
Medische Bibliotheek 
C::rasmus MC 
2.~6i; t8~ 

Chromosome Conformation Capture on Chip 
(4C) 

Meeting genomic neighbors 

Marieke Simonis 



The work presented in this thesis was performed at the department of Cell Biology at the Erasmus MC 
in Rotterdam. 

cover photography: De Roode Optics 

printed by: Gildeprint, Enschede 

JSBN:9789071382772 



Chromosome Conformation Capture on Chip 
(4C) 

Meeting genomic neighbors 

Chromosome Conformation Capture on Chip 
(4C) 

Genomische buren ontmoeten 

Proefschrift 

ter verkrijging van de graad van doctor a an de 
Erasmus Universiteit Rotterdam 

op gezag van de rector magnificus 
Prof.dr. S.W.J. Lamberts 

en volgens het besluit van het College voor Promoties. 

De open bare verdediging zal plaatsvinden op 
woensdag 17 december 2008 om 15.45 uur 

door 

Maria Johanna Simonis 

geboren te Utrecht 



Promotiecommissie 

Promotor: 

Overige leden: 

Copromotor: 

Prof.dr. F.G. Grosveld 

Prof.dr. J.N.J. Philipsen 
Prof.dr. C.P. Verrijzer 
Dr. J.P.P. Meijerink 

Dr. W.L. de Laat 



Na elke bocht ontdek je wat. 





Contents 

Outline of this thesis 9 

Chapter 1 Introduction to genome structure 11 

Chapter 2 Genome-wide technologies 29 

Chapter 3 FISH-eyed and genome-wide views on the spatial organization 43 

of gene expression 

Chapter4 Nuclear organization of active and inactive chromatin 67 

domains uncovered by 3C on chip (4C) 

Chapter 5 An evaluation of 3C derived methods to capture DNA 89 

interactions 

Chapter6 High-resolution identification of chromosomal rearrangements 109 

by 4C technology 

Chapter? A pilot study for Chromosome Conformation Capture 133 

Se-Quencing (4C-Q) 

ChapterS General discussion and future directions 149 

Summary 160 

Samenvatting 163 

Samenvatting voor niet ingewijden 166 

Curriculum Vitae 168 

Dankwoord 170 





Outline of this thesis 

This thesis describes the development of a novel technology, Chromosome Conformation 

Capture on Chip (4C), which can be used for two different applications; the investigation 

of the folded structure of chromosomes and the detection of genomic rearrangements. 

The first three chapters serve as an introduction to the areas of research 4C technology 

can be implemented in and discuss the additive value of 4C for different subjects. In 

Chapter 1 several aspects of genome biology are introduced. The emphasis is on the 

organization of the cell nucleus, packaging and folding of chromosomes, transcriptional 

regulation and variation in the genome sequence. Chapter 2 describes commonly 

used methods in genome wide studies; microarray technology and massive parallel 

sequencing. An overview is presented of the different types of genome wide studies that 

have been performed. Chapter 3 describes recent literature on the relation between 

spatial organization of the genome and regulation of gene expression. The impact of 4C 

on this field of research is discussed. 

Chapter 4 describes the development of 4C and its first application as a tool to investigate 

the spatial organization of the genome. 

In Chapter 5 technical aspects of 4C technology are discussed in detail. 4C is an adapted 

form of earlier developed chromosome conformation capture (3C). Other 3C derived 

methods are described and compared in this chapter. 

Chapter 6 describes the application of 4C to detect genomic rearrangements. 

4C was adapted from a microarray based method to sequencing based 4C-Q. A pilot study 

to test the potential of 4C-Q is described in Chapter 7. 

A general discussion and future directions are presented in Chapter 8. 

9 





1 
Introduction to genome structure 



Chapter 1 

Introduction to genome structure 

All organisms ranging from prokaryotes such as bacteria to eukaryotes including plants 

animals and humans pass on traits to their offspring. The full construction plan of an 

organism, including the parental traits, is present in the single cell from which the entire 

organism develops. In the 19'h century chromosomes were first seen in microscopy 

studies and much later they were found to contain the construction plan, also referred to 

as the genetic material. Initially it was believed that the genetic information was encoded 

in proteins, but in 1944 it was established that deoxyribonucleic acid (DNA) molecules 

perform this important task1• DNA is built up of four nucleotides, adenine (A), guanine 

(G), thymine (T) and cytosine (C). Watson and Crick uncovered the double helical (B-DNA) 

structure of DNA in the 1950's2• Due to selective pairing (adenine only pairs with thymine, 

and guanine only pairs with cytosine) the two helical strands are a template for each other 

and the DNA can be faithfully duplicated. 

The human genome consists of 3 billion base pairs, divided over 23 chromosomes. 

Despite the availability of complete genome sequences (www.ensembl.org), many 

aspects of genome function are still poorly understood. One of the important remaining 

questions is how the genome is spatially organized. When all the DNA from one human 

cell is linearly aligned (a paternal and a maternal copy of the genome), the strand is 2 

meters, longer than an average human being. It is not yet known how the DNA folded and 

how the spatial organization relates to genomic functions, such as gene expression. 

The linear structure of the genome, the sequence, is also still examined. The genome 

project resulted in a reference genome, but there is variation in the genome sequence, 

many small differences occur within the human population, the characterization of which 

only just started. Specific errors in the genome are also of interest, because they can lead 

to disease. 

This chapter aims to provide an overview of mammalian genome function, with emphasis 

on the environment of the genome, the packaging and folding of the chromosomes, the 

process of transcription and the effects of variation and errors in the genome sequence. 

The cell nucleus; an organized home for the genome 

Eukaryotic genomes are stored in the cell nucleus with a diameter of around 5 micrometer. 

The cell nucleus not only contains the 2 m of DNA, but is also rich in protein. The protein 

concentration is estimated to be 0.1 g/cm3 on average in the nucleoplasm, and locally 
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Introduction to genome structure 

even higher3• The proteins serve in packaging of the genome and in genomic processes 

such as transcription and DNA repair. Many proteins in the nucleus do not have a uniform 

spatial distribution, but are present in local accumulations called foci or bodies. 

The largest and most well studied body is the nucleolus. In the nucleolus ribosomal 

DNA (rDNA) repeats come together, to be transcribed by RNA polymerase I (RNA Poll). 

In addition, the nuclear body contains proteins and RNA molecules needed to generate 

ribosomes. Hence, the nucleolus is considered to be a sub-compartment of the nucleus 

that is specialized in the process of ribosome generation4• 

Other important nuclear processes have also been found to occur in specialized foci, most 

notably DNA repair and replication5•6• The protein complex involved in gene transcription, 

RNA Polymerase II (RNA Polll}, has been shown to accumulate in foci called transcription 

factories7
• Compared to other foci RNA Polll foci are small and are present in large 

numbers of up to 2000 per nucleus. From electron microscopy (EM) studies in He La cells it 

was estimated that each focus contains around 8 polymerases8• The RNA Poll I foci are sites 

of active transcription, but genes can also be transcribed outside transcription factories7
• 

Proteins involved in splicing are also found at discrete sites in the nucleus, called speckles 

or splicing factor compartments (SFCs). The speckles are often not directly associated 

with the chromatin and sites of active splicing. It has been suggested that the speckles 

are a "storage compartment" for splicing factors. In this model the splicing factors leave a 

speckle to freely roam the nucleus for sites of transcription and engage in splicing there9
• 

Other protein bodies, such as the promyelocytic leukemia oncoprotein (PML) bodies and 

the Cajal bodies (CB) have very diverse protein contents and their function remains largely 

unresolved9
•
10

• 

A parallel is often drawn between the nuclear bodies and the organelles in the cytosol. 

The compartmentalization in organelles allows processes that require different 

environments to co-occur within one cell. Moreover, the restricted volume in organelles 

can increase the efficiency of the reactions inside the compartments. Likewise, in the 

nucleus the local accumulation of different proteins involved in a nuclear process, such 

as the assembly of ribosomes, may facilitate these processes. In the cellular organelles 

the membrane forms a physical barrier that allows a controlled in and out-flux of the 

compartments. The nuclear bodies do not have such a barrier; they are merely an 

accumulation of specific proteins. In fact, it has been shown that large dextrans can 

easily permeate the nuclear bodies, with exception of the most dense fibrillar part of 

the nucleolus. This suggests that the bodies are sponge-like structures3.The absence of a 

physical barrier raises the question of how the nuclear bodies are built and maintained. 
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Chapter 1 

The emerging view is that the bodies arise through a process termed self-organization; 

they are dynamic structures build from individual interactions between its components11
• 

The dynamics of the nuclear bodies is twofold, both the structure as a whole and the in 

and out flux of each individual component is dynamic. An example of the dynamics of the 

structures is the finding that repair foci are only formed after DNA damage has occurred, 

even though repair proteins are always present in the nucleoplasm6• Similarly, the nucleoli 

are formed after mitosis, when rRNA transcription starts12
• When rRNA transcription is 

inhibited the nucleoli disassemble13• The dynamics of the sub-units of the nuclear bodies 

has been demonstrated by fluorescent recovery after photobleaching (FRAP). There is 

a rapid exchange of proteins residing in the structures and proteins freely roaming the 

nucleoplasm 14• 

The process of self organization is possibly aided by the effect of macromolecular 

crowding, also called the excluded volume effect15
•
16

• The space in which molecules can 

freely move (the reaction volume) is not only dependent on the concentration of the 

solutes, but also on the sizes of the molecules in the solution. The volume taken up by 

a molecule itself can not be entered by another molecule (the excluded volume). The 

minimal distance between two large molecules is much bigger than the minimal space 

between two small or a large and a small molecule. Thus, large molecules (such as the 

nuclear protein complexes) have a smaller space in which they can freely move. Therefore, 

when present in the same amount of molecules per volume, the effective concentration of 

large molecules is higher than the effective concentration of small molecules. By elevating 

the effective concentration, interaction frequencies can increase15• This effect is exploited 

in experiments, for example by the addition of polyethylene glycol to increase the 

efficiency of enzymes such as DNA ligase or DNA polymerase17
• Several studies support 

the relevance of macromolecular crowding in the process of nuclear organization. New 

bodies appear in the nucleus after exogenous addition of DNA, protein, viral particles or 

oligonucleotides. Endogenous nuclear structures, the PML bodies, disassemble when the 

effect of molecular crowding is relieved by hypertonic swelling of the nucleus. Reassembly 

of the bodies can be established by relocating the nuclei to isotonic medium or by adding 

high molecular weight dextrans16
•
18

• 

Note that even if the assembly of bodies and foci relies on the effect of macromolecular 

crowding, this does not necessarily imply that the structures are non-functional. An 

alternative hypothesis for the construction of nuclear bodies is that they are assembled 

on the nuclear matrix (see below). 
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Introduction to genome structure 

Packaging of DNA into chromatin 

The genome is not floating around freely in the nucleus; it is packaged by proteins. The 

combination of DNA and the associated proteins is called chromatin. Early EM studies 

have revealed the basic structure of the chromatin, the 10 nm fiber, which appears as 

"beads on a string': The "beads" seen in EM experiments are nucleosomes. A nucleosome 

consists of -146 bp of DNA wrapped around an octomer of histone proteins; H2A, H2B, 

H3 and H4, two of each. The nucleosomal histones form a globular structure, from which 

only the N-terminal tails of the histones protrude. The nucleosomes are connected to 

each other via a 29-43 bp stretch of linker DNA 19
• It has been postulated that wrapping the 

DNA around the histones is necessary to counteract the macromolecular crowding effect 

that would lead to intertwining of the DNN°. The effects of macromolecular crowding 

are only expected in eukaryotes, because the DNA concentration in the nuclei is higher 

than in prokaryotes (which store their genome in the cytoplasm). Prokaryotes indeed lack 

histones. The interaction of the positively charged histones with the negatively charged 

DNA was suggested to make nucleosome assembly energetically favorable over DNA self­

association. Although this could be the evolutionary "raison d'etre" of nucleosomes, it is 

clear that chromatin is also indispensable for the regulation of genomic processes, such 

as DNA repair and transcription21
• Regulation at the level of chromatin is possible because 

the fiber can be modified in various ways: DNA can be methylated, nucleosomes can move 

and histones can be replaced or chemically modified. 

Methylation of DNA occurs at CpG dinucleotides and is considered to be the most stable 

chromatin modification. DNA methylation is preserved during DNA replication and is 

therefore heritable22
• 

Packaging of the genome into nucleosomes needs to controlled, because protein binding 

sites can become inaccessible if they are wrapped around histones. ATP dependent 

chromatin remodeling complexes can change the position of a nucleosome on the 

genome, by sliding the nucleosome along the DNA. There are four families of chromatin 

remodeling complexes, the SWI/SNF, ISWI, CHD and IN080-SWR1 family23• Different 

complexes can have slightly different modes of action. Possibly, this large diversity in 

remodeling complexes is necessary because remodeling is important for several very 

different nuclear processes24• 

Not only the DNA, but also the histones in a nucleosome can be altered. There are 

alternative histone variants for the core histones that can be incorporated into the 

nucleosomes. Examples include CENPN5, a H3 variant found at centromeric regions and 

H3.326
, found at actively transcribed genes. 
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Chapter 7 

A large part of the nucleosomal diversity is achieved by covalent modification of the 

histone amino acid residues, mostly at the histone tails. The histones can be methylated, 

acetylated, phosphorylated, ubiquitinated and SUMO-ylated. Modifications of the histones 

can affect the function of nucleosomes in different ways. Covalent modification can alter 

the chemical properties of the histones. For example, acetylation changes the charge 

of the histones and thereby loosens the interaction with the DNA. Other modifications 

affect the interacting properties of nucleosomes by creating or destroying binding sites 

for chromatin associated proteins. The modifications are dynamic; both enzymes that add 

and those that remove the chemical adducts are present in the nucleus. The enzymes 

are targeted to the genome and the local balance between the two types of enzymes 

determines the final mode of modification27• 

Gene transcription 

Ultimately, the main function of the genome is the storage of protein and RNA recipes; the 

genes. Controlling the transcriptional activity of genes is an intricate process that requires 

the coordination of a large amount of protein complexes and a variety of sequence 

elements in the genome itself. 

Initiation of transcription is a cooperation of an estimated 40 proteins, with a combined 

mass of 2MDa28• The transcribing unit, RNA polymerase II (RNA Polll) does not recognize 

the DNA on its own, but requires general transcription factors, such as TFIIA,-B and -D, 

that recognize sequences in the core promoter. RNA Polll and the general transcription 

factors together form the pre-initiation complex (PIC) and their binding results in basal 

transcription in vitro, but in vivo additional proteins are needed. PIC formation can be 

inhibited or facilitated by a diverse set of co-factors, many of which act by chromatin 

modification. 

The gene specificity of transcriptional regulation is largely determined by sequence 

specific transcription factors (TF's) that can affect transcription levels by recruiting or 

inhibiting general transcription factors and co-factors on a particular gene. Binding sites 

for TFs are not only found in the promoter region, but can be located up to a mega base 

away. The combination of TFs present in a cell ultimately determines which genes are 

expressed. 

Modification of the chromatin fiber is an important factor in the process of transcription27• 

The nucleosomes form a barrier both for binding of protein complexes and for 

transcription elongation. Therefore chromatin remodeling enzymes are needed to move 

nucleosomes and allow efficient transcription. Histone modifying complexes are also 
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involved in gene regulation. Active genes are generally characterized by hyper-acetylated 

histones, tri-methylation of lysine residue 4 of H3 (H3K4) at the promoter, methylated 

H3K36 progressively towards their 3'end and methylated H3K79 throughout the 

transcribed region. Silent genes are associated with deacetylated histones and methylated 

H3K9, H4K20 and H3K27. Not every histone modification has a well described function, 

but at least some serve as binding sites for chromatin proteins. For example, methylated 

H3K9 can be bound by heterochromatin protein 1 (HPl ), which is thought to form a tight 

chromatin structure. Methylated H3K27 is recognized by Polycomb (Pc), a transcriptional 

silencing complex. 

Direct modification of the sequence by DNA methylation occurs in some exceptional 

cases of gene regulation, for example, X-chromosome inactivation in female mammals29 

and parent-of-origin-specific gene expression (imprinting)3°. 

Not every gene requires the same protein complexes for its expression28• Mechanisms 

of transcriptional induction depend for example on the surrounding sequences and the 

chromatin the gene is embedded in. Induction of genes surrounded by heterochromatin 

requires special sequence elements, such as locus control regions and insulators. Locus 

control regions contain a combination of regulatory sequences that allow transcription 

of genes independent of the chromatin they are embedded in31
• Insulators can serve as 

boundary elements that physically block the effect of neighboring heterochromatin32
• 

A different factor that could be involved in regulating gene transcription is the nuclear 

environment of a gene locus. Several studies have shown a relationship between 

the transcriptional status of investigated gene loci and the position in the nucleus 

at which they are found. For example, several genes were found to be localized near 

heterochromatin in their transcriptionally inactive state33
• The relation between locus 

positioning and gene expression, and the insights gained with 4C on this subject are 

discussed in Chapter 3 ofthis thesis34
• 

Higher order structure of chromatin, how do chromosomes fold? 

During mitosis chromosomes form condensed structures, which can easily be discerned 

when viewed under a microscope. After cell division, the chromosomes decondense to 

tightly packed heterochromatin and more loosely packed euchromatin. Each chromosome 

takes up its own space, the chromosome territory35
, but different chromosomes can also 

intermingle36•
37

• Extensive folding of the DNA is necessary in an interphase cell to fit the 

long strands in the nuclear volume. Despite this compacted structure genomic processes 

such as transcription can still occur in a controlled manner. Moreover, the DNA does not 
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become entangled (to a major degree) and can condense into ordered mitotic structures 

for a new round of cell division. These observations suggest the genome is folded in an 

organized manner. The progression of our understanding of higher order chromosomal 

folding has gone hand in hand with advances in technology38• 

Condensation of chromatin 

An early major technological advance was the development of electron microscopy in the 

1950's. Using this technique it was first recognized that chromatin exists as fibers and that 

the basic structure is a 10 nm fibre39• In vitro experiments revealed that the nucleosomes 

fold into a 30 nm fibre when linker histone H1 is present4°. The formation of this higher 

order structure is dependent on the histones and on salt concentrations, but the exact 

mechanisms of the process are not fully understood and its occurrence in vivo is still 

debated41 • 

Bruce and Belmont studied the unfolding of chromosomes during G1 and described that 

mitotic chromosomes unfold via 100-130 nm intermediates to 60-80 nm fibers, which 

locally decondense to 30 nm fibres42
• The intermediates were called chromonema fibers. 

EM technology advanced and electron spectroscopic imaging (ESI) was developed, with 

which protein and nucleic acids containing structures can be discerned at EM resolution. 

Dhegani et al postulated based on ESI experiments, that thick chromatin fibers consist of 

a few 1 0 and 30 nm fibers that are crossing each other, rather than one highly compacted 

fibre38
• 

The lampbrush model 

Sectioned nuclei can be used to study the thickness and the constituents of the fibers, 

but higher order structures can not be visualized, because they are severed. A different 

approach to studying chromosomal organization is to isolate intact chromosomes 

and visualize the chromatin fibers. One of the most famous examples of this type of 

experiment is the visualization of the chromosomes of amphibian oocytes43• These 

meiotically paired chromosomes are unusually thick and therefore easy to visualize. The 

meiotic chromosomes are configured into a structure that resembles a lampbrush (Fig. 

1.1). They have a condensed linear axis, or scaffold from which large chromatin loops 

extend that are actively transcribed. These lampbrush chromosomes have served as an 

important model for chromosomal organization, and the finding initiated quests both 

for a scaffold and for looped structures in mammalian chromosomes. In mammalian 

metaphase chromosomes both a scaffold and loops can be visualized. 30-90 kb loops 
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are then seen extending from a rigid core of the metaphase chromosomes, but only after 

depletion of the histones44• Visualizing the organization of interphase chromosomes has 

been more challenging. 

Figure 1.1 Schematic representation of a lampbrush chromosome. 

Scaffold structures in the interphase nucleus 

The nuclear scaffold or nuclear matrix is a subject of great controversy with strong 

opinions in favour-45 and against-46 its existence. Different methods have been developed 

that show a fibrillar structure that remains after removing the majority of the chromatin 

and free proteins in the nucleus47• This structure was called the nuclear matrix. It is only 

seen after rigorous removal of all the other constituents of the nucleus. The nucleus is a 

tightly balanced environment. All the different extraction methods involve changing the 

ionic strength in the (remnants of) the nucleus. Moreover, by extracting the majority of 

the chromatin the largest source of anions in the nucleus (the DNA) is removed, altering 

the chemical balance per se. These types of alterations are known to change the binding 

properties of proteins and could lead to their aggregation into a fibrillar structure46AB. In 

favor of the nuclear matrix model, very different extraction methods result in a similar 

mesh-like ultra-structure in the nuclear remnants45
•46• However, despite many efforts 

visualization of a matrix structure in untreated cells has not been achieved. Until a fibrillar 

component is identified and visualized, the nuclear matrix is likely to remain controversial. 

A structure that is clearly visible in the nuclear lamina. The nuclear lamina is a filamentous 

structure that is attached to the inner membrane of the nucleus and provides structural 

support. Lamin proteins have been show to interact with chromatin and it has been 

proposed that the lamina may serve as an anchorage point for the chromatin. This can not 

be a static anchorage, because the chromatin-lamin associations are dynamic49
• 

Chromatin loops 

The detection of loops in interphase nuclei has also been a challenge. How do you 

measure the presence of loops, when you can not visualize them directly? One way to 

tackle this problem is to measure the spatial distance in the nucleus between different 
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regions on a chromosome (Fig. 1.2a). If chromosomal organization is random, the average 

spatial distance is expected to be larger between regions that are further away from each 

other on the genome. If the DNA has a looped structure, the average spatial distance 

between the chromosomal segments at the base of the loop is smaller than it would be 

in a random situation. Using FISH and 30 microscopy, two studies measured the average 

spatial distance of multiple pairs of sequences that each had a different genomic distance 

between them. Plotting the spatial distance of all the pairs against their genomic distance 

showed a slightly curved line. Modeling of these data can predict the existence and the 

size of loops. One study reported the existence of giant -3 Mb loops50, whereas a second 

study predicted the existence of -120 kb51
• These studies assume an ordered looped 

structure, with loops of comparable sizes across the chromosome. A similar approach was 

employed recently for a detailed analysis of the structure of the 2 Mb gene locus of the 

immunoglobulin heavy-chain52
• 

Specific relatively small loops (-1 0-600 kb) in selected regions of chromosomes can be 

investigated using a biochemical assay, called Chromosome Conformation Capture (3C) 

(Fig. 1.2b)53
•
54

• In this assay interaction frequencies (rather than distances) between a 

"bait" restriction fragment and other selected DNA fragments are measured (for detailed 

description of the technique see Chapter 5). Similar to the experiments described above, 

if an increase in interaction frequencies is seen with increasing genomic distance from the 

bait, this demonstrates the presence of a loop in the chromatin. Using 3C, specific loops 

have been found within gene loci (described in detail in Chapter 3)54
• The discovery of 

these structures has elicited hypotheses about a function of specific looped structures 

in the regulation of gene expression, rather than them just being a way to store the 

genome in an orderly fashion. Some loops were described to be connected to the nuclear 

matrix and the authors suggest that sequestering of a gene to this structure could be a 

mechanism of transcriptional silencing55• In several gene loci the contacts established at 

the base of the loop are functionally relevant. For example, in the ~-globin locus physical 

contacts are established between the gene promoter of the active gene and the regulatory 

elements spread over 200 kb54
• Tissue specific transcription factors56 and a ubiquitous 

factor, CTCF (CCCTC-binding factor), are essential for the formation of these loops57• CTCF 

is also involved in loop formation in the /gf2/H79locus, where the loops are essential for 

establishing parent of origin specific gene expression (imprinting)58• CTCF binds at many 

sites across the genome and is for example found at borders of gene clusters59 and at 

edges of chromatin domains60• Through these and other findings CTCF is regarded an 

important candidate for spatial organizer of mammalian genomes, that could establish a 
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chromosomal structure that is strongly related to gene expression. Interestingly, CTCF was 

shown to have a binding profile that overlaps with cohesin61, a ring like structure that is 

known to tie sister chromatids after 5-phase. This CTCF-cohesin interaction could be a link 

between metaphase and interphase chromosomal organization. 
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Figure 1.2 Schematic representation of different methods to analyze the folded structure of DNA. 

(see text). 
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In lampbrush chromosomes the loop structures are actively transcribed. There are 

many examples in literature that describe active regions having a looped conformation. 

Some large gene dense loci have been shown to be, on average, further away from 

their chromosome territory when they are active compared to their inactive state62• This 

repositioning has been termed "looping out of the chromosome territory': However, 

moving away from the core of the chromosome territory does not necessarily mean that 

an actual loop is formed and these type of descriptions are therefore very different from 

for example 3C experiments. In general, genomic regions decondense when they are 

active or preparing for transcription62
•63• 

Visualization of chromosomal structure has also been approached by labeling long 

stretches of chromosomes using alternating fluorescent colors (Fig. 1.2c). FISH 

(fluorescent in situ hybridization) studies in Arabidopsis showed that their chromosomes 

are organized in rosette like structures, with a core of heterochromatin (the chromocentre) 

and the euchromatin surrounding in sometimes visible looped structures64
•
65

• This rosette 

model still shows resemblance to the lampbrush model of a condensed core with 

protruding, active loops. In the Arabidopsis genome only a few large heterochromatin 

blocks are present per chromosome. If rosette structures would exist in human and 

mouse genomes, they would be much smaller than in Arabidopsis, because these 

mammalian genomes have shorter blocks of hetero- and euchromatin65
• The positioning 

of hetero- and euchromatic blocks was studied in mammalian cells for a 4 Mb region. 

The two types of chromatin were labeled in alternative colors. This analysis showed that 

the heterochromatic blocks indeed fold towards each other, but not only rosette like 

structures were found. Zig-zag structures were also frequently observed66• 

3C-on chip (4C) technology (chapter 4,5), is a genome wide method derived from 3C37
• 

4C identifies all the DNA fragments in the genome that are frequently in spatial vicinity 

to a selected locus (Fig. 1.2d). 4C was applied on two different active gene loci and these 

gene loci were found to frequently contact other active parts across the chromosome. 

An inactive chromosomal region was found to contact silent parts on the same 

chromosome37• The finding that contacts are made across tens of megabases, and the 

large number of regions that contact each locus, do not agree with highly ordered small 

rosette structures. The data rather suggest that sub-regions of chromosomes (e.g. gene 

clusters and gene deserts) behave as separate units that each fold towards preferred co­

localization partners, with a strong tendency for units with similar characteristics to find 

each other in the nucleus, especially within a chromosome territory. The high number of 

interacting regions found makes it unlikely that all the contacts are made in one nucleus 

22 



Introduction to genome structure 

and suggest that in a population of cells the units of the chromosomes form many 

different combinations of contacts, within the defined set. By performing 4C on multiple 

sites on the same chromosome (or making a chromosomal walk) and in depth modeling 

of the data, new insights in chromosomal folding may be obtained. The structures or 

forces that induce this organization also need to be defined. 

Biophysical forces in the nucleus 

A model opposing the scaffold model has also been postulated, stating that nuclear 

organization is mainly the result of a combination of biophysical forces67
• The combination 

of slow moving chromatin and freely diffusion proteins results in visco-elastic phase 

separation. This effect is also seen in polymer chemistry, where it is shown that asymmetric 

kinetic properties lead to phase separation, ending in a network of slow moving polymer 

and a pool of vast moving solubles. The phase separation becomes more pronounced 

when the slow moving polymers self-associate, which may be the case for chromatin, 

especially heterochromatin. The self association of the chromatin can be attenuated by 

the effect of macromolecular crowding, as was described above for the nuclear bodies. 

The shape of the chromatin can also be influenced by other factors that act on a local 

scale. Not the whole genome consists of the B-DNA described by Watson and Crick. Mainly 

in repetitive areas different structures can occur, such as cruciforms or quadruplexes68
• The 

helical structure can also be affected by the process of transcription; the unwinding of the 

double helix leads to supercoiling 3'and S'of the transcribed area69
• Effects of supercoiling 

have mainly been studied in bacteria and much less in eukaryotes. 

Changes in the genome sequence in health and disease 

The sequences of the genomes of any two humans are believed to be 99.9 % identicaF0• 

The small differences in sequence can cause alterations in phenotype or susceptibility to 

disease. Several types of sequence variation can be found in the genome. Natural genetic 

variations of a single base are present in 1 in 300 basepairs in the human genome and are 

called single nucleotide polymorphisms (SNPs)l'. -3% of the human genome consists of 

microsatellites; sequences containing a variable number of 1-6 bp repeats72• Minisatellite 

repeats are slightly larger, 6-1 00 bp. The human genome contains an estimated 150,000 

minisatellites of which about 20% have been shown to be variable in length within 

the population73
• Another important source of variation is the copy number variants 

(CNVs). stretches of sequence larger than 1 kb, present in a varying number of copies74
• 
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Intermediate sized structural variants (mainly deletions and small inversions 8-50 kb in 

length) have only recently been shown to contribute to genomic variation75
• 

In addition to all these sequence changes of relatively small size large parts of 

chromosomes, several megabases or more, can change position in the genome, for 

example, large deletions, translocations and inversion can occur and are referred to as 

genomic rearrangements. The frequency with which this type of structural variation 

occurs naturally within the human population has not been investigated thoroughly. 

Genomic rearrangements can affect gene expression by changing the number of copies 

of a gene, by creating a fusion gene consisting of parts of two genes located on either side 

of a breakpoint, or by repositioning a regulatory element. When an enhancer of an active 

gene is repositioned next to a gene that is normally off, this gene can become aberrantly 

expressed. Many genetic diseases are caused by one of these mechanisms; therefore 

the characterization of the breakpoints of large structural rearrangements can lead to 

the discovery of disease associated genes. Characterization of different translocations 

has recently led to the identification of genes involved schizophrenia76 and dyslexia77
, 

syndromes for which the genetic components were previously unknown. Genomic 

rearrangements have also been identified frequently in cancer samples, mainly in 

hematological tumors. Only a few genomic rearrangements have been described in solid 

tumors78
, because their detection is more difficult in these samples for practical reasons. 

Metaphase spreads used to visualize rearrangements are more difficult to obtain from 

solid tumors. In addition, solid tumors are often heterogeneous and have a more complex 

karyotype. 4C technology described in chapter 6 does not depend on the isolation of 

metaphase chromosomes and can detect translocations even when present in only a 

small subpopulation of the cells. 4C will likely contribute to a more thorough description 

of genomic rearrangements in different types of tumors and in genetic disease. 
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Chapter 2 

Genome-wide technologies 

At the end of the 20'h century the way genomes are studied started to change. The 

establishment of fully sequenced genomes opened doors for genome-wide studies. 

Microarray technology has been especially influential and more recently large scale 

sequencing has boosted the development of novel genomic methods. 

This chapter introduces microarray and sequencing technologies and provides a brief 

overview of the genomic methods in which they have been applied. 

Microarray technology 

Traditionally DNA sequences and RNA species are measured using a labeled probe 

complementary to the sequence of interest. This concept was first modified to be used 

on a large scale in 1995, when the Brown lab created the first microarray'. In microarray 

technology probes are attached or spotted to a glass slide in an orderly fashion, such 

that each "spot" on the array contains a large excess of a specific probe. A fluorescently 

labeled RNA or DNA sample is hybridized to the microarray and, after stringent washing, 

the fluorescence hybridized to each spot is measured using a sensitive scanner. The 

fluorescence is a measure for the abundance of a specific sequence in the sample. On the 

first microarray the expression levels of 45 genes were measured simultaneously, using 

PCR products as probes. The technology was initially received skeptically, but has made 

some giant leaps forward. Instead of 45 genes, all known human genes are now being 

analyzed on a single array. Moreover, the PCR products have been replaced by more 

controllably synthesized oligo-nucleotide probes. Through these and other advances in 

the technique and standardization of data-analysis, microarray expression analysis has 

become a widely used tool in research and is starting to be applied in diagnostics2-5• 

Initially microarrays were mainly used to measure gene expression levels, but essentially 

any mixture of nucleic acids can be analyzed, provided that informative microarray 

probes are designed. If an entire genome is sequenced probes can be designed that 

cover whole or specific parts of genomes. On these tilling arrays BACs (Bacterial Artificial 

Chromosomes) or oligos are used as probes. Their size and their spacing on the genome 

determine the resolution of the microarray. Tilling arrays can be used to study a large 

variety of genome characteristics, such as the binding sites of a specific protein. 

Microarray technology is still advancing, for example, the density of the spots is increasing; 

several million different probes can now be placed on one array. However, due to recent 
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rapid developments the use of large scale sequencing is becoming increasingly popular in 

genomic analyses. In the future, sequencing may replace microarray technology in at least 

some applications. 

Microarrays versus sequencing analyses 

There are several reasons why sequencing analysis is becoming increasingly popular 

over the use of microarrays (table 2.1 ). Most importantly, sequencing is in some 

regards less biased and generates more detailed data. In microarray technology only 

sequences complementary to the probes that are used are measured. With sequencing 

technology every DNA or RNA fragment present in a sample is analyzed individually. Thus, 

provided that enough sequences are analyzed, nothing is missed. In microarray analysis 

quantification is achieved by measuring the hybridization to a probe sequence. When a 

sample is sequenced the exact nucleotide compositions are retrieved. This could not only 

make the analysis more quantitative, but importantly also allows a much more in depth 

analysis of nucleic acid samples and makes it possible to detect (unexpected) changes in 

the analyzed sequences. 

However, microarray technology still has the advantage of the head start (table 2.1 ). It is 

in a more advanced stage of development, and not unimportantly, the data analysis of 

many microarray applications is standardized, such that relevant information is more easily 

obtained from the data sets. Sequencing data sets are much larger than array data sets and 

data processing requires more computational power. The fact that the use of probes on 

microarrays predefines what is measured makes their data analysis more comprehensive. 

To position sequencing data on the genome BLAST (Basic Local Alignment Search Tool) 

analyses need to be performed. Lastly, microarrays are also still the least expensive 

method for many applications. 

Table 2.1. Current differences between microarray and se uencing analyses 
Microarray Sequencing 

sequences measured only complementary to probes all 
measures hybridization to probe basepair sequence 
stage of development advanced novel 
standardized analysis for some applications no 
costs less expensive more expensive 

Sequencing technology 

Because sequencing analysis gives detailed information about changes in the genome 

it has a lot of potential for diagnostics, but conventional sequence analysis is too time 

consuming and too costly for clinical applications. Therefore the aim is to enhance the 
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technology such that sequencing of a complete genome can be done in a single fast and 

affordable experiment. This goal has been given the working title "the $1000 genome': 

Much technical progress was made to achieve this target. 

Sequencing analysis traditionally includes two important steps. The analyzed mixture is 

first split, such that each DNA fragment in the sample is measured individually. Second, 

the isolated DNA needs to be amplified before it is sequenced, because sequencing of a 

single molecule is not (yet) possible. In conventional sequencing analysis DNA samples 

were split by cloning the target sequences into vectors and transforming bacteria. This 

way each bacterial colony contained one DNA sequence that was amplified by growing 

the bacteria. The entire human genome was sequenced using this method, which took 

many years and cost around a billion dollars. 

Recently, new technologies were developed that yield of a large number of sequence 

reads (500,000-60 million) per experiment without bacterial transformation. These 

methods are collectively referred to as next generation sequencing or massive parallel 

sequencing. With this generation of sequencing methods a whole mammalian genome 

can be sequenced in a time span of weeks and at price that is 200 fold lower than that 

of the human sequencing project. Different next generation methodologies were 

developed in parallel, but they all include the same principle steps. The DNA samples are 

fragmented, adapters are ligated to the DNA fragments and the product is attached to a 

surface, thereby isolating each fragment. Each individual DNA fragment is then amplified 

and sequenced6• Each method has its own advantages and disadvantages. Differences are 

mainly found in read length and the number of sequence reads that is obtained (reviewed 

in [7]). 

The illumina/solexa system uses methodology that is in many ways similar to microarray 

technology. The mixture of sequences containing adapters is adhered to a glass slide. 

Each fragment is amplified in an on-glass-slide PCR reaction, such that each individual 

sequence will create its own "spot': Each individual spot is sequenced by measuring the 

incorporation of fluorescent dyes, basepair by basepair. The detection of the fluorophores 

at the spots occurs in a manner similar to the scanning of a microarray (www.illumina. 

com f. 
In the Roche (454) GS FLX sequence system individual sequences are attached to 

primer coated beads and amplified by emulsion PCR. In this type of PCR each bead is 

contained in a small oil droplet that also holds the necessary PCR reaction components. 

After amplifications each droplet will contain up to one million copies of a unique DNA 
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fragment. The PCR products are subsequently positioned on a picotiter plate and analyzed 

by pyrosequencing (www.454.com)8
, 

7
• 

In the Applied Biosystems SOLiD sequencing system DNA fragments are captured on 

beads that are attached to glass slides. Intricate ligation mediated sequencing is applied 

to determine the base constituents (for details see 

http:/ /marketing .a pp I i ed biosystems.com/i mages/Product/Sol id_Know I edge/ 

flash/1 02207 /solid.html)?. 

Although next generation sequencing was only recently introduced, more advanced 

sequencing technologies have already immerged. Helices BioSciences' launched the 

HeliScope (www.helicosbio.com), which allows the detection of single fluorescently 

labelled nucleotides. The Helices system is very similar to the illumina\solexa technology, 

with the advantage that the sequences no longer need to be amplified before they can be 

sequenced. 

Sequencing methods generally rely on incorporation of a labeled nucleotide followed by 

abortion of elongation and identification of the incorporated base. The repeated abortion 

steps slow down the sequencing process and increase the costs of the reactants. Pacific 

Biosciences has developed an innovative sequencing system that measures nucleotide 

incorporation real time (www.pacificbiosciences.com). In this single molecule real time 

DNA sequencing technology (SMRT™) the polymerases in stead of the DNA sequences 

are attached to a surface. Each polymerase is confined within an ultra small measurement 

volume, which makes it possible to detect the incorporated nucleotide above the 

background of all the labeled nucleotides in the solution. 

The novel sequencing technologies have only recently become available and their 

capabilities and incapabilities have yet to be defined in detail. However it is clear that with 

all the technological advancements the $1 000 genome is in sight. This does not only have 

applications in the clinic, but will also provide new opportunities for research. Possibly 

the biggest challenge lying ahead is to come towards a comprehensive and informative 

analysis of the rapidly expanding and accumulating datasets. 

Genome-wide expression analysis 

The genome wide application that has been used most extensively is the analysis of gene 

expression. Searching for 'microarray expression analysis' in the PubMed database results 

in almost 20,000 publications (www.ncbi.nlm.nih.gov/sites/entrez). The large datasets 

obtained in gene expression studies have been used in very different ways. 
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It is possible to focus on individual genes in the data and determine which of them are 

alternatively expressed between samples. This can reveal tissue specific genes or changes 

in activity upon (experimental) manipulation of the system9
• 
10

• 

The size of the data sets provides the opportunity to not only focus on the few genes with 

aberrant expression levels, but rather to investigate the behavior of groups of genes. 

Genes can be clustered according to their expression across experiments. An example of 

this is a cell-cycle experiment in which expression patterns in consecutive phases of the 

cell cycle are analyzed. Genes can be clustered according to their transcriptional activity 

throughout the cell cycle and classified as such 11 • 

In addition to clustering the genes, different samples within an experiment can be 

compared and clustered based on their expression profiles. This has been used extensively 

in cancer research. Patients with the same type of cancer can have very different 

expression profiles (in the tumor). Studying the gene expression of different clusters 

of patients can give insight in the different pathways involved in the pathogenesis12
• 

Ultimately the different profiles will be linked with clinical outcome and gene expression 

analysis can be used as a diagnostic tool. 

Diagnostic purposes of gene expression analysis can also be achieved by approaching 

the data in a different order; by first grouping the patients according to clinical variables 

and then investigating the gene expression data, searching for genes that together 

allow discrimination between the different patient groups. The clinical variables of other 

patients can subsequently be predicted based on the expression of the discriminating set 

of genes, rather than total gene expression profiles. This has been used most successfully 

for breast cancer, where expression analysis has become an important method in tumor 

classification 13• 

Sequencing technology will allow an even more elaborate analysis of gene expression 

profiles. If the exact base pair sequence of expressed genes is measured, splice variants, 

small mutations and novel fusion genes created by structural genomic rearrangements 

can be detected. 

Genome-wide analysis of chromatin 

In addition to levels of gene expression many aspects of genome structure have been 

analyzed on a genome-wide scale. The technical challenge in genome wide methods is 

to extract the sequences of interest from a complex sample containing the entire genome 

(Fig. 2.1 ). The captured sequences are analyzed by microarray or sequencing analysis. 
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Protein-DNA interactions can be captured in two principle ways. Firstly, sequences bound 

by a specific protein can be obtained by selectively retrieving the protein of interest and 

the binding sites from the nucleus. To achieve this protein-DNA contacts are stabilized by 

formaldehyde cross-links, the DNA is fractionated and the protein of interest and bound 

sequences are pulled down using a specific antibody. This approach is called chromatin 

immune precipitation on chip (ChiP-chip)14• DamiD is based on a different principle; the 

protein of interest is not extracted from the nucleus but is modified such that it leaves 

chemical marks at the positions of the genome it binds to. The studied protein is fused 

with a Dam enzyme (DNA adenine methyltransferase) that methylates adenine residues 

of the DNA15• To retrieve the affected sequences the genome is digested with a restriction 

enzyme that only cleaves the methylated sites. By ligation of adapters and subsequent 

PCR the sites contacted by the protein of interest are selectively amplified. Protein-DNA 

interaction measuring techniques can be applied to study diverse aspects of chromatin 

structure, for example the binding sites of transcription factors, the positions of histone 

variants and the locations of histone modifications across the genome14
• 16• 17• 

Two methods were employed to find regulatory elements in the genome (e.g. promoters, 

enhancers and silencers), both were based on the idea that sequences bound by 

regulatory proteins generally lack nucleosomes. In formaldehyde assisted isolation of 

regulatory elements (FAIRE), nucleosomes are fixed to the DNA using formaldehyde and 

the genome is fragmented' 8
• In a subsequent phenol extraction regulatory elements end 

up in the upper aqueous phase and can be isolated. In a different approach, regulatory 

elements have been characterized making use of their increased sensitivity to DNase 1' 9• 

20
, which is likely also the result of a lack of histones. In this strategy the genome is treated 

with (a low amount of) DNase I and digested sites are obtained by: ligation of biotinylated 

adapters, trimming of the DNA fragments, purification of biotinylated DNA, addition of a 

second adapter and PCR amplification. 

Methylation of cytosine residues in the genome can be measured either by methylated 

DNA immunoprecipitation (MeDIP), using an antibody against methylated sites, or by 

bisulfite sequencing. In the latter several chemical steps convert unmethylated cytosine 

to uracil, whereas the methylated cytosines are unaffected. The changes in sequence can 

be measured, for example by high throughput sequencing21
• 

The folded structure of the genome can be analyzed with 4C (chromosome conformation 

capture on chip), as described in chapter 422
• In 4C, co-localizing DNA is cross-linked with 

formaldehyde, digested and cross-linked fragments are ligated. Thus, in a pool of analyzed 

cells each DNA fragment is ligated to a set of sequences it co-localized with. For a selected 
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fragment this entire set can be analyzed by trimming and circularizing the ligation 

products, after which an inverse PCR with primers on the selected fragment amplifies 

all the co-localization partners. Because the amplified parts are always located at the 

restriction site of the enzyme that is used, custom 4C microarray probes can be designed 

and the entire genome can be spotted on a single microarray (a whole mammalian 

genome tilling array covers 36 microarrays). The technical details of this technology are 

discussed in chapter 5 of this thesis. 

Together the technologies described above cover almost every aspect of genome 

structure. All methods are informative individually and combined analyses will give 

insight in the mutual relation between different chromatin components. Genome wide 

studies have shown some general patterns in the distribution of histone modifications16, 

but have also revealed some surprises. For example, in ES cells some gene promoters 

contain both methylated H3K4, considered a mark of active chromatin, and methylated 

H3K27, a histone modification associated with silenced genes23• During differentiation this 

bivalency is lost. DamiD studies have shown that heterochromatin associated proteins 

such as HPl can also be found on active genes24
• 

In addition to these genome-wide views, functional analysis of selected loci will be 

necessary to understand the exact mechanisms and function of all the different elements 

of chromatin structure. 

Genomic techniques to study the sequence of genomes 

Genomic technologies have also greatly influenced genetic research. Before "the genomic 

revolution" the detection of structural alterations in the genome relied on cytogenetic 

techniques25; visualizing (parts) of chromosomes and searching for changes. In traditional 

karyotyping metaphase chromosomes are visualized and a trained eye can detect 

changes in chromosome number or banding patterns. Later developments that improved 

cytogenetics are spectral karyotyping, in which each chromosome is colored with a 

unique fluorophore, and fluorescent in situ hybridization, which can be used to visualize 

selected parts of chromosomes. 

The detection of deletions and amplifications has been greatly facilitated by Comparative 

Genome Hybridisation (CGH). In this method patient and control DNA are alternatively 

labeled and the ratio of the intensities of the two dyes gives a measure for quantitative 

differences between the two samples. Initially, the labeled DNA was hybridized to intact 

metaphase chromosomes, but currently microarrays are used (array CGH). Array CGH is 
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a commonly used tool in genetic studies and has led to the discovery of many disease 

associated deletions and amplifications26• 

Only recently, genomic methods were developed that can detect balanced structural 

rearrangements. In arraypainting, chromosomes are sorted based on size using flow 

cytometry. The individual chromosomes can then be hybridized to a microarray 

or sequenced27
• 

28
• This will reveal if there was any sequence exchange between 

chromosomes. However, metaphase chromosomes are needed for this technique, which 

can not always be obtained. Moreover, not each chromosome can be isolated based on its 

size and inversions are missed using this method. 

Paired end sequencing (PES)29• 30 is a next generation sequencing based method to 

detect structural alterations in the genome. In this technique the genome is fragmented 

in such a way that all the fragments have a comparable size. The ends of the fragments 

are sequenced and paired. Both sequences are blasted against a reference genome. If 

the distance between the paired sequences is not the same as the size of the fragment, 

the analyzed genome is different from the reference genome. Many different types of 

structural changes can be identified, including small deletions and inversions. The size of 

the changes that can be seen depends on the sizes of the fragments that are analyzed. 

Chapter 6 of this thesis describes the use of 4C to characterize genomic rearrangements 

within several megabases of a locus of interest (the viewpoint). 4C utilizes the compacted 

structure of the genome in the nucleus to capture the genomic neighbors of the 

viewpoint. These neighboring fragments are all PCR amplified in one PCR reaction and 

identified on a microarray. This way, 4C identifies sequences up to several megabases 

away. In case of a rearrangement the sequences originate from unexpected positions of 

the genome. Because many fragments across breakpoints are captured 4C is a very robust 

method. In Chapter 7 4C technology is further extended by replacing the microarray 

technology with sequencing technology. In the future, the sequencing strategy could be 

employed to develop a genome-wide scan for large structural rearrangements. 

Very small genetic alterations can also be investigated by genomic approaches. For 

example, Single nucleotide polymorphisms (SNPs) can be detected using SNP arrays31 

(array technology has advanced so much that effects of single nucleotide changes on the 

hybridization signals can be measured) or by sequencing of genomic regions of interest 

or expressed genes32• 
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Summary 

Eukaryotic cells store their genome inside a nucleus, a dedicated organelle shielded by a double 

lipid membrane. Pores in these membranes allow the exchange of molecules between the 

nucleus and cytoplasm. Inside the mammalian cell nucleus, roughly 2m of DNA, divided over 

several tens of chromosomes is packed. In addition, protein and RNA molecules functioning in 

DNA-metabolic processes such as transcription, replication, repair and the processing of RNA 

fill the nuclear space. While many of the nuclear proteins freely diffuse and display a more or 

less homogeneous distribution across the nuclear interior, some appear to preferentially cluster 

and form foci or bodies. A non-random structure is also observed for DNA: increasing evidence 

shows that selected parts of the genome preferentially contact each other, sometimes even 

at specific sites in the nucleus. Currently a lot of research is dedicated to understanding the 

functional significance of nuclear architecture, in particular with respect to the regulation of 

gene expression. Here we will evaluate evidence implying that the folding of DNA is important 

for transcriptional control in mammals and we will discuss novel high-throughput techniques 

expected to further boost our knowledge on nuclear organization. 

Expression of genes, in particular of tissue-specific genes, is often controlled by regulatory 

DNA elements like enhancers and silencers that are located away from the gene promoter. 

In mammals, these DNA elements may be up to 1 megabase apart from the gene [1]. A 

gene locus is defined as the chromosomal region that carries the gene and its regulatory 

DNA elements. When evaluating the functional relevance of chromosome folding we 

consider it important to distinguish between DNA contacts formed within and between 

gene loci. 
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DNA interactions within gene loci 

Within gene loci, it is clear that DNA loops are formed which are functionally meaningful 

for transcription regulation (Fig. 3.1 ). Evidence for the in vivo existence of such local 

chromatin loops was first obtained in the mouse 13-globin locus. It relied on the 

development of two novel techniques, RNA-TRAP and Chromosome Conformation 

Capture (3C) technology (Fig. 3.2). Both techniques independently showed that the 

13-globin locus control region (LCR), crucial for high 13-globin gene expression [2-4], 

contacts active 13-globin genes by looping out the intervening chromatin fibre in vivo 

[5, 6]. 3C technology, in particular, has since become a widely used tool for exploring 

the functional relevance of DNA interactions. 3C (chromosome conformation capture) 

is a biochemical method that involves the capture of in vivo interacting DNA fragments 

via formaldehyde crosslinking and ligation. Quantitative PCR across ligation junctions 

with primers selected for specific DNA fragments subsequently gives a measure for their 

steady-state interaction frequency in the cell population [7]. 

Using 3C, it was demonstrated that LCR-gene loops are formed specifically in erythroid 

cells that express the 13-globin genes [6]. It was found that during development, the 

LCR switches its contacts between different 13-globin genes in relation to their switch 

in expression. Contacts are only established late during erythroid differentiation when 

the 13-globin genes are fully expressed [8] and rely on the transcription factors EKLF and 

enhancer-gene contacts 

E 
--ffi c 

silencer-gene contacts 

5 
-8~--------~~--~ 

shielding of a gene from enhancer elements 

~ ~ 
EE 

contact between start and end of a gene 

proximity of recombination sites 

u 0 

GATA-1, which both are required for 

high levels of 13-globin gene expression 

[9, 1 0]. Collectively, the data show that 

the LCR increases the transcription rate 

of the 13-globin genes by physically 

contacting the genes. Similar contacts 

between enhancer-like DNA elements 

Figure 3.1. Overview of mechanisms in which 

looping of DNA is involved. Looping of enhancers 

or silencers towards gene promoters can influence 

transcriptional activity [5, 6]. Looped structures 

can a gene from its enhancers, resulting in gene 

silencing [14, 15]. Contacts between a gene's start 

and end have been reported and are proposed to 

facilitate recycling of RNA Polll [17]. DNA sequences 

that are removed during recombination events in 

immune receptor loci are looped out, while the 

recombination sites come in close proximity [19, 23]. 
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and genes have since been demonstrated by 3C technology in the T helper type 2 cytokine 

locus [11], the a-globin locus [12, 13], the Kit locus [14] and many other gene loci. 

Local chromatin loops not only serve to promote transcription but appear to also function 

in gene silencing. Silencing DNA elements have been shown to form chromatin loops 

in an imprinted gene cluster carrying the Dlx5 and Dlx6 genes [15] and to contact gene 

promoters in the Kit locus [14]. CTCF, an insulator protein which can block enhancer 

activity when bound in between an enhancer and promoter, also forms chromatin 

loops in gene loci. At the imprinted lgf2-H79 locus, CTCF-mediated loops formed on the 

maternal allele shield the lgf2 gene, causing shared enhancers to exclusively act on the 

maternal H79 gene [16, 17]. In the ~-globin locus, CTCF mediates the formation of loops 

between cognate binding sites flanking the locus. These loops are formed only when the 

locus is active, but they seem to not influence the expression of the ~-globin genes [18]. 

In yeast, loops have been demonstrated between the two ends of actively transcribed 

genes and a similar observation was recently made for the HIV-1 provirus integrated into 

human cells [19, 20]. It has been suggested that physical proximity between the end and 

the start of a transcription unit facilitates the recycling of RNA polymerase II (RNAP II), 

thus stimulating transcription re-initiation. Interestingly, recent live cell imaging studies 

in flies confirm local recycling of fluorescently tagged RNAP II at highly transcribed heat­

shock loci, however apparently without these genes forming loop structures [21]. Future 

research therefore should uncover whether gene looping is a general phenomenon and 

how it influences the transcription process. 

Apart from transcription, chromatin loops have been implicated in the rearrangement 

process that joins the various segments of immunoglobulin loci and T cell receptor 

loci to assemble a functional antigen receptor gene [22-24]. These loci are very large, 

spanning hundreds of kilo bases or even a few mega bases of DNA, and fluorescence in situ 

hybridization (FISH) could therefore be applied to independently confirm the presence of 

these chromatin loops in individual cells under the confocal microscope [23, 24]. Ideally, 

loops detected by 3C in much smaller loci should also be validated by FISH, but this is 

currently impeded by the limited resolution of microscopes. Novel microscopy techniques 

such as 4pi [25] may enable the visualization of these smaller chromatin loops in the near 

future. 

The significance of local chromatin loops 

How would chromatin loops influence processes like transcription and recombination? 

In the case of recombination it seems clear: to join two DNA segments they need to 
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Figure 3.2. Schematic overview of 3C and 4C technology. Nuclei are fixed with formaldehyde to cross-link co­

localizing chromatin. DNA is digested with a restriction enzyme, for example Hind Ill. After dilution of the sample, 

crosslinked fragments are ligated, and subsequently crosslinks are reversed. This way, the Hindlll fragment of 

interest (in black) is ligated to fragments it co-localized with in the studied cell-population. In 3C, a quantitative PCR 

is performed with one primer on the red fragment and one on a ligation partner. The amount of ligations gives a 

measure for the frequency of interaction. In 4C, ligation products are trimmed by digestion with a frequent cutting 

enzyme, because Hindlll fragments are too big to be amplified by PCR. The trimmed products are circularized, such 

that an inverse PCR on the red fragment will amplify all its interacting partners. These sequences can be analyzed by 

microarray analysis or sequencing. 
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physically meet. An unanswered question still is how two sites separated on the 

chromosome physically come together. It may involve a deterministic search process, but 

we would predict contacts are the consequence of the random collisions between DNA 

sites that occur as consequence of the flexibility of the chromatin fiber. A productive 

recombination event then takes place as soon as the appropriate sites juxtapose. 

The relevance of chromatin loops for transcription regulation seems more difficult 

to envisage in molecular terms. Looping brings DNA-binding sites for transcription 

factors in close proximity to the promoter. It has been proposed that this causes a local 

accumulation of transcription factors, which will reinforce the expression status of the 

gene [26, 27]. If silencers are involved, the local accumulation of repressor proteins may 

lock the silenced state of the gene, for example by the deposition of heterochromatin 

marks onto histones at the promoter. When enhancers loop towards the gene, bound 

transcription factors may increase transcription rates by modifying the transcription 

machinery and/or the chromatin, thereby facilitating transcriptional re-initiation or 

elongation. 

Chromatin looping also provides a conceptual framework to understand how genes in 

the mammalian genome maintain expression profiles that are independent of those 

of neighboring genes. Mammalian gene loci often do not occupy physically separate 

domains on the chromosome, but frequently overlap, with unrelated genes showing 

independent expression patterns located in between regulatory DNA elements and their 

target genes. In such instances, boundaries or insulators cannot explain how neighboring 

genes maintain distinct expression profiles. Here, chromatin folding may explain how 

enhancers specifically act on distant target genes while ignoring more proximal genes. 

We expect that separated genomic sites meet through random collisions but only form a 

stable chromatin loop when proteins bound to these sites show affinity. Thus, a promoter 

needs to be compatible with an enhancer to benefit from its physical proximity [26]. This 

model explains for example why olfactory receptor genes are not activated by the directly 

neighboring ~-globin LCR in erythroid cells, even not when the insulator protein CTCF no 

longer binds to the intervening sequence [18]. 

Chromosome folding and gene positioning 

Microscopy studies, in particular FISH-based studies, have shown that DNA inside 

the cell nucleus is structured also beyond the level of single gene loci. The physically 

separate parts of the genome, the chromosomes, are organized in territories. When 

chromosomes are individually stained they appear as distinct areas, rather than being 

48 



FISH-eyed and genome-wide views on the spatial organization of gene expression 

dispersed throughout the nucleus. Chromosomes show a probabilistic three-dimensional 

distribution, with small chromosomes preferentially occupying more internal positions 

and large chromosomes being more peripheral in the nucleus [28]. However, there is 

intermingling between chromosome territories (CTs) and specific areas found on different 

chromosomes can find each other in the nuclear space [29, 30]. Well-described examples 

of this are the nucleoli and chromocenters. In the nucleoli, rDNA clusters present on 

different chromosomes come together to be transcribed [31]. Chromocenters are the large 

heterochromatin structures containing pericentromeric regions of different chromosomes 

[32]. Both nucleoli and chromocenters can differ in size and number between different 

tissues [33]. 

Within CTs the chromatin is also organized. When gene density profiles are plotted 

along the chromosomes, it becomes clear that genes are not distributed randomly, but 

rather are organized in clusters [34, 35]. These gene-dense regions tend to be localized 

more towards the nuclear interior than their gene-poor counterparts [36]. This is also 

true when such regions are physically linked, as was shown by a detailed FISH study that 

analyzed the folding of a 4.3 Mb chromosomal region containing four gene clusters and 

four gene-poor regions. It was found that the region had a few favored conformations. In 

most of the folded structures the gene rich regions were partially or completely clustered 

in space. The gene poor regions were found to cluster as well, but to a lesser extent. The 

investigated 4.3 Mb region is often found in the outer shell of the nucleus and in 80o/o 

of these peripheral situations, two or more gene poor regions show overlap with Lam in 

staining, whereas only in 20% of the cases two or more gene rich regions are found there. 

Lamins are core components of the nuclear lamina, a proteineous mesh that coats the 

inside of the nuclear membrane and connects it to chromatin. Together, the data show 

that the folding of this 4.3 Mb region is not random and suggest that the region may be 

"anchored"to the periphery by the gene poor regions [37]. 

Not only gene density but also transcriptional activity may be linked to nuclear positioning. 

FISH studies have demonstrated that genes can adopt different nuclear positions upon 

changes in their expression status. A repositioning of developmentally activated genes 

away from the nuclear periphery or from pericentromeric heterochromatin has been 

documented for multiple loci, including immunoglobulin loci [38], CFTR [39], the ~-globin 

genes [40] and Mash-1 [41]. Vice versa, genes have been described that move towards 

the periphery or towards the chromocenters upon their developmental silencing [42-

45]. With respect to the position of a locus versus its chromosome territory (CT), similar 

observations were made. The MHC/1 cluster genes, epidermal differentiation complex (EDC) 
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and Hox genes are examples of loci that, upon activation, promote a large-scale relocation 

of the subchromosomal regions that contain them away from the respective CT [46-48]. 

FISH allows determining whether a locus adopts a different nuclear position in two cell 

populations, but it does not provide information about dynamics. Transgenic arrays 

of bacterial Lac or Tet operator sequences that attract and accumulate the cognate 

DNA-binding protein tagged with a fluorescent protein enable the visualization of 

chromosomal integration sites in living cells over time [49]. Previously it was reported 

that during most of the mammalian cell cycle the positions of such tagged chromosomal 

subregions remain relatively stable, with chromatin moving by constrained diffusion [SO]. 

This implies that in order for a locus to adopt an entirely new position in the nucleus, 

passage through mitosis is required. Two recent live cell studies that address the impact of 

the nuclear lamina on gene expression (discussed below) support this idea [51, 52]. They 

showed that the targeting of nuclear lamina components to a transgenic locus induced 

its repositioning to the nuclear periphery only after cell division. However, another live 

cell study reported rapid and directional movement of a locus away from the periphery 

of interphase nuclei upon the targeting of a transcriptional activator [53]. A similar 

directional movement in living cells was also observed for a transgenic U2 snRNA array, 

which moved towards Cajal bodies (CBs) upon transcriptional activation [54]. CBs are 

nuclear substructures involved in the biogenesis of certain small RNPs. In human cells, 

they preferentially associate with certain gene loci, notably the histone genes and small 

nuclear RNA genes. In this study, activation of U2 gene expression induced a directional 

movement of the transgenic cassette to CBs in roughly 20% of the cells, causing them to 

stably associate after approximately 6 hours [54]. Intriguingly, in both studies directional 

movement was dependent on nuclear actin [53, 54]. However, classical actin filaments 

have not been found in the nucleus [55] and the mechanism employed by nuclear actin 

is still unclear [56]. It is currently unclear whether these observations are peculiarities of 

large transgenic arrays that often contain thousands of operator repeats, or may represent 

a more widespread phenomenon shared also by endogenous loci. In this regard it would 

be very informative to target operator sequence arrays near endogenous genes and follow 

(and manipulate) their behavior when the genes undergo their normal developmental 

expression program. 

Interactions between gene loci 

The live cell imaging and FISH studies which document that genes adopt a different 

position in the nucleus upon alterations in their expression status provide support for 
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models predicting the existence of transcriptional competent zones in the nucleus. 

Further evidence for non-random positioning of gene loci comes from recent FISH studies 

which show that selected genes meet in the nucleus. This has been observed for both 

active and silenced genes. In an RNA FISH study, the positioning of the active ~-globin 

gene was investigated relative to other active genes located on the same chromosome. 

The selected genes were shown to co-localize frequently when they are active [57]. Two 

out of the four interacting genes described were erythroid-specific genes, which may be 

interpreted to suggest that functionally related genes preferentially contact each other in 

the nuclear space. Myc and lgH, two frequent translocation partners in lymphomas, are 

other examples of genes reported to frequently co-localize when they are active [58]. The 

interactions are reported to occur at nuclear sites dedicated to transcription, so-called 

transcription factories. They are therefore predicted to be dependent on transcription, an 

issue that was recently addressed in two independent studies. 

Both studies investigated the effect of blocking transcription elongation by DRB (dichloro­

beta- D-ribofuranosylbenzimidazole) and the effect of total transcription inhibition 

either by a-amanitin [59], which prevents the binding of Poll! to DNA, or by heat-shock 

treatment [60], which has less well-defined effects. The contacts made within the gene 

locus, between the gene promoter and the enhancer elements, were analyzed by 3C 

in both studies. The effect of inhibition of elongation was found to be very minimal, 

although one study reported a small, but significant drop in the interactions between the 

~-globin promoter and a part of the LCR. Inhibition of total transcription by a-amanitin 

did not affect the structure of the gene locus either, despite a nearly complete depletion 

of Poll! from the LCR [59]. In contrast, heat-shock treatment resulted in a decrease in the 

promoter-LCR interactions [60]. The maintenance of long-range interactions between 

distant gene loci was also investigated. Neither study found an effect of DRB treatment. 

The effect of heat-shock treatment was measured by investigating two long-range 

interactions between gene fragments, in a semi-quantitative 3C experimental set-up. The 

two interactions were found to be lost after heat-shock treatment. The effect of a-amanitin 

was investigated by 4C (see below, Fig. 3.2), allowing an unbiased simultaneous analysis 

of many interactions across the genome [59]. Contacts made by the ~-globin locus were 

found to be essentially the same before and after transcription inhibition. The same was 

true for the inter- and intrachromosomal interactions formed by a gene-rich housekeeping 

gene locus. Many high-resolution cryo-FISH experiments confirmed these findings. Thus, 

where Mitchell and Fraser concluded that long-range interactions between gene loci 

depend on ongoing transcription or transcription initiation, Palstra et al. concluded that 
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a 4-h block of transcription was not sufficient to disrupt gene interactions and that Poll I 

was not likely to be crucial for keeping distant DNA loci together. The two studies did 

not exclude that an initial act of transcription is required for the positioning of loci in the 

nuclear space. Clearly, future research needs to clarify the exact role of the transcription 

machinery in mediating gene contacts. 

Inter-chromosomal interactions between inactive genes have also been reported. These 

include the contacts made between the lfng and the T ~locus in naive CD4+ T-cells [61]. 

They are found to co-localize, at least at one allele, in almost 40% of the cells, as measured 

by 2D FISH. After differentiation to the TH 1, or TH2 lineage, lfng or the T ~locus becomes 

activated, respectively. Co-localization decreases to 10-13% at this stage of differentiation. 

The authors suggest that the loci are kept in a 'poised chromatin hub' in naive CD4+T-cells. 

In the hub the decision can be made which of the loci will be transcribed. The mono-allelic 

expression of the genes in the TH2 locus, and the observation that the co-localization is 

found mostly at one of the alleles, is suggestive for an intricate regulatory mechanism. 

Another recently published example of contacts made between silent genes is the co­

localization of GFAP and s700{3 [62]. Both genes are silent in neural progenitor cells (NPCs) 

and become expressed when the cells are differentiated into astrocytes. GFAP is expressed 

mono-allelically. In 20% of NPCs, one GFAP allele co-localizes with an allele of s700{3. This 

co-localization decreases to less than 10% after induction of differentiation. Therefore, 

like the lfng T ~interaction, the loci investigated here could be within a 'poised chromatin 

hub: 

Together, these recent FISH observations fuel a deterministic model for nuclear 

organization, as they predict that functionally related genes present on the same or on 

different chromosomes need to come together to coordinate each other's activity. A word 

of caution needs to be expressed though concerning the term 'co-localization; since its 

meaning depends on the microscopy technique used and the definition applied by 

the investigators. As outlined before [63], it has entirely different meanings in different 

studies, which obviously has an important impact on the interpretation of the results. 

We and others have previously also argued that the linear distribution of repetitive DNA 

sequences and of active and inactive DNA regions is important for the folding and relative 

positioning of chromosomes, implying that the nuclear position of a locus also depends 

on the properties of neighboring DNA. If true, it would argue more for a stochastic 

concept of nuclear organization in which functionally relevant interactions between two 

selected loci present on different chromosomes will be rare [63, 64]. Below we will discuss 
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a number of recent studies that take into account the properties of neighboring DNA 

when interpreting the significance of the nuclear position adopted by a given gene. 

Studying genes in the context of their subchromosomal surrounding 

Mash 1 is one of the loci reported to change position in the nucleus upon transcription 

activation [41]. It is a neural gene located relatively isolated on the genome, with a liver 

specific gene Pah-7 as a close neighbor. In ES cells the locus is present at the periphery of 

the nucleus. After differentiation into the neural lineage, Mash 1 becomes expressed and 

located towards the nuclear interior. Pah-7 as a consequence also moves interiorly, but 

does not become activated. Other neural genes located in the periphery in ES cells do not 

relocate after induction [41], showing that genes can be activated also when present at 

the outer edge of the nucleus. A similar observation was made in a study that followed the 

radial position of the !'-globin locus during erythroid differentiation [40]. This gene locus 

adopts a more internal position when activated during erythropoiesis, but early during 

the differentiation process active !'-globin genes are also observed at the periphery. 

The data show that the up-regulation of some, but not all genes coincides with nuclear 

internalization. Repositioning may facilitate gene activation, but is neither required nor 

sufficient. A similar conclusion can be drawn with respect to chromosome territories. It 

has been shown that the erythroid-specific a-globin genes, which are surrounded in cis 

by housekeeping genes, are inactive in non-erythroid cells despite their position outside 

the CT. Vice versa, the !'-globin genes remain inside the CT also when highly transcribed in 

erythroid cells [65]. Thus, genes do not need to move out of their chromosome territories 

for expression, in agreement with the observation that sites of active transcription are 

present throughout the nuclear interior [66, 67]. Looping away from the CT also does 

not necessarily increase transcription rates. Lnp, a gene located near the Hoxd cluster, 

was shown to be active and not change its expression level upon looping away from its 

CT during ES cell differentiation [68]. The relevance of DNA movement relative to the CT 

was recently further addressed in a study that involved the integration of the !'-globin 

LCR, without !'-globin genes, into a gene-dense region of mouse chromosome 8 [69]. 

Integration was done in both orientations. In erythroid cells taken from transgenic mice, 

the two oppositely oriented LCRs each caused a repositioning of the locus that carried 

them away from the CT. Many genes, as far as 150 kilobases away from the integration 

site, showed higher transcription rates with both LCRs. A second category of genes 

present in between the activated genes was found that, similar to Lnp, did not increase 

their expression in response to relocation by either of the two LCRs. While chromatin or 
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gene-intrinsic properties may preclude further activation of these genes, this was clearly 

not the case for a third category of genes present near the integrated LCRs. This category 

represented genes that increased their transcriptional activity, but only in response to one 

orientation of the LCR. Since both LCRs move the region away from its CT, the existence 

of these genes showed that repositioning cannot be the driving force behind their 

transcriptional upregulation [69]. Collectively, the data show that the expression status of 

a gene may correlate with, but does not depend on the position relative to the CT. The 

studies highlight the importance to also consider surrounding sequences and genes when 

interpreting the significance of nuclear location. 

High-throughput studies on nuclear architecture 

FISH, no matter how revealing, has two major disadvantages: it is biased towards the 

loci or nuclear structures that were selected for analysis and it can only analyze a limited 

number of loci simultaneously. It is impossible to know whether observations made 

by FISH uncover general concepts that also apply to the rest of the genome or reflect 

a peculiarity of the gene locus investigated. It is also very difficult, if not impossible, to 

discover gene interaction networks based on testing candidate loci by FISH. In order 

to understand the general concepts behind nuclear architecture, high-throughput 

approaches need to be applied that screen the entire genome in an unbiased manner 

for interactions between genomic sites and with nuclear substructures. In recent years, 

several of these approaches have been developed. 

DamiD is a high-throughput strategy that, like ChiP-chip, uncovers the genomic binding 

sites of selected proteins. It involves the identification of DNA sequences carrying the 

methylation mark that is deposited by the bacterial methylase dam, which is expressed 

as a fusion to the protein of interest. In a recent DamiD experiment, the interaction sites 

of an important structural component of the nuclear lamina, La min B1, were investigated 

in human lung fibroblasts [36]. This study provided important information about genome 

organization inside the nucleus and the relationship between the nuclear periphery and 

gene expression. Lam in B1 was shown to interact with remarkably distinct domains in the 

human genome, with an average size of 500 kb. The Lam in associated domains (LADs) are 

characterized as being low in gene density and gene activity, although active genes could 

be found in LADs and non-LADs also carried silent genes. The profiles of gene density and 

activity show a steep transition at the LAD borders, illustrating that LADs and non-LADs 

are functionally different domains within the human genome. The transition area between 

domains is on the non-LAD side often characterized by CTCF binding sites, CpG islands 
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and promoters facing away from the LAD. These characteristic could all be involved in 

creating a boundary, preventing spreading of heterochromatin. However, together these 

characteristics cover only 30% of the transition sites, suggesting more factors are to be 

discovered. It is important to mention that FISH experiments showed that LADs could also 

be found internally in a proportion of cells, illustrating that lamina association of inactive 

domains is probabilistic [36]. Thus, the nuclear periphery is enriched for inactive domains 

of the genome. Do these regions move there as a consequence of their silenced state, or is 

transcription downregulated when genes are positioned at the edge of the nucleus? 

The impact of the nuclear lamina on gene expression was recently further explored in 

three independent live cell imaging studies which all used bacterial operator sequences 

to target a locus to the periphery [51, 52, 70]. Two groups investigated the effect of 

repositioning on the expression of a linked transgene. Kumaran et al reported that the 

relocated transgene could be fully induced, with kinetics similar to that observed at an 

internal position. They measured expression levels by targeting a fluorescent label to 

M52 repeats integrated in the transgenic transcript [51]. Reddy et al however reported 

downregulation of their transgene upon targeting to the periphery [52]. The third study 

by Finlan et al involved the targeting of two different endogenous loci to the nuclear 

periphery, again via Lac operator arrays [70]. At both positions some, but not all genes 

surrounding the targeted site were downregulated and the same was true for some 

genes at a large distance in cis. Thus, one study found no effect on gene activation [51] 

while two others observed gene silencing upon targeting to the nuclear periphery [52, 

70]. One possible explanation for these apparently contradicting results is that the first 

study measured transcription activation while the others investigated maintenance 

of transcription; different activities may be required for these different processes. In 

addition, the DamiD results suggest that the type of promoter, the position in the genome 

and possibly other variables may also influence the outcome of these experiments. 

Collectively, the studies show that transcription can occur at the nuclear periphery. 

However, the outer shell of the nucleus tends to be occupied by the more inactive regions 

of the genome. Genes can be subject to silencing when targeted to the nuclear lamina, 

suggesting that the periphery can play an active role in transcriptional repression. In 

other words, the accumulation of inactive chromatin at the periphery may not only be 

a consequence of their silenced state and nuclear internalization may indeed facilitate 

gene expression. Components of the lamina have been shown to interact with HDAC3, a 

deacetylating enzyme, which may be actively involved in gene silencing at the periphery. 
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In agreement, down-regulation was accompanied by decreased histone acetylation at the 

genes [52, 70]. 

The DamiD study for the first time mapped the genomic regions that contact a certain 

subnuclear compartment. It would be interesting to also investigate the co-localization 

with proteins found in other nuclear structures, such as PML bodies, CBs and nuclear 

speckles. Such studies may reveal the function of these bodies, which currently still is 

rather enigmatic. They may also uncover concepts that shape the genome inside the cell 

nucleus. 

While DamiD and ChiP-chip experiments provide genome-wide binding profiles of 

proteins, several other high-throughput techniques have recently been developed that 

aim to analyze DNA-DNA interactions across the genome. All these techniques are based 

on 3C technology [71]. 4C technology (3C-on-chip or circular 3C) involves screening the 

genome in an unbiased manner for regions that interact with a locus of choice [30, 72]. 

4C applied to the active ~-globin locus identified interactions with many gene clusters 

containing active genes and with some single active gene loci. The erythroid-specific 

genes previously identified by FISH were among the contacts found by 4C [57]. In 

the context of all the interactions found, no bias was observed for the ~-globin locus 

to preferentially share nuclear sites with genes that are functionally related. Thus, 4C 

puts individual interactions measured by FISH in the context of the entire spectrum 

of DNA contacts. The co-localization of the ~-globin locus with active parts of the same 

chromosome was specific for the active state of the locus in fetal liver cells. When 4C 

was applied to the inactive ~-globin locus in brain cells, contacts were identified with 

completely different regions of mouse chromosome 7. These regions did not carry genes 

or only contained inactive genes and located more towards the centromere of mouse 

chromosome 7. An active housekeeping gene, Rad23a, located in a gene dense locus, 

co-localized with many active, gene dense region elsewhere on the chromosome and 

on other chromosomes. These interactions were conserved between fetal liver and brain 

tissue, despite differences in expression of some of the genes located within the gene 

dense areas. The data demonstrated at the level of DNA contacts that active and inactive 

chromatin separate in the nucleus. Since active and inactive chromosomal segments 

each appear to have their own preferred interaction partners, it was proposed that the 

nuclear environment of a gene is not only determined by the gene itself but also by the 

surrounding sequences [30]. In case of ~-globin, the active state of the -200 kb locus is 

dominant over the flanking silent chromatin. It would be interesting to investigate the 
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Figure 3.3. Schematic representation of methods to study nuclear organization. Different methods provide 

different information on interactions between gene loci and between genes and nuclear protein (-structures). (a) 

4C investigates the DNA interactions made with a given gene locus 'A: resulting in a spectrum of interactions across 

chromosomes. DamiD and ChiP-chip generate a genome-wide map of interactions with protein ·x: (b) FISH studies 

can determine the frequencies of such interactions, and the relation between protein and DNA contacts made 

by a locus. Even if a protein binds to two DNA sites that contact each other, it does not need to function in loop 

formation. For example, NF-E2 binds to the ~-globin LCR and to the adult ~-globin gene promoter which form a 

stable chromatin loop, but this loop is maintained also in a NF-E2-null background [76]. The functional relevance 

of DNA contacts should indeed be determined by genetic studies. Live cell imaging studies can give insight in the 

dynamics of the interactions. 
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nuclear environment of a gene that that is alternatively expressed between tissues and is 

located in a gene dense, active area of the genome. 

While the 4C study supports the idea that stochastic principles underlie nuclear 

organisation [63], other studies using similar methodology reported data which suggest 

that the nucleus is ordered according to more deterministic rules: specific genes present 

on different chromosomes would come together in the nucleus. Two studies used the 

H79/lgf2 locus as their target to screen for DNA interactions [72, 73]. Surprisingly, they 

identified completely different interactions. Ling et al applied a strategy referred to as 

the associated chromosome trap (ACT) assay. They found three interacting fragments 

and focussed on a parent-of-origin specific interaction between the maternal allele of 

the H79//gf21ocus and the paternal allele of the Wsb7/Nf7 locus [73]. Zhao et al applied 

4C technology, which in their case stands for circular 3C, and sequenced 114 captured 

fragments. They reported interactions with regions on all mouse chromosomes and an 

overrepresentation of imprinted gene loci, suggesting that epigenetic mechanisms cause 

their clustering [72]. The number of sequences analyzed in both studies is limited and 

therefore both data sets may not provide the entire picture of the long-range interactions 

formed by the H7 9/lgf2 locus. This may explain why the results of the two studies do not 

necessarily agree. 

Future persepectives 

The recently developed high-throughput methods to study nuclear architecture have 

provided exciting new insight into nuclear organization. Genome-wide mapping studies 

of protein-DNA interactions have proven to be a valuable method to describe the genomic 

regions that are frequently found near proteineous structures in the nucleus. Novel 

methods that identify all co-localizing sequences of a gene locus put selected interactions 

measured in FISH studies into perspective. Only an appreciation of the full spectrum of 

DNA interactions allows defining the concepts of genomic architecture (Fig. 3.3). Data 

obtained with the current strategies do not necessarily always agree though. In part this 

will be due to the fact that the technologies are new and need to be further developed. It 

is important to recognize that all the strategies based on 3C involve PCR to enrich for the 

interactions of interest and that PCR can introduce a bias in the assay. Results therefore 

always need to be verified by FISH, preferably 3D or cryo-FISH. FISH also allows studying 

DNA interactions in single cells and determining the percentage of alleles that interact at 

a given time. 
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Several reports based on 3C-variants show spectacular, highly specific inter-chromosomal 

interactions between selected gene loci. These data support a deterministic form of 

nuclear organization, where gene loci are guided to specific partners located on unrelated 

chromosomes. Conclusive evidence that such interactions are functionally important 

needs to come from genetic studies showing that the deletion of genomic parts on 

the one chromosome affect the expression of genes on the other chromosomes. In this 

respect it is worth to refer to the studies by Fuss et al [74] who showed that the deletion 

of an enhancer previously claimed to activate olfactory receptor genes throughout the 

genome [75] only affected the expression of genes nearby on the chromosome. Based 

on our 4C data, we have argued that the genome is shaped according to self-organizing 

principles. In this stochastic concept, specific gene loci will have a very difficult time 

finding each other, as their nuclear position depends not only on the gene itself but 

also on the properties of neighboring sequences and, by extrapolation, of the entire 

chromosome. Clearly, we are only at the beginning of an era dedicated to the uncovering 

of DNA topology inside the living cell nucleus. Future will tell which principles shape 

the nucleus and how the conformation of chromatin influences a process like gene 

expression. 
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Summary 

The spatial organization of DNA in the cell nucleus is an emerging key contributor to genomic 

function7-12
• We developed 3C on chip technology (4C), which allows for an unbiased genome­

wide search for DNA loci that contact a given locus in the nuclear space. We demonstrate 

here that active and inactive genes are engaged in many long-range intrachromosomal 

interactions and can also form interchromosomal contacts. The active {3-g/obin locus in fetal 

liver preferentially contacts transcribed, but not necessarily tissue-specific, loci elsewhere on 

chromosome 7, whereas the inactive locus in fetal brain contacts different transcriptionally 

silent loci. A housekeeping gene in a gene-dense region on chromosome 8 forms long­

range contacts predominantly with other active gene clusters, both in cis and in trans, and 

many of these intra- and interchromosomal interactions are conserved between the tissues 

analyzed. Our data demonstrate that chromosomes fold into areas of active chromatin and 

areas of inactive chromatin and establish 4C technology as a powerful tool to study nuclear 

architecture. 

Our understanding of genomic organization in the nuclear space is based mostly on 

microscopy studies that often use fluorescence in situ hybridization (FISH) to visualize 

selected parts of the genome. However, FISH, no matter how revealing, can analyze only 

a limited number of DNA loci simultaneously and therefore produces largely anecdotal 

observations. In order to get a rigorous picture of nuclear architecture, there is a need 

for high-throughput technology that can systematically screen the whole genome in an 

unbiased manner for DNA loci that contact each other in the nuclear space. To this end we 
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Figure 4.1 4C technology. (a) Outline of 4C procedure. Briefly, 3C analysis is performed as usual, but the PCR step 

is omitted. The 3C template contains bait (for example, a restriction fragment encompassing a gene) ligated to 

many different fragments (representing this gene's genomic environment). The ligated fragments are cleaved by 

a frequently cutting secondary restriction enzyme and are subsequently religated to form small DNA circles that 

are amplified by inverse PCR (30 cycles) using bait-specific primers facing outward. (b) PCR results separated by gel 

electrophoresis from two independent fetal liver (L1, L2) and brain (B1, 82) samples. (c) Schematic representation 

of the location of the microarray probes. Probes were designed within 100 bp of Hind Ill sites. Thus, each probe 

analyzes one possible ligation partner, 
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have developed 4C technology, which combines chromosome conformation capture (3C) 

technology1 3 with dedicated microarrays. 

An outline of the 4C procedure is given in Figure 4.1 a, and it is explained in detail in the 

Methods section. In short, 4C involves PCR amplification of DNA fragments cross-linked 

and ligated to a DNA restriction fragment of choice (here, Hindlll fragments). Typically, 

this yields a pattern of PCR fragments specific for a given tissue and highly reproducible 

between independent PCR reactions (Fig. 4.1 b). The amplified material, representing 

the fragment's genomic environment, is labeled and hybridized to a tailored microarray 

that contains probes each located < 100 bp from a different Hindlll restriction end in the 

genome (Fig. 4.1 c). The array used for this study (from Nimblegen Systems) covered seven 

complete mouse chromosomes. 

We applied 4C technology to characterize the genomic environment of the active 

and inactive mouse ~-globin locus, located in a large olfactory receptor gene cluster 

on chromosome 7. We focused our analysis on a restriction fragment containing 

hypersensitive site 2 (HS2) of the ~-globin locus control region (LCR). Both in embryonic 

day (E)14.5 liver, where the ~-globin genes are highly transcribed, and in E14.5 brain, 

where the locus is inactive, we found that the great majority of interactions were with 

sequences on chromosome 7, and we detected very few LCR interactions with six 

unrelated chromosomes (8, 1 0, 11, 12, 14 and 15; Fig. 4.2a). We found the strongest 

signals on chromosome 7 within a 5- to 10-Mb region centered around the chromosomal 

position of ~-globin, in agreement with the idea that interaction frequencies are inversely 

proportional to the distance (in bp) between physically linked DNA sequences13• It was not 

possible to interpret the interactions in this region quantitatively because corresponding 

probes on the array were saturated (see Methods). 

Both in fetal liver and in brain, we identified clusters of 20-50 positive signals juxtaposed 

on chromosome 7, often at chromosomal locations tens of Mb away from ~-globin (Fig. 

4.2b,c). To determine the statistical significance of these clusters, we ordered data of 

individual experiments on chromosomal maps and analyzed them using a running mean 

algorithm with a window size of approximately 60 kb. We then used the running mean 

distribution of randomly shuffled data to set a threshold value, allowing a false discovery 

rate of 5%. This analysis identified 66 clusters in fetal liver and 45 in brain that were 

reproducibly found in duplicate experiments (Fig. 4.2d-f). Indeed, high-resolution FISH 

confirmed that such clusters truly represent loci that interact frequently (see below). Thus, 

4C technology identifies long-range interacting loci by the detection of independent 

ligation events with multiple restriction fragments clustered at a chromosomal position. 
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Figure 4.2 Long-range interactions with p-globin, as shown by 4C technology. (a) Unprocessed ratios of 4C­

to-control hybridization signals, showing interactions of f3-globin HS2 with chromosome 7 and two unrelated 

chromosomes (8 and 14). (b,c) Unprocessed data for two independent fetal liver and fetal brain samples plotted 

along two different 1- to 2-Mb regions on chromosome 7. Highly reproducible clusters of interactions are observed 

either in the two fetal liver samples (b) or the two brain samples (c). (d,e) Running mean data for the same regions. 

False discovery rate was set at 5% (dashed line). (f) Schematic representation of regions of interaction with active 

(fetal liver, top) and inactive (fetal brain, bottom) f3-globin on chromosome 7. Note that interacting regions are, 

on average, 150-200 kb and are not drawn to scale. Chromosomal positions were based on National Center for 

Biotechnology (NCBI) build m34. 
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A completely independent series of 4C experiments that focused on a fragment 50 kb 

downstream containing the ~-globin-like gene Hbb-b7 gave almost identical results 

(Supplementary Fig. 4.1 ). 

A comparison between the two tissues showed that the actively transcribed ~-globin 

locus in fetal liver interacts with a completely different set of loci on chromosome 7 from 

its transcriptionally silent counterpart in brain ('t = -0.03; Spearman's rank correlation). 

This excluded that results were influenced by the sequence composition of the probes. 

In fetal liver, the interacting DNA segments were located within a 70-Mb region centered 

around the ~-globin locus, with the majority (40/66) located toward the telomere of the 

chromosome. In fetal brain, we found interacting loci at similar or even greater distances 

from ~-globin than in fetal liver, with the great majority of interactions (43/45) located 

toward the centromere of chromosome 7 (Fig. 4.2f). 
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Figure 4.3 Active and inactive p-globin interact with active and inactive chromosomal regions, respectively. 

(a) Comparison between ~-globin long-range interactions in fetal liver (4C running mean, top), microarray 

expression analysis in fetal liver (log scale, middle) and the location of genes (bottom) plotted along a 4-Mb region 

that contains the gene Uros (-30Mb away from ~-globin), showing that active ~-globin preferentially interacts with 

other actively transcribed genes. (b) The same comparison in fetal brain around an olfactory receptor gene cluster 

located -38 Mb away from ~-globin, showing that inactive ~-globin preferentially interacts with inactive regions. 

Chromosomal positions were based on NCBI build m34. (c) Characterization of regions interacting with ~-globin in 

fetal liver and brain in terms of gene content and activity. 
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Although the average size of interacting areas in fetal liver and brain was comparable 

(183 kb and 159 kb, respectively). we observed marked differences in their gene content 

and activity, the latter being determined by Affymetrix expression array analysis. In fetal 

liver, 80% of the 13-globin interacting loci contained one or more actively transcribed 

genes, whereas in fetal brain, the great majority {87%) did not show any detectable gene 

activity (Fig. 4.3). Thus, the 13-globin locus contacts different types of genomic regions 

in the two tissues (Supplementary Table 4.1 online). Notably, 4C technology identified 

Uros, Eraf and Kcnq1 (all -30 Mb away from 13-globin) as genes interacting with the 

active 13-globin locus in fetal liver, in agreement with previous observations made by 

FISH8 (Supplementary Fig. 4.2). Notably, in brain, we observed contacts with two other 

olfactory receptor gene clusters present on chromosome 7 that were located at each side 

of, and 17 and 37Mb away from, 13-globin. 

Uros and Eraf and the genes encoding 13-globin are all erythroid-specific genes that may 

be regulated by the same set of transcription factors, and it is an attractive idea that these 

factors coordinate the expression of their target genes in the nuclear space. We compared 

Affymetrix expression array data from E14.5 liver with that of brain to identify genes 

expressed preferentially (that is, showing more than fivefold greater expression) in fetal 

liver. Of the 560 active genes on chromosome 7, 15% were 'fetal liver-specific'; this was 

true for 13% of the 156 active genes within the colocalizing areas. More notably, 49 out of 

66 {74%) interacting regions did not contain a 'fetal liver-specific' gene. Thus, we find no 

evidence for the intrachromosomal clustering of tissue-specific genes. 

As the 13-globin genes are transcribed at exceptionally high rates, we subsequently asked 

whether the locus preferentially interacts with other regions of high transcriptional 

activity. Using Affymetrix counts as a measure for gene activity, we performed a 

running sum algorithm to measure overall transcriptional activity within 200-kb regions 

around actively transcribed genes. This analysis showed that transcriptional activity 

around interacting genes was not higher than around noninteracting active genes on 

chromosome 7 (P = 0.9867; Wilcoxon rank sum). 

We next investigated whether a gene that is expressed similarly in both tissues also 

switches its genomic environment. Rad23a is a ubiquitously expressed DNA repair 

gene that resides in a gene-dense cluster of predominantly housekeeping genes on 

chromosome 8. Both in E14.5 liver and in brain, this gene and many of its direct neighbors 

are active. We performed 4C analysis and identified many long-range interactions with loci 

up to 70 Mb away from Rad23a. Notably, interactions with Rad23a were highly correlated 

between fetal liver and brain (1: = 0.73; Spearman's rank correlation) (Fig. 4.4a), providing 
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evidence for a general chromosomal folding pattern that is conserved between different 

cell types. Again, a shared hallmark of the interacting loci was that they contained actively 

transcribed genes. In both tissues, roughly 70% contained at least one active gene (Fig. 

4.4b,c). Regions around interacting genes showed statistically significant higher levels 

of gene activity than for active genes elsewhere on the chromosome, as determined 

by a running sum algorithm (P < 0.001 for both tissues). Thus, the Rad23a gene, which 

is located in a gene-rich region, preferentially interacts over a distance with other 

chromosomal regions of increased transcriptional activity. 

To validate the results obtained by 4( technology, we performed cryo-FISH experiments. 

Cryo-FISH is a recently developed microscopy technique that has an advantage over 

current three-dimensional FISH in that it better preserves the nuclear ultrastructure while 

offering improved resolution in the z axis by the preparation of ultrathin cryosections10• 

Notably, 4C technology measures interaction frequencies rather than (average) distances 

between loci. Therefore, we verified 4C data by measuring how frequently ~-globin or 

Rad23a alleles (always n > 2SO) colocalized with selected chromosomal regions in 200-nm 

ultrathin sections prepared from E14.5 liver and brain. Notably, colocalization frequencies 

measured for loci positively identified by 4C technology were all significantly higher 

than frequencies measured for background loci (P < 0.05; G test) (Supplementary Table 

4.2 online). For example, distant regions that we found to interact with ~-globin by 4C 

technology colocalized more frequently than intervening areas not detected by 4C (7.4% 

and 9.7% versus 3.6% and 3.5%, respectively). Also, the two distant olfactory receptor 

gene clusters found (by 4C) to interact with ~-globin in fetal brain but not liver scored 

colocalization frequencies of 12.9% and 7%, respectively, in brain, versus 3.6% and 1.9% in 

liver sections (Fig. 4.5). We concluded that 4C technology faithfully identified interacting 

DNA loci. Next, we used cryo-FISH to demonstrate that loci identified to interact with 

~-globin also frequently contacted each other. This was true for two active regions 

separated over a large chromosomal distance in fetal liver (Supplementary Fig. 4.3) as 

well as for two inactive olfactory receptor gene clusters far apart on the chromosome 

in brain (Fig. 4.5). Notably, we also found frequent contacts between these two distant 

olfactory receptor gene clusters in fetal liver, where they did not interact with the olfactory 

receptor gene cluster that contained the actively transcribed ~-globin locus. These data 

provided further evidence for spatial interactions between distant olfactory receptor gene 

clusters14• 

FISH analysis showed that the gene-dense chromosomal region containing Rad23a 

resides mostly at the edge of (82%) or outside (14%) the territory of chromosome 8 (D. 
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Noordermeer, M.R. Branco, A. Pombo and W.d.L., unpublished data) and we considered 

the possibility that Rad23a also interacted with regions on other chromosomes. Six 

unrelated chromosomes (7, 10, 11, 12, 13 and 14) were represented on our microarrays. 

Typically, these chromosomes showed very low 4C signals, with a few strong signals that 
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Figure 4.4 Ubiquitously expressed Rad23a interacts with very similar active regions in fetal liver and brain. 

(a) Schematic representation of regions on chromosome 8 interacting with active Rad23a in fetal liver and brain. 

Note that interacting regions are on average 150-200 kb and are not drawn to scale. (b) Comparison between 

Rad23a long-range interactions (4C running mean) and microarray expression analysis (log scale) in fetal liver and 

fetal brain. Location of genes is plotted (bottom) along a 3 Mb region of chromosome 8. Chromosomal positions 

were based on NCBI build m34. (c) Characterization of regions interacting with Rad23a in fetal liver and brain in 

terms of gene content and activity. 
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Figure 4.5 Cryo-FISH confirms that 4C technology truly identifies interacting regions. (a) example of part of 

a 200-nm cryosection showing more than ten nuclei, some of which contain the ~-globin locus (white arrowhead) 

and/or Uros (grey arrowhead). Owing to sectioning, many nuclei do not show signals for these two loci. (b,c) 

Examples of completely (b) and partially (c) overlapping signals, which were all scored as positive for interaction. 

(d-f) Examples of nuclei containing non-contacting alleles (d,e) and a nucleus containing only ~-globin (f), which 

were all scored as negative for interaction. Scale bars in a-f: 1 J.lm. (g-h) Schematic representation of cryo-FISH 

results. Percentages of interaction with ~-globin (g) and Rad23a (h) are indicated above the chromosomes for 

regions positively identified (black arrowhead) and negatively identified (grey arrowhead) by 4C technology. The 

same BACs were used for the two tissues. Interaction frequencies measured by cryo-FISH between two distant 

olfactory receptor gene clusters in fetal liver and brain are indicated below the chromosomes. Interacting regions 

are on average 150-200 kb and are not drawn to scale. 
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often appeared isolated on the linear DNA template. Indeed, when we analyzed each 

chromosome separately by applying running mean algorithms, we identified mostly 

regions that contained one such very strong hybridization signal. When tested by cryo­

FISH, these regions scored negative for interaction (Supplementary Table 4.3 online). 

To better identify clusters of possibly weaker, but positive, signals on the unrelated 

chromosomes, we applied a running median algorithm that ignores the isolated strong 

signals and scores only regions containing multiple positive signals. In fetal liver and brain, 

24 and 44 of these interchromosomal regions were reproducibly identified in duplicate 

experiments (false discovery rate of 0%). We tested two of these regions by cryo-FISH, and 

both showed significant colocalization with Rad23a (P<O.OS; Supplementary Table 4.3). 

We identified trans-interacting regions on all six chromosomes analyzed by 4C 

(Supplementary Table 4.4 online). A comparison between fetal liver and brain 

showed that the trans-interacting regions were often located at the same parts of the 

chromosomes, suggesting that the interchromosomal environment of the gene-dense 

region containing Rad23a is conserved to some extent between the tissues (Fig. 4.6a). 

Similar to what we had observed for the intrachromosomal contacts, interchromosomal 

interactions with Rad23a seemed biased toward regions with increased gene density 

(Fig. 4.6b-d and Supplementary Fig. 4.4). These data suggested that active gene-dense 

regions preferentially contact each other in cis and in trans. 

The p-globin locus has been shown to preferentially locate inside its own chromosome 

territoryl 5• In agreement with this, we found only four interacting regions in trans in 

each tissue (data not shown). In fetal liver, all four regions contained actively transcribed 

genes, whereas in fetal brain, where the locus is inactive, three out of the four regions did 

not contain an active gene. Cryo-FISH on two loci in fetal liver, however, did not show 

colocalization frequencies significantly above background (data not shown). Thus, either 

the method detects some false positive interchromosomal interactions or is so sensitive 

that it identifies interactions too infrequent to be discerned from background under the 

microscope. 

Our observations demonstrate that not only active, but also inactive, genomic regions 

can transiently interact over large distances with many loci in the nuclear space. The 

data strongly suggest that each DNA segment has its own preferred set of interactions. 

This implies that it is impossible to predict the long-range interaction partners of a 

given DNA locus without knowing the characteristics of its neighboring segments and, 

by extrapolation, the whole chromosome. The fact that a housekeeping gene shows 

interchromosomal contacts provides further evidence for extensive chromosome 
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Figure 4.6 lnterchromosomal interactions with Rad23a. (a) lnterchromosomal interactions with Rad23a are 

conserved between tissues. Indicated are the percentages of trans-interacting regions observed in fetal liver that 

are identical, close to (that is, <1 Mb) or unrelated to the interchromosomal interactions detected in fetal brain. (b) 

The great majority of regions contacting Rad23a in trans contain active genes, both in fetal liver (left) and brain 

(right). (c,d) High running median values of the 4C data (top) are found at chromosomal locations with a high gene 

density (bottom). Chromosomes 10 (c) and 11 (d) from a fetal brain sample are shown as examples. Data from fetal 

liver have a similar profile. Chromosomal positions were based on NCBI build m34. 
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intermingling10 and shows that individual loci have preferred neighbors in the nuclear 

space. We propose that the extensive network of long-range interactions that we have 

identified both between inactive and between active genomic loci reflects cell-to-cell 

differences in chromosome conformations in combination with dynamic movements 

during interphase. 

Methods 

4C technology 

The initial steps of the 3C technology procedure were performed as described previously1 6, 

yielding ligation products between Hindlll fragments. This Hindlll-ligated 3C template 

(~so J.Lg) was digested overnight at a concentration of 100 ng/J.LI with 50 units (U) of a 

secondary, frequently cutting restriction enzyme (either Dpnll (used for HS2 and Rad23a) 

or Nlalll (used for Hbb-b1)). Other combinations of restriction enzymes will also work, 

provided that the secondary, but not the primary, restriction enzyme is a frequent DNA 

cutter. To avoid constraints in DNA circle formation 17, we chose a secondary restriction 

enzyme that did not cut within 350-400 bp of the Hindlll restriction site that demarcates 

the restriction fragment of interest (that is, the 'bait'). After secondary restriction enzyme 

digestion, DNA was phenol extracted, ethanol precipitated and subsequently ligated 

at low concentration (50 J.Lg sample in 14 ml using 200 U ligase (Roche); incubated for 4 

h at 16 oC) to promote Dpnll circle formation. Ligation products were phenol extracted 

and ethanol precipitated using glycogen (Roche) as a carrier (20 J.Lg/ml). We linearized 

the circles of interest by digesting overnight with 50 U of a tertiary restriction enzyme 

that cuts the bait between the primary and secondary restriction enzyme recognition 

sites, using the following restriction enzymes: Spel (for HS2), Pstl (for Rad23a) and Pflml 

(for Hbb-b1 ). This linearization step was performed to facilitate subsequent primer 

hybridization during the first rounds of PCR amplification. Digested products were 

purified using a QIAquick nucleotide removal (250) column (Qiagen). 

PCR reactions were performed using the Expand Long Template PCR system (Roche) using 

conditions carefully optimized to assure linear amplification of fragments sized up to 1.2 

kb (80% of 4C PCR fragments are <600 bp). PCR conditions were as follows: 94 oc for 2 

min; 30 cycles of 94 oc for 15 s, 55 oc for 1 min and 68 oc for 3 min; followed by a final 

step of 68 oc for 7 min. We also carefully determined the maximum amount of template 

that still showed a linear range of amplification. For this, serial dilutions of template were 
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added to PCR reactions; amplified DNA material was separated on an agarose gel and PCR 

products were quantified using lmageQuant software. Typically, 100-200 ng of template 

per 50 J.ll PCR reaction gave products in the linear range of amplification. We pooled 16 

to 32 PCR reactions and purified this 4C template using the QIAquick nucleotide removal 

(250) system (Qiagen). Primer sequences are listed in Supplementary Table 4.5 online. 

Purified 4C template was labeled and hybridized to arrays according to standard 

chromatin immunoprecipitation (ChiP)-chip protocols (Nimblegen Systems). Differentially 

labeled genomic DNA, digested with the same primary and secondary enzyme, served 

as a control template to correct for differences in hybridization efficiencies. For each 

experiment, two independently processed samples were labeled with alternate dye 

orientations. Data were highly reproducible between independent experiments (t >0.99; 

Spearman's rank correlation). Under the conditions described, sequences nearby on 

the chromosome template were together with the 'bait' so frequently that their large 

overrepresentation in our hybridization samples saturated the corresponding probes. This 

was confirmed when we performed hybridizations with samples diluted 1:10 and 1:1 00 

and found that signal intensity was reduced at probes outside and at the edge of, but not 

inside, this region (data not shown). 

4C arrays 

An important aspect of our strategy is the use of dedicated microarrays. Recently, others 

have used techniques based on the 3C method to screen for colocalizing sequences18
•
19

• 

However, these approaches were based on the sequencing of a limited number of 

captured fragments and, hence, did not provide a comprehensive overview of long­

range interacting DNA segments. For our arrays, we designed probes (60-mers) that 

each represent a different Hind Ill restriction end in the genome. The advantages of such 

a design are that (i) each probe is informative, as each analyzes an independent ligation 

event, greatly facilitating the interpretation of the results, and (ii) a large representation 

of the genome can be spotted on a single array (which is cost effective). The array used 

for this study (Nimblegen Systems) covered seven complete mouse chromosomes. Arrays 

and analyses were based on NCBI build m34. Probes (60-mers) were selected from the 

sequences 100 bp up- and downstream of Hind Ill sites. To prevent cross-hybridization, 

probes that had any similarity with highly abundant repeats (as judged by RepBase 

1 0.09)20 were removed from the probe set. In addition, probes that gave more than two 

BLAST hits in the genome were also removed from the probe set. Sequence alignments 
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were performed using MegaBLASP using the standard settings. A hit was defined as an 

alignment of 30 nt or longer. 

4C data analysis 

The ratio of sample-to-genomic DNA 4C signal was calculated for each probe, and the 

data were visualized with SignaiMap software provided by Nimblegen Systems. Data 

were analyzed using the R package, Spotfire and Excel. Unprocessed hybridization ratios 

showed clusters of 20-50 strong signals along the chromosome template. It is important 

to realize that each probe on the array analyzes an independent ligation event. Moreover, 

only two copies of a given restriction fragment are present per cell, and each can ligate 

only to one other restriction fragment. Therefore, the detection of independent ligation 

events with 20 or more neighboring restriction fragments strongly indicates that the 

corresponding locus contacts the 4C bait in multiple cells. To define the clusters in cis, 

we applied a running mean or running median. We used various window sizes, ranging 

from 9-39 probes, which all identified the same clusters. Results shown are based on a 

window size of 29 probes (on average 60 kb) and were compared with the running mean 

performed across randomized data. This was done for each array separately. Consequently, 

all measurements were judged relative to the amplitude and noise of that specific array. 

The false discovery rate (FDR), defined as (number of false positives) I (number of false 

positives + number of true positives), was determined as follows: (number of positives 

in the randomized set) I (number of positives in the data). The threshold level was 

determined using a top-down approach to establish the minimal value for which FDR < 

0.05. 

Next, biological duplicate experiments were compared. Windows that met the threshold 

in both duplicates were considered positive. When comparing randomized data, no 

windows were above threshold in both duplicates. Positive windows directly adjacent on 

the chromosome template were joined (no gaps allowed), creating positive areas. 

In defining interacting regions in trans, we took a similar approach. However, there we 

applied a running median, again with a window size of 29 probes. The threshold was set at 

an FDR of 0%. Thus, a region was called interacting when, in both duplicates, the median 

signal was higher than any signal found in the respective randomized data sets. 

Expression analysis 

For each tissue, three independent microarrays were performed according to Affymetrix 

protocol (mouse 430_2 arrays). Data were normalized using Bioconductor RMA ca-tools, 

81 



Chapter4 

and for each probe set, the measurements of the three microarrays were averaged. In 

addition, when multiple probe sets represented the same gene, they were also averaged. 

MasScalls was used to establish 'present; 'absent' and 'marginal' calls. Genes with a 

'present' call in all three arrays and an expression value >50 were called expressed. 'Fetal 

liver-specific genes' were classified as genes that met our criteria of being expressed 

in fetal liver and having over fivefold higher expression than in fetal brain. To provide a 

measure of overall transcriptional activity around each gene, a running sum was applied. 

For this, we used log-transformed expression values. For each gene, we calculated the 

sum of the expression of all genes found in a window 100 kb upstream of the start and 

100 kb downstream of the end of the gene, including the gene itself. We compared the 

resulting values for active genes found inside 4C-positive regions (n = 124, 123 and 208, 

respectively, for HS2 in liver, Rad23a in brain and Rad23a in liver) with the values obtained 

for active genes outside 4C-positive areas (n = 153, 301 and 186, respectively, where n = 
153 corresponds to the number of active, non interacting genes present between the most 

centromeric interacting region and the telomere of chromosome 7; we compared the two 

groups using a one-tailed Wilcoxon rank sum test. 

FISH probes 

The following BAC clones (BACPAC Resources Centre) were used: RP23-370E12 for Hbb­

b7, RP23-317H16 for chromosome 7 at 80.1 Mb (olfactory receptor gene cluster), RP23-

334E9 for Uros, RP23-32C19 for chromosome 7 at 118.3 Mb, RP23-143F1 0 for chromosome 

7 at 130.1 Mb, RP23-470N5 for chromosome 7 at 73.1 Mb, RP23-247L 11 for chromosome 

7 at 135.0 Mb (olfactory receptor gene cluster), RP24-136A 15 for Rad23a, RP23-307P24 

for chromosome 8 at 21.8Mb, RP23-460F21 for chromosome 8 at 122.4 Mb, RP24-130014 

for chromosome 10 at 74.3Mb, RP23-153N12 for chromosome 11 at 68.7Mb, RP23-311P1 

for chromosome 11 at 102.2 Mb, RP24-331 N 11 for chromosome 14 at 65.1 Mb and RP23-

236012 for chromosome 14 at 73.7Mb. 

Random primer-labeled probes were prepared using BioPrime Array CGH Genomic 

Labeling System (Invitrogen). Before labeling, DNA was digested with Dpnll and purified 

with a DNA Clean-up and Concentrator 5 Kit (Zymo Research). Digested DNA {300 ng) was 

labeled with SpectrumGreen dUTP (Vysis) or Alexa Fluor 594 dUTP (Molecular Probes) and 

purified through a GFX PCR DNA and Gel Band Purification kit (Amersham Biosciences) 

to remove unincorporated nucleotides. The specificity of labeled probes was tested on 

metaphase spreads prepared from mouse embryonic stem (ES) cells. 
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Cryo-F/SH 

eryo-FISH was performed as described before10
• Briefly, E14.5 liver and brain were fixed for 

20 min in 4% paraformaldehyde (vol/vol)/250 mM HEPES (pH 7.5) and were cut into small 

tissue blocks, followed by another fixation step of 2 h in 8% paraformaldehyde at 4 oc. 

Fixed tissue blocks were immersed in 2.3 M sucrose for 20 min at room temperature (18-22 

oe), mounted on a specimen holder and snap-frozen in liquid nitrogen. Tissue blocks were 

stored in liquid nitrogen until sectioning. Ultrathin cryosections of approximately 200 nm 

were cut using a Reichert Ultramicrotome E equipped with a cryo-attachment (Leica). 

Using a loop filled with sucrose, sections were transferred to coverslips and stored at -20 

oc. For hybridization, sections were washed with PBS to remove sucrose, treated with 250 

ng/ml RNase in 2x SSe for 1 h at 37 oe, incubated for 10 min in 0.1 M HCI, dehydrated 

in a series of ethanol washes and denatured for 8 min at 80 oe in 70% formamide/2x 

SSC, pH 7.5. Sections were again dehydrated directly before probe hybridization. We 

coprecipitated 500 ng labeled probe with 5 !lg of mouse eot1 DNA (Invitrogen) and 

dissolved it in hybridization mix (SO% formam ide, 10% dextran sulfate, 2x SSe, 50 mM 

phosphate buffer, pH 7.5). Probes were denatured for 5 min at 95 oe, reannealed for 30 min 

at 37 oc and hybridized for at least 40 h at 37 oc. After posthybridization washes, nuclei 

were counterstained with 20 ng/ml DAPI (Sigma) in PBS/0.05% Tween-20 and mounted in 

Prolong Gold antifade reagent (Molecular Probes). 

Images were collected with a Zeiss Axio Imager Z1 epifluorescence microscope (1 OOx 

plan apochromat, 1.4x oil objective), equipped with a charge-coupled device (CeD) 

camera and Isis FISH Imaging System software (Metasystems). A minimum of 250 

~-globin or Rad23a alleles were analyzed and scored (by a person not knowing the probe 

combination applied to the sections) as overlapping or nonoverlapping with BAes located 

elsewhere in the genome. Replicated goodness-of-fit tests (G statistic)22 were performed 

to assess significance of differences between values measured for 4e-positive versus 4e­

negative regions. An overview of the results is provided in Supplementary Table 4.3 

The frequencies measured by cryo-FISH were considerably lower than those reported by 

others based on two-dimensional and three-dimensional FISH8•9• Although cryo-FISH may 

slightly underestimate actual interaction frequencies owing to sectioning, we expect that 

its increased resolution will provide more accurate measurements. 
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URLs 

The R package can be downloaded from http://www.r-project.org. RMA ca-tools and 

Mas5calls for the analysis of Affymetrix microarray expression data can be found at http:U 

www.bioconductor.org. The data discussed in this publication have been deposited 

in NCBis Gene Expression Omnibus (GEO, http:ljwww.ncbi.nlm.nih.gov/geo/) and are 

accessible through GEO Series accession number GSE5891. 

Note: Supplementary information is available on the Nature Genetics website. 
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Supplementary figures 

Supplementary figure 4.1 
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Supplementary Figure 4.1. 4C analysis of HS2 and Hbb-b1 give highly similar results. (a) 

Unprocessed 4C data of four independent E14.5 liver samples show a very similar pattern of 

interaction with HS2 (top) and Hbb-b1 (bottom). Positions are based on NCB! build m34. (b) A 

large overlap exists between probes scored positive for interaction in the HS2 experiment and 

probes that scored positive for interaction in the Hbb-b1 experiment. 
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Supplementary figure 4.2 
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Supplementary Figure 4.2. 4C detects interactions previously identified by FISH. (a) The position of the four 

genes previously shown by Osborne et al. [12] to interact with f3·globin, relative to interacting areas found by 4C 

in fetal liver (grey bars). (b-d) 4C (running mean, top), microarray expression data (log scale, black), location of 

genes (grey) and location of areas that were significant in 4C analysis (bottom horizontal bars). The position and 

transcriptional direction of the four genes is indicated (black arrows). Interactions with Eraf, Uros and Kcnq 1 are 

found with 4C.Igf2 is located very close to a 4C positive area. Positions are based on NCBI build m34. The location of 

Erafwas not found directly in the Ensembl database, but blasting the sequence of the gene resulted in the indicated 

position. 
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Supplementary figure 4.3 
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Supplementary Figure 4.3. Regions that interact with p-globin also frequently contact each other. Two regions 

on chromosome 7 (almost 60 Mb apart), containing actively transcribed genes and identified by 4C technology to 

interact with !3-globin in fetal liver, showed co-localization frequencies by cryo-FISH of 5.5%, which was significantly 

more than background co-localization frequencies. 
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Supplementary Figure 4.4. Rad23a co-localizes with gene-dense regions in cis. High 4C signals (running mean, 

top) are found on chromosomal locations of high gene density (bottom). A fetal brain sample is shown as example, 

4C data offetalliver showed a similar profile. Chromosomal positions are based on NCBI build m34. 
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Summary 

The shape of the genome is thought to play an important role in the coordination of 

transcription and other DNA-metabolic processes. Chromosome conformation capture (3C) 

technology allows analyzing the folding of chromatin in the native cellular state at a resolution 

beyond that provided by current microscopy techniques. It has been used for example to 

demonstrate that regulatory DNA elements communicate with distant target genes via direct 

physical interactions that loop out the intervening chromatin fiber. Here, we will discuss the 

intricacies of 3C and novei3C-based methods like 4C, SC and the ChiP-loop assay. 

3C technology was originally developed to study the conformation of a complete 

chromosome in yeast' and was subsequently adapted to investigate the folding of 

complex gene loci in mammalian cells2
• It has now become a standard research tool for 

studying the relationship between nuclear organization and transcription in the native 

cellular state. Other technologies based on the 3C principle have been developed that aim 

to increase the throughput. 4C technology allows for an unbiased genome-wide screen 

for interactions with a locus of choice, while SC technology enables parallel analysis 

of interactions between many selected DNA fragments. ChiP-loop combines 3C with 

chromatin immune-precipitation to analyze interactions between specific protein-bound 

DNA sequences. Detailed protocols that should help researchers setting up 3C3•5 and 

5(6 technology in their own laboratory and an excellent review7 explaining the controls 

necessary for correct interpretation of 3C results have been published. Here we present a 

detailed 4C procedure as Supplementary Protocol. 
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Common principles 

In short, the 3C procedure involves five experimental steps (Fig. 5.1). First, cells are fixed 

with formaldehyde, which cross-links proteins to other proteins and to DNA segments 

that are in close proximity in the nuclear space. Second, the cross-linked chromatin is 

digested with an excess of restriction enzyme, separating cross-linked from non-cross­

linked DNA fragments. Third, DNA ends are ligated under conditions that favor junctions 

between cross-linked DNA fragments. In a fourth step, cross-links are reversed. And finally, 

ligation events between selected pairs of restriction fragments are quantified by PCR, 

using primers specific for the fragments being studied. 

The technique enables the identification of physical interactions between distant 

DNA segments and of chromatin loops that are formed as a consequence of these 

Interactions, for example between transcriptional regulatory elements and distant 

target genes2•8•11 • 3C technology is particularly suited to study the conformation of 

genomic regions that are roughly between five to several hundreds of kilobases (kb) in 

size. To our knowledge, the smallest region studied so far by 3C technology spans 6700 

basepairs (bp)12, while the largest region analyzed spans ~600 kb13
• It is important to 

note that due to flexibility of the chromatin fiber, DNA segments on the same fiber are 

engaged in random collisions, with a frequency inversely proportional to the genomic 

distance between them. Therefore, the mere detection of a ligation product does not 

necessarily reveal a specific interaction. To ascertain that an interaction is specific requires 

the demonstration that two DNA sites interact more frequently with each other than 

with neighboring DNA sequences. Thus, 3C technology is a quantitative assay and a 

meaningful analysis critically relies on an accurate comparison of interaction frequencies 

between multiple DNA segments. 

3C and 3C-based technologies provide information about the frequency, but not 

the functionality, of DNA interactions. Thus, additional, often genetic, experiments 

are required to address whether an interaction identified by 3C-based technologies 

is functionally meaningful. For example, many of the interactions identified by 4C 

technology14 between genomic regions far apart on the same chromosome or on other 

chromosomes may well be non-functional and merely the consequence of general folding 

patterns of chromosomes15
• 

During most of the cell cycle one mammalian cell provides maximally two events for 

3C analysis, as it contains only two copies of a given restriction fragment, each end of 

which can be ligated to maximally one other restriction site during the 3C procedure. This 

implies that a meaningful (i.e. quantitative) 3C PCR analysis must be performed on a DNA 
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Figure 5.1. Schematic representation of 3C based methods. In all 3C-based methods DNA interactions are 

captured by formaldehyde treatment followed by DNA digestion with a restriction enzyme. Cross-linked fragments 

are ligated to each other and ligation frequencies are measured. In the ChiP-loop assay, immunoprecipitation 

enriches the sample for fragments bound by a specific protein and restriction fragments are ligated to each other on 

the beads. In ChiP-loop and 3C, ligation frequencies are measured by quantitative PCR, using a unique primerset for 

each ligation junction analyzed. In SC, oligonucleotides are annealed and ligated in a multiplex setting, and contain 

either a S'T7 primer extension or a 3'T3 primer extension allowing massive parallel PCR amplification of different 

ligation events, which are analyzed by large-scale sequencing or microarray analysis. In 4C, ligation junctions are 

first trimmed by a frequently cutting secondary restriction enzyme, followed by ligation to form circles and inverse 

PCR to amplify captured fragments. If a frequent cutting enzyme is used in the first digestion the second digestion 

can be omitted (see Fig. 3). The 4C PCR product is analyzed by large-scale sequencing or microarray analysis. 
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template that represents many genome equivalents. It also implies that DNA interactions 

can only be quantified accurately if they occur in a substantial proportion of the cells. Sites 

separated over large genomic distances (i.e. hundreds of kilo bases or more) or present on 

other chromosomes often form not enough ligation products for accurate quantification, 

even if microscopy studies suggest that they come together in a substantial proportion 

of cells. To study such long-range interactions we recommend using high-throughput 4C 

technology. 

Below, a more detailed outline of the experimental steps involved in all 3C-based 

technologies will be presented in order to allow a better appreciation of the potentials 

and limitations of these methods. 

Common experimental steps in 3C-based technologies 

Step 7: formaldehyde cross-linking 

The method uses formaldehyde to crosslink protein-protein and protein-DNA interactions 

via their amino and imino groups. Advantage of this cross-linking agent is that it works 

over a relatively short distance (2 A) and that cross-links can be reversed at higher 

temperatures16"18• Although cross-linking is sometimes performed on isolated nuclei, it is 

preferentially done on living cells, since this better guarantees taking a faithful snapshot 

of the chromatin conformation. Routinely, cells are cross-linked at room temperature 

for ten minutes, using a formaldehyde concentration of 1-2%, but optimal fixation 

conditions depend on the frequency and stability of the interactions analyzed and 

need to be redefined for every new 3C experiment. Many 3C experiments demonstrate 

preferential interactions between transcription regulatory DNA elements. These sites are 

known to carry transcription factors and often contain less histone proteins, hence their 

hypersensitivity to nuclease digestion. A concern often raised is that the 3C assay may be 

biased due to better cross-link ability of these sites. However, evidence that the contrary 

may be true comes from recently developed FAIRE (Formaldehyde-Assisted Isolation of 

Regulatory Elements)19,20• FAIRE involves phenol-chloroform extraction of formaldehyde 

cross-linked and sonicated chromatin and isolates regulatory DNA sequences based on 

the fact that they tend to end up in the aqueous phase more than other genomic regions 

(hence they are less cross-linkable to proteins). 

Formaldehyde is also used under similar experimental conditions in chromatin 

immunoprecipitation (ChiP) experiments as the cross-linking agent that captures protein-
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DNA interactions. It is conceivable that formaldehyde often produces complex aggregates 

containing more than two DNA fragments. In support of this, it was found that a single 

restriction fragment frequently captures two or more other restriction fragments together 

in a 4C experiment21 • This notion would imply that both ChiP and 3C-Iike technologies also 

pick up indirect interactions. 

Step 2: Restriction enzyme digestion 

After cross-linking, nuclei are isolated and digested with a restriction enzyme. The choice 

of restriction enzyme will mainly depend on the locus to be analyzed. The restriction 

enzyme should dissect the locus such that it allows for the separate analysis of the relevant 

regulatory elements (gene bodies, promoters, enhancers, insulators, etc.). Analyzing 

the topology of small loci (< 10-20 kb) requires the use of frequently cutting restriction 

enzymes such as Dpnll or Nlalll (4-base cutters). When analyzing larger loci, 6-base cutters 

can also be used. Not all enzymes digest cross-linked DNA equally well and we prefer to 

use EcoRI, Bglll or Hindlll3• When we digest overnight with a large excess of one of these 

restriction enzymes, we do not observe notable preferential digestion for specific regions 

of the genome such as open chromatin. This may be different with different enzymes and 

conditions though and we recommend for each new 3C experiment to exclude that there 

is a bias in the assay due to preferential digestion of some sites over others. Digestion 

efficiency also decreases with increasing cross-linking stringency3• We recommend that at 

least 60-70% of the DNA, but preferably 80% or more, is digested before continuing with 

the ligation step. 

Step 3: Ligation 

A critical selective step in the procedure is the ligation step carried out under conditions 

that favor intra-molecular ligation events between cross-linked DNA fragments. This 

step creates the actual 3C library that is enriched for ligated junctions between DNA 

fragments that originally were close together in the nuclear space. It is relevant to know 

how frequently a given ligation occurs. We have carefully quantified the abundance of 

the most frequently formed ligation products (Fig. 5.2). Independently of the restriction 

site analyzed, two types of junction are always over-represented. The first most abundant 

junction is with the neighboring DNA sequence. This junction is the result of incomplete 

restriction enzyme digestion and can constitute up to 20-30% of all the junctions; this 

number drops when less stringent fixation conditions are used. The second most abundant 

junction is with the other end of the same restriction fragment, as a consequence of 
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Figure 5.2. Ligation events measured at the 

13-globin locus. Schematic presentation of the 

relative abundance of frequently formed ligation 

products at the mouse p-globin locus. Typical 

values for ligation frequencies (in % alleles) of a 

'bait' restriction fragment end with a given other 

restriction fragment end are indicated for (a) Local 

interactions with directly neighboring restriction 

fragments; data measured using 3C-qPCR. 

Arrows below the restriction fragments indicate 

the location and direction of 3C primers ('bait' 

primer indicated in dark grey) (b) Enhancer-gene 

interactions over 30-100 Kb; data measured using 

3C-qPCR (c) Long-range interactions in cis and in 

trans ( > 1Mb); frequencies estimated from 4C data. 

restriction fragment circularization. This 

product can be formed independent of 

the cross-linking step and can account 

for up to 5-1 0% of all the junctions 

formed. Interestingly, this percentage 

goes up when less stringent cross­

linking conditions are used (data not 

shown), suggesting that under such 

conditions less restriction fragments are cross-linked together. The formation of other 

junctions is much less efficient. For example, ligation to ends of directly neighboring 

restriction fragments (which will always be close together in the nuclear space and 

therefore should also ligate relatively efficiently) already only occurs 0.2-0.5% of the time. 

This percentage quickly drops down to < 0.1% with increasing genomic site separation, 

unless two sites are engaged in a specific interaction. However, even sites thought to 

frequently interact with each other, such as sites in the ~-globin locus control region 

and the active ~-globin genes 30-50 kb away, only account for 0.2-0.5% of the junctions 

formed between them. It should be clear that in order to accurately quantify such rare 

events that often occur in less than 1/1 000 cells, many genome equivalents need to be 

included in a PCR reaction. 

PCRin3C 

After reversal of the cross-links, ligation frequencies of restriction fragments are 

analyzed by PCR, using primers specific for the restriction fragments of interest. We 
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routinely use 50-200 ng of 3C template, or ~Bxl 04 - 3xl 05 genome equivalents, per 

PCR reaction. A meaningful 3C analysis critically relies on the accurate quantification of 

the different ligation products and measurements therefore need to be taken when 

each DNA amplification reaction is in the linear range. The standard 3C PCR protocol 

uses a standard number of PCR cycles and a standard amount of DNA template for the 

analysis of all different ligation products. This approach is only semi-quantitative and 

prone to inaccuracies since measurements may be taken outside the linear range of 

the amplification reaction. To overcome this limitation, a real-time PCR approach using 

TaqMan® probes, called 3C-qPCR, was developed22•23• A single probe and fixed PCR primer 

are used that hybridize to opposite strands of the restriction fragment of interest and work 

in combination with a series of test PCR primers hybridizing to other restriction fragments. 

This configuration ensures that the fluorescent signal provided by the probe is strictly 

specific to the amplification oft he ligation product selected for analysis5
• 

Different primer pairs will have different amplification efficiencies and in order to 

account for this, these efficiencies need to be assessed. This is done on a control template 

containing all ligation products in equimolar amountsl-3.7
•
8

, mixed with the same amount 

of genomic DNA as is present in the 3C PCR reaction. To account for possible differences 

in quality and quantity between 3C templates, interaction frequencies are analyzed 

between segments in a control locus that is expected to adopt a similar conformation in 

the different cell-types of interest2
•
3
•
7

• 

The ChiP-loop assay 

It is often found by 3C technology that, in the population of cells analyzed, a single 

DNA site interacts with multiple other sites. In many cases, this is likely to reflect cell-to­

cell differences in chromatin conformation and it is very well possible that in different 

subpopulations of cells distinct proteins bind to such a given site and mediate the 

different DNA interactions. The chromatin immunoprecipitation-combined loop (ChiP­

loop) assay was developed to investigate this24"26• The method involves formaldehyde 

cross-linking of cells, restriction enzyme digestion and urea gradient purification of cross­

linked chromatin, immunoprecipitation using an antibody against the protein of interest, 

ligation of precipitated DNA fragments (still coupled to the beads) and PCR analysis of the 

junctions (Fig. 5.1 ). 

In our opinion, a number of technical aspects complicate the analysis of results obtained 

by ChiP-loop. First, it is not clear why current protocols ligate the fragments when they 

are bound and concentrated to the beads. Concentrating the DNA on the beads prior to 

96 



An evaluation of 3C based methods to capture DNA interactions 

ligation is expected to facilitate the formation of junctions between bead-associated, but 

not necessarily formaldehyde-crosslinked, DNA fragments, hence also producing results 

that reflect loops formed on the beads rather than in nuclear space. Unless the user can 

demonstrate that such undesired events do not take place, we would argue it is better 

to carry out the precipitation after the ligation step, which needs to be performed under 

conditions as described in the 3C procedure. 

Second, accurate quantification of ligation products, already very challenging in standard 

3C, is even more complicated in ChiP-loop assays because it must take into account the 

relative enrichment of each site on the beads. For example, we would argue that ChiP­

loop assays should only be directed to the analysis of fragments that are both enriched by 

ChiP. Indeed, we tend to question the relevance of analyzing, via ChiP-loop, interactions 

between DNA segments that are not bound by the protein of interest, or between DNA 

segments of which only one is enriched by the antibody. After all, if a sequence had been 

co-precipitated because it was cross-linked to a target sequence of the protein of interest, 

it should also be found enriched in the ChiP assay. 

It may be possible to obtain unique information, not obtainable from ChiP or 3C only, 

when studying loops formed between sites that are both precipitated because of 

their association to a protein of interest. But like in 3C, the mere detection of a ligation 

product may reflect a random collision rather than a specific interaction between ligated 

fragments and interaction frequencies need to be quantified accurately and compared to 

other interactions. This requires taking into account the genomic site separation between 

each pair of segments and the relative enrichment of each site on the beads, which seems 

to make the interpretation of ChiP-loop results very difficult. ChiP-loop assays can be 

useful though to identify proteins participating in long-range interactions in cis (i.e. over 

hundreds of kilobases or more) or in trans, as interpretation of these results will not be 

complicated by frequent random collisions. 

SC technology 

Large-scale mapping of for example several hundreds of chromatin interactions using 

standard 3C is time consuming and difficult. The introduction of the 3C-Carbon Copy (SC) 

method generates the possibility of such large-scale locus-wide analysis6•27• The method 

uses a multiplex ligation-mediated amplification (LMA) step to amplify selected ligation 

junctions, thereby generating a quantitative carbon copy of a part of the initial 3C library, 

which is subsequently analyzed via microarray detection or high throughput sequencing 

(Fig. 5.1). LMA involves using a combination of test and fixed SC primers that hybridize 
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to the sense and antisense strand, respectively, of the restriction fragment ends analyzed. 

Fixed and test primers will be directly juxtaposed when a ligation junction is formed 

between the corresponding restriction sites, allowing subsequent primer-primer ligation. 

Universal tails protruding from the test and fixed primers, such as T7 and complementary 

T3 promoter sequences, subsequently enable massive parallel quantitative amplification 

of all investigated ligation products. Interestingly, SC technology has the opportunity of 

analyzing a locus from a single or multiple fixed points. It can generate a complex matrix 

of interaction frequencies for a given genomic region, which can be used to reconstruct 

the intricate topology of this region. However, the size of the genomic region that can be 

studied is limited by the number of SC primers that can be used simultaneously. Scanning 

hundreds of mega bases of the genome will require using tens of thousands of SC primers, 

which makes the technology less suitable to genome-wide scans6
• 

4C technology 

3C and SC technology have been developed to identify interacting elements between 

selected parts of the genome and both techniques require the design of primers for all 

restriction fragments analyzed. Recently, new related strategies, collectively referred 

to as '4C technology; have been developed that allow screening the entire genome in 

an unbiased manner for DNA segments that physically interact with a DNA fragment of 

choice 14, 21 ,23,28. 

An outline of 4C technology is provided in (Fig. 5.3). Just like 3C, 4C technology depends 

on the selective ligation of cross-linked DNA fragments to a restriction fragment of 

choice (the 'bait'). In 4C technology, all the DNA fragments captured by the bait are 

simultaneously amplified via inverse PCR, using two bait-specific primers that amplify 

from circularized ligation products. Essentially two strategies can be pursued to obtain 

these DNA circles (Fig. 5.3). One strategy relies on the formation of circles during 

the standard 3C ligation step, i.e. while the DNA is still cross-linked21,28. Here, circle 

formation requires both ends of the bait fragment to be ligated to both ends of a captured 

restriction fragment. After de-crosslinking, captured DNA fragments are directly amplified 

by inverse PCR, using bait-specific primers facing outwards. Four-cutters are preferred 

in this method21, since they produce smaller restriction fragments (average size 256 bp, 

versus -4 kb for six-cutters) and linear PCR amplification of the captured DNA fragments 

requires that the average product size is small. 

The second strategy relies on the formation of DNA circles after the chromatin has been 

de-cross-linked. Here, the standard 3C procedure is followed, using a six-cutter as the 
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Figure 5.3 Outline of the two basic 4C strategies. Strategy A uses a 4-cutter enzyme, resulting in a resolution 

of 256 bp, and relies on the circular ligation of DNA fragments while they are still cross-linked. In strategy B, the 

cross-linked material is digested with a 6-cutter enzyme resulting in a resolution of 4 kb. The ligation junctions are 

trimmed and circularized after de-cross-linking. In both strategies PCR products can be analyzed by either large­

scale sequencing or microarray analysis, in which strategy A requires (many) tilling arrays and strategy Bone custom 

designed array, for a whole genome analysis. 
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restriction enzyme and yielding a de-cross-linked 3C template. The ligation junctions are 

then trimmed using a frequently cutting secondary restriction enzyme and re-ligated 

under conditions that favor the formation of selfligated circles. Inverse PCR primers 

hybridizing to the bait are used to linearly amplify (the small outer ends of) captured DNA 

fragments14,23. Since the two strategies have not been worked out in similar detail yet, 

it is currently difficult to compare them. Theoretically though, each strategy will have its 

own advantages and disadvantages. 

The first approach presents the advantage of requiring less processing steps and the 

use of four-cutters provides a higher resolution (256 bp versus 4 kb for a four-cutter 

versus six-cutter, respectively). This should allow for a better definition of the site of 

interaction, which is expected to be particularly useful for identifying cis-regulatory DNA 

elements that locate away from a gene of interest. A potential issue of concern exists if 

formaldehyde cross-links multiple DNA fragments together. As a consequence of this, 

circles formed between cross-linked DNA fragments may contain more than two captured 

fragments, which will often be too large to be amplified in a linear fashion. This, in turn, 

may affect the reproducibility of the approach. It is also not clear how efficient circle 

formation is between DNA fragments that reside in cross-linked chromatin aggregates. 

Analysis of fragments captured by this approach so far has been limited to the sequencing 

of relatively small numbers of clones, 11421 and 32028
, respectively. Although these studies 

identified interesting DNA fragments, it is not clear whether such small number of clones 

provides a fair representation of the complex library of ligation junctions. 

The advantage of the second approach is that it depends on the ligation of only one end 

of the bait to one end of a cross-linked DNA fragment, which will be more efficient than 

forming a circle between cross-linked DNA fragments. Circle formation takes place when 

the DNA is naked, which will also be more efficient than when the DNA is cross-linked. 

Products to be amplified will generally be smaller, as the circles will not contain more 

than one captured fragment, and therefore easier to amplify in a linear fashion. Since the 

strategy selectively amplifies the ligated outer ends of the restriction fragments created 

by the six-cutter, the complexity of the genomic library to be analyzed is strongly reduced. 

One can take advantage of this by designing tailored microarrays containing only probes 

located directly adjacent (within 100 bp) to each recognition site of a given six-cutter (e.g. 

Hind Ill) in the genome to analyze the captured DNA fragments14
• This design allows for a 

large representation of the genome to be spotted on a single array. In fact, current designs 

cover the complete human or mouse genome on a single Nimblegen microarray (400,000 
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probes), enabling the identification of interactions at a resolution of -7 kb (unpublished 

data). 

Tailored microarrays were used to simultaneously analyze hundred thousands offragments 

captured by the second approach. Replicate experiments performed on biologically 

independent samples demonstrated this strategy to be highly reproducible. No matter the 

bait chosen for analysis (we have now analyzed interactions with more than 15 different 

baits), it is always found that sequences physically close on the linear chromosome 

template are largely over-represented (Fig. 5.4a). In fact, restriction fragments within 5 

to 10 meg abases (Mb) from the bait are always captured so efficiently that they saturate 

every corresponding probe present on the array, precluding a quantitative analysis of 

local signal intensities. Further away from the bait and on other chromosomes, clusters 

of 20-50 neighbouring restriction fragments can be identified that all show increased 

hybridisation signals (Fig. 5.4b). Since each probe analyses an independent ligation event 

and only two fragments can be captured per cell, such clustering of interacting DNA 

fragments strongly indicates that this genomic region contacts the bait in multiple cells. 

Importantly, high-resolution cryo-FISH confirmed in an independent manner for more 

than 20 of these regions that they truly represent interacting regions in cis and in trans14
• 

These experiments also showed that 4C technology identifies trans- and cis-interacting 

regions even if they are together in only 4% and 6% of the cells, respectively (cryo-FISH 

background:< 2% in trans and < 4% in cis). 

Potential pitfalls of 4C technology 

Number of cells 

No matter which strategy is followed, a number of critical steps need to be considered. 

First, the analysis needs to performed on a relatively large population of cells. Even 

frequent interactions between fragments close on the linear chromosome template 

are captured often in less than 1/500 cells and we think that the trans and long-range 

cis-interactions that we identify are captured in only 1/10,000 or even 1/100,000 cells. 

We routinely process 10 million cells and perform 16 inverse PCR reactions on 200ng 

template, which we subsequently pool and label for microarray hybridization. Hence, we 

analyse an equivalent of approximately one million interactions on a single microarray. 
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PCR 

The advantage of 4C (and SC) over 3C is that only 2 primers are required to amplify all 

products, circumventing the problem of differences in primer pair efficiencies. All PCR 

based methods suffer from the fact that different amplicons amplify with a different 

efficiency. By performing the same PCR on a control template containing all ligation 

products in equimolar amounts one can correct for these differences in 3C and SC, but 

not in 4C. It is absolutely critical to optimize the 4C-PCR step, as this step will select the 

DNA fragments for analysis, which need to correctly represent the fragments captured 

by the bait. Typically, 80% of the DNA fragments are smaller than 600 bp when samples 

are processed first with a six cutter and then with a four cutter, but one also wants larger 
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Figure 5.4. Results obtained by 4C technology are highly 

reproducible. Example of 4C data analyzing murine Rad23a. (a) 

Unprocessed data on the cis chromosome of two independent 

experiments on biological replicates. The arrow indicates 

the position of the 4C primers. (b) Unprocessed data of two 

independent experiments showing reproducible clustering of high 

signals. Arrowheads indicate irreproducible, isolated high signals, 

representing random ligation events. (c) Two 4C PCR products of 

biological replicates analyzed by gel electrophoresis. The appearance 

is highly reproducible. 1- indicates the self-circularized fragment. II 

-indicates the non-digested product. 
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fragments to be amplified in a linear fashion. Different polymerases will perform this 

task with different levels of success (data not shown). One can use 3C primers and real­

time PCR to test if the abundance of different sized products is similar before and after 

the inverse PCR step in 4C. We have used this strategy to define conditions that allow 

fragments of at least 1.2 kb to be amplified at very similar efficiencies (less than two­

fold bias after 30 cycles of PCR; see supplementary protocol). When separated by gel 

electrophoresis, biological replicates should give a similar smear of PCR products and a 

number of more prominent bands that are reproducible between the samples (Fig. 5.4c). 

One should also check ifthe theoretically most abundant products that originate from the 

non-digested template and from the self-ligated circle are prominently present, which 

also confirms that the inverse PCR works (Fig. 5.4c). 

High-throughput analysis 

While sequencing of even hundreds of clones may reveal potentially interesting DNA 

fragments, we strongly recommend high-throughput analysis of captured DNA fragments, 

using either microarrays or large-scale sequencing, to exclude that analysis is focused on a 

misrepresentation of the actual library of captured fragments. Indeed, no matter the bait 

chosen for analysis and no matter the 4C strategy used, the great majority of captured 

fragments will always be located close to the bait on the linear chromosome template14•23• 

Analyzing 4C data 

High-throughput microarray analysis shows that probes with high signals are found 

across the chromosome and to a lesser extent also on other chromosomes. Many of 

these captures are random though, as they are not reproducible between independent 

duplicate experiments. Thus, highly specific long-range intra- and interchromosomal 

interactions with single restriction fragments may exist, but it is very difficult to 

discriminate them from random captures. The presence of genomic clusters of restriction 

fragments that show increased hybridization signals in biologically replicate experiments 

reveal interacting regions, as explained above (Fig. 5.4b). These regions can be identified 

by the application of a sliding window approach that provides a measure for the relative 

abundance of ligated fragments per genomic area 14• 

Verification of 4C data 

3C technology may be used as a first verification of data obtained by 4C technology. 

However, they are not independent technologies and long-range interactions identified by 
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4C technology should therefore always be verified by completely independent methods 

such as FISH. Preferably this is done by high-resolution FISH studies, such as 3D-FISH or 

cryo-FISH29 that use fixation conditions, which well preserve the nuclear ultra-structure. It 

needs to be demonstrated that two regions identified to interact by 4C technology indeed 

come together more frequently in the population of cells than two randomly chosen loci. 

Concluding remarks and perspectives 

The development of 3C technology has contributed enormously to our understanding of 

the intricate folding of gene loci and revealed for example that transcriptional regulatory 

DNA elements loop towards their target genes to regulate the expression. Based on 3C 

technology, a number of new approaches have recently been developed. The ChiP­

loop assay may direct structure analysis to specific protein-bound DNA sequences, 

but correct interpretation is currently still complicated, as it requires a quantitative 

comparison between ChiP-loop, ChiP and 3C data. SC technology is expected to provide 

unprecedented insight into the conformational fine-structure of selected regions in the 

genome. Like 4C, it may help screening a genomic region for DNA elements that interact 

with a DNA segment of choice, being either a gene (promoter), an insulator sequence, 

an enhancer, an origin of replication, etc. 4C technology is expected to contribute 

importantly to a comprehensive understanding of nuclear architecture15
, picking up 

interactions not previously anticipated and putting the relative frequency of interactions 

in perspective. Current 4C microarray studies allow identifying long-range interactions 

in cis, over tens of megabases and in trans, between chromosomes. The large over­

representation of fragments closer to the bait precludes a quantitative analysis of local 

interactions, but it is to be expected that 4C can be modified to also identify loops formed 

in smaller genomic regions. In the near future more novel 3C-based methods may be 

expected. Their potential should be evaluated not so much on the possibly exciting nature 

of the interactions identified but on the independent evidence, obtained e.g. by FISH, that 

is provided to demonstrate that interactions are real. 
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Summary 

Balanced chromosomal rearrangements (inversions, translocations) can cause disease, 

but techniques for their rapid and accurate identification are missing. Here we demonstrate 

that 4C technology detects balanced and complex inversions and translocations at high 

resolution. 4C is robust as it uniquely relies on the capture and identification of many genomic 

fragments across the breakpoint. Importantly, it is little hampered by repetitive DNA. Using 

4C, the LM03 gene is uncovered as a novel potentially oncogenic translocation partner of the 

T cell receptor {3 gene (TCRB) in leukemia. Multiplex 4C is developed in combination with a 

single tailored microarray to rapidly screen for known and new translocation partners of loci 

that are frequently rearranged in leukemia. Unsuspected novel translocations and complex 

rearrangements are identified. Furthermore, we show that 4C can detect translocations even in 

small sub-populations of cells. This work opens avenues for the efficient screening of balanced 

rearrangements, the discovery of genes associated with cancer and other genetic diseases and 

the detection of rearrangements present in mixtures of cell types. 

Introduction 

Chromosomal rearrangements (deletions, amplifications, inversions, translocations) occur 

naturally in the genome[l-7] and often cause disease. Their accurate analysis is important 

both for understanding the mechanism of disease and for optimal diagnosis and 
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treatment decisions. Deletions and amplifications causing copy number variation can be 

detected at high resolution using microarray-based comparative genomic hybridization 

(array-CGH). However, high resolution mapping of translocations and inversions not 

accompanied by loss or gain of DNA cannot be done on a routine basis[8]. Here, we 

demonstrate that novel Chromatin Conformation Capture on Chip (4C) technology[9] 

rapidly identifies balanced and unbalanced genomic rearrangements at high resolution. 
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Figure 6.1. Outline of 4C technology. (a) 

Schematic representation of 4C. (b) Examples 

of data from two 4C experiments showing 

that 4C reconstructs a physical map of the 

chromosomal region surrounding viewpoint 

sequences (arrows) on mouse chromosome 

7 (top) and 10 (bottom). A large area of 

several megabases around the viewpoint 

sequence always shows high signals, because 

neighboring sequences are frequently 

captured. Further away on the same 

chromosome the signals are lower and on 

other chromosomes, such as chromosome 10 

(top) and 7 (bottom), the signals are reduced 

to background levels. Running mean data 

were plotted, using a window size of -60 kb. 

Chromosomal positions are based on NCBI 

m36. 
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Results 

4C technology[l 0] (Fig. 6.1 a) involves treatment of cells with formaldehyde to cross-link 

parts of the genome that are physically close in the nucleus. The DNA is subsequently 

digested with a restriction enzyme (here: Hindlll) and cross-linked DNA fragments are 

ligated. Consequently, DNA fragments are ligated to fragments that are physically close 

in the nucleus. Inverse PCR with primers specific for a selected locus (the 'viewpoint') 

subsequently allows amplifying its interacting partners. When analyzed on a 4C-tailored 

microarray (385K probes) that analyzes the entire human genome at an average resolution 

of 7 kb[9], the highest hybridization signals always map to a region of several mega bases 
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surrounding the viewpoint sequence (Fig. 6.1 b). Thus, 4C technology predominantly 

identifies flanking sequences ofthe viewpoint and we reasoned it should therefore detect 

genomic rearrangements present in this chromosomal area. 

To test this hypothesis, 4C technology was applied to the HSB-2 T-ALL cell line, containing 

a reciprocal translocation t(1;7)(p35;q35) between the T cell receptor f3 (TCRB) locus on 

7q35 and the LCK locus on 1 p35[11]. Two independent 4C experiments were performed, 

analyzing DNA interactions with viewpoint sequences located 462 kb centromeric and 

239 kb telomeric of the breakpoint in TCRB. With both viewpoint sequences, strong 

hybridization signals were observed not only around the TCRB locus on chromosome 7 but 
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Figure 6.2. Whole genome 4C accurately detects a balanced translocation. (a) 4C signals across all 

chromosomes in a healthy control and the HSB-2 cell line carrying t(1 ;7)(p35;q35). The black arrowheads indicate 

position of viewpoint sequences. The grey arrowhead indicates the position of the translocation site. Running mean 

data were plotted, using a window size of -60 kb. Scale on Y-axis (arbitrary units) is identical for all chromosomes. 

(b) 4C signals on chromosome 1, using viewpoint fragments a (grey) and b (black) located at opposite sides of 

the locus on chromosome 7. The regions on chromosome 1 captured by viewpoint fragments on chromosome 7 

directly neighbor each other and flank the previously cloned breakpoint (arrow). -axes represent raw intensities of 

the microarray signals, max=65535. For whole chromosome views a running mean with a window size of 29 probes 

was applied. Chromosomal positions are based on NCB! m36. 
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also across a mega base region on 1 p35, specifically in HSB-2 cells (Fig. 6.2). These signals 

represented restriction fragments captured by the viewpoint sequences on chromosome 

7 as an effect of their close physical proximity. Importantly, the first restriction fragments 

captured on chromosome 1 in both experiments directly flank the previously identified 

chromosomal breakpoint. Thus, 4C locates translocation breakpoints to a position in 

between the pair of probes that represents the transition from non-captured to captured 

restriction fragments. 

Next, we tested whether 4C can also identify inversions by applying it to a pediatric T-ALL 

sample that, based on FISH, carries an inversion on chromosome 7, inv(7)(p15q35). This 

abnormality leads to the rearrangement of the TCRB locus into the HOXA gene cluster 

and activation of the HOXA genes[12, 13]. The same set of TCRB viewpoint sequences 

described above was used. The telomeric TCRB viewpoint sequence captured centromeric 

HOXA fragments and the centromeric TCRB viewpoint fragment captured telomeric HOXA 

fragments, thus revealing an inversion between the loci in the patient sample (Fig. 6.3a). 

The two captured regions directly neighbor each other and locate the breakpoint to a 6 kb 

region. Restriction-fragment-paired-end sequencing of the breakpoint (Supplementary 

Fig. 6.1) confirmed the location of this breakpoint (Fig. 6.3a). Thus 4C technology can 

detect balanced translocations and inversions at high resolution. 

The potential of 4C technology was further explored by applying it to an EBV transformed 

cell line derived from a patient with Postaxial Polydactyly (PAP). PAP is an autosomal 

dominant heritable disorder characterized by extra ulnar of fibular digits. The patient 

cells were previously characterized by karyotyping and FISH to contain an unbalanced 

translocation between chromosomes 4 and 7, t(4;7)(p15.2;q35), with a micro-deletion of 

unknown size[14]. Two 4C experiments were performed, each analyzing DNA interactions 

with a viewpoint fragment located on another side of the rearranged part of chromosome 

7. Importantly and in contrast to what was found for the balanced translocation, the 

chromosome 4 fragments captured by the two viewpoint sequences on chromosome 7 

did not directly flank each other but were 2.8 Mb apart (Fig. 6.3b and Supplementary 

Figure 6.3. 4C accurately detects a balanced inversion and an unbalanced translocation. (a) Balanced inversion 

detected in a T-ALL patient sample using viewpoint fragments a (grey) and b (black) located at opposite sides of 

the TCRB locus on chromosome 7. The breakpoint (arrow) was sequenced. (b) 4C accurately detects an unbalanced 

translocation t(4;7). Viewpoint fragments a (grey) and b (black) were located on opposite sides of the breakpoints on 

chromosome 7 and both captured fragments on chromosome 4. The two captured regions do not directly neighbor 

each other, demonstrating a deletion on chromosome 4. The breakpoint of derivate chromosome 4 (arrow) was 

sequenced. Y-axes represent raw intensities of the microarray signals, max=65535. For whole chromosome views a 

running mean with a window size of 29 probes was applied. Chromosomal positions are based on NCBI m36. 
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4( 

Fragments on chr. 1 captured 
by viewpoint on chr. 7 

proportion of 
cells with 

t(1;7) 

ma: JJ!l.Jt,lwl.JwJd~···~~j~~~~i~~~ 
ma:]u.Lwldi~wL""~iiiiiU~JI~~lliill1t 
ma:liL.J.1 L1..~~111~~~~ ~~~~llUl!I~~~IMi!W.,t 
ma:] ,[[,I J, I ., ~~~li!J,Ui[ll,[\,[,lill J,kt,.l,,!\. 
m~l I 

0 , .It,., . 1,1,, I, Jlil,[i~,IL),Lhlt~LIJLL ,LuJ!L.J"' 

32 36 
Position on chromosome 1 (Mb) 

100% 

50% 

20% 

10% 

5% 

Figure 6.4. 4C finds translocations in small subpopulations of cells. 

4C was applied to mixtures of 1<562 cells and decreasing amounts of 

HSB-2 cells, the latter containing translocation t(1 ;7). Using a viewpoint 

neighboring the breakpoint on chromosome 7, sequences on 

chromosome 1 were captured efficiently in all mixtures, even when only 

5 % of the cells carried the translocation. 

Fig. 6.2). One of the 

breakpoints was cloned and 

sequenced and confirmed to 

locate at 20.08 Mb (Fig. 6.3b). 

The sequence showed that the 

breakpoint on chromosome 

7 was 4 Mb away from the 

viewpoint sequence. Thus, 

4C viewpoint sequences can 

capture DNA fragments and 

characterize rearrangements 

even when the breakpoints 

are several megabases 

away. The data also show 

that 4C technology is very 

suitable to fine-map poorly 

characterized rearrangements 

identified by chromosomal 

karyotyping. When directed to both sides of a genomic breakpoint, 4C can immediately 

identify whether a translocation or inversion is balanced or accompanied by additional 

rearrangements such as a deletion (i.e. unbalanced). 

We next investigated whether 4C technology can identify a deletion not associated with 

a translocation. For this, 4C was applied to a pediatric T-ALL patient sample previously 

characterized by array-CGH to contain a homozygous deletion of the p15/p16 loci on 

chromosome 9p21. Using a viewpoint fragment located -2 Mb away from the nearest 

breakpoint, a region lacking probe signals was observed, demarcating the deleted area 

(Supplementary Fig. 6.3a). Importantly, increased hybridization signals are observed 

for the region immediately downstream of the deletion. This is expected since the 

deletion brings it in closer physical proximity to the viewpoint fragment. PCR across the 

-2Mb deleted region confirmed the positions of the two breakpoints (Supplementary 

Fig. 6.3b). This shows that 4C technology identifies homozygous deletions as regions 

containing reduced hybridization signals across the deleted area in combination with 

increased hybridization signals on the other side of the deletion. 

Tumors and tumor samples are often mosaic and current high-throughput techniques fail 

to detect rearrangements present in small sub-populations of cells. We applied 4C to cell 
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mixtures containing control cells (KS62) and decreasing amounts of HSB-2 cells carrying 

the t(1 ;7) described above. We found that even if only 5 % of the analyzed pool of cells 

carried the translocation, this rearrangement could still be detected efficiently (Fig. 6.4). 

Thus, 4C can be used to identify balanced rearrangements in non-homogeneous samples, 

enabling early detection of rearrangements in small tumors. 

We next asked the question whether 4C can easily identify novel rearrangements. TCR loci 

are frequently involved in chromosomal rearrangements in T-ALL, because translocations 
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Figure 6.5. 4C identifies novel translocation partners. (a) Five uncharacterized T-ALL patient samples were 

screened with 4C, using a viewpoint fragment near the TCRB locus on chromosome 7. In one sample high signals 

appeared specifically on chromosome 12, revealing a translocation, t(7;1 2)(q35;p1 2.3) (see Supplementary Fig. 5 for 

other chromosomes). A deletion is present several megabases from the translocation site (arrow) on chromosome 

12 (zoom 1). The translocation site is present in a 6 kb region close to the LM03 gene (zoom 2). (b) Sequences of 

both breakpoints oft(7;12)(q35;p12.3); nucleotides in upper case are from 12, in lower case from 7 and in italics are 

from unknown origin. (c) Schematic representation of the translocation site of t(7;12)(q35;p12.3). The enhancer of 

TCRB is positioned 70 kb downstream ofthe LM03 gene. Running mean data were plotted, using a window size of 

-60 kb. Zooms show unprocessed signal intensities. Chromosomal positions are based on NCBI m36. 
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can arise during the process ofVDJ recombination. We screened five T-ALL patient samples 

for novel genetic rearrangements associated with the TCR8 locus. One patient sample 

was found to carry a translocation between TCR8 and the p arm of chromosome 12, plus 

an additional deletion ~3 Mb away from the translocation breakpoint on chromosome 

12 (Fig. 6.5 and Supplementary Fig. 6.4). The translocation t(7;12)( q35;p12.3) is new 

in T-ALL. The breakpoint on chromosome 12 was mapped at 6 kb resolution, cloned 

and sequenced (Fig. 6.5b). The translocation positions the enhancer of TCR8 70 kb 

downstream of the Lim-domain-only gene LM03 (Fig. 6.5c). Microarray expression data 

showed that LM03, normally silenced in T cells, is highly active in this T-ALL sample 

(Supplementary Fig. 6.5). The protein family members LM0-1 and LM0-2, but not LM03, 

have previously been found as oncogenic translocation partners of the TCR loci in T-ALL. 

Interestingly, LM03 was recently found to act as an oncogene in neuroblastoma[15]. Thus, 

4C technology can discover new oncogenes rearranged with frequently modified loci. 

Finally, we aimed to develop a 4C strategy that would simultaneously identify all recurrent 

rearrangements associated with a given disease using a single microarray (Fig. 6.6, 

Supplementary Fig. 6.6, 6.7). In T-ALL, a set of loci, in particular TCRA, TCR8, 8c/77 8 and 

MLL, is frequently found to recombine with various other genes[16, 17]. We included 

these 4 loci, together with 9 other loci described either as their translocation partner or 

to be rearranged otherwise in T-ALL[16, 17], in a 4C-multiplex strategy. The genomic sites 

interacting with each of the 13 viewpoints were PCR amplified separately and pooled 

in two mixes representing the chromosomal neighborhoods of 6 and 7 viewpoints, 

respectively. These mixes were differentially labeled and hybridized to the same 

microarray. The data show that multi-view 4C accurately identifies rearrangements in each 

of 11 T-ALL samples analyzed. We identified translocations between TCRA-HOX71 and 

TCRA-LM02, translocations between 8c/71 8-Nkx-2.5 and 8c/77 8-HOX71 L2, the translocation 

between CALM-AF1 0, the common SET-Nup214 deletion, a TCRA-c-myc translocation and 

an MLL-AF-6 translocation (Fig. 6.6, Supplementary Fig. 6.6, 6.7). In one patient sample 

we found a novel LM07-TCR8 translocation (Supplementary Fig. 6.7); LM01 previously 

was only found to translocate to TCRA[16, 17]. Retrospectively, all these rearrangements 

Figure 6.6. 4C can analyze multiple sites frequently involved in rearrangements in T-ALL on one microarray. 

4C is performed on 13 viewpoints separately, PCR products are combined in two pools, labeled, and hybridized to 

a microarray. The 4C data show high signals on all the viewpoints included in the pools (small letters). Additional 

signals in the Cy-5 pool (square) on chromosome 5, demonstrate HOX11 L2 is a translocation partner of one of the 

Cy-5 viewpoints. In the Cy-3 pool 8CL 118 is found as a translocation partner (square). Together the data demonstrate 

the tested sample carries a 8CL 11 8-HOX11 L2 translocation. The data of 8 other rearrangements detected by this 

method are shown in Supplementary figure 6 and Supplementary figure 7. 
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were confirmed by chromosomal karyotyping and/or FISH. In another patient (1 011 0) we 

initially failed to identify the deletion previously mapped by array-CGH to locate between 

the LM02 gene and the RAG1/RAG2 genes on chromosome 11[18].1nstead, using a target 

sequence -500 kb telomeric of LM02, we surprisingly found the region to be fused to an 

area on chromosome 1 that contained the ST/L and TAL 1 gene, both also implicated in 

T-ALL (Fig. 6.7a). To further map this rearrangement, we applied 4C to sequences on either 

side of the breakpoints of the two chromosomes. Together, the data revealed a complex 

chromosomal rearrangement involving a translocation t(1 ;11) (Fig. 6.7a). The breakpoint 

on derivate chromosome 11 was flanked by two small (1 00-200 kb) regions carrying 

respectively the T-ALL genes LM02 and STIL and TAL 1, followed on either side by a large 

deleted region spanning 1-3 Mb (Fig. 6.7b). Thus, the deletion identified by array-CGH[18] 

was shown by 4C to be part of a more complex chromosomal rearrangement involving 

a translocation. Interestingly, oncogenes like LM02 and TAL 1 are known to translocate to 

the TCR loci in T-ALL, but have not been documented previously to rearrange with each 

other. The fact that they also recombine may support the idea that nuclear co-localization 

of all these loci at some stage ofT-cell development is an important mechanism behind 

translocation partner selection in T-ALL Collectively, the data show that multi-view 4C 

with a single microarray identifies all recurrent, but also novel translocations and complex 

chromosomal rearrangements associated with T-ALL. Clearly, this strategy can also be 

adapted to the detection of such rearrangements in other types of disease. 

Discussion 

4C was originally designed to study the folding structure of chromosomes by identifying 

regions that frequently contact a viewpoint (or "bait"). Folding of chromosomes is indeed 

not random and some regions of the genome are captured and identified by 4C due to 

the 30 structure of the chromosomes [9]. When interpreting 4C data, chromosomal 

rearrangements can easily be discerned from looped chromatin structures. First, signal 

intensities seen for genomic regions that are physically close on the linear chromosome 

template are much higher than those observed for distant regions that loop in 30 to the 

genomic viewpoint. Second, signal profiles from translocations, inversions and deletions 

each have a very distinct shape that is different from the more Gaussian curves seen 

for looped regions. Most distinctly, chromosomal rearrangements will. show a sharp 

transition in signal intensities at the probes that surround the breakpoint. Third, the 

number of probes with positive signals near genomic breakpoints is usually much higher 

than observed for a region which loops towards the viewpoint. Thus, it is not difficult to 
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discriminate structural variation in the genome from three-dimensional configurations 

detected by 4C. However, it is important that sufficient numbers of ligation products 

are analyzed simultaneously. Each diploid cell donates a maximum of two ligation 

products per viewpoint. For singleplex 4C, we therefore routinely analyze -0.5 million 

cells simultaneously on a microarray, or -1 million interactions with the viewpoint. 

Under such conditions, translocations and other rearrangements are readily identified 

(Fig. 6.2, 6.3 and 6.5), even when the breakpoint is 3 Mb away from the viewpoint (Fig. 
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Figure 6.7. 4C demonstrates an unexpected complex rearrangement. 4C was applied to a T-ALL patient sample 

known to carry a large deletion on chromosome 11. The deletion was found to be accompanied by an unsuspected 

translocation to chromosome 1. (a) 4C was performed on both sides of the breakpoints on chromosome 1 and 11. 

The 4C data show that a deletion is found on both chromosomes. Moreover, the deletions do not directly neighbor 

the translocation sites. (b) Zoomed in view of the 4C data. The complex chromosomal rearrangement at der(ll) 

preserves two small (1 00-200 kb) regions carrying the oncogenes LM02 and TAL 1 but deletes large (1-3Mb) regions 

further downstream of the translocation breakpoint. 
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6.3b) or present in small subpopulations of cells (Fig. 6.4). In the 4C-multiplex strategy, 

aimed to simultaneously screen at several sites for structural rearrangements, less PCRs 

were performed per viewpoint and PCR products from different viewpoints were mixed, 

reducing the net amount of PCR material per viewpoint hybridized to the array. As a result, 

signal intensities and the number of positive probes identified at the breakpoint dropped, 

but in each case we could still identify the underlying rearrangement, as confirmed by 

FISH and by additionai4C experiments. 

The diagnostic method presented here is based on a novel concept: the capture and 

identification of all DNA fragments that are physically close in the nucleus, to reconstruct 

linear chromosome maps. Unlike other high-throughput methods like genomic re­

sequencing or paired-end-sequencing[19, 20], it therefore does not depend on finding 

the single DNA fragment carrying the genomic breakpoint for the detection of balanced 

rearrangements. Instead, 4C identifies rearrangements based on the capture of many 

genomic fragments across the breakpoint. This implies that 4C is particularly powerful to 

uncover balanced rearrangements also when breakpoints are present in, or surrounded 

by, repetitive sequences. Deletions associated with (unbalanced) translocations are readily 

identified as well (Fig. 6.3b and Fig. 6.7). The same is true for large (balanced) inversions, 

but we expect that inversions smaller than -1 Mb will be more difficult to detect with 

4C. 4C requires the selection of one or more genomic viewpoints: for the detection of 

chromosomal breakpoints they need to be located within several megabases of these 

viewpoints. As such, the technique is very suitable for the rapid fine-mapping of balanced 

and complex rearrangements found with low-resolution techniques like FISH and 

chromosomal karyotyping. It is also very useful for the characterization of translocations 

of which only one of the involved chromosomes is known, and for screening of frequently 

rearranged sites to identify novel oncogenes. Examples of such sites are the T cell receptor 

loci in leukemia and the immunoglobulin loci in lymphomas. Moreover, we have shown 

that 4C can uncover complex structural rearrangements that accompany copy number 

changes identified with array CGH. We predict that genes that are aberrantly expressed 

in patient samples without apparent variation in their DNA copy number are interesting 

targets for 4C analysis, which is expected to lead to the identification of novel balanced 

rearrangements. In all such instances, 4C offers a cost-effective alternative to genomic 

re-sequencing, with the additional advantage that it will also identify translocations 

when present in small sub-populations of cells. Array painting is another recently 

developed technique for fine-mapping of translocation breakpoints. It involves isolating 

chromosomes based on size using flow-sorting and characterization of a selected 
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(derivative) chromosome by hybridization to a microarray or by large-scale sequencing 

[21, 22]. However, metaphase chromosomes often cannot be isolated (e.g. from solid 

tumors), not all chromosomes and chromosome derivatives can be isolated based on size 

and inversions cannot be detected using this technique. 

The fact that 4C can detect translocations present in small subpopulations of cells makes 

it a potent technique to study rearrangements in mixtures of cells and mosaic tumors and 

creates the prospect of identifying tumor cells in early stages of metastasis. 

Materials and Methods 

Sample preparation 

T-ALL patient samples and healthy control T-cell samples were processed as described[9, 

23]. The EBV-transformed cell line derived from the PAP patient was cultured and handled 

as described before[9, 14]. 

4C array design 

The 60 bp probes were designed within 1 00 bp from a Hindlll site, using criteria described 

previously, for example the selection of only unique DNA sequences[9]. To be able to 

cover the entire genome with the 400.000 probes that fit on the Nimblegen microarray, 

a selection was made. Probe numbers were first reduced by keeping only one probe per 

Hindlll fragment, instead of one on each side. Secondly, probes were selected such that 

the spacing of probes was as equal as possible across the genome. 

4Canalysis 

4C analysis was performed as described previously[9], using the following primer 

sequences: 

5'-end of TCRB 

3'-end of TCRB 

CATGAAGAAACGAGCACCC 

CCTTGATGTTTCTCCCTTTACC 

TGTCAGGCTCTTCTCCTACAC 

GTCGTCCAGAACACTCACC 

Centromeric t(4;7) AATCCAGGGCTACTTCCAG 

CCGTGATGCTATCTGCCA 

Telomeric t(4;7) TGTTGGAAGACCAGGTGAAG 

TGTCGTGGAAAGCGAGTG 
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Deletion 9 

3'ofTCRA 

CAATCCCAGATACATTCCTCAT 

ACAAATACTTTCCAAGACTGGAC 

GAATATGTTATGCTTGATCC 

TTCCATGAGAGAAGTCTAG 

4C data was visualized using SignaiMap software. To create whole chromosome view 

pictures of the 4C data, a running mean with a window size of 29 probes was calculated 

using the R package (http:Uwww.r-project.org). 

Restriction-fragment-paired-end-sequencing 

1 0 flg of genomic DNA was first digested in 500 Ill with 10 U of an enzyme that recognizes 

6 bases (Hindlll, Bglll or EcoRI) (37 oc for 2 hours). Samples were purified by phenol­

chloroform extraction and ethanol precipitation. Subsequently, samples were ligated 

in 2 ml with 40 U of ligase (Roche) for 4 hours at 16 oc and 30 minutes at 20 oc. Ligated 

samples were purified by phenol-chloroform extraction and ethanol precipitation. A 

second digestion was performed with a restriction enzyme that recognizes 4-bases (e.g. 

Niall I or Dpnll) under the same conditions as described for the 6-base recognizing enzyme. 

Subsequent ligation was also as described above. Samples were purified by phenol­

chloroform extraction and ethanol precipitation. Selected fragments were PCR amplified 

from 50-100 ng of DNA, using the following conditions: 94 oc for 3 minutes, followed by 

30 cycles of 15 seconds at 94 °(, 1 minute at 55 oc and 2 minutes at 72 oc and one final 

step of 7 minutes at 72 oc. 
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Supplementary Figure 6.1. Restriction-fragment-paired-end-sequencing. Schematic representation of 

restriction-fragment-paired-end-sequencing. 
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Supplementary Figure 6.2 
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Supplementary Figure 6.2. 4C signals across all chromosomes obtained with two different chromosome 7 

viewpoint fragments in a sample carrying t(4;7){p15.2;q35). The black arrowheads indicate position of viewpoint 

sequences. The grey arrowheads indicate the position of the translocation sites. Running mean data were plotted, 

using a window size of -60kb. Scale on Y·axis (arbitrary units) is identical for all chromosomes. 
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Supplementary Figure 6.3 
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Supplementary Figure 6.3. 4C detects a homozygous deletion. (a) A viewpoint fragment located on 

chromosome 9 at 19.3 Mb identifies a region (between arrows) lacking high signals in a T·ALL patient sample 

(bottom) compared to control (top), demonstrating a deletion. Signals downstream of the deletion are higher in 

patient versus control, because these sequences are closer to the viewpoint. The signals in the deleted area are 

higher than background. This is because both samples were hybridized to the same microarray. The strong Cy-3 

fluorescence of the healthy control on the probes in the deleted area leaks through Cy·S filter, resulting in elevated 

signals in the patient sample data. This can be prevented by hybridizing the control and the patient on separate 

microarrays. 4C can detect deletions, but array CGH is more powerful in detecting copy number changes. (b) 

Sequence identifying the breakpoints that flank the deletion. 
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Supplementary Figure 6.4 
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Supplementary Figure 6.4. 4C signals across all chromosomes obtained with a viewpoint sequence near the 

TCRB locus on chromosome 7 in two T-ALL patient samples, one of which carrying a t(7:12} translocation. 

The black arrowheads indicate position of viewpoint sequences. The grey arrowhead indicates the position of the 

translocation site. Running mean data were plotted, using a window size of -60kb. Scale on Y-axis (arbitrary units) is 

identical for all chromosomes. 
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Supplemen!9ry Figur~ §.5 
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Supplementary Figure 6.5. LM03 expression in T-ALL patient samples. Gene expression was measured on 
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patients. 
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Supplementary Figure 6.6 
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Supplementary Figure 6.6. Multi-view 4C experiments detect frequently occurring translocations and a 

common deletion. 13 viewpoints located near frequent rearrangement sites were combined in one microarray 

experiment. This multi-view 4C was applied to differentT·ALL patient samples. The translocations indicated and the 

common SET-Nup214 deletion were detected. 
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Supplementary Figure 6.7 
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Supplementary Figure 6.7. Multi-view 4C experiments detect uncharacterized and novel translocations. In 
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A pilot study for Chromosome Conformation Capture Se­
Quencing (4C-Q) 

Marieke Simonis, Petra Kious, Frank Grosveld and Wouter de Laat 

Summary 

4C is a recently developed technique that can be used to study the folded structure of 

chromosomes. In addition, 4C can be applied to characterize genomic rearrangements 

within megabases of a selected viewpoint fragment. Here we adapt the microarray based 

4C into sequencing based 4C (4C-Q). 4C-Q is designed such that multiple viewpoints can be 

analyzed in one experiment. In the future, 4C-Q could be extended to a genome wide method 

for the identification of genomic rearrangements. Moreover 4C-Q is expected to allow a more 

quantitative measurement of (functional) spatial interaction between genomic fragments 

than was achieved with 4C. 

Introduction 

Eukaryotic genomes are extensively folded to fit in the cell nucleus. The folded structure 

of chromosomes can be studied with a recently developed technique, Chromosome 

Conformation Capture on Chip (4C)l. In 4C, the chromatin structure in the nucleus is first 

fixed, then fractionated by restriction enzyme digestion and for a selected DNA fragment 

(the viewpoint) all the restriction fragments that are in spatial vicinity in the nucleus are 

captured and identified using a dedicated microarray. 

The frequency with which different fragments are caught by the viewpoint can differ 

significantly. Segments of the genome directly adjacent to the viewpoint are per 

definition spatially close in all cells and thus captured most frequently. Preferential 

contacts made between distant regions, meg abases away on the same chromosome or on 

other chromosomes, occur in a smaller subpopulation of the cells; -5-15 % as measured 

in cryo-FISH experiments1
• Consequently, fragments in these distant regions are captured 

less frequently than those adjacent to the viewpoint. 

4C applied on the 13-globin showed that the technology is well suited to measure the 

less frequent, distant contacts in the genome. The local folded structure of the 13-globin 

locus had previously been analyzed in detail and it is known that the promoter of the 

active gene interacts with regulatory elements spread over 200 kb. In the 4C experiment 
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quantitative interpretation of these local interactions between functional elements 

close to the viewpoint was not possible, which was at least partially due to saturation of 

microarray signals'. Sequencing methods provide a more quantitative analysis than the 

microarray approach. A sequencing based 4C strategy is therefore possibly more suited 

for the detection of contacts between specific functional elements relatively close to each 

other on the genome (<1 Mb). 

4C can also be used as a diagnostic method for the identification of rearrangements near 

selected genomic viewpoints (Chapter 6). This approach takes advantage of the fact that 

interactions with local DNA fragments are captured much more frequently than others. 

If as a consequence of rearrangements new DNA sequences are brought to a position on 

the genome close to an investigated viewpoint, they will be captured more frequently 

than expected and can easily be recognized in the 4C data. Genomic rearrangements (e.g. 

translocation and inversions) located up to several megabases away from the viewpoint 

can be identified with 4C. Detailed analysis of the breakpoints of genomic rearrangements 

is important, because it can lead to the identification of disease associated genes2 

and specific rearrangements were shown to have prognostic value3
• The detection of 

(balanced) genomic rearrangements traditionally depended on laborious cytogenetic 

(banding) techniques that only provided limited resolution. 4C can detect balanced and 

complex rearrangements more rapidly and at high resolution. The disadvantage of 4C is 

that only rearrangements within a few meg abases of selected viewpoints are found. 

Here we adapted the strategy of 4C from a microarray based to a sequencing based 

approach to identify co-localizing sequences. The sequencing variant is named 4C-Q 

(Chromosome Conformation Capture Se-Quencing). The sequencing strategy may prove 

beneficial for the identification of specific interaction between functional elements on the 

genome. Moreover, the strategy allows the analysis of multiple sites of the genome, such 

that larger screens for genomic rearrangements are feasible, possibly even a genome wide 

screen. 

Results 

Experimental adaptation of 4C 

The first steps of 4C are not altered for the sequencing based set-up (Fig 7.1 a). 4( 

involves the cross-linking of co-localizing DNA, followed by digestion and subsequent 

ligation of cross-linked fragments. To identify the fragments that were ligated to the 

viewpoint fragment (i.e. the fragments that co-localized with it), ligation sites are trimmed 

and circularized, after which an inverse PCR on the viewpoint fragments is performed to 
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amplify all the ligation partners ("catches") in the sample simultaneously. Previously these 

catches were analyzed on a microarray. Here, massive parallel sequencing (illumina) is 

applied to characterize the sequences that co-localize with the viewpoint fragment (Fig. 

7.1a). 

In illumina sequencing technology, adapters are attached to the DNA fragments that are 

analyzed, a different adapter on each side. The sequences are then hybridized to a glass 

slide that contains oligos complementary to the adapter probes. The sequences will form 

bridges as each end hybridizes to a different oligo. Subsequently a PCR is performed using 

the adapter sequences as primers, such that each bridged DNA fragment becomes a spot 

containing many copies of the same sequence. The spots are sequenced, using a primer 

that was coded in one of the adapters (Fig. 7.1 b). 

In our strategy, the adapters are not ligated to the DNA fragments, as is customary, but 

incorporated in the primers used in the 4C-Q PCR reaction (Fig. 7.1a, b). One of the 

primers thus consists of adaptor sequence A, the sequencing primer and 4C primer 

A (from 5' to 3'). The other primer consists of adaptor sequence B and 4C primer B. Due 

to this design each DNA fragment amplified in the PCR will be flanked by the adapters 

and can be sequenced. Notably, background genetic material that is not amplified in the 

4C-Q PCR reaction but is still abundantly present in the sample will not carry the adapters 

and should therefore not be found back in the sequencing data. The long 4C-Q primers 

amplified the input material with approximately the same efficiency as primers without 

attached adapter sequences (Supplementary Fig. 7.1). 

The analysis of the generated sequencing data is different from many other massive 

parallel sequencing experiments4• The 36 bp 4C-Q sequences will consist of two defined 

parts (Fig. 7.1 b). The first 18 sequenced bases should always be 4C primer A, because this 

sequence is directly attached to the sequencing primer. Importantly, primer A also serves 

as a barcode for the viewpoint, allowing 4C-Q PCR products of different viewpoints to be 

mixed in one experiment. 

Figure 7.1. Schematic representation of 4C-Q. (a) 4C-Q sample preparation. For each viewpoint, fragments that 

co-localize with it in the nucleus (catches) are amplified in one PCR reaction. PCR products of different viewpoints 

are pooled and sequenced (see text). (b) Schematic overview of the 4C-Q data analysis. PCR products all have the 

sequencing adapters at their outer ends. The sequencing primer is also incorporated. Sequencing of these products 

results in 36 bp sequences consisting of a 4C-Q primer sequence, which is a barcode for the viewpoint, and 18 bp 

of the catch. (c) The 18 bp that will be sequenced can be extracted from the genome sequence. This is done for 

all possible catches in the genome to create a catch reference list. The 4C-Q catches are compared to this list to 

determine which genomic fragment they derived from. 
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4C-Q primer A is designed on top of the restriction site of the viewpoint fragment that 

is analyzed and will therefore only amplify the catches and not any sequence of the 

viewpoint fragment itself. Thus, the second part of the 4C-Q sequence reads always 

consists of the first 18 bp of one of the catches of the viewpoint (Fig 7.1 c). The catches 

always start with the restriction site used in the preparation, thus for each possible catch 

the expected 18 bp of sequence that will be read can be extracted from the genome 

sequence. These 18 bp sequences are references to the catches and can be stored 

in a relatively simple, local database. Each sequence read can be identified by direct 

comparison to this database, making extensive blast analysis unnecessary. Summarizing, 

all sequence reads can be split into a primer, which serves as a barcode for the viewpoint, 

and 18 bp of a catch which can be identified by looking it up in the catch-reference 

database. 

Identity of the 4C-Q sequence reads 

To test the feasibility of 4C-Q, a pilot experiment was performed in which three viewpoints 

on chromosome 7 were analyzed in the human leukemia derived HSB-2 cell line. The 

PCR products of the three viewpoints were pooled and analyzed by massive parallel 

sequencing in a single illumina lane, which resulted in 4.9 million successful sequence 

reads (Fig. 7.2). Of 93o/o of the sequences the first 18 sequenced basepairs were identical 

to one of the 4C-Q primer sequences as expected. Most of the remaining 7o/o of sequences 

were similar to one of the 4C-Q primers but carried a mismatch likely as a consequence 

of sequencing mistakes. 1-2 million sequence reads were obtained for each viewpoint. 

The second 18 base pairs were identical to one of the catch reference in about half of 

the sequences. The sequences that were unexpectedly not identical to one of the catch 

reference could have resulted from sequencing errors, SNPs, random events in the second 

ligation step or other sources of background, such as unspecific annealing of the PCR 

primers. 

The data show that the experimental set-up of 4C-Q results in the expected type of 

sequence reads. The number of sequence reads that contains a perfect match to a catch 

reference is already high, but can possibly be optimized. 

4C-Q data distribution 

The sequence reads that matched a catch reference were analyzed further for 

each viewpoint. The genomic areas directly surrounding the viewpoints are clearly 
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distinguished in the data by their high number of catches, as expected based on previous 

4C analyses1 (Fig. 7.3a). 

In 4C and 4C-Q experiments, two catches are always most prominent when the PCR 

products are analyzed on an agarose geP·s. One of them is due to incomplete digestion 

of the analyzed Hind ill site of the viewpoint and the second derives from self-ligation of 

the analyzed Hindlll fragment (Fig. 7.2). Indeed these products were found frequently in 

the catches, together constituting 39% and 42% of the total amount of identified catch 

references of viewpoint 1 and 2 respectively (Fig 7.2). However, in the sequence reads 

of viewpoint 3 they made up only 1.7 % of the total. The catch reference of the product 

of the Hind ill fragment self-ligation was found only 753 times (0.1 % of all viewpoint 3 

sequences). Possibly a SNP destroyed the Hindlll site of the catch or properties of the 

chromatin fiber prevented circularization. The catch reference of the undigested viewpoint 

a 

Chromosome 7 

40 80 
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Figure 7.3. Distribution of 4C-Q data. (a) The viewpoints are distinguished in the data, by their high density 

in catches with many sequence reads, as expected from previous 4C data. (b) Most catches that are found are 

identified in 1-200 sequence reads. Catches on chromosome 7 are overrepresented, especially in the categories with 

a high amount of sequence reads. (c) The percentage of all possible catches that is found is high in the area close to 

the viewpoint. Even more than 10 Mb away from the viewpoint more different catches are found than on average 

on trans chromosomes. 
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restriction site only constituted 1.6 % of the identified references. Possibly, this number is 

so low because the size of the fragment that is amplified in the PCR reaction for this catch 

is 1700 bp, while the median size of the fragments that are PCR amplified is 256 bp. We 

hypothesize that the product is selected against due its large size, which may compromise 

PCR amplification or cluster formation on the illumina slide. 

Previous 4C microarray analysis only allowed minimal quantitative data analysis. To 

gain insight in the distribution of the sequenced reads, viewpoint 1, which had the 

highest number of successful reads, was analyzed in more detail. The 1.1 * 106 sequence 

reads matched to 8208 unique catches (Fig. 7.2). A third of the unique catches (2715) 

were located on chromosome 7, which is more than expected based on a random 

distribution of the data, because chromosome 7 only constitutes ~5% of the genome. 

This overrepresentation of catches in cis was also seen in previous 4C analysis and can 

be explained by the finding that chromosomes are located in distinct territories in the 

nucleus6
• 

The number of times each unique catch was found in the sequence reads ranges from 1 

to 227,919. The overrepresentation of sequences on chromosome 7 is most obvious for 

catches with a high number of sequence reads (Fig. 7.3b). Only the two most frequently 

captured fragments, the self-ligation and the incomplete digestion of the viewpoint, were 

found more than 200,000 times. The remainder of catches had a much lower number of 

sequence reads. The 36 unique sequences that were found between 1000 and 10,000 

times all located within 2Mb of the viewpoint (Fig. 7.3a). Some, but not all represented 

direct neighbors. The more distantly located, high frequent catches may have resulted 

from specific folded structures in the genomic region. Fragments on other chromosomes 

than chromosome 7 (trans) that were captured by a viewpoint had only 1 to 550 sequence 

reads (Fig. 7.3b). 

The proportion of fragments captured per genomic segment is also highest in the area 

surrounding the viewpoint (Fig. 7.3c). The data suggest that if a genomic rearrangement 

occurs within 2.5 Mb of the viewpoint, it would be identified by this strategy (Fig. 7 .3c). 

A translocation is detected with 4C-Q 

The HSB-2 cell line that is analyzed here carries a translocation t(1 ;7). Due to this 

rearrangement a part of chromosome 1 was positioned 2.5 Mb telomeric of viewpoint 3 

on chromosome 7. Consequently, viewpoint 3 had captured many fragments in this part 

of chromosome 1 (Fig. 7.4). Each viewpoint has catches on all chromosomes, but the 

translocated area of chromosome 1 is clearly different, because the density of captured 
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fragments is much higher (Fig. 7.4). The position of the breakpoint could be estimated 

with an accuracy of ~1 OOkb. The density of the captures resulting from genomic proximity 

to viewpoint 3 determines the resolution at which the translocation is detected. Thus, the 

resolution can be improved by increasing the number of different captures in the genomic 

area of the breakpoint. This can be achieved by decreasing the distance between 

viewpoint and breakpoint, which was relatively large in this experiment (2.5 Mb). Closer to 

the viewpoint more fragments are captured (chapter 6). A second factor that will influence 
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Figure 7.4 A translocation located 2.5 Mb from viewpoint 3 is detected.Viewpoint 3 has multiple frequent 

catches on chromosome one, in contrast to viewpoint 1 and 2. These catches were brought into spatial vicinity of 

viewpoint 3 due to the t1 :7 translocation that is present in the analysed HSB-2 cells. The breakpoint on chromosome 

one is indicated by the arrowhead. Viewpoint 3 was located 2.5 Mb from the breakpoint on chromosome 7. 
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the resolution is the number of cells that is analyzed. The more cells are analyzed, the 

more different catches are included in the sample, which enlarges the density of captured 

fragments and the distance over which catches are found. Here around 100,000 cells were 

analyzed, five times less than in previous experiments (chapter 6). 

The data show that translocations can be detected using 4C-Q even at a distance of 2.5 

Mb from the viewpoint. 

Discussion 

4C was successfully adapted from a microarray based technique to the sequencing based 

method, 4C-Q. In the 4C-Q pilot experiment described here, the distribution of the data 

was as expected. 93% of the sequences contained one of the 4C-Q primers and the areas 

surrounding the viewpoints contained the most frequently found catches and had the 

highest density of catches. Differences were seen in the number of sequence reads found 

per catch, also in the region directly neighboring the viewpoints. However, the capability 

of 4C-Q to detect specific spatial interactions between functional elements can not be 

assessed from the current data. Future 4C-Q analysis of a gene locus with a well described 

structure, for example {3-g/obin, will be informative in this respect. 

Several aspects of 4C-Q can be optimized to obtain more informative catches per 

experiment. Massive parallel sequencing is a novel technique and it is likely that the 

technical aspects of the method will improve, resulting in less sequencing errors. The 

experimental design of 4C-Q can also be improved. We found that the two most frequent 

catches (the Hindlll fragment self-ligation and the non-digested Hindlll site) represented 

40% of the total amount of unique catches in the data of two of the viewpoints. These 

catches are non-informative. If these frequent catches could be filtered out, before the 

sequencing analysis, the proportion of informative data would increase. The results of 

viewpoint 3 suggested that the abundant products can be selected against if the DNA 

stretch that is amplified in the 4(-Q PCR is relatively large. Thus, using viewpoints of which 

the two most frequent catches have long PCR fragments may result in a reduction of these 

catch products in the sequence data. 

The pilot study demonstrated that multiple viewpoints can be pooled and analyzed in 

one experiment. Is a genome-wide 4C-Q scan for genomic rearrangements feasible? In a 

genome wide 4C-Q experiment all the chromosomes would be covered with viewpoints, 

which combined would detect all the large structural rearrangements in the genome. 

In the pilot experiment described here, a translocation was detected at 2.5 Mb from the 

viewpoint, based on 5.2 *1 05 identified catches (including non-unique catches). If the 
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pilot would be extended by simply pooling more viewpoints the number of sequences 

obtained for each viewpoint would be lower. If a complete illumina sequence run of 7 

lanes is used 2.7 *1 04 sequence reads would be found for each viewpoint, (see Fig. 7.5 for 

calculation), which is only a twenty fold reduction. Estimating from the data distribution 

of viewpoint 1 (Fig. 7.3c), rearrangements within 2.5 Mb of the viewpoint would still 

be detected. Thus, theoretically a genome wide 4C-Q scan in one illumina sequencing 

experiment is achievable. 

Theory 

a= max .distance viewpoint-breakpoint 
(dependent on c) 

b=2a= 
size of genome 

number of viewpoints 

c= sequences = tota I number of seq-reads 
per viewpoint number of viewpoints 

Pilot 

a= 2.5 Mb 

number of viewpoints= 600 

c = 7 illumina lanes • 2.3 *1 Oe6 seq-reads 
600 viewpoints 

=2.7*10e4 

Figure 7.5. The feasibility of a genome-wide 4C-Q scan for genomic rearrangements. Important for the 

feasibility of 4C-Q is the number of sequences that is needed per viewpoint (c) to detect rearrangements at least as 

far as half the distance to the next viewpoint (a). This number depends on the average distance between two given 

viewpoints (b), and related to that, the total number of viewpoints on the genome. The translocation detected with 

viewpoint 1 was located 2.5 Mb from the viewpoint (a = 2.5 Mb). If the genome is covered with viewpoints spaced 

on average 5Mb, 600 viewpoints are needed. The current pilot experiment resulted in 2.3 • 1 O'sequence reads with 

an identified 4C-Q primer and a match to a catch reference. The pilot was performed in one illumina sequencing 

lane. A complete illumina sequencing analysis consists of 7 lanes. If 7 illumina lanes are filled with 600 viewpoints, 

2.7 104 sequences would be obtained per viewpoint. Based on the distribution of the sequencing reads (Fig. 7.3c), 

this 20 fold reduction (or 40 fold for viewpoint 1) in sequence reads could still allow detection of the translocation. 
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To extend 4C-Q to a genome-wide method, other aspects need to be tested and optimized 

as well. Here, we used an equivalent of 100,000 cells as input for each viewpoint. For a 

genome wide analysis 60 min cells would be needed. Setting up the PCRs in a multiplex 

format would decrease this number substantially. It needs to be assessed if it is feasible 

to obtain a comparable number of sequences for each viewpoint, if many viewpoints are 

mixed. The data processing will also require some adaptation to allow a comprehensible 

analysis and visualization of 600 viewpoints. 

If all obstacles are overcome, 4C-Q is a valuable new tool to search for structural 

rearrangements. Other genomic techniques exist that can detect structural alterations 

in genomes, most notably, paired end sequencing approaches4•7• In these methods the 

genome is fractionated into fragments with limited variation in size and the outer ends 

of the fragments are sequenced. If both ends can be mapped and their relative position 

is not as expected, this indicates a rearrangement is present. This method allows the 

detection of a variety of structural changes at high resolution. However the detection 

critically relies on successful sequencing of the single fragment that contains the 

breakpoint ofthe rearrangement. 

4C/4C-Q is only suited to detect large structural rearrangements, but may well be more 

robust than paired end sequencing, because it does not rely on the identification of the 

single informative DNA fragment. Instead, rearrangements are identified by multiple 

catches across the breakpoint. In addition, 4C has been shown to be able to detect 

rearrangements even when present in only a small subpopulation of the cells (chapter 6). 

4C-Q would therefore also be suited to characterize changes in heterogeneous samples. 
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Materials and methods 

Sample preparation 

4C preparation of the HSB-2 cells and 4C-Q PCR conditions were as described in Chapter 4. 

Three PCR reactions on 200 ng 4C template each were performed for each viewpoint. The 
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three PCR products of each viewpoint were pooled and purified using the GFX PCR DNA 

and Gel Band Purification kit (GE Healthcare) to remove unused primers. The concentration 

of the purified samples was measured using a NanoDrop spectrophotometer. Equal 

amounts of the products of the three viewpoints were pooled and sequenced in one lane 

of the illumina sequencing system. Sequences of the adapters are available on request. 

The sequences of the 4C-Q primers were: 

Viewpoint 1-primer A 5'-ATGTGACTCCTCTAGATC-3' 

Viewpoint 1-primer B 5' -CCCTGAACCTCTTGAAGCT-3' 

Viewpoint 2-primer A 5' -CGGCCTCCAATTGTGATC -3' 

Viewpoint 2-primer B 5'-GAATTGCTTTTGGTAAGCTT-3' 

Viewpoint 3-primer A 5'-TTTTAGCCCTGACAGATC-3' 

Viewpoint 3-primer B 5' -AGTCAAACATAAGCCTAAGC -3' 

Data analysis 

A reference catch dataset was created containing the expected 18 bp sequences (see 

text and Fig. 7.1c) from the human genome, NCBI build 37. The reference catches were 

split into unique and non-unique catches. Unique was defined here as occurring once 

in the total list of catches, not as occurring once in the whole genome. Of the total 1.46 

min catches on the genome, 1.17 min were unique. The reference table consisted of the 

unique reference catches and their genomic positions. 

The ilium ina sequencing resulted in 4.9 * 106 sequences in total. The data-sheet consisted 

of a list of unique sequences and the number of times each was found (counts or 

sequence reads). The sequences were split into two 18 bp sequences. Sequences that 

contained one of the primer A sequences in the first 18 bp were extracted and sequences 

for each viewpoint were treated separately in downstream analysis. The catches of each 

viewpoint were compared to the reference catch list and for perfect matches the genomic 

position of the reference was linked to the frequency with which the catch was found 
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in the sequencing data (counts). Subsequently the counts of all the found catches were 

plotted on the genome, using the SignaiMap programme obtained from Nimblegen. Data 

processing was performed using peri scripts, available on request. 
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ChapterS 

General discussion and future directions 

Eukaryotic genomes are extensively folded to fit into the small volume of the cell nucleus. 

Despite this compacted structure of the DNA the right set of genes is transcribed in every 

healthy cell. The spatial organization of the genome has been linked to gene expression in 

different ways. Fluorescent in situ hybridization (FISH) experiments have shown that some 

genes move to a different position in the nucleus when their expression status changes1• 

In these studies the nuclear location of gene loci is described relative to large nuclear 

structures or to other selected loci. 

In a different type of experiments, the local folded structure of small parts of the genome 

around specific genes has been analyzed in detail and has been correlated with gene 

expression. For this type of analyses Chromosome Conformation Capture (3C)2.3 is used, 

but this technique can not be applied on a genome-wide scale. 

We developed 3C-on-chip (4C)4, which allows an unbiased genome wide search for DNA 

sequences that are found in spatial proximity of a selected part of the genome. 4C can 

thus be used to describe the position of a gene locus in the nucleus. In contrast to FISH 

experiments, this nuclear location in not described relative to one other element in the 

nucleus. In stead, all parts of the genome found in spatial proximity to the investigated 

locus are identified. 

4C versus 3C 

Although 4C is derived from 3C, the data that is produced by the technology and the 

information that can be obtained with it is very different, which can sometimes lead to 

confusion. Technical details of 3C, 4C and other methods derived from 3C were discussed 

in detail in chapter 55• The main differences between 3C and 4C are caused by additional 

processing steps performed in 4C and the method of quantification. 

In 3C technology nuclei are fixed such that elements in the genome spatially close to 

each other are cross-linked. The chromatin is subsequently digested, diluted and ligated, 

such that co-localizing fragments will become ligated to each other. The number of times 

two fragments form a ligation product is a measure for their interaction frequency and is 

analyzed by quantitative PCR across the ligation junctions, using a specific primer for each 

fragment. 
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The disadvantage of 3C is that each restriction fragment that is measured requires 

a specific primer and the quantification of each different ligation product requires a 

separate PCR (and control PCRs). The enzymes generally used in 3C generate fragments 

of around 4 kb. Thus, a gene locus of 200 kb contains about 50 restriction sites and 

digestion results in 100 restriction fragment ends. When the entire gene locus is analyzed 

the number of PCRs that needs to be performed is very large. Therefore 3C is mainly 

suited for gene loci of small size or well described gene loci that allow an educated guess 

about which sites should be analyzed. For example in the ~-globin locus the position 

of the genes and the main regulatory elements was known, thus a 3C experiment was 

achievable. 3C experiments on this locus showed that the regulatory elements spread 

over 200 kb frequently looped towards the promoter of the active gene3• 

To overcome the need for an independent PCR reaction for each ligation product, 3C 

was adapted into 4C (3C on Chip). In 4C one restriction fragment is selected (the "bait" 

or "viewpoint") and all the sequences that were ligated this viewpoint fragment are 

characterized in one experiment. This is achieved by circularization of the ligated 

fragments after which an inverse PCR with viewpoint specific primers amplifies all 

fragments ligated to the viewpoint. To allow an efficient PCR the ligation products are 

shortened before circularization in an additional restriction step. The 4C PCR product 

contains all the fragments that co-localized with the viewpoint fragment and is analyzed 

on a dedicated microarray. Each probe on the microarray measures the frequency with 

which one specific restriction fragment was ligated to the viewpoint. 

The first 4C experiment was performed on the ~-globin locus (chapter 4). Both a gene 

promoter and a regulatory element were analyzed, but the loops measured in the 3C 

experiments could not be found back in the 4C data. Interactions between two small 

sequence elements such as a promoter and an enhancer only result in an increased 

ligation frequency of one or a couple of restriction fragments. The enrichment of 

these interacting fragments is about 5-8 fold over non interacting fragments. In 4C the 

measurement made for each individual restriction fragment is less quantitative than it is in 

a well performed 3C analysis and as a consequence these specific interactions are missed. 

This loss in quantitative accuracy is likely due to PCR amplification biases and limited 

detection range of the microarray. In 4C, co-localization is measured by the number 

of different restriction fragments in a genomic area that was ligated to the selected 

fragment, as judged by the high microarray signal on the fragments. Thus, whereas 3C is 

used to study the local folded structure of DNA, 4C analyzes the position of a gene locus 

in the nucleus, by finding all other parts of the genome that are frequently in its spatial 
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surroundings. Generally many genomic regions of ~so kb and larger that co-localize with 

the viewpoint are detected. 

Studying nuclear organization with 4C 

A detailed discussion on studies addressing the spatial organization of gene expression 

and the impact of 4C is given in chapter 3 of this thesis'. 

Using 4C we showed that the active murine 13-globin locus in fetal liver tissue co-localizes 

with other transcriptionally active regions, mainly located on the same chromosome 

(chapter 4)4
• In contrast, in a tissue in which the same locus is inactive it co-localizes 

with completely different areas on the same chromosome, containing gene poor and 

transcriptionally inactive regions. Rad23a, located in a gene rich region on chromosome 

8, largely has the same nuclear environment in two analyzed tissues in which it is 

transcriptionally active. The sequences surrounding Rad23a in the nucleus consist of 

gene dense and transcriptionally active regions on chromosome 8 and also on other 

chromosomes. 

The results demonstrate that chromosomes do not fold randomly, but that genomic 

regions have many preferred co-localization partners, which consist of chromatin that has 

the same gene density and transcriptional activity. What causes this co-localization and is 

it functionally relevant? 

Discriminating factors of gene locus positioning 

In the regions that co-localize with the active {3-g/obin locus and those that co-localize with 

Rad23a not every gene is actively transcribed. This suggests that the nuclear environment 

alone is not sufficient to determine expression levels and that the nuclear position of a 

gene is largely influenced by neighboring parts of the genome. Both conclusions were 

also drawn from localization studies of other loci, as discussed in chapter 31• It could be 

that the inactive genes are identified due to a lack of resolution of 4C, therefore it would 

be interesting to investigate the nuclear environment of a gene that is alternatively 

expressed between tissues and is located in a gene dense, active area of the genome. 

The position of the 13-globin locus is not determined by the neighboring parts of the 

genome. The genes are located within olfactory receptor cluster that is silenced in both 

tissues investigated with 4C. In fetal liver cells the active state of the ~200 kb 13-globin 

locus is dominant over the flanking silent chromatin in determining the position of the 

locus. This dominance could be the result of the size of the locus, although the 200 kb 

does not exist entirely of active chromatin. The high transcription level of the 13-globin 
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genes could also play a role, the genes have one of the highest expression levels 

measured in this cell type. !)-globin genes are tissue specific genes and it could be that 

their regulation requires special mechanisms that include repositioning in the nucleus. 

Lastly, it is possible that transcriptional activity is dominant over a silent chromatin status 

in determining the position a gene locus. In support of this the parts of the genome that 

co-localize with the !)-globin locus in its inactive state contain almost no active genes. 

To understand the properties that dictate nuclear positioning different types of gene loci 

need to be analyzed with 4C. Genes with different expression levels and different function, 

tissue specific and ubiquitously expressed genes, should be analyzed. The genes should 

also be selected based on differences in gene density of flanking DNA. 

The 4C data were compared mainly to gene density and gene activity, but other genome 

characteristics could contribute to 3D organization as well. 4C data could be aligned 

with genome wide measurements of chromatin components, such as specific histone 

modifications, DNA methylation and chromatin proteins like HP1. 

Functional relevance of the nuclear environment 

Identifying discriminating factors in nuclear positioning is important, but it will not 

necessarily reveal how a position is established nor will it show the functionality of nuclear 

repositioning. How is nuclear architecture established? During mitosis chromosomes 

are condensed and in early G1 of the cell cycle they unfold and each part of the genome 

moves to a favored position. In G1 the chromatin is most dynamic and it is likely that the 

main organization ofthe nucleus is established at this stage. Roughly two theories exist on 

what determines nuclear organization. The first suggests that co-localization is the result 

of affinities between different parts of the chromatin fiber and the stochastic process of 

chromosome unfolding. This can be considered a process of self-organization6
• In this 

model active transcription could dictate nuclear organization by the decondensation of 

chromatin that occurs in the process7
• Contrasting models suggest that the folding of 

chromosomes is dictated by specific contacts made in the DNA strands. One theory is 

that specific parts of the genome are anchored to an underlying structure, the nuclear 

matrix8
•
9

• It has also been suggested that local accumulations of RNA polymerase II (RNA 

poll!), called transcription factories, determine the shape of the genome10• In addition, 

organization could be dominated by specific contacts made between structural proteins 

that create loops in the DNA, of which the main candidate is CCTC-binding factor (CTCF). 

This protein was recently found to co-localize with cohesin, a component that supports 

the structure of mitotic chromosomes11
•12• This CTCF-cohesin relationship is interesting, 
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because it could be the basis of a regulated decondensation after mitosis. Moreover, 

CTCF is involved in the regulation of gene expression levels, thus, it possibly links nuclear 

organization to transcription. 

Hybrids of all theories are of course also possible. 

Our 4C experiments support the theory of self organization, because the regions that co­

localize have similar chromatin compositions, as estimated from their gene density and 

gene activity. Each analyzed locus has a large number of genomic regions it frequently 

contacts, which could not physically contact each other all at once. This suggests the 

genome can be folded in multiple preferred configurations. 

4C data are an average of around half a million cells. To gain insight in cell to cell 

differences FISH experiments are required, preferably multicolor FISH, which allows 

localization of multiple areas in one cell. Loci can also be visualized in live cells by genomic 

integration of a series of repeat elements for which a specific binding partner is known. 

The binding protein can be linked with a fluorescent protein, such as GFP to visualize 

the locus and follow its location through time. Studying contacts between chromosomal 

regions in live cells will provide insight in the dynamics of chromosomal organization. 

This should reveal whether different conformations are a consequence of the dynamic 

movement of loci in all cells or the reflection of a more static nuclear position of loci that 

differs from cell to cell. 

Because active regions co-localize on a large scale, the 4C data do not directly argue 

against a role of RNA poll! in shaping the genome. The influence of RNA poll! binding was 

recently addressed in two studies13
•
14

• One 4C study in which transcription was inhibited 

for 4 h showed that the binding of RNA Poll! is not necessary for the maintenance of the 

localization of the active ~-globin and Rad23a loci14
• The other study described partially 

conflicting results (see also chapter 3)13.lt could be that RNA poll! binding is important for 

establishing the position of the locus. However RNA polll can not be the only determinant 

because silenced regions also co-localize. 

The possible large scale formation of CTCF loops is interesting and is preferentially 

investigated in a 4C-Iike genome wide study. However to measure interactions between 

the CTCF sites accurately, the resolution of 4C may need to be increased. 

Increasing 4C resolution 

Although 4C is informative in its current set-up, it would be a valuable improvement if the 

resolution with which co-localization partners are detected is increased. This can only be 

achieved if ligation frequencies are measured more quantitatively. 
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The microarray analysis was hampered by the large difference in signal intensities. To 

measure the infrequent ligation events with restriction fragments tens of megabases 

away on the genome, the scanner settings were set at a level at which the highest signal 

intensities were saturated and could not be quantified. In addition, due to the 30 cycles 

of PCR in the 4C protocol the measured DNA fragments are (theoretically) enriched 230 = 1 

billion times. This is a much higher enrichment than is achieved for example in immune­

precipitation based methods, which the microarrays were originally designed for. The 

amount of probe that is spotted is an excess for this latter type of enrichment. Possibly 

the large overrepresentation of fragments near the viewpoint in 4C prevented linear 

detection and thus accurate quantification of these fragments. The microarray analysis 

could be developed further to be better suited for quantification of relatively frequent 

contacts made in the genome. However, the sequencing based 4C described in chapter 

7 provides even better opportunities. In sequencing analysis all different frequencies can 

be measured, provided that enough sequence reads are obtained to also include all the 

infrequent ligation products. 

But the limited detection range of microarrays is possibly not the only thing that limits 

the quantitative measurement of individual restriction fragments. In the 4C PCR DNA 

fragments of different length and relative abundance are amplified in a single reaction. 

The reaction was optimized to minimize the bias for small fragments and the linearity 

of amplification was checked by performing a titration series (chapter 5}. However, the 

accuracy of a Q-PCR as is used in 3C may not be reached in the 4( experimental set­

up. The PCR was originally incorporated in the protocol to enrich for fragments that 

were ligated to the viewpoint and keep the hybridization signal on the microarray of 

other parts of the genome low. In the sequencing strategy only DNA fragments that are 

amplified in the PCR are analyzed and not all the other parts of the genome present in the 

original sample (chapter 7). Perhaps linear amplification of the DNA products will yield an 

enrichment that is high enough for sequencing analysis. 

Using 4C to detect genomic rearrangements 

The finding that several mega bases of the genome flanking an investigated locus always 

produce high microarray signals in 4C sparked the idea to investigate loci of which the 

neighboring sequences had changed, due to genomic rearrangements in the area. 

Chapter 6 described the studies that showed the high potential of this novel method. 

Before 4C, it was difficult to advance from a rearrangement found in low resolution 

cytogenetic experiments to describing the precise breakpoint. Narrowing down 
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a breakpoint by FISH experiments is laborious and sometimes impossible due to 

misalignment of BACs or large repetitive areas. The task is even more complex if only 

one side (one of the chromosomes) of a rearrangement is known. Many breakpoint fine­

mapping projects have stopped, because of these limitations. Moreover, cytogenetic 

rearrangement detection methods (and others such as array painting) depend on 

obtaining metaphase chromosomes. For this reason the detection of rearrangements 

in certain tissues, for example solid tumors, is very difficult. 4C will undoubtedly 

contribute to the characterization of many rearrangements and this will likely lead to the 

identification of novel disease associated genes. 

A disadvantage of 4C is that it only detects rearrangements located within several 

megabases of a selected viewpoint. However, by pooling multiple viewpoints, several 

genomic positions can be analyzed on one microarray and with the sequencing based 4C 

described in chapter 7 even a genome wide application of 4C is feasible. 

A different disadvantage of 4C is that only large rearrangements can be measured and 

that it is not quantitative enough to measure inversions or any heterozygous change 

close to the viewpoint. Using sequencing analysis in stead of microarrays may improve 

the possibilities of 4C in this area. 

Other genomic techniques were developed recently that analyze changes in the genome, 

most notably paired-end-sequencing (PES) approaches15
•16.1n these methods the genome 

is fragmented in such a way that all the fragments have a comparable size. The ends of 

the fragments are sequenced and paired. Both sequences are blasted against a reference 

genome. If the genomic distance between the paired sequences is not the same as the 

size of the fragment, the analyzed genome is different from the reference genome. The 

power of these assays is that many different types of structural changes can be identified 

in one experiment, including small deletions and inversions. The disadvantage is that 

the detection of genomic rearrangements critically depends on capturing the one DNA 

fragment that covers the breakpoint of the rearrangement and contains an unexpected 

combination of ends. Deep sequencing is required to achieve a high enough coverage 

of the genome, especially in heterogeneous samples. Moreover, if one or both ends of 

the informative fragment consist of a non-unique sequence in the genome, it can not be 

analysed. 

As described in chapter 2 sequencing technology rapidly advances and affordable whole 

genome sequencing methods may become available in the not too distant future. 

Despite these developments 4C will still have a reason to exist, because it uniquely acts 

as a pair of high resolution genomic binoculars. Because rearrangement detection 
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depends on capturing many fragments in stead of one, the method is more robust than 

any other sequencing method. Within the region of high signals no large rearrangement 

can be missed. This property is also relevant for possible use of 4C as a diagnostic tool. 

Theoretically, paired end sequencing of a large library of fosmid clones, can result in 

detection of many fragments across a breakpoint, but this is a very laborious method16• 

Sequencing based 4C can also be used in unfinished whole genome sequencing projects 

to help establish chromosomal maps. 
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Summary 

Eukaryotic genomes are extensively folded to fit into the small volume of the cell nucleus. 

Despite this compacted structure of the DNA the right set of genes is transcribed in every 

healthy cell. The relation between gene expression and the spatial organization of the 

genome has been studied in different ways. The local folded structure small parts of the 

genome containing specific genes has been analysed in detail. In addition, fluorescent in 

situ hybridization (FISH) studies have investigated the position in the nucleus of several 

gene loci in relation to the expression status of the genes. The nuclear location of gene 

loci is described relative to large nuclear structures or to other selected loci. 

The gene locus of which the folded structure was first analysed in detail is the I)-globin 

locus. Chromosome Conformation Capture (3C) experiments showed that the regulatory 

elements spread over 200 kb frequently loop towards the promoter of the active gene. 

In 3C technology nuclei are fixed such that elements in the genome spatially close to 

each other are cross-linked. The chromatin is subsequently digested, diluted and ligated, 

such that co-localizing fragments will become ligated to each other. The number of times 

two fragments form a ligation product is a measure for their interaction frequency and is 

analyzed by (semi-) quantitative PCR across the ligation junctions, using a specific primer 

for each fragment. 3C is well suited for the analysis of a gene locus, but an unbiased 

search for DNA interactions across the genome would require a staggering amount of PCR 

experiments. To overcome the need for an independent PCR reaction for each ligation 

product, 3C was adapted into 4C (Chromosome Conformation Capture on Chip). In 4C one 

restriction fragment is selected (the "bait" or "viewpoint") and all the sequences that were 

ligated this viewpoint fragment are characterized in one experiment. This is achieved by 

circularization of the ligated fragments after which an inverse PCR with viewpoint specific 

primers amplifies all fragments ligated to the viewpoint. To allow an efficient PCR the 

ligation products are shortened in an additional restriction step before circularization. The 

4C PCR product contains all the fragments that co-localized with the viewpoint fragment 

and is analysed on a dedicated microarray. Each probe on the microarray measures the 

frequency with which one specific restriction fragment was captured by the viewpoint 

fragment. 

Although 4C is based on 3C, the data that is generated and therefore the information 

that can be obtained from it is very different (chapter 5). In 4C generally a million 

ligation products of the selected viewpoint fragment are amplified and analyzed in 

one experiment. Mainly due to PCR amplification biases and limited detection range of 
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the microarray, the measurement made for each individual restriction fragment is far 

less quantitative in 4C than it is in a well performed 3C analysis. In stead, co-localization 

is measured in 4C experiments by the number of different restriction fragments in a 

genomic area that was ligated to the selected fragment, as judged by the high microarray 

signal on the fragments. Thus, whereas 3C is used to study the local folded structure of 

DNA, 4C analyzes the position of a gene locus in the nucleus, by finding all other parts 

of the genome that are frequently in its spatial surroundings. Generally many genomic 

regions of ~so kb and larger that co-localize with the viewpoint are detected. 

Using 4C we showed that the active murine ~-globin locus in fetal liver tissue co-localizes 

with other transcriptionally active regions, mainly located on the same chromosome 

(chapter 4). In contrast, in a tissue in which the same locus is inactive it co-localizes 

with completely different areas on the same chromosome, containing gene poor and 

transcriptionally inactive regions. Rad23a located in a gene rich region on chromosome 

8 largely has the same nuclear environment in two analyzed tissues in which it is 

transcriptionally active. The sequences surrounding Rad23a in the nucleus consist of 

gene dense and transcriptionally active regions on chromosome 8 and also on other 

chromosomes. These results demonstrate that chromosomes do not fold randomly, but 

that genomic regions have many preferred co-localization partners, which consist of 

chromatin that has the same gene density and transcriptional activity. By describing all 

frequent contacts made by a gene locus, the significance of the co-localization of selected 

parts of the genome, as measured in FISH experiments can be better appreciated. 

4C can also be used as a diagnostic method for the identification of rearrangements 

near selected genomic viewpoints (chapter 6). Detailed analysis of the breakpoints of 

genomic rearrangements is important, because it can lead to the identification of disease 

associated genes and specific rearrangements were shown to have prognostic value. The 

detection of (balanced) genomic rearrangements traditionally depended on laborious 

cytogenetic techniques that only provided limited resolution. 4C can detect balanced 

and complex rearrangements rapidly and at high resolution. This application of 4C takes 

advantage of the fact that the viewpoint most frequently contacts the fragments flanking 

it on the genome, resulting in high microarray signals in this area. If as a consequence 

of rearrangements new DNA sequences are brought to a genomic position close to 

viewpoint, they will have unexpectedly high 4C microarray signals. Rearrangements 

located up to several meg abases away from the viewpoint can be identified this way. 

A second type of 4C based on sequencing rather than on microarray analysis was also 

developed (chapter 7). The sequencing strategy allows the analysis of multiple sites of 
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the genome, making larger screens for genomic rearrangements feasible, possibly even 

a genome wide screen. Moreover, the sequencing strategy is more quantitative than 

microarray analysis and may prove beneficial for the identification of specific interactions 

between small functional elements on the genome. 
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Eukaryote genomen zijn sterk gevouwen om in het kleine volume van de celkern te 

passen. Ondanks de compacte structuur van het DNA komt in elke gezonde eel de juiste 

set genen tot expressie. De relatie tussen genexpressie en de ruimtelijke organisatie van 

het genoom is bestudeerd in verschillende onderzoekslijnen. De lokale vouwing van het 

genoom rondom bepaalde genen is bijvoorbeeld in detail bestudeerd. Daarnaast is in 

fluorescente in situ hybridisatie (FISH) experimenten voor verschillende genen de positie 

in de kern onderzocht in relatie tot de expressie status van de genen. De locatie in de 

kern wordt in deze studies beschreven ten opzichte van nucleaire structuren of andere 

geselecteerde loci. 

Het gen locus waarvan voor het eerst de DNA vouwing in detail geanalyseerd is, is het 

~-globine locus. Chromosome Conformation Capture (3C) experimenten hebben 

aangetoond dat de regulatieve elementen die zich uitspreiden over 200 kb frequent naar 

de promoter van het actieve ~-globine gen buigen, lussen vormend in het DNA. In de 3C 

techniek worden celkernen gefixeerd, zodat stukken DNA die in de celkern bij elkaar in 

de buurt zitten aan elkaar geplakt worden. Het DNA wordt vervolgens geknipt met een 

restrictie enzym, sterk verdund en geligeerd zodat aan elkaar geplakte fragmenten ligatie 

producten vormen. Het aantal ligatie producten dat twee fragmenten samen vormen is 

een maat voor de frequentie waarmee ze bij elkaar in de buurt komen in de kern. Ligatie 

producten worden gemeten in een kwantitatieve PCR over het ligatie punt met een 

specifieke primer voor elk restrictie fragment. 

3C is een geschikte methode om de ruimtelijke structuur van een gen locus op te 

helderen, maar voor een zoektocht naar DNA interacties zonder enige voorkennis zijn 

al snel een onmogelijk aantal PCR reacties nodig. Om de noodzaak van een aparte PCR 

voor elk verschillend ligatie product te omzeilen is 3C omgezet naar 3C on chip (4C). In 

4C worden de ligatie producten tot cirkels gemaakt waarna aile ligatie partners van een 

geselecteerd fragment (het uitzicht punt) vermenigvuldigd worden in een inverse PCR 

reactie met primers specifiek voor dat gekozen restrictie fragment. Omdat de restrictie 

fragmenten te groot zijn voor efficiente amplificatie, worden de ligatie producten korter 

gemaakt voordat het cirkels worden. Het product van de inverse PCR bevat aile DNA 

fragmenten die in de buurt zaten van het uitzicht punt en wordt geanalyseerd op een 

microarray. 

163 



Samenvatting 

Ondanks dat 4C gebaseerd is op 3C is de data die eruit komt en dus ook de informatie 

die ermee verkregen kan worden heel anders (hoofdstuk 5). In een 4C experiment 

worden over het algemeen ongeveer een miljoen ligatie producten van het uitzicht punt 

ge-amplificeerd en gemeten. Voornamelijk door verschillen in PCR efficientie en een 

beperkt bereik van de microarray is de meting van elke individuele ligatie partner minder 

kwantitatief dan in 3C. In plaats daarvan wordt in 4C gelet op het aantal verschillende 

fragmenten per gebied van het genoom dat een ligatie product vormt met het uitzicht 

punt. Dus, hoewel 3C geschikt is om de lokale vouwing van een gen locus in detail te 

bestuderen, kan met 4C de positie van een gen locus in de kern bestudeerd worden, door 

aile delen van het genoom te beschrijven die zich frequent in de directe omgeving van 

het uitzicht punt bevinden. Over het algemeen worden vele gebieden van 50 kb en grater 

gevonden in een 4C analyse. 

Gebruik makend van 4C (hoofdstuk 4) is Iaten zien dat de ruimtelijke omgeving van het 

transcriptioneel actieve ~-globine locus voornamelijk bestaat uit andere actieve gebieden 

van hetzelfde chromosoom. Dit werd bestudeerd in foetale lever cellen van de muis. In 

foetale hersencellen waarin hetzelfde locus niet actief is maakt het contact met hele ander 

gebieden op het chromosoom die heel weinig genen of inactieve genen bevatten. Rad23a, 

een gen dat actief is in de twee geanalyseerde weefsels en zich op chromosoom 8 bevindt 

in een gen rijk, transcriptioneel actief gebied, heeft vrijwel dezelfde kern omgeving in 

beide weefsels. Deze omgeving bestaat uit gebieden met hoge gen dichtheid en vee! 

gen expressie. Deze resultaten Iaten zien dat chromosomen niet willekeurig gevouwen 

zijn, maar dat gebieden in het genoom vele preferentiele contacten hebben met andere 

stukken van het genoom met dezelfde eigenschappen. 

Een tweede, heel andere toepassing van 4C is het karakteriseren van veranderingen in 

de lineaire structuur van het genoom ("rearrangements") (hoofdstuk 6). Gedetailleerde 

beschrijving van breekpunten in het genoom is belangrijk omdat zo nieuwe aan ziekte 

gerelateerde genen kunnen worden gevonden. Bovendien hebben sommige specifieke 

rearrangements prognostische waarde. De detectie van bepaalde rearrangements 

was eerst afhankelijk van arbeidsintensieve methoden met een !age resolutie. 4C kan 

rearrangements binnen relatief korte tijd detecteren met hoge resolutie. Deze toepassing 

van 4C maakt gebruik van het feit dat het uitzicht punt het vaakst in de buurt komt van 

de stukken DNA waar het naast gepositioneerd is op het genoom. Dit resulteert in hoge 

microarray signalen in dit gebied. Als er als gevolg van een rearrangement een ander 

stuk DNA naast het uitzicht punt gepositioneerd wordt, zal dit gebied onverwacht hoge 
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microarray signalen bevatten. Rearrangements enkele megabasen van het uitzicht punt 

kunnen gedetecteerd worden met 4C. 

Een tweede type 4C is ontwikkeld die gebaseerd is op sequentie analyse in plaats van 

microarrays. Met deze strategie kunnen meerdere uitzicht punten geanalyseerd worden 

in een experiment, zodat grotere zoektochten naar rearrangements gedaan kunnen 

worden, mogelijk zelfs een genoom breed onderzoek. Bovendien is sequentie analyse 

meer kwantitatief dan microarray analyse wat voordelen kan hebben voor het bestuderen 

van de lokale vouwing van het DNA. 
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Genen kunnen beschouwd worden als de recepten voor belangrijke elementen in de 

eel, zoals enzymen en onderdelen van de structuur van de eel. Genen zijn gecodeerd 

in lang gerekte moleculen, het DNA. Zoogdiercellen bevatten elk ongeveer twee meter 

DNA, waarop ongeveer 30.000 genen te vinden zijn en wat opgevouwen zit in een kleine 

eel kern van gemiddeld 10 micrometer in doorsnede. Recentelijk is gebleken dat de 

vouwing van het DNA een belangrijke invloed heeft op het aflezen van de genen. Daarom 

is het belangrijk om systematisch de vouwing van het DNA te kunnen analyseren, maar 

technieken daarvoor ontbreken. In dit promotieonderzoek is een nieuwe moleculaire 

methode ontwikkeld genaamd 4C (Chromosome Conformation Capture on Chip). Met de 

4C techniek kan voor een geselecteerd stukje DNA onderzocht worden met welke andere 

stukken DNA het fysiek contact maakt in de ruimte van de eel kern. 

4C is toegepast om de positie van de beta-globine genen in de celkern te bestuderen. 

Daarbij werd gevonden dat wanneer de globine genen afgelezen worden ("aanstaan") 

in rode bloedcellen, zij contact maken met andere actieve genen die elders op hetzelfde 

chromosoom liggen. Echter, wanneer de genen uitstaan (in ander weefsel), verandert 

hun ruimtelijke omgeving en maken de genen contact met chromosoom gebieden die 

ook uitstaan. Ook werd er Iaten zien dater contacten worden gevormd niet aileen binnen, 

maar ook tussen chromosomen. 

De 4C techniek is verder ontwikkeld voor een heel andere toepassing; het opsporen van 

genetische veranderingen in cell en van patienten die bijvoorbeeld lijden aan ziekten zoals 

kanker. De toegevoegde waarde van 4C is dat deze techniek bepaalde, vee I voorkomende, 

DNA veranderingen vele malen sneller en veel nauwkeuriger in kaart kan brengen dan de 

bestaande methoden. 

Ten slotte is de 4C techniek verder ontwikkeld om geanalyseerd te worden met de 

nieuwste sequentie-methodes die tientallen miljoenen stukjes DNA tegelijkertijd kunnen 

aflezen. Deze nieuwe ontwikkeling zal naar verwachting het onderzoek naar DNA vouwing 

in de celkern nog nauwkeuriger maken en de mogelijkheden van 4C als diagnostische 

methode voor het opsporen van DNA veranderingen verder verbreden. 
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