin structures but 
also chromosomal networks. This might be of particular interest, as sequence 
homologies brought in the vicinity of each other might predispose for chro-
mosomal rearrangements and gene conversion. 
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Papers III and IV 
 
1.1 The 4C techniques: opportunities and pitfalls 
 
To allow screening of sequences interacting with specific baits without prior 
knowledge of their identities, 4 different variants of the 3C technique was 
developed independently from each other. Circular 3C, 3C on chip, open 
ended 3C and olfactory receptor 3C methods all have one feature common: 
the generation of circular molecules under conditions which favor in-
tramolecular ligation. The strategic positioning of inverse primers within the 
chosen bait allows the amplification of the unknown interacting sequences. 
The methods differ however in their details, such as the choice of restriction 
enzyme, the stage at which the circular DNA is generated, and the read-out 
of the PCR amplified interactors (Fig 1). 

The coverage and resolution of the techniques depends on the 
number and type of restriction enzymes used. Enzymes recognizing 6 bp 
DNA sequences generate fragments with an average size of 4kb, whereas 
enzymes recognizing 4bps cut more frequently and generate 256 bp frag-
ments on overage. As loops can be formed anywhere along the restriction 
fragments, the size of the restriction enzyme determines the resolution. It is 
also important how many restriction enzymes are used, as the probability of 
having two different restriction enzyme sites following each other strongly 
depends on the distribution of the recognition sites of the individual enzymes 
in the genome (Table 1). The high resolution of the 4C approach using only 
one enzyme, which is a four-cutter restriction enzyme enables the identifica-
tion of interactor segments encompassing on average 300 bp. This resolution 
provides opportunity to identify chromatin marks/factors, which underlie the 
interactions.  

As long fragments can interfere with the inverse PCR reac-
tion, the coverage of the assays is influenced by the length of the interactor 
sequences. In the six-cutter approaches this problem is usually eliminated by 
introducing a second enzyme, a four-cutter before the circularization step. 
However, the incomplete digestion of the chromatin template can lead to 
under- and overrepresentation of both baits and interactors. The uneven dis-
tribution, low or high frequency of restriction sites can also result in a bias. 
To overcome this problem, it is recommended to examine interaction pat-
terns with two or more restriction enzymes in the 4C analyses.  

Finally, a common feature of all four methods is the low sen-
sitivity, usually requiring more than 1 million cells for the analysis. As inter-



 59

action are expected to be dynamic, the above mentioned technologies can 
only estimate snapshots of accumulated interactions in a population of cells, 
but not the frequence of these interactions on the single cell level.   
 
 
1.2 Critical steps during the 4c protocol 
 
 

The assays capturing chromatin conformation, and many 
other chromatin-based methods, rely on formaldehyde cross-linking of pri-
mary amines in DNA-protein complexes of living cells. To achieve data, 
which are comparable to each other, the fixation step, namely the concentra-
tion of the formaldehyde and the temperature of the fixation step has to be 
standardized. The formaldehyde gas dissolved in water based buffers is 
prone to polymerize to paraformaldehyde, which reduce number of the 
available bipolar molecules, and the emerging long chains of paraformalde-
hyde increases the distance between crosslinkable molecules. To avoid these 
issues therefore it is recommended to prepare fresh formaldehyde prior use 
by heating paraformaldehyde powder at 65�C for 4 hours in a buffered solu-
tion.  

The second problem of formaldehyde fixation concerns the 
limited rich of the bipolar formaldehyde molecules, which implies that the 
cross-linkable primary amines must be juxtaposed to nucleotides or other 
primary amines to be covalently linked to each other. This explains why the 
efficiency of the crosslinking between DNA and proteins is much higher 
compared to proteins to proteins. The development of alternative reversible 
cross-linking agents therefore could improve the sensitivity of all 3C and 4C 
techniques, which are all based on the cross-linking of interacting sequences 
via multiple protein bridges.  

Another inherent problem of formaldehyde cross-linking lies 
in the fact, that the cross-linking efficiency is not homogenous throughout 
the cells. As a consequence, some regions having more condensed chromatin 
structure or more available primary amines can crosslink more efficiently. 
Since the cross-linking efficiency inversely correlates with the digestion 
efficiency, the non-homogenous feature of the cross-linking can lead to un-
der- and overrepresentation of certain interactors or baits in the 4C assays. 
This makes the 3C and 4C experiments rather qualitative than semi-
quantitative. As neighboring sequences might have different interacting 
partners the digestion of the sequences flanking the bait have to be carefully 
assessed by qPCR using primers on each side of the restriction enzyme rec-
ognition sequences. The digestion efficiency can be greatly enhanced by 
incubation of the chromatin in the presence of 0.3% SDS overnight at 37 �C, 
which serve to increase the availability of the DNA target for the restriction 
enzyme. 
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The ligation of the digested chromatin and the eventual read 
out of the 4C assay can also harbor pitfalls. In order to promote intra-
molecular ligation, the concentration of the DNA in the chromatin solution 
should not exceed 0.8 ng/ul. After the reversal of the cross-link, non-circular 
DNA molecules can be eliminated by exonuclease treatment of the purified 
DNA. As the amount of circular molecules is very low, nested PCR and 
highly efficient polymerases, such as Phusion, are pivotal for the amplifica-
tion step. To obtain reproducible results, 3 independent 4C experiments had 
to be pooled and applied to high-resolution microarrays or had to be sub-
jected to sequencing. Depending on the sequence complexity, sequencing, 
for example with the Solexa machine, could provide a more accurate esti-
mate about the frequencies of the interactions. 
 
 
1.3 A web of intra-and interchromosmal interaction: a new level of epige-
netic regulation 
 

The 3C technique and its different variants have uncovered 
the unforeseen complexity of higher order chromatin conformations includ-
ing chromatin loops. The rules governing the establishment of this web of 
interactions are largely unknown. One conclusion emerging from all the 
above-mentioned techniques is that the closer the sequences are to each other 
along the linear DNA, the higher is the frequency of interactions. This ob-
servation suggests a probabilistic element in the control of chromatin fold-
ing. High resolution 4C analysis using Mse I enzyme followed by hybridiza-
tion to Nimblegen tile microarrays revealed that although the H19 ICR bait 
interacts frequently with relatively close sequences, other more proximal 
sequences are not part of the interaction complexes. The other question, 
which emerged from the results provided by these techniques, concerns the 
segregation of the genome into nuclear domains, which harbor either tran-
scriptionally active or inactive regions. For example, in �-globin-expressing 
erythroid cells the locus control region preferentially interacts with active 
genes, whereas in non-expressing brain tissue, it is juxtaposed to inactive 
genes. This cannot, however, be a general feature of the genome, as the H19 
ICR bait was shown to interact simultaneously with transcription units and 
intergenic regions with no known transcriptional activity. Finally, enrich-
ment of imprinted genes among the interactors of H19 ICR raises the possi-
bility of an ancient ICR differentially templating epigenetic states in cis and 
trans during male and female germline development. 
 
 
1.4 Outlook  
 

The uncovered genome wide web of interactions provides a 
new perspective on genome biology. The emerging picture, however, could 
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prove to be skewed, because the baits examined so far, promoters and insula-
tor, have very specific functions in transcriptional regulation. To attain a 
global view on the chromosomal networks between unbiased baits, and to 
capture all existing networks within a cell population, the 4C technique and 
the other 3C variants have to be extended one step further. The genome wide 
identification of not only the interactors, but also the baits would shed new 
light among others on the factors and epigenetic modifications driving loop 
formation during development and reprogramming, the potential of epige-
netic networks to restrict chromosome evolution, and the far-reaching con-
sequences of genetic mutations and aneuploidy. The currently discredited 
concept of nuclear scaffolds should also be revisited from the perspective of 
highly dynamic web of chromosomal interactions, which might provide a 
scaffold like architecture by functionally connecting hallmarks of the nu-
cleus. Clues to inner workings of higher order chromatin folding might also 
be obtained by analyzing the distribution of the intra- and interchromosomal 
interactions during the different phases of the cell cycle.  
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Concluding remarks 

This thesis contributes to the understanding how higher order fold-
ing of chromatin influences gene expression.  

In paper I, a new technology has been developed using the proximity 
ligation principle in the 3C technique. The invented 4C assay has enabled the 
identification of all possible interactions between the H19 ICR and the whole 
genome without prior knowledge or assumption about the identity of the 
potential interactors. The unrevealed epigenetically regulated web of intra- 
and interchromosomal interactions has provided experimental evidence for 
transcriptional regulation in trans. The most surprising finding concerned the 
CTCF-dependent proximity between different imprinting domains and the 
H19 ICR. Furthermore, the data uncovered a CTCF-dependent epigenetic 
chromosomal network that is formed during in vitro differentiation of ES 
cells. This data might explain cancer predisposition caused by mutations or 
epimutations at the maternal H19 ICR.  

Paper II examined in details the anatomy of chromatin folding 
around the human H19 ICR, using repeat unit one, repeat unit two and the 
region in between them as baits. Surprisingly, the neighboring regions pre-
ferred largely non-overlapping interacting partners. The relationship between 
the proximity and the interaction frequency was not straightforward. Surpris-
ingly, the summery of the sequences interacting with the three different baits 
turned out to underestimate the extent of chromatin loop formation at the 
region. Using the whole ICR as bait allowed the detection of an extensive 
chromatin folding potentially linked to the maintenance of imprinting. A 
salient feature of the interactors points to a major role of the repeat se-
quences in organizing higher order chromatin structure. 

Paper III describes opportunities and pitfalls during the advanced 
high-resolution 4C protocol. The optimization of the critical steps during the 
4C assay could provide a platform for comparison between the results ob-
tained by the different variants of the 3C technique. 

Paper IV has addressed principles of chromatin folding by compar-
ing experimental data generated by four different variants of the 3C tech-
nique while taking into consideration the differences between the technical 
procedures of the different assays. Controversial issues, such as the relation-
ship between proximity and interaction frequency, and the segregation of the 
genome into transcriptionally active and inactive domains were discussed in 
the light of 4C data using either a promoter or an insulator, as bait. 
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In conlusion, the phenomenon of transcriptional regulation in trans, 
developmental specific regulation of chromosomal networks and the poten-
tial role of repeat sequences in regulating chromatin folding, might have far-
reaching implications with respect to our understanding of complex diseases, 
development and evolution. 
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