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List of abbreviations

3C Chromosome Conformation Capture
4-OHT 4-hydroxy-tamoxifen

ACH Active Chromatin Hub

AGM Aorta/gonad/mesonephros

ATP Adenosine triphosphate

bp Base pairs

CH Chromatin Hub

ChIP Chromatin immuno precipitation
CHX Cycloheximide

CTD C-terminal domain

DMR differential methylated domain
DNA Deoxyribonucleic acid

DNase I Deoxyribonuclease I

DRB 5,6-dichloro-1B-D-ribofuranosyl benzimidazole
DRED Direct repeat erythroid-definitive
EKLF Erythroid kruppel like factor

FISH Fluorescence in situ hybridization
GFP Green fluorescent protein

GTF General transcription factor

HAT Histone acetyl transferase

HDAC Histone deacetylases

HMG High mobility group

HMT Histone methyl transferase

HPFH Hereditary persistence of fetal hemoglobin
HS Hypersensitive site

ICR Imprinting control region

kb Kilo base pairs (103 bp)

LacO Lac operator

LBD Ligand binding domain

LCR Locus Control Region

MEL Mouse erythroleukemia

mRNA messenger RNA

OR Olfactory receptor

PAC P1 artificial chromosome

PCR Polymerase chain reaction

PIC Pre-initiation complex

RNA Ribonucleic acid

RNAP RNA polymerase

RNA TRAP RNA tagging and recovery of associated proteins
rRNA ribosomal RNA

TBP TATA-binding protein

Tg transgenic

TFIIx Transcription factor Il x (e.g. B, D, E, F, H)



Scope of the Thesis

Multicellular organisms contain a complete set of genes in nearly all of their cells,
each cell harbouring the potential to make any protein encoded in their genome. The exact
temporal and spatial activation of all these genes is crucial for the identity and survival of the
cell. The activation of genes is extensively studied at the level of DNA and chromatin and at
the level of chromosome domains and nuclear organisation. However, little is known about the
structural organisation of individual gene loci. The aim of this thesis is to unravel the spatial
structure of the chromatin fibre of an individual multi gene locus and to investigate how this
structure is initiated and modulated during development and transcriptional activation.

Chapter 1 gives an introduction to gene transcription and how this process is influenced
by chromatin. Transcription of genes is often regulated by cis-regulatory elements that can be
located hundreds of kilo bases away from the actual site of transcription and several models
are presented that explain how these regulatory sequences might communicate with the
promoter sequence. The nucleus is dynamic but nevertheless structurally highly organised
and in chapter 2 an overview of the structural organisation of the nucleus in relation to
transcription is given. In this thesis the $-globin locus, which expression is tightly regulated
during erythropoeisis, is used as a model system to study transcriptional activation of multi-
gene loci. Chapter 3 introduces the process of erythropoeisis and transcriptional control of
the B-globin locus. Current knowledge on nuclear organisation is limited to ultra structural
features; how individual gene loci are organised within the nuclear space is largely unknown.
Presently methods are emerging that try to address this question. Chapter 4 discusses the
different methods that are available to study the structural organisation of genomic loci.

Chapter 5 describes experiments that address the in vivo spatial organisation of the
mouse B-globin locus in active and inactive tissues. The data clearly shows that the locus
control region (LCR), as well as other regulatory sequences, are in close proximity to the
B-globin promoter in the active locus but not in the inactive locus. Intervening inactive
sequences do not participate in these interactions and loop out. This spatial clustering of
regulatory elements for transcriptional activation is termed an active chromatin hub (ACH).
In chapter 6 these experiments are extended to an earlier time point in development, when a
different globin gene is active, showing that proximity of the LCR to a gene correlates with
activity of that gene. It is also shown that the ACH is conserved between mice and humans.
Moreover, erythroid precursor cells committed to B-globin expression are shown to have
a poised pre-structure present, termed the chromatin hub (CH). Chapter 7 describes the
influence of EKLF, an erythroid transcription factor essential for f-globin expression, on the
formation of the ACH. The data show that in EKLF knockout mice progression from a CH
to an ACH is blocked. Additional experiments show that this effect is not due to a block in
differentiation and that EKLF acts directly on the locus.

Each chapter has its own comprehensive specific discussion and in chapter 8 the general
implications of this work and future directions are put forward. All the experimental results
are set in a broader context and the implications for our understanding of the organisation of
multi gene domains and transcription factories are discussed.
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Chapter 1

Transcriptional regulation and the chromatin template

The chromatin template

All the information needed for the formation and functioning of an organism is
stored as a four “letter” code in DNA. Stretches of different combinations of nucleotides that
signify a functional unit, often encoding proteins, are called genes. In eukaryotes the entire
DNA has a length of up to 2 meters and is stored in a nucleus with a diameter as small as 3-10
pm. In order to fit the complete DNA into this limited volume it is folded and compacted in a
structure called chromatin (Horn and Peterson 2002). The basic building blocks of chromatin
are the nucleosomes. The nucleosome consists of an octamer of two copies each of histones
H2A, H2B, H3 and H4. About 147 base pairs (bp) of DNA are wrapped 1.7 times around this
core histone octamer in a left-handed super helix (Richmond and Davey 2003). Each histone
contains two structural and functionally different domains, a globular core domain mediating
histone-histone and histone-DNA interactions and a structurally less defined histone tail that
can be modified in several ways (see below). A stretch of approximately 10-60 bp of linker
DNA is found between two neighbouring nucleosomes, which can be bound by a linker
nucleosome such as histone H1 (figure 1.1).

On chromosomes, thousands of nucleosomes are organised on a continuous DNA
fibre to form the primary compaction unit of chromatin. /z vitro, in a low-ionic-strength buffer,
this array adopts a “beads-on-a-string” like structure. However when the cation concentration
is raised to concentrations similar to those found in the nucleus, these arrays fold into a
30-nm fibre, which can self-associate to form higher order (>30-nm) fibres (Hansen 2002).
Condensation is an intrinsic property of the nucleosomal array;, it is dependent on the histone
tails and is stabilised by linker histones and other proteins (Adkins et al. 2004).

Although it is clear that chromatin primarily exists in a highly ordered state in vivo,
the precise nature of its structure is still unclear. Microscopy studies revealed only occasional
stretches of 30-nm fibre in vivo while a substantial amount of 100-nm wide fibres called
chromonema fibres were observed (Belmont et al. 1989).

Early in the history of the study of the nucleus two general types of chromatin
were recognised; heterochromatin and euchromatin. Chromatin that remains condensed
and darkly stained throughout the cell cycle as observed in cytological studies was termed
heterochromatin. Heterochromatin was associated with telomeres and pericentric regions of
chromosomes. Subsequently several other hallmarks of heterochromatin were identified such
as high repetitive sequence content, low gene density and the inaccessibility to nucleases
(table 1.1)(Richards and Elgin 2002). Heterochromatin is considered to be the inactive state
of chromatin, although some genes appear to depend on heterochromatin for their proper
transcription (e.g. Devlinetal. 1990; Eberl etal. 1993; Weiler and Wakimoto 1998; Copenhaver
etal. 1999). Two kinds of heterochromatin can be distinguished; constitutive heterochromatin
found at pericentric regions that is permanently silent and facultative heterochromatin that can
be induced to become active. Active chromatin is called euchromatin and was recognised in
early cytological studies as being the part of chromatin that de-condensed during interphase.
Additional features of euchromatin are among others a high gene density and accessibility to
nucleases (table 1.1)(Richards and Elgin 2002). Recent analyses of lymphoblastoid chromatin
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Transcriptional regulation

figure 1.1: Organisation of DNA in chromosomes.
DNA is wrapped around nucleosomes, which associate to form a 30nm fibre. Further compaction and loop formation
results in higher-order structure and finally mitotic chromosome condensation compacts the chromatin further into

structure across the human genome showed that compact chromatin fibres are composed of
heterochromatin and contains the regions of low gene density of which some are active genes
(Gilbert et al. 2004).

Conversely, open chromatin fibres contain the regions of highest gene density, are
cytological decondensed and have a distinctive nuclear organization, however this does
not correlate with gene expression, since inactive genes can be found in the domains of
open chromatin (Gilbert et al. 2004). These observations suggest that, at least at this level
of resolution, the organisation of the genome is more complex than the simplistic bi-modal
separation into euchromatin and heterochromatin.

Transcription on the chromatin template

Transcription on “naked” DNA in vitro can be achieved by the combined action
of a limited set of general transcription factors. Protein encoding genes are transcribed
into an intermediate called messenger-RNA (mRNA) by an enzymatic RNA polymerase 11
holocomplex. The RNA polymerase II holocomplex is a large protein complex composed
of 12 subunits whose sequences are conserved among many diverse species. The largest
subunit of the RNA polymerase II holocomplex has a carboxy terminal domain (CTD),
which plays a key role in the regulation of transcription initiation and coordination of co-
transcriptional RNA processing events. Transcription starts upon assembly of a pre-initiation
complex (PIC) on a special recognition DNA sequence, called a promoter. The PIC contains
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Chapter 1

Table 1.1. Distinctions between Euchromatic and Heterochromatic Domains

Feature Euchromatin Heterochromatin

Staining/packaging Dispersed/decondensed Appears condensed, heteropycnotic
in interphase

DNA sequence Predominantly unique Predominantly repetitive (satellites,
derivatives of viruses,
transposons,etc.)

Presence of genes High/variable density Low density

Meiotic (reciprocal) Normal frequency Low frequency
Recombination

Replication timing Throughout S phase Late S phase

Chromatin structure DNase I HSs, irregular Loss of DNase I HSs, regular
nucleosomes, accessible to nucleosomal array, less accessible
nucleases to nucleases

Activity state

Euchromatic genes Genes inducible Genes silenced (variegated)
Heterochromatic genes Genes silenced (variegated) Genes inducible
Characteristic modifications Histone hyperacetylation Histone hypomethylation
Histone H3-meK4 present Histone H3-meK9 present
Cytosine (CpG) hypomethylation Cytosine (CpG) hypermethylation

Adapted from (Richards and Elgin, 2002).

a well-characterised collection of general transcription factors. In general TFIID is the first
PIC component to assemble on the promoter. One of its components, the TATA-binding
protein (TBP), recognises and binds the TATA-box frequently found in promoters (Muller
and Tora 2004). Binding of TFIIA and TFIIB is thought to follow binding of TFIID. An early
checkpoint for correct promoter complex assembly is the recognition of this complex at the
TATA box by an RNA polymerase 1I- TFIIF complex (Svejstrup 2004). Entry of TFIIE into
the complex probably leads to establishment of a correct RNA polymerase 11 configuration
that is prepared for the subsequent consequences of open complex formation and promoter
melting catalysed by TFIIH (Reese 2003). In a still poorly understood manner, CTD-
phosphorylation, mediated by a kinase component of TFIIH, triggers promoter clearance
and thereby defines the initiation-to-elongation transition. Mediator, a complex composed of
approximately 25 proteins, binds RNA polymerase II at least partly via its CTD and enhances
TFIIH —mediated CTD phosphorylation up to several hundred fold (Svejstrup 2004). The
presence of nucleosomes on the DNA template poses a considerable barrier to transcription.
Depending on the promoter structure (positioned or randomly situated nucleosomes,
higher order chromatin arrangement, etc.) and general chromatin environment (chromatin
neighbourhood) of genes a promoter needs to be made accessible by chromatin remodelling
factors and transcriptional activators before GTFs and RNAPII can gain access. Over the last
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Transcriptional regulation

couple of years, chromatin immunoprecipitation (ChIP) experiments have shown that the
order of recruitment of chromatin remodelling factors, transcriptional activators, GTFs, and
RNAPII can vary significantly depending on the gene in question (e.g. Agalioti et al. 2000;
Shang et al. 2000; Hatzis and Talianidis 2002). Not only recognition of the promoter and
assembly of a PIC can be inhibited by chromatin but also “read through” of the polymerase is
hampered. Factors such as Spt4/5, Spt6, FACT, Elongator and COMPASS play an as yet not
entirely defined role in dealing with chromatin during transcription elongation (Shilatifard
2004; Svejstrup 2004).

Higher compaction of nucleosome arrays poses even more formidable barriers to
basal transcription. Although it is not known what the exact in vivo template for transcription
is, in yeast nucleosomes are depleted from active regulatory regions (Bernstein et al. 2004;
Lee et al. 2004). Actively transcribed, decondensed regions are thought to retain higher-
order structure beyond the 30 nm fibre as judged by cytological studies. For example, upon
induction the mouse HoxB loci decondenses to an extend that is consistent with unwinding
to a 30 nm fibre (Chambeyron and Bickmore 2004a). However a region enriched in open
chromatin fibres, as identified in lymphoblastoid cells, has a cytological compaction level
that is approximately 10-fold higher tha the 30 nm fibre (Gilbert et al. 2004). Eukaryotes
have found several ways to modulate the inhibitory effects posed upon transcription by
chromatin and even take advantage of the presence of chromatin to generate a dynamic range
of transcriptional regulation.

Modification and remodelling of the chromatin template

The tails of histones can be modified in several ways. One of the most studied
modifications is acetylation of the lysine residues present in the histone tails. As early as 1964
Allfrey and colleagues described that the use of acetylated histones in an in vitro transcription
assay resulted in an increase in transcription as compared to the use of unacetylated histones
(Allfrey et al. 1964).

Several transcriptional coactivators, which are needed for efficient transcription
on a chromatin template, turned out to possess histone acetyl transferase (HAT) activity
(e.g. Brownell and Allis 1996; Brownell et al. 1996; Mizzen et al. 1996). The opposing
histone deacetylase (HDAC) activity is often associated with repressive protein complexes
(Narlikar et al. 2002). The exact biochemical mechanism behind the activating role of histone
acetylation remains elusive but likely mechanisms involve changes in higher order chromatin
folding and increasing the affinity of chromatin for other positive modifiers.

Acetylation is not the only post-translational modification known to occur on
the histone tails. Other modifications identified include methylation, phosphorylation,
ubiquitination and poly-adenyl ribosylation (Peterson and Laniel 2004). Histone modifications
can have many different effects. While acetylation of histone tails is generally linked to
active chromatin, methylation of histones can either be connected to silenced or active
chromatin states depending on which residue is modified (Bannister et al. 2002). Adding to
the complexity is for example the fact that each lysine residue can accept one, two or even
three methyl groups and an arginine can either be mono- or di-methylated each resulting in
a different chromatin state (Bannister et al. 2002). The enzymatic activity needed to place
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Chapter 1

these modifications is associated with several transcriptional activators and repressors and
the modification is often targeted to specific residues in the histone tails (Peterson and Laniel
2004).

The chromatin modifying enzymes are targeted to specific chromatin locations by
several mechanisms. For example, histone methyl transferases (HMT) are associated with
the elongating RNA polymerase II holocomplex directing histone H3 k4 or k36 methylation
to actively transcribed regions (e.g. Miller et al. 2001; Strahl et al. 2002). The enzymes can
also be targeted to specific chromatin domains because they recognise specific combinations
of previously established histone modifications or interact with other proteins that recognise
specific combinations of histone modifications. A good example of the intricate interplay
between chromatin marks and chromatin modifying enzymes is heterochromatin spreading.
Binding of HP1 to chromatin is dependent on the presence of a methylation mark on lysine 9
of histone H3 and is mediated by the chromodomain of HP1. Su(var)3-9, a histone H3 lysine
9 methylase, binds to a different domain present in HP1 called the chromo shadow domain.
In this way the methylation mark is perpetuated resulting in spreading of HP1 binding and
heterochromatin formation (Rea et al. 2000; Bannister et al. 2001). The methylation of histone
H3 on lysine 9 is influenced by pre-existing modifications of histone H3 and affects other
histone modifications, implying a set of functional interactions. The notion that different
combinations of chromatin marks can target specific enzymes, which generate unique states
of activity, to chromatin domains led to the proposal of a “histone code” (Strahl and Allis
2000; Jenuwein and Allis 2001; Turner 2002). It is currently unclear if this code serves an
“instructional code” or is the end result of a transcriptional program providing a “memory”
that can be propagated through DNA replication and mitosis, guaranteeing the inheritance of
chromatin states to progeny.

Several variants of histones H2A and H3 are known and the replacement of canonical
histones with a variant can have profound effects on gene expression. Classical examples of
variants associated with a silenced chromatin state are the histone H3 variant CENP-A found
at centromeres and macroH2A found at the inactive X chromosome. Histone H2A.Z and
H3.3 are found associated with active chromatin and both are deposited in a transcription
coupled deposition pathway (Henikoff et al. 2004). Histone modifications associated with
active chromatin states are enriched on histone H3.3 while the modifications associated with
inactive chromatin are enriched on histone H3 (McKittrick et al. 2004).

A nucleosome positioned over a specific DNA sequence can prevent the binding
of transcription factors that have the capability to bind that sequence on naked DNA.
Several protein complexes have been identified that facilitate transcription by remodelling
or disrupting nucleosomes (Narlikar et al. 2002). These complexes can be divided into three
subclasses based on the identity of their ATPase subunits, the SWI/SNF family, the ISWI
family and the Mi-2 family. A variety of different assays indicate that SWI/SNF and ISWI, the
two best-studied families, act via different mechanisms. They also have a different substrate
specificity as is by the fact that an ISWI complex is unable to remodel a tail-less histone
while a SWI/SNF complex is able to do so (Clapier et al. 2001; Langst and Becker 2001).
The ATP-dependent remodelling complexes all have the capability to expose nucleosomal
DNA. Two main mechanisms have been proposed; sliding along DNA and induction of
a conformational change of the DNA nucleosome complex and both mechanisms appear
to play a role. ATP-dependent remodellers and covalent modifiers work close together to
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Transcriptional regulation

regulate gene expression. In an additional level of transcriptional regulation, interaction
between ATP-dependent remodellers, histone modifiers, and transcription factors can
modulate each other’s activities in the context of activation and repression of genes (Narlikar
et al. 2002). Because both ATP-dependent remodelling complexes and histone modifying
complexes can bind non-specifically to DNA, these complexes have to be targeted to specific
loci. It has been shown that transcription factors that recognise and bind to specific DNA
sequences are able to interact with these complexes. Sequence specific transcription factors
can be ubiquitously expressed or in a temporal or cell type specific manner thereby allowing
different transcription programs at different times during development and in different cell
types in an organism. Transcriptional activators such as nuclear receptors, EKLF, C/EBPf3,
c-Myc and MyoD target SWI/SNF and HATs while transcriptional repressors, for example
Ikaros, can target ATP-dependent remodellers and HDACs to specific chromatin regions
via their recognition sequences. The difference between activators and repressors is not
strict and many transcription factors, like e.g. GATA (Rodriguez et al. submitted) have the
ability to target either HATs or HDACs to a chromatin region, depending on the context
or developmental stage. Not surprisingly, binding sites for sequence specific transcription
factors are primarily found in regulatory elements associated with genes.

Cis-regulatory elements

Tightregulation of gene expression is crucial for the survival of a eukaryotic organism.
The eukaryotic genome has evolved several DNA elements that ensure the proper temporal
and spatial expression of genes present on the same chromatin fibre. These cis- regulatory
elements are generally stretches of DNA 100-500 bp long, consisting of a collection of
recognition sequences for transcription factors and can be detected as DNase I hypersensitive
sites (box). Depending on the experimental assay used several distinct functional elements
can be recognised. Their functions are often less defined in vivo and a given element can have
more properties at once, which may depend on its genomic context.

Promoters

Eukaryotic promoter elements are on average 100-200 bp in size, and are found
directly upstream of the coding region of genes. Their purpose is to recruit, position and
stabilise the transcriptional apparatus and ensure the proper initiation of transcription. The
core of the promoter, where the PIC is assembled, is located between approximately —35
and +35 relative to the transcription start site of metazoan genes. In Drosophila two distinct
classes of core promoters can be identified. About half of the promoters have an AT-rich
sequence called the TATA box combined with an initiator (Inr) element overlapping the start
site (Burke et al. 1998; Kutach and Kadonaga 2000). The TATA box is located 22 bp to 30
bp upstream of the initiation site (Benoist and Chambon 1981) and is recognised and bound
by the general transcription factor TBP, which positions the basal transcription machinery
and determines the precise site of transcription initiation. The other half of Drosophila core
promoters contain an Inr element combined with a downstream promoter element (DPE),
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Chapter 1

Box: DNase I sensitivity

DNA in the eukaryotic nucleus is packaged into chromatin and therefore has a reduced sensitivity to nu-
cleases as compared to naked DNA. Nucleases can be used to probe the state of chromatin compaction.
A common enzyme used is the endonuclease DNase I that hydrolyses double- or single- stranded DNA in
a relatively random manner. Transcriptionally inactive DNA is packaged into condensed chromatin such
that it is relatively unavailable to the DNase I endonuclease. A change in chromatin structure associated
with transcriptional competence can be detected as increased sensitivity of the exposed DNA to digestion
with DNase I. This increased susceptibility is referred to as general DNase I-sensitivity. DNase I-sensitive
regions appear to represent decondensed or “open” chromatin but can currently not be linked to any specific
chromatin modification and the specific biochemical events responsible for establishing DNase I sensitivity
are unknown. Some small chromatin regions (~200 bp) are exceptionally sensitive to cleavage by very low
concentrations of DNase I and are therefore termed as DNase I hypersensitive sites (HS). These HS often
contain recognition sites for transcription factors, and mark cis-regulatory elements such as promoters and
enhancers. Nuclease-hypersensitive sites occur in species from yeast to humans and are believed to result
from chromatin perturbation or even complete removal of nucleosomes. However, HS are also formed by
binding of proteins to a DNA template in the absence of chromatin assembly, indicating that sensitivity to
nucleases is not always simply a consequence of nucleosome re-organisation or depletion but also depends on
a distorted DNA structure induced by the binding of transcription factors (Leach et al. 2001). Moreover bind-
ing of GATA-1 induces a strong hypersensitive site and nuclease digestion patterns of the GATA/nucleosome
complex closely resemble those of GATA complexed to free DNA (Boyes et al. 1998).

which is, located approximately 30 bp downstream of the start site (Burke et al. 1998;
Kutach and Kadonaga 2000). Mammalian core promoters contain a smaller percentage of
TATA boxes and the TATA boxes are less often paired with Inr elements than in Drosophila
core promoters. DPE elements exist in mammalian core promoters but have been difficult
to identify. Many mammalian core promoters lack all three elements and contain GC-rich
sequences, the so-called CpG-islands, which are frequently associated with housekeeping
genes and usually have multiple sites of transcriptional initiation (Smale 2001).

Other elements, to which ubiquitous or tissue and developmental specific transcription
factors bind, can be found more upstream of the core promoter. These transcription factors
contribute to the assembly and stabilisation of the PIC on the core promoters at least in
part by recruiting ATP dependent remodellers and histone modifying enzymes. Architectural
transcription factors like high mobility group (HMG) proteins bind to promoters and serve
a more structural function by changing the topology and structure of the promoter (Wolffe
1999). In this way they help to build enhanceosomes via interactions with partner proteins
(Alvarez et al. 2003) thereby facilitating multiple rounds of transcription initiation through
recurrent RNA-polymerase II binding without the need to reassemble a new PIC for every
round of transcription (Dieci and Sentenac 2003).

Enhancers and silencers

Enhancers are cis-regulatory elements that are capable of enhancing the basal
transcription of a linked promoter. They act orientation independent and have the ability
to act over large distances in higher eukaryotes; surprisingly, yeast enhancer-like elements
(UASs) only work over a short distance up to about 1 kb (Guarente 1988). Enhancers can
be found upstream, downstream and even within the transcription unit of a gene and some
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of them overlap with promoters. Structurally enhancers are similar to promoters, in the
sense that they contain clusters of transcription factor binding sites, but do not contain genic
transcriptional start sites. In yeast, enhancers of active genes are associated with the Mediator
complex and binding to the enhancer is mediated via different subunits of mediator as the
ones interacting with the basic promoter complex. The physical interaction between enhancer
and promoter that is established in this way would make Mediator a primary conduit of
regulatory information from enhancers to promoters (Kuras et al. 2003). The activity of
enhancer elements is not always promiscuous and can be limited to a single specific gene
depending on the context of the promoter (Ohtsuki et al. 1998; Butler and Kadonaga 2001).

Silencer elements are similar to enhancers but differ in their action in that they
repress transcription of a cis-linked promoter (Ogbourne and Antalis 1998). Co-ordinated
stage specific and tissue specific expression of a gene often depends on the intricate co-
operation between enhancer and silencer elements.

Models of long-range enhancer action

The current view of transcription is based primarily on the concept of “recruitment”
(Ptashne and Gann 1997). According to this view, various factors participating in transcription
are recruited to promoters via protein-protein interactions with an activator protein. In
essence, activator proteins increase the local concentration of the transcriptional machinery
near the promoter. This view is largely based on studies in yeast where most activators bind
less than a kilobase upstream of the promoters they activate. However recruitment does
not work if the activator protein is bound to an enhancer that is separated in space from
the promoter because recruitment of the proteins to the enhancer does not increase their
concentration at the promoter. Therefore, other strategies or mechanisms have to function for
metazoan enhancers that are often separated by tens of kilobases up to megabases away from
the promoter and several models have been proposed for enhancer action over a distance.
These models all assume a function for enhancers in transcriptional initiation. However,
analysis of mice containing a deletion of the major regulatory element, the LCR, which
possesses strong enhancer activity, from the native -globin locus, showed that PIC assembly
and activator recruitment at the fmajor promoter is only mildly affected. Interestingly LCR
deletion has a more dramatic effect on Serine 5 phosphorylation of the RNA polymerase II
CTD and transcriptional elongation. This suggest that the B-globin LCR functions primarily
downstream of activator recruitment and PIC assembly and enhances the transition from
transcription initiation to elongation (Sawado et al. 2003) or more likely reinitiation. The
exact mode of transcriptional enhancement does not influence the question of how long-
range communication between enhancer and promoter or gene is established.

The Looping model

The looping model proposes a direct interaction of an enhancer bound activator
protein with a protein at the promoter by bringing them in close proximity in the nuclear
space while the intervening chromatin loops out and does not participate in the activation
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figure 1.2: Proposed mechanisms of long-range enhancer action.

In this figure long-range enhancer action is exemplified by LCR-globin gene promoter communication in the f-
globin locus. The globin genes are depicted as triangles with the transcribed gene in black and the non-transcribed
genes in grey. DNase I HSs are indicated as black ovals. LCR bound trans-acting factors are shown as grey ovals
and promoter bound factors (e.g. general transcription machinery) as white ovals. White boxes are olfactory receptor
(OR) genes.

(A) According to the looping model, DNA-bound protein-protein interactions result in direct contacts between an
enhancer (LCR ‘holocomplex’) and the promoter of a gene. The contacts are established by random-collision and
are essential for transcription. As a consequence of LCR-gene interactions the intervening chromatin template is
looped out. Note that the looping model, unlike the other models, does not depend on the presence of the intervening
chromatin template for transcription, rather transcription depends on random-collision between LCR-bound
complexes and promoter-bound complexes. (B) The tracking model proposes that factors nucleate at the enhancer/
LCR, and track along the intervening chromatin fibre to the promoter of the gene. The grey arrows indicate the
movement of the complexes. Once a tracking complex reaches the promoter of a potentiated gene, transcription
initiates. (C) The facilitated tracking model unites looping and tracking. Complexes nucleate and form an LCR-
protein complex, which tracks along the intervening chromatin fibre towards a potentially active gene (grey arrows
indicate movement). Upon direct contact between the LCR-protein complex and the promoter transcription initiates.
(D) According to the linking model LCR-promoter communication is established by transmission of a nucleoprotein
structure, which gradually polymerises along the intervening chromatin fibre in the direction of the promoter of a
gene (grey arrow). Transcription is initiated when the nucleoprotein structure reaches the promoter of a potentiated
gene.
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process (figure 1.2A) (Ptashne 1986). This mechanism allows for an increase in the local
concentration of the transcriptional machinery near the promoter via recruitment by an
activator bound to a distally located enhancer.

DNA looping is a common way of communicating among distantly positioned DNA
sequences in prokaryotes. For example /ac and gal repressors can make stable DNA loops
(reviewed in Matthews and Nichols 1998); similarly, interaction of the AraC activator with
RNA polymerase is accompanied by loop formation (Lee and Schleif 1989). Activation of
o*-dependent bacterial promoters by an enhancer occurs a looping in a process that shares
several key properties with the action of eukaryotic enhancers i.e. activation is orientation
independent, and can take place over a large distance both upstream and downstream of the
activated promoter (Buck et al. 2000). Several proteins e.g. Bachl and Sp1 are able to form
in vitro looped structures in DNA molecules between their binding sites (Mastrangelo et al.
1991; Su et al. 1991; Yoshida et al. 1999). The SWI/SNF chromatin-remodelling complex is
also able to form loops in an ATP independent fashion in in vitro reconstituted nucleosomal
arrays (Bazett-Jones et al. 1999).

The looping model can readily explain a number of observations that have been
made in eukaryotic systems. Transvection is a naturally occurring process in Drosophila
whereby an enhancer on one chromosome activates a promoter on another chromosome
(Morris et al. 1999; Wu and Morris 1999). This phenomenon, together with experiments that
show that an enhancer on one DNA molecule can activate a promoter in trans on another
DNA molecule (Dunaway and Droge 1989; Mueller-Storm et al. 1989; Mahmoudi et al.
2002) demonstrate that a cis configuration of a promoter and enhancer is not an absolute
prerequisite for interaction, as predicted by the looping model. Gene competition for a single
regulator (de Villiers et al. 1983; Wasylyk and Chambon 1983; Hanscombe et al. 1991),
leading to alternate transcription by a stochastic “flip-flop” mechanism (Wijgerde et al. 1995;
Gribnau et al. 1998; Trimborn et al. 1999) is most easily explained by direct interactions of
an enhancer with the promoter, especially because the competitive advantage of the enhancer
proximal gene is lost when genes are closely spaced at further distance from the regulator
(Heuchel et al. 1989; Hanscombe et al. 1991; Dillon et al. 1997). Strong evidence in favour
of the looping model of enhancer-promoter interactions was recently obtained for the mouse
[-globin locus using two independent assays (Carter et al. 2002; Tolhuis et al. 2002). Both
studies showed that the LCR of the mouse 3-globin locus, the major regulatory element of this
locus with enhancer properties, is in close proximity to the active B-globin promoter located
50 kb away on the linear template while the intervening chromatin loops out. Proximity of
the LCR and active B-globin promoter was also observed in a transgenic human f-globin
locus (Palstra et al. 2003).

The mechanism by which the enhancer finds the promoter, in that way establishing
the chromatin loop, is unclear. Theoretical calculations (Rippe 2001) and experimental
measurements of site-specific recombination between sites separated by several kilobases in
mammalian cells (Ringrose et al. 1999) suggest that random diffusion alone is not enough
to establish contacts between two sites separated by several kilobases on a chromatin fibre.
Therefore mechanisms probably exist that facilitate enhancer-promoter contact over a
distance. Many enhancers are transcribed in a RNA polymerase II dependent fashion and
it has recently been suggested that transcription of these sites recruits them to transcription
factories thereby inducing the looping (Cook 2003). Several DNA elements have been

21



Chapter 1

suggested to facilitate the long range interaction between enhancer and promoter (Calzolari
et al. 1999; Calhoun et al. 2002) and proteins like Chip and Nipped B might also be involved
in facilitating the long range communication (Rollins et al. 1999; Rollins et al. 2004).

To find the promoter, an enhancer-bound activator can “scan” the surrounding
DNA regions by “hopping” and “scanning” mechanisms as proposed for translocation of
the /ac repressor on DNA (Berg et al. 1981; Winter et al. 1981). Such a “looping-scanning”
mechanism has also been proposed for eukaryotic enhancers in the facilitated tracking model
(figure 1.2C) (Blackwood and Kadonaga 1998). Some evidence for the facilitated tracking
model has been obtained from the study of the HNF4a enhancer (Hatzis and Talianidis 2002).
In this study a ChIP approach was used to show that enhancer bound proteins (C/EBPa and
HNF-38) could be cross-linked to the 6.5 kb of spacer DNA separating the enhancer and
promoter as well as to the enhancer itself. This cross-linking to spacer DNA can only be
detected after activation of the enhancer but before actual transcription of the gene at which
stage the enhancer bound proteins are cross-linked to the promoter. It has to be mentioned
that the data shown are extremely clean and background signals, expected with a technique
like ChIP, are never detected, raising concerns about the linearity of amplification or the
application of thresholds. Moreover, the enhancer takes about 80 hours to track along the
6.5 kb of spacer DNA and therefore it seems unlikely that this process takes place in larger
loci or when fast transcriptional activation is required. Moreover, it was shown that several
HS spread throughout the B-globin cluster together in the nuclear space and is very hard to
envision which HS is tracking where (Tolhuis et al. 2002). The facilitated tracking model
shares some of the limitations with the tracking model.

The tracking model

In the tracking model the enhancer acts as a loading platform for a DNA-tracking
protein. Since the tracking protein is leaving the enhancer, the protein may be loaded again
and may in this way accumulate in the vicinity of the promoter (figure 1.2B). Tracking has
been shown to be the mechanism in the enhancer action of the late genes of bacteriophage
T4 ( for a review see Kolesky et al. 2002). However, there is no conclusive evidence for
tracking in eukaryotes and no activators are known that have to leave the enhancer to activate
transcription. The tracking model is attractive because it can explain enhancer blockers in
a satisfying way (in a similar way as the linking model can; see futher) by suggesting that
the tracking protein is stopped in its tracks by an insulator bound protein. The detection of
intergenic transcripts that originate from enhancers (Tuan et al. 1992; Kong et al. 1997,
Gribnau et al. 2000) has renewed interest in this model and it has been suggested that RNA
polymerase II might be the tracking protein. However, Muller and colleagues showed
that introducing a transcriptional terminator between the promoter and enhancer does not
terminate the enhancer action (Muller et al. 1990). Furthermore, the tracking model is difficult
to reconcile with observations that an enhancer can activate a promoter in trans (Dunaway
and Droge 1989; Mueller-Storm et al. 1989; Mahmoudi et al. 2002) as well as the observation
of alternate transcription by a “flip-flop” mechanism (Wijgerde et al. 1995; Gribnau et al.
1998; Trimborn et al. 1999). Additional mechanisms have to be incorporated into the tracking
model to account for these observations.
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The linking model

As in the tracking model, the linking model proposes that the enhancer acts as a
loading platform for DNA-binding proteins. However, now the bound protein(s) facilitates
polymerisation of the proteins in the direction of the promoter thereby coating the chromatin
fibre (figure 1.2D) (Bulger and Groudine 1999; Dorsett 1999). The linking model was
proposed to explain the properties of the Drosophila Chip protein. Chip cannot bind to DNA
directly, but can interact with numerous transcription factors and facilitates their action
over a distance in vivo (Morcillo et al. 1997; Torigoi et al. 2000). It was proposed that Chip
is recruited by an activator bound at an enhancer where it functions as a protein “bridge”
between the activator bound at the enhancer and other proteins having multiple weak binding
sites between enhancer and promoter (Dorsett 1999; Gause et al. 2001). If distances between
enhancer and promoter are large a considerable amount of protein is needed to coat the
chromatin fibre therefore it has been proposed that the spreading induces formation of small
loops (~1.5 kb) between multiple small activator binding sites.

Other models

Based on observations of the activation of a transgene and its nuclear localisation it
was proposed that activation by an enhancer involves translocation of a locus to a different
nuclear compartment that is more favourable to transcription (Francastel et al. 1999). Recent
observations of histone acetylation and nuclear localisation of the 3-globin locus showed that
translocation of the locus away from centromeric heterochromatin does not require the LCR
(Schubeler et al. 2000), while translocation away from its chromosomal territory and its final
activation is LCR dependent (Ragoczy et al. 2003). However, these studies were performed
on human chromosomes containing the wild type, Hispanic thalassemia, or AHS2-5 human
[-globin loci after their transfer from a nonerythroid into a mouse erythroid background and
these effects are not observed in normal transgenic constructs. Therefore these effects may
not be true for loci in general.

Another intriguing model for enhancer action involves chromatin domain opening by
the reduction of linkage numbers in supercoiled looped chromatin domains. The topological
changes can bypass complexes formed on DNA strands and can be transmitted from localised
points over a broad region (Xin et al. 2003). Most models are not mutually exclusive and
combinations of the above models, e.g. a combination of linking and looping, have been
proposed (Bulger and Groudine 2002).

Insulators: boundary elements and enhancer blockers

Insulators are elements that demarcate domains of autonomous regulated gene
expression. Two different effects have to be distinguished; a boundary activity that counteracts
the spreading of heterochromatin and an enhancer blocking activity that blocks the activation
of'a promoter by an enhancer. Importantly, enhancer blockers only work when placed between
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the promoter and enhancer. Both activities can be mediated by one kind of element as is
exemplified by the Drosophila gypsy insulator, which consists of twelve degenerate binding
sites for the DNA-binding protein Suppressor of Hairy-wing (Su(Hw)) (Parkhurst et al. 1988;
Spana et al. 1988; Scott et al. 1999). In the chicken B-globin HS4 element these activities are
separable. A CTCF binding site mediates the enhancer blocking activity and this site is not
necessary or sufficient for counteracting heterochromatin spreading. Four other footprints,
for which the binding partners have not been identified, mediate the boundary activity of
cHS4 (Recillas-Targa et al. 2002). A wide variety of enhancer-blocking elements have been
identified. Most of them are found in Drosophila, but increasing numbers are identified in
vertebrates. Several DNA-binding proteins, without any similarities, that interact with these
elements have been identified. Three of these, Su(Hw) (Parkhurst et al. 1988), BEAF (Zhao
et al. 1995) and Zw5 (Gaszner et al. 1999) were found in Drosophila. CTCF, an eleven zinc-
finger protein, provided the first example of a vertebrate enhancer-blocking protein (Bell
et al. 1999). Recently the transcription factor YY1 was also shown to possess enhancer-
blocking activity (Kim et al. 2003).

Models for enhancer-blocking activity are intimately linked to models explaining
enhancer function at a distance and the property most difficult to explain is the position
dependence of enhancer blockers. In processive models, like tracking, linking and facilitated
tracking, the presence of an enhancer blocker bound by a protein complex will block the
signal/activity that progresses from the enhancer to the promoter. However, duplication of
a Su(Hw) insulator between an enhancer and promoter neutralised the enhancer-blocking
activity instead of enhancing it, as predicted by the processive models (Cai and Shen 2001;
Muravyova et al. 2001). The “decoy model” suggests that the enhancer blocker traps the
enhancer rendering it inactive (Geyer 1997). Consistent with this model are studies in
Drosophila, which have shown that enhancer blocking function depends strongly on
enhancer and promoter strength (Scott et al. 1999; Cai et al. 2001). The position dependence
of enhancer blockers is difficult to reconcile with this model, a decoy element placed on the
other side of the enhancer should work equally well.

Recent data indicate a more structural or topological role for enhancer blockers. The
Drosophila genome contains about 500 binding sites for Su(Hw) which are located at the
boundaries between bands and interbands of polytene chromosomes. The 500 insulator sites
coalesce into approximately 25 large structures, named insulator bodies, present mostly in the
nuclear periphery in diploid cells (Gerasimova et al. 2000). The observation that duplication
of a Su(Hw) insulator between an enhancer and promoter neutralised the enhancer-blocking
activity, suggests that the enhancer blockers interact with each other and in this way prevent
the targeting to an insulator body. (Cai and Shen 2001; Muravyova et al. 2001). Indeed,
several of the proteins that bind insulator elements (or their binding partners) are able to form
homo- or hetero-dimers and even higher oligomers. Blanton and co-workers obtained direct
evidence of interaction between insulator elements. They showed in a ChIP assay, that Zw5 a
protein that only binds the scs element also crosslinks to the scs -element the binding site for
BEAF. Zw5 and BEAF are able to interact with each other in vifro and in vivo. Furthermore
they confirmed that the scs element and the scs’-element, are in close proximity to each
other in vivo (Blanton et al. 2003). Gypsy insulator elements are also found at the base of
chromatin loops in nuclear halos and this depends on the presence of Su(Hw) (Byrd and
Corces 2003). Furthermore, artificial tethering of chromosome loops to nuclear pores in yeast
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generates isolated domains (Ishii et al, 2002) and formation of stable Lacl —induced DNA
loops, topologically isolating an enhancer and promoter in a plasmid, resulted in insulator
activity (Bondarenko et al. 2003a; Bondarenko et al. 2003b). Thus insulators can organise the
chromatin fibre into separate loops forming rosette like structures. It has been proposed that
an enhancer in one loop would be unable to communicate with a promoter in another loop.
However, clustering of insulators could also serve to target genes to a compartment that is
less favourable for transcription, like the nuclear periphery.

The activity of enhancer blockers can be regulated, as exemplified by the regulation
of the Igf2/H19 locus in mammals. Igf2 is only expressed from the paternal chromosome
and is activated by an enhancer located distally of H79, a gene which is only expressed from
the maternal chromosome. An enhancer blocker called the ICR, containing CTCF binding
sites, is located between /gf2 and H19. On the paternal chromosome the imprinting control
region (ICR) is methylated, preventing the binding of CTCF and thus allowing activation
of Igf2 while the H19 promoter is silenced by methylation. Conversely, on the maternal
chromosome the ICR is not methylated and CTCF binds thereby blocking activation of /gf2
by the enhancer which now activates H/9 (Bell and Felsenfeld 2000; Hark et al. 2000). It
is interesting to note that the Igf2/H19 enhancer blocker works through positional looping
(mediated by the differential interaction between diferentially methylated regions (DMRs))
of the Igf2/H19 locus. The chromatin loop acts as a simple epigenetic switch by which /gf2
(whose promoters are not regulated by DNA methylation) is moved into either an inactive
domain or an active domain close to enhancers, depending on the methylation status of the
DMRs and CTCF binding (Murrell et al. 2004). Interestingly, 5’HS5 of the human p-globin
LCR was recently identified to be a developmental stage-specific enhancer blocker (Wai et
al. 2003). The enhancer blockers can also be regulated by post-translational modifications of
the bound proteins; Poly(ADP-ribosyl)ation of CTCF is essential for its enhancer blocking
activity (Yu et al. 2004).

Several mechanisms have been suggested to be involved in counteracting the
spreading of heterochromatin. These include targeting of histone acetylases to boundary
elements as in cHS4 (Litt et al. 2001), generation of nucleosome free regions (Bi et al. 2004),
and possibly formation of looped structures (Laloraya et al. 2000; Ishii et al. 2002; Ishii and
Laemmli 2003).

Locus Control Regions

Locus control regions (LCRs) are regulatory elements that define active domains
of gene expression in a dominant fashion. LCRs are operationally defined by their ability
to enhance expression of linked genes to physiological levels in a tissue-specific and copy
number-dependent fashion regardless of the ectopic chromatin site (Grosveld et al. 1987).
Although most data regarding LCR function has come from studies on the human and mouse
B-globin LCR, several other LCR containing loci have been identified (Li et al. 2002). LCRs
are composed of varying numbers of tissue-specific DNasel-hypersensitive sites and typically
include enhancers and insulators/enhancer blockers. LCRs can take up a well-defined region
in a locus, like the B-globin LCR (Grosveld et al. 1987) or the elements can be spread
throughout a locus as in the chicken lysozyme, A5, CD2 and hGH loci (Li et al. 2002).
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Studies on the human B-globin and human CD2 LCR showed that that these LCRs
are essential for establishing an open chromatin structure (but see e.g. Epner et al. 1998;
Schubeler et al. 2001). Histone acetylation appears to be a common theme in LCR action;
elements from the LCRs of the murine immunoglobulin heavy chain locus, human growth
hormone locus and T-cell receptor y locus all appear to induce a wide spread increase of
histone acetylation (Li et al. 2002). However, targeted deletion of the mouse LCR shows that,
even after germline passage of the deletion, the locus is still DNase I sensitive and acetylation
of nucleosomes only modestly reduced (Bender et al. 2000a; Schubeler et al. 2001). This
shows that in the endogenous mouse B-globin locus, the LCR is dispensable to initiate an
open chromatin conformation (see chapter 3).

The T cell-specific TCR o/6 LCR consists of 8 HSs located downstream of the T-cell receptor
(TCR) gene and is a bi-functional element regulating both the TCR gene and the adjacent
ubiquitously expressed Dadl anti-apoptosis gene. Two subregions in the TCRa/d LCR
have been identified: one that constitutes a non-tissue restricted chromatin opening element
and one comprising the 4 proximal HSs that restore tissue specificity to the downstream
chromatin-opening element (Ortiz et al. 1999). The occurrence of activators and insulators
in LCRs appears to be a common theme, suggesting that the interaction of these elements
may modulate LCR function. Indeed, the tissue unrestricted HS was bound by several
ubiquitously expressed transcription factors when it was linked to a transgene. However,
when the complete LCR was present, tissue-specific binding of tissue-restricted proteins
to this element was observed (Ortiz et al. 2001). Interestingly, the TCR o/6 LCR is also
implicated in keeping specific DNA regions methylation free in a tissue specific manner, thus
opposing chromatin closure and gene silencing (Santoso et al. 2000).

An interesting variant of the LCR theme can be found in the human keratin-18 (K 18)
gene locus. The 2.5- and 3.5-kb regions, which flank the human K18 gene conferred position-
independent expression on K18 and two heterologous reporter genes in transgenic mice. The
5’-flanking region contains a 323-bp fragment composed primarily of a transcriptionally
active Alu repetitive element. Two copies of the 323-bp Alu fragment, flanking a heterologous
transgene, retained much of the position effect blocking activity contained in the larger 5°-
and 3’-flanking regions of K18. Its activity in mice is dependent on its RNA polymerase
IIT promoter activity and it was suggested that transcriptionally active Alu elements might
eliminate transcriptional interference of neighboring genes (Willoughby et al. 2000).

The diversity and complexity of the LCRs currently identified highlights the
importance to consider in vivo transcriptional regulation in the context of complete loci, so
that essential regulatory elements are not excluded or overlooked.
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Chapter 2

The dynamic nucleus and its structural organisation

The nucleus contains and protects the genetic material of an eukaryotic cell and is
the site of several key processes in the cell, including the on and off switching in time and
space of many thousands of genes, the faithful replication of the genome during cell division
and repair of damaged DNA. Transcription, RNA processing, DNA repair and replication
are functionally tightly coupled and it is clear that these complex processes can only be
carried out in a nucleus that is structurally highly organised. Indeed many structures like the
nucleolus, the nuclear membrane, heterochromatic and euchromatic compartments can easily
be visualised in microscopy studies (figure 2.1).

Structural components

Apoptosis

Survivin PML bodies
Nucleoli RUNX domains

Replication sites BRCA1

RPA CAF-1

Replication and repair
Ll i Transcription

SC 35 domains Coiled bodies

Splicing

figure 2.1: The nuclear architecture is functionally linked to the organization and sorting of regulatory in-
formation.

Immunofluorescence microscopy of the nucleus in situ has revealed the distinct nonoverlapping subnuclear dis-
tribution of vital nuclear processes, including: DNA replication sites, DNA damage repair, apoptosis, structural
parameters of the nucleus (e.g. the nuclear envelope, chromosomes and chromosomal territories), rRNA synthe-
sis (nucleoli), chromatin remodeling (e.g. mediated by the SWI/SNF complex), transcriptional control and RNA
processing and splicing.(Stein et al. 2003)

Chromosome territories

When the cell exits mitosis, the rod-like chromosomes de-condense into their
interphase state. This de-condensation is not random and chromosome painting shows that
chromosomes occupy relative discrete, non-overlapping, territories (Cremer and Cremer
2001). The discovery that small nuclear proteins (snRNPs) and RNA transcripts were located
at the boundary of these chromosome territories, led to the proposal that the transcription
and splicing machinery might be confined to a system of channels that run between the
chromosome territories and are connected to the nuclear pores. This interchromosome domain
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(ICD) model predicted that active genes reside at the exterior of the condensed chromatin
domains, which line the interchromatin channels and that are accessible to the transcription
and mRNA processing machinery (Zirbel et al. 1993). Support for this model came from the
observations that active genes, but not silenced genes or noncoding regions, from several
loci reside at the surface of their respective chromosome territories (Kurz et al. 1996; Dietzel
et al. 1999). However, the subsequent discovery of transcription sites within the interior
of chromosome territories (Abranches et al. 1998; Verschure et al. 1999) necessitated a
refinement of the ICD model. Successive high-resolution microscopy studies showed that
although chromosomes occupy relatively discrete areas in the nucleus, these domains are
highly porous with numerous channels extending throughout more condensed sub domains
(Visser et al. 2000). The revised interchromatin compartment (IC) model envisages that
active genes not only reside at the surface of the territory, but also within the territory at
the surface of channels that extend throughout condensed chromatin sub-domains and are
accessible to the transcription and mRNA processing machinery (Cremer and Cremer 2001).
Transcriptionally inactive regions would tend to be at the interior of the condensed chromatin
sub-domains. Initially immuno-fluorescence microscopy studies indicated that TFIIH and
RNA polymerase II (the transcription machinery) and hnRNP-U (splicing factor) are present
predominantly in the interchromatin space, inside and between chromosome territories, and
are largely excluded by domains of condensed chromatin (Verschure et al. 2002). However,
a subsequent live cell study from the same group gave conflicting results and showed that
condensed chromatin in living cells is accessible to fluorescently labelled dextrans and
proteins (like RNA polymerase II) of various sizes (Verschure et al. 2003). Therefore,
the silencing of genes that are incorporated into such domains is not due to the physical
inaccessibility of condensed chromatin domains to transcription factors. Recent evidence
for the IC domain model has come from a study of the WAGR locus located at chromosome
11p13 and containing the genes W71, RCN, PAX6 and PAXNEB. The locus is located within
the painted chromosome 11 territory and transcriptional activation of the genes did not result
in their relocation to the territory surface. However, the active RCN gene was found to reside
on the surface of a condensed chromatin subdomain, whereas an intergenic probe from the
WAGR locus located within a condensed subdomain (Mahy et al. 2002b).

Some active genes can be found on large extended loops outside their painted
chromosome territories. The major histocompatibility (MHC) locus located at 6p21 is able
to extend out from the chromosome 6 territory on large loops in response to activation of
the MHC genes in B-lymphoblastoid cells and interferon-y treated fibroblasts (Volpi et al.
2000). Similar observations are made for the epidermal differentiation complex (EDC)
locus (Williams et al. 2002), the B-globin locus (Ragoczy et al. 2003) and the HoxB locus
(Chambeyron and Bickmore 2004a). The fact that these loci are gene dense and have a high
transcriptional activity, taken together with a study of genomic regions with known gene
densities (Mahy et al. 2002a), suggests that the formation of extraterritorial loops is correlated
to gene density and transcriptional activity in general. However, inhibition of transcription
with Actinomycin D or 5,6-dichloro-1B3-D ribofuranosyl benzimidazole (DRB) caused only
a minor reduction in the observed extraterritorial signals (Mahy et al. 2002a). In contrast,
the MHC locus has an approximately twofold reduced number of extraterritorial signals in
cell types where the genes are not expressed compared to cells treated with IFN-y (Volpi et
al. 2000). Therefore, it remains to be established whether the looping out of chromosome
territories is a requirement for transcription at these particular loci.
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Dynamics of chromatin and chromatin interacting proteins

The use of FISH and immunohistochemistry techniques has the limitation that
these techniques only provide snapshots of a nucleus and might give the impression that
the organisation of the nucleus is rather static. However, analysis of large numbers of nuclei
show that the positions of gene loci with respect to their territory are not absolute but show a
statistically significant trend towards a position, suggesting that the loci are dynamic.

Utilisation of green fluorescent protein (GFP), fused to a protein of interest, has
led to an upsurge of information regarding the localisation and dynamics of proteins within
living cells. By using this approach in combination with photobleaching techniques it is even
possible to determine how much of the protein is mobile and the frequency of exchange
of mobile proteins between cellular (or nuclear) compartments (Lippincott-Schwartz et
al. 2001). Genomic loci can be tagged by lac or fet operator sequences allowing them to
be visualised and followed in time by detecting the bound repressor-GFP fusion proteins
(Belmont 2001; Spector 2003).

Experiments in yeast, Drosophila and mammalian cells, using lac-repressor protein
fused to GFP to visualise randomly integrated /ac operator repeat arrays in live cells show
that chromatin at interphase is continually moving (Marshall et al. 1997; Vazquez et al. 2001;
Chubb et al. 2002). However, the chromatin does not roam freely around the nucleus but is
constraint to an average range of movement of 0.5 um, which differs per chromatin region
(Chubb et al. 2002). In higher eukaryotes, loci are in this way on average restricted to about
1/1000" of the nuclear volume limiting the range of environments that it is able to access.
It has been suggested that the sub-nuclear position of a locus contributes to the regulation
of gene expression. Movements over several microns have been observed in Drosophila
(Vazquez et al. 2001) and it remains possible that large movements can occur in specific
situations allowing them to access specialised regions of the nucleus such as transcriptionally
repressive compartments of a chromosome territory (Ragoczy et al. 2003). Targeting of the
acidic activator VP16 to a tagged chromosome region leads to large-scale uncoiling of the
chromatin structure and an additional change in the position of a chromosome site from the
periphery to the interior of the nucleus (Tumbar et al. 1999; Tumbar and Belmont 2001).
Large-scale chromatin decondensation of a chromosome array was also observed upon
transcriptional activation of a GR-responsive promoter (Muller et al. 2001). Experiments
using an inducible system, composed of a 200-copy transgene array integrated into a
euchromatic region, show that the condensed array is heterochromatic. In the condensed
state it is associated with HP1, histone H3 methylated at lysine 9, and several histone
methyltransferases. Upon transcriptional induction, the locus decondenses within 20 minutes
correlating to an increase in RNA levels at the transcription site. HP1alpha is depleted from
the locus and the histone variant H3.3 is deposited suggesting that histone exchange is a
mechanism through which heterochromatin is transformed into a transcriptionally active
state (Janicki et al. 2004).

Biochemical studies have led to the notion that transcription factors and associated
factors are in stable complexes, which are bound to chromatin for long periods of time. The
observation of GFP tagged proteins in living cells has changed this view and it has become
apparent that many, if not most, nuclear proteins are moving quickly, and exchange rapidly
with a variety of nuclear targets. The presence of very large protein complexes like RNA
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polymerase holoenzymes, roaming the interchromatin compartment is questioned by studies
on the assembly dynamics of the RNA polymerase I transcription machinery (Dundr and
Misteli 2001). This study suggests that assembly of a productive polymerase holocomplex
occurs by stochastic binding of individual subunits at the site of transcription. Similarly, the
nuclear dynamics of RNA polymerase II and transcriptional regulators is consistent with
such a model (Becker et al. 2002; Kimura et al. 2002). These observations were in line
with previous investigations of other transcription factors. Transcription factors like the
hormone bound glucocorticoid receptor and the cofactor GRIP-1 exchange rapidly between
the nucleoplasm and multi copy repeats of reporter elements (McNally et al. 2000; Becker
et al. 2002). Furthermore the transcription initiation and DNA repair factor TFIIH is also
transiently associated with RNA polymerase II complexes (Hoogstraten et al. 2002). Even
components of “stable” heterochromatin like histone H1 (Misteli et al. 2000) and HPI
(Cheutin et al. 2003) are surprisingly mobile when compared with the core histones (Kimura
and Cook 2001). A recent extensive study of the basic in vivo biophysical properties of a
wide range of chromatin proteins of diverse functions demonstrated that most chromatin
associated proteins have a residence time in the order of seconds and that transient binding
is a common property of chromatin-associated proteins. Regardless, at steady state the major
population of each protein is bound to chromatin rather than present in a soluble form in the
nucleoplasm (Phair et al. 2004). This data support a model in which a single molecule of a
chromatin-associated protein resides on chromatin for a few seconds and then dissociates
and diffuses for a relatively short period of time before it associates with a new site. This
suggests that chromatin-binding proteins find their binding sites largely by three-dimensional
scanning of the genome space and that dynamic interaction networks play a critical role in the
control of gene expression (Misteli 2001b).

Because of the essentially stochastic nature of the binding of individual proteins, the
assembly of functional complexes is an inefficient, possibly rate limiting process. The overall
flux of the reaction may therefore be extremely sensitive to any factors that affect protein
binding and dissociation, such as histone modifications, nucleosome positioning and the
local concentration of both protein and target. In this situation nuclear compartmentalisation
might have large effects on the efficiency of nuclear processes (Chubb and Bickmore 2003).

Nuclear compartments

Several nuclear proteins, like RUNX (Zeng et al. 1998), accumulate at discrete
sites in the nucleus and this accumulation appears to be linked to the function of the
protein. However, the compartmentalisation observed in the nucleus is very different from
compartmentalisation in the cytoplasm where factors are concentrated behind membranes.
The structural organisation of nuclear compartments represents a dynamic steady state rather
than a static situation and the compartments themselves are established by particular nuclear
functions (Misteli 2001a). A compartment can be defined as a quantity of a substance that has
uniform and distinguishable kinetics of transportation or transport (box).

Many nuclear compartments can be identified in the nucleoplasmic space and include
nuclear speckles containing spliceosomal components (Misteli et al. 1997), Cajal bodies
involved in snRNP biogenesis (Gall 2000) and PML nuclear bodies enriched in transcriptional
regulators (Zong et al. 2000). The exact function of these nuclear bodies is unclear but they
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Box: compartments

From a mathematical point of view, a compartment is defined as a quantity of a substance that has uniform and
distinguishable kinetics of transport (Godfrey, 1983). The interior of a nucleus is clearly non-homogeneous and
therefore compartmentalised. The nuclear compartments are not separated from the nucleoplasm by a physical
barrier and macromolecules inside the nucleus of a living cell are in continuous flux between compartments.
For most proteins the exchange is rapid, and the residence time of most proteins is in the order of a minute or
less. Compartments are thus extremely dynamic, yet overall stable, structures, and their morphology represents
the equilibrium of release and binding of proteins. The functional status of exchanging proteins critically
determines composition and morphological appearance of a compartment suggesting that compartments are
formed and maintained by principles of self-organisation. Self-organisation involves the physical interactions
of molecules in a dynamic steady-state structure and the properties that determine the organisation are the in-
trinsic properties of the structure’s components. Self-organised structures do not require complex mechanisms
to establish, maintain, and regulate their architecture and thus, self-organisation is a simple but effective way to
optimally organise nuclear structures. (Misteli 2001a; Misteli 2001b; Carmo-Fonseca 2002)

are all in constant flux and highly dynamic (Belmont 2003; Janicki and Spector 2003). The
best-characterised nuclear compartment is the nucleolus, which is dedicated to the RNA
polymerase I dependent transcription of rDNA genes and ribosome biogenesis. Within each
nucleolus, three distinct compartments can be further identified: the fibrillar centre, which
contains the rDNA genes, the dense fibrillar component, where maturation of pre-rRNA
transcripts occurs, and the granular component, dedicated to assembly of pre-ribosomal
particles (Carmo-Fonseca et al. 2000). The integrity of nucleoli is dependent on ongoing
RNA polymerase I transcription (Carmo-Fonseca et al. 2000).

Transcription factories

Activation of a gene requires remodelling of chromatin and subsequent assembly of
the transcription machinery. Chromatin modification and assembly of the core transcriptional
apparatus is based on stochastic processes and is therefore relatively inefficient. The relative
low efficiency of transcription apparatus assembly is counterbalanced by the co-operative
nature of binding of many transcription factors and by the formation of transcription factories,
which act to increase the local concentration of components (Misteli 2001b).

The first notion of transcription factories came from estimates of the amount of nascent
RNA transcripts in HeLa cells and the actual number of sites with ongoing transcription. The
number of nascent RNA transcripts per sub-tetraploid HeLa nucleus was determined to be
approximately 90,000 of which 65,000 were contributed by RNA polymerase II (Jackson
et al. 1998). Several estimates of polymerase II sites in the nucleoplasm give a number of
5000 to 8000 active sites per HeLa nucleus (Iborra and Cook 1998; Jackson et al. 1998;
Pombo et al. 1999). Furthermore, most of the active transcription units, either bona fide gene
or non-coding, are associated with one RNA polymerase II molecule (Jackson et al. 1998).
These results imply that every transcription site contains approximately eight polymerases
along with about eight transcription units. Therefore clustering of RNA polymerase II
transcribed genes in transcription factories appears to be very similar to the clustering of
RNA polymerase 1 dependent rDNA genes in the nucleolus. Recently it was show that in
erythrocytes, during transcription in vivo, distal active genes co-localise at high frequencies

32



The dynamic nucleus

to the same transcription factory containing the -globin gene. The authors propose that
active genes migrate to pre-assembled transcription sites rather than recruiting and assembling
transcription complexes and the movement into or out of these factories results in activation
or abatement of transcription (Osborne et al. 2004).

Historically it has been thought that the polymerase moves along the template as it
transcribes. However, the sheer size of the transcription complex argues against a polymerase
tracking along the tangled DNA template and at the same time preventing the transcript from
becoming entwined (Cook 1999). More recent models suggest that the polymerase remains
immobilised while the DNA template is pulled through the active site. The RNA polymerase
is perfectly capable of reeling in the DNA template and is the most efficient molecular motor
known (Gelles and Landick 1998). An immobilised RNA polymerase also fits well with
the data on transcription factories, where active transcripts are restricted to an area with a
diameter in the range of 40-70 nm (Jackson 2003). How the polymerases are attached in
the factories is unknown but protein : protein, protein : DNA and protein : RNA interaction
might be enough to hold the factory together while transcription is underway. Disruption of
the presumed nuclear network formed from nuclear lamins results in a reduction of RNA
polymerase transcription (Spann et al. 2002). This suggests that transcription factories might
be tethered to a nuclear substructure. Experiments show that the majority of a GFP tagged
RNA polymerse II is highly mobile when they are not engaged in transcription (Kimura et
al. 2002) and are not fixed to any substructure. Therefore if transcription factories exist they
must be highly dynamic and are only assembled, and possibly linked to a nuclear substructure,
upon transcriptional activation.

Nuclear Matrix and Chromatin loops

Nuclei appear to have a complex structure of nuclear compartments, which generally
represent centres of nuclear function. In general these centres are not stable entities and contain
components that are inherently dynamic. Remarkably, the spatial organisation of these sites
is unaffected if nuclei are depleted of chromatin (Nickerson 2001). This observation suggests
that a nuclear solid phase, the nuclear matrix, exists upon which these active sites assemble.
It is generally assumed that this structure that can be seen in the microscope after extraction
of chromatin is the same as the amorphous structure that can be isolated from nuclei by
hypertonic extraction following nuclease digestion (Hancock 2000; Nickerson 2001) or the
nucleo-protoneous core that is found when nuclear halo’s are prepared.

Several proteins implicated in the regulation of gene expression, like CTCF (Yusufzai
and Felsenfeld 2004), SatB1 (Dickinson et al. 1992; Yasui et al. 2002) and Su(Hw) (Byrd
and Corces 2003) reportedly interact with the nuclear matrix. DNA sequences called MAR/
SARs that bind to the nuclear matrix have been identified and these are able to modulate
gene expression (Bode et al. 2000). Insulators like gypsy (Byrd and Corces 2003) and cHS4
(Yusufzai and Felsenfeld 2004) are also often found to interact with the nuclear matrix.
Transcription dependent association of genes with the nuclear matrix has also been reported
(Maya-Mendoza et al. 2003) and transcription processes are dependent on proteins that could
function as the structural building block for a matrix like lamin (Spann et al. 2002), nuclear
actin or actin related proteins (Blessing et al. 2004). Recently it was shown that emrin, an
inner nuclear membrane protein, is able to cap the pointed ends of actin filaments providing
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evidence for and actin cortical network at the nuclear inner membrane (Holaska et al. 2004).
However, structural polymers of the proteins supposed to form a nuclear matrix structure
have not been characterised or visualised in live cells. Therefore concerns have been raised
that the nuclear matrix is an artefact formed by a-specific interactions induced during the
severe extraction procedures (Hancock 2000; Pederson 2000). The concept of a nuclear
matrix remains therefore enigmatic and highly controversial.
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Temporal and spatial regulation of transcription: the 3-globin
locus as a model system

Erythropoiesis

After fertilisation, when an egg cell and sperm cell fuse, a single cell embryo
is formed, which is omnipotent. This single cell embryo has the potential to generate all
different tissues needed to form a complete organism. While proliferating, this capacity is
maintained in embryonic stem cells, but upon differentiation, which happens during early
embryogenesis, this omnipotency is gradually lost and so called multipotent stem cells are
formed. These self-renewing cells only have the capacity to contribute to limited lineages of
tissue, and it is believed that these cells are maintained through adult life.

The hematopoietic stem cell (HSC) is responsible for all blood formation and
resides in the adult bone marrow. Under the influence of hematopoietic growth factors these
cells either proliferate to expand the HSC compartment or differentiate, via several more
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figure 3.1: Schematic representation of the hematopoietic hierarchy.

The hematopoietic stem cell gives rice to all blood cells. During differentiation, cells loose their pluripotent capacity
and become progressively more restricted to one of the blood cell lineages. HSC= hematopoietic stem cell; HPC=
hematopoietic progenitor cell; CMP= common myeloid progenitor; CLP= common lymphoid progenitor; MEP=
myeloid and erythroid progenitor; GMP= granulocyte monocyte progenitor.
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committed progenitor cells, into the different blood lineages (figure 3.1). This differentiation
program is controlled by the expression of a combinatorial set of broad spectrum and cell
lineage specific transcription factors (Perry and Soreq 2002). Modulation of transcription
factor expression patterns drives the differentiation into different lineages (Hirasawa et al.
2002; McNagny and Graf 2002).

The most abundant blood cell in the mammalian system is the red blood cell or
erythrocyte. Erythroid differentiation takes place through a series of intermediate precursors
that progressively gain erythroid features and gradually lose proliferative capacity. The
CFU-E (colony forming unit erythroid) is the last intermediate that still has considerable
proliferative capacity and is characterised by its capacity to form small colonies in semisolid
medium (Wong et al. 1986). A well co-ordinated cohort of transcription factors regulates
the formation, survival, proliferation and differentiation of multipotent progenitors into the
erythroid lineage (Perry and Soreq 2002). Expression of a hierarchical program of genes, most
notably a-globin and B-globin of which the protein products combine to form the oxygen
carrying molecule haemoglobin, accompany differentiation. During the terminal stages of
differentiation the erythrocyte sheds its nucleus, endoplasmatic reticulum and mitochondria,
leaving a cell membrane, filled with approximately 90% haemoglobin, specialised to
transport oxygen and carbondioxyde. Since this cell is unable to grow and proliferate and in
humans dies after spending approximately 120 days in the circulation, red cells have to be
continuously replenished from a pool of HSC. In embryos erythropoesis is initiated in the
yolk sac shifting to the liver during fetal development and finally resides in the adult bone
marrow. The erythroid compartment is a well-characterised and accessible system, making it
a popular model for studying the mechanisms involved in differentiation and development.

The B-globin locus

The a-globin and B-globin genes were among the first to be studied by biochemical
and molecular biological methods due to the easy availability of globin protein and globin
mRNA from erythroid cells. For example haemoglobin (horse methaemoglobin) was one of
the first proteins to be crystallised (Rupley 1964). Furthermore, the first eukaryote introns
were discovered in the B-globin gene (Jeffreys and Flavell 1977; Tilghman et al. 1978) and
thalassemia and sickle cell anaemia were the first genetic disorders discovered to be caused
by mutations in, or deletions of, a specific gene (the globin genes) (Weatherall 2004). More
recently the globin genes were used as an important model system to study tissue-specific
and developmentally regulated transcription. Study of the globin genes has played a major
role in identifying cis-regulatory DNA elements, which contribute to the proper regulation
of transcription.

The mouse and human -globin locus

The mammalian B-globin loci and especially the mouse and human B-globin locus
are highly conserved (figure 3.2).The mouse 3-globin locus contains four functional genes
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arranged in the order of their temporal expression starting 5’ with gy followed by Bhl, fmajor
and Pminor at the 3’ side of the locus (figure 3.2). Upstream of the locus lies a cluster of
erythroid specific cis- regulatory elements specified by DNase I hypersensitive sites, called
a Locus Control Region (LCR). More erythroid-specific distally located cis-regulatory DNA
elements are found in the mouse B-globin locus. 3’HS1 is found 68 kb downstream of the
ey cap site (Tuan et al. 1985), and two sets of recently discovered hypersensitive sites are
located 85/84 kb (5* HS-84/-85) and 62/60 kb (5° HS-60/-62) upstream of €y cap site (Farrell
et al. 2000; Bulger et al. 2003). Therefore the locus spans to our current knowledge over 150
kb. The mouse PB-globin locus is embedded in an array of olfactory receptor (OR) genes and
is located on chromosome 7 (Bulger et al. 1999).

mouse B-globin cluster

-62.5/-60.7 654 3 21 3'HS1
Lil IA'I L'ﬂ maj min —
OR M OR 10 kb
f3-globin
human B-globin cluster
-110/-107HSs 543 2 1 3'HS1
u F[BE 2 M ulll H BN BN l M 21 3]
[l eI 15 e GyAy & P o
OR f-globin OR
. Dutch
Thalassemias o
| Hispanic

figure 3.2: The mouse and human B-globin loci.

The B-globin loci of man and mouse are shown schematically. Boxes above the horizontal lines represent genes
transcribing from left to right, boxes below represent genes transcribed in the opposite direction. The globin genes
are indicated (black) and corresponding erythroid cell-specific DNase I HSs are represented by arrows. The cis-regu-
latory DNA elements of the loci are positioned in distinct regions. Each region contains one or more HSs and names
of each site are specified. Olfactory receptor genes (OR, grey) flank and partially overlap both loci. Below the human
locus the size of two deletions (Dutch and Hispanic) that are known to cause B-thalassemia are indicated.

The human -globin locus is located on chromosome 11 and has a similar, but not
identical, genomic organisation as the mouse B-globin locus (figure 3.2). The human locus
contains five functional genes and they are arranged in the order 5° &-Sy -Ay-3-f 3. The cis-
regulatory DNA elements and genes are highly conserved between the two loci and both loci
have a GC-content of approximately 40% and an almost identical percentage of repetitive
DNA (Moon and Ley 1990; Hardison et al. 1997; Bulger et al. 1999). In humans, a homologue
of the mouse 5’ HS-62 was found at 110kb and an additional site at 107 kb upstream of ¢
(5 HS-107/-110) but the cis-regulatory element corresponding to the mouse 5’ HS-84/-85 is
absent (Bulger et al. 2003).

The B-globin genes are relatively small genes of about 1500 bp and encode
proteins of roughly 146 amino acids. The B-like globin genes have three coding regions
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(exons) separated by two intervening sequences (introns). Regulatory elements, which
include promoters, enhancers and silencers, flank the genes in cis and these are sufficient and
necessary for tissue-specific expression and developmental timing of the individual genes.
The globin promoters are located within 200 bp of the respective transcriptional
start sites and can be detected as DNase I HSs in the chromatin of erythroid cells. The DNase
I hypersensitive state of the globin promoters depends on the stage of development; in human
fetal livers, the HSs of the fetal and adult genes can be identified, while in bone marrow
only the sites near the adult genes are present (Groudine et al. 1983). All globin promoters
contain a TATA box and different combinations of GATA, CCAAT and CACC boxes (figure
3.3). These sequences serve as recognition sites for tissue-specific transcription factors like
GATA-1, NF-E2 and EKLF, thus providing the erythroid-specificity to the promoter. The
significance of these elements is illustrated by several naturally occurring mutations like for
example found in the CCAAT box region of the y-genes resulting in re-activation of y-gene
expression (Collins et al. 1985) and a mutation in the proximal CACC box of the -globin
promoter resulting in 3 thalassemia (Kulozik et al. 1991). Like the promoters, the enhancers,
which are located in close proximity or even within the globin like genes (Behringer et al.
1987; Bodine and Ley 1987; Kollias etal. 1987), are also detectable as DNase I HSs (Groudine
et al. 1983). Their importance is illustrated by the deletion of the 3’ B-globin enhancer, which
displayed decreased transcription of the B-globin gene without the concurrent upregulation of
the y-globin genes (Liu et al. 1997). Furthermore, silencer elements can be found at various
positions in the B-globin locus (Cao et al. 1989b; Cao et al. 1989a; Ronchi et al. 1996).

The B-globin LCR

While early transgenic experiments in mice showed that the proximal regulatory
elements of the adult 3-globin gene were sufficient for tissue specificity and developmental
timing of expression, it appeared that the expression levels of the transgene were severely
influenced by the site of integration (Kollias et al. 1986; Behringer et al. 1987; Kollias et al.
1987).

A Dutch o thalassemia patient provided the first indication of the existence of
a distally located cis-regulatory DNA element. This patient carried a large 100kb deletion
on one chromosome resulting in the absence of the &- and y-genes while the 3-globin gene
together with its proximal cis-regulatory DNA elements was unaffected (figure 3.1). The
affected chromosome failed to express any -like globin genes. Since the -like globin genes
from the unaffected chromosome express normally, the conclusion was drawn that a deletion
far from the -globin gene caused the suppression of its activity rather than a defect in trans-
acting environment (Kioussis et al. 1983). Further analysis of the deleted region showed that
several erythroid specific DNase I HSs were located upstream of the globin genes (Tuan et al.
1985; Forrester et al. 1986). Linkage of these hypersensitive sites to a 3-globin gene resulted
in tissue-specific, position-independent and copy-number dependent expression in transgenic
mice (Grosveld et al. 1987).

The human B-globin LCR was the first LCR to be identified and was functionally
defined as a DNA element that provides high levels of tissue specific expression to a cis-
linked gene in a copy number dependent, integration site independent manner (Grosveld et
al. 1987). The mouse B-globin LCR was subsequently identified on the basis of sequence
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figure 3.3: The promoter regions of the human &-, y-, and p-globin genes and the core regions of 5> HS2, 3,and
4 of the human LCR.

The locations of putative conserved trans-acting factor binding sites in the promoters and LCR of the human f-
globin locus are shown. The type of trans-acting factor that associates with a particular type of binding site can
differ per promoter.

homology between the human and mouse loci (Moon and Ley 1990). The human [3-globin
LCR consists of five erythroid specific, developmentally stable hypersensitive sites each
encompassing about 200 to 300 bp and containing binding sites for several transcription
factors (Hardison et al. 1997). These transcription factors include GATA-1, NF-E2, EKLF,
and Spl and binding to their recognition sites is required for hypersensitive (Goodwin et al.
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2001). Formation of the HSs seems to precede -globin transcription (Blom van Assendelft
et al. 1989) but the LCR needs to be linked to an active promoter to stay hypersensitive
(Reitman et al. 1993; Guy et al. 1996; Tewari et al. 1996).

Deletion of any single hypersensitive site from the -globin LCR in a transgene
abolishes position independent expression, suggesting that all the hypersensitive sites act
together as a single entity or holocomplex (Milot et al. 1996). Analysis of B-globin pre-mRNA
transcripts in single cells supported the notion of a holocomplex by demonstrating that the -
globin genes are alternately transcribed, i.e. only one gene is transcribed at any given moment
(Wijgerde et al. 1995; Gribnau et al. 1998). A similar alternating transcription was observed
for the mouse B-globin genes (Trimborn et al. 1999). However experiments in transgenic
mice and cell lines, which tested the individual contributions of single hypersensitive sites,
nevertheless showed that their functional properties are not equivalent (Tuan et al. 1989a;
Collis et al. 1990; Fraser et al. 1990; Ney et al. 1990a; Ney et al. 1990b; Moon and Ley
1991).

Linking 5° HS1 of the human -globin LCR directly to a transgene does not result
in expression (Fraser et al. 1990; Fraser et al. 1993). However, HS1 does contribute to LCR
function in the context of the complete locus (Milot et al. 1996). The only element that has
classical enhancer properties is 5’ HS2 (Tuan et al. 1989b) and this activity is mediated by a
tandem NF-E2 binding site (Ney et al. 1990a; Ney et al. 1990b; Talbot and Grosveld 1991;
Caterina et al. 1994). 5’HS2 contributes equally to overall expression of the locus throughout
development (Fraser et al. 1993). Multi-copy integration of 5> HS2 linked transgenes is
sufficient to drive position-independent and copy-number dependent expression (Ellis et al.
1993). 5”HS3 is able to control transcription of single copy integrations and is capable of
establishing/maintaining DNase I HSs. This suggests a chromatin opening or remodelling
activity (Ellis et al. 1996), which depends on the binding of EKLF (Wijgerde et al. 1996;
Gillemans et al. 1998). 5’HS3 is the most active site during the embryonic period, and the
only site capable of conferring high-level expression of the y- and B-genes during fetal
hematopoiesis (Fraser et al. 1993). A core deletion of 5’HS3 resulted in reduced expression of
embryonic/fetal genes in primitive erythrocytes and position dependent 3-globin expression
in definitive erythrocytes (Navas et al. 1998). Substitution of 5° HS3 with 5” HS4 results in
significant expression changes at every developmental stage (Bungert et al. 1995). 5’HS4 is
very active in the adult stage of development (Fraser et al. 1993) but is unable as a single
copy to drive expression of a linked B-globin gene (Ellis et al. 1996). 5’ HSS was originally
identified as a constitutive HS with boundary/insulator activities (Tuan et al. 1985; Li and
Stamatoyannopoulos 1994) and contains binding sequences for an enhancer-blocking
transcription factor, called CTCF (Farrell et al. 2002). However, recently it was shown that 5’
HSS5 is erythroid cell-specific with enhancer-blocking activities only at the embryonic stages
of development but not at later stages (Wai et al. 2003). Differences between deletion size
and experimental set up make this data obtained from transgenic constructs complex and
difficult to interpret; moreover the constructs are likely to suffer from multiple integrations
and position effects. The data generated by targeted deletions of hypersensitive sites of the
endogenous mouse f3-globin locus shows discrepancies with the data obtained for the human
[-globin locus by transgenic studies.

In mice, the different properties of the individual HSs are less well defined and
seem to be redundant. Targeted deletions of 5° HS1, 5 HS2 and 5° HS4 reduce expression
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levels of the 3-globin genes to a similar extent as was observed for the human sites (Fiering
et al. 1995; Bender et al. 2001). A targeted deletion of 5° HS3 results in a minimal reduction
in expression levels of embryonic genes and a 30% reduction of the adult genes (Hug et al.
1996). A deletion of 5 HS5 has minimal effects on expression of the globin genes consistent
with the fact that this is only a weak hypersensitive site (Bender et al. 1998). Recently, two
more 5° HSs, 5 HS6 and 5> HS7 of the LCR, have been identified in mice of which the
equivalent human elements have not been identified yet (Bulger et al. 1999). Targeted deletion
of 5° HS6 from the endogenous mouse locus has minimal effects on expression (Bender et
al. 1998). None of the hypersensitive site deletions affected the formation of the remaining
sites (Bender et al. 1998; Bender et al. 2000b). This suggests that in the endogenous mouse
locus no dominant or initiating site, whose formation must precede the other HSs, exists and
that the hypersensitive sites have an additive effect on transcription (Bender et al. 2001) as
had been suggested before for the hypersensitive sites of the human f3-globin LCR (Fraser
et al. 1993). The discrepancies found between human and mouse may reflect differences in
functional assays used (transgenic mice versus targeted deletions), the differences in number,
structure and affinities of the individual factor binding sites, or the existence of redundant
elements in the endogenous mouse locus, capable of chromatin opening, which are missing
from the transgenic constructs. Prime candidates for these regulatory elements are the distally
located HSs (see figure 3.1) with unknown function. Recent studies indicate an active role
of these elements in -globin gene transcription (Tolhuis et al. 2002; Palstra et al. 2003) and
deletion of these sites, in combination with LCR deletions, might prove to be particularly
informative.

Chromatin structure of the -globin locus

A domain of erythroid specific DNase I sensitivity extends from approximately 10
kb upstream of 5’ HS-60/-62 to a few kb downstream of 3’ HS1 in the endogenous mouse
locus. The borders of this DNase I sensitivity domain are not marked by any regulatory
sequences (Bulger et al. 2003). Acetylation of histone H3, histone H4 and methylation on
lysine 4 of histone H3 (H3 meK4) is found in a domain overlapping with, but not identical to
the domain of DNase I sensitivity (Forsberg et al. 2000; Bulger et al. 2003). Erythroid cell-
specific histone H3 and H4 hyperacetylation and histone H3 meK4 is found at cis-regulatory
DNA elements within the active -globin locus (Kiekhaefer et al. 2002; Bulger et al. 2003).
In definitive erythroid cells, four regions within the locus exhibit hyperacetylation: 5’ HS-62/-
20, the LCR and the transcriptionally active fmajor and fminor globin genes (Forsberg et al.
2000; Bulger et al. 2003). Other regions such as the inactive genes and 3’ HS1 are modestly
enriched in histone acetylation and methylation (Bulger et al. 2003). In erythrocytes isolated
from the embryonic yolk sac, which expresses ey and BH1, the LCR and both active and
inactive promoters were found to be hyperacetylated (Forsberg et al. 2000). Methylation
of lysine 79 of histone H3 (H3 meK79) is found at the active fmajor promoter, but not on
inactive promoters or HS2 of the LCR. In EryP cells, which express the embryonic genes,
H3 meK79 is found at a domain spanning at least from 3’ of the gy gene to the (active) Shl
promoter (Im et al. 2003). Hematopoietic-specific activators like GATA-1 and NF-E2 govern
establishment of these chromatin modification patterns (Kiekhaefer et al. 2002; Im et al.
2003).
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Chromatin analyses of mouse erythroid precursor cells, which express the globin
genes at basal levels (Hu et al. 1997; Delassus et al. 1999), showed that the fmajor promoter
has low to moderate acetylation levels and that 5’HS3 and the fmajor promoter are already
accessible to DNase 1. In fully differentiated cells, which express the genes at high levels,
acetylation and accessibility is further increased (Bottardi et al. 2003). Targeted deletion of
the mouse LCR shows that, even after germline passage of the deletion, the locus is still
DNase I sensitive and that the remaining HSs are normally formed. This shows that in the
mouse (-globin locus, the LCR is dispensable to initiate an open chromatin conformation
and this suggests that elements elsewhere in the locus are sufficient to establish and maintain
an open chromatin domain (Bender et al. 2000a). Acetylation of nucleosomes in the region
between the LCR and the Bmajor and fminor genes is only modestly reduced in the LCR
deletion as compared to wild type. Similarly, hyperacetylation of histones at the Bmajor and
Bminor promoter was similar as in the wild-type locus although the rate of transcription of
the B-major gene in the LCR deletion was reduced to about four percent of the wild-type level
(Schubeler et al. 2001).

The human locus, like the mouse B-globin locus, is also more sensitive to DNasel |
than ‘bulk’ DNA in erythroid cells (Weintraub and Groudine 1976). In a Hispanic thalassemia
patient, a deletion was found that extended from 9.5 kb to 39 kb upstream of the e-globin
gene, removing 5° HS2-5 of the LCR but leaving the distally located HSs (i.e. 5 HS-107/-
110 and 3* HS1) and all the B-globin genes intact. This deletion resulted in the inactivation
of the intact genes, the locus had become DNase I-resistant and the remaining HSs were
not formed (Driscoll et al. 1989; Forrester et al. 1990). Acetylation levels of the human
locus were determined in MEL cell hybrids carrying human chromosome 11 generated
by chromosomal transfer from a patient heterozygous for the Hispanic deletion. A human
chromosome carrying a wild-type locus containing recombinase sites around 5’ HS2-5 of
the LCR showed similar DNase I-sensitivity and acetylation levels throughout the locus
before as well as after recombinase mediated deletion of 5° HS2-5. Conversely, the locus on
a chromosome from the thalassemia patient with the Hispanic deletion remained DNase I-
insensitive and was hypoacetylated (Reik et al. 1998; Schubeler et al. 2000). These findings
and experiments with the human B-globin locus in transgenic mice ( see e.g.Fraser and
Grosveld 1998; Bulger and Groudine 1999) suggested that the LCR is required for chromatin
opening but not maintenance of the human locus. However, these conclusions are in apparent
contradiction with the data on the endogenous mouse locus (Higgs 1998; Grosveld 1999).

Recent data on erythroid precursor cells of humans and mice might give an
explanation for the observed functional differences between the mouse and human LCR.
The authors show that the two loci are subject to different epigenetic control mechanisms in
hematopoietic progenitor cells and this difference between the two loci is maintained when
the human locus is introduced in transgenic mice suggesting that the primary DNA sequence
rather than the organism determines the difference in this epigenetic code (Bottardi et al.
2003).
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Developmental regulation of 3-globin expression

In all species that contain B-globin genes, a switch in globin gene expression
coincides with changes in morphology of the erythroid cell, the site of erythropoiesis, and
hemoglobin composition (Stamatoyannopoulos and Grosveld 2001). The order of the mouse
and human globin genes along the linear chromatin fibre reflects their expression pattern
during ontogeny (figure 3.1) (Strouboulis et al. 1992; Stamatoyannopoulos and Grosveld
2001). The expression of the embryonic genes occurs in primitive cells derived from the
embryonic yolk sac. In contrast the fetal/adult genes are expressed in definitive cells, which
originate from stem cells derived from the AGM region of the developing embryo (Muller et
al. 1994; Ling and Dzierzak 2002). In humans, two switches are observed; one switch from
embryonic (g) to fetal (y) globin gene expression and a second switch from fetal (y) to adult
(8/B) globin expression. Only a single switch from embryonic (ey/Bhl) gene expression to
adult (Bmajor/Pminor) gene expression is observed in mice (figure 3.4).

figure 3.4: Developmental regulation of globin
synthesis. ) Fetone marrow

Top panel shows the expression levels and the

site of expression of the individual human globin 50 1
genes during development. The - and a-globin
genes are located in the a-globin locus. The a-like
and f-like globin proteins that are expressed at
the same stage of development can form different
types of hemoglobin. Bottom panel shows the ex-
pression levels of the individual mouse B-globin I
genes (solid lines) and human B-globin transgenes 0 3 6 9 12 15
when expressed in mice (dotted lines).

30 1\

10 4 o\

globin synthesis (%)

globin synthesis (%)

sla | 1I1 | 1I3 I 1I5 17 adul
age DPC (days)

A dual mechanism of hemoglobin gene switching has been proposed: autonomous
gene control and gene competition for a direct interaction with the LCR (Hanscombe et al.
1991; Peterson and Stamatoyannopoulos 1993). The concept of autonomous gene control is
largely based on experiments with human globin genes with only proximal cis-regulatory
DNA elements (i.e. promoters, enhancers and silencers) in transgenic mice. These experiments
showed that individual human transgenes express tissue-specifically and with the correct
developmental timing, albeit in a position dependent manner (e.g. Magram et al. 1985; Chada
et al. 1986; Kollias et al. 1986; Behringer et al. 1987). Transgenes of the human &- and y-

44



The B-globin locus

globin genes, including their proximal cis-regulatory DNA elements, linked to an LCR are
properly silenced at later stages of development (Dillon and Grosveld 1991; Raich et al.
1992) and these silencing elements reside in their promoter regions. The proximal regions of
the embryonic and fetal genes are sufficient and necessary for autonomous silencing. The first
indications for gene competition emerged from HPFH patients. These patients have mutations
in the y-globin genes, which cause an increased y-gene expression in adult life. Importantly,
this leads to a decrease of -globin gene expression from the same allele while expression of
the non-mutated allele is unaffected (Giglioni et al. 1984). Expression of a B-globin transgene
was found at all developmental stages when it was directly linked to the LCR (Grosveld et
al. 1987; Enver et al. 1990). However, introduction of a y- or a-globin gene in-between the
LCR and the pB-gene could restore correct developmental timing of f-globin gene expression.
This correct timing was not achieved when the 3-gene was the globin gene closest to the LCR
(Hanscombe et al. 1991). Introduction of a ‘marked’ B-gene (Bm) proximal to the LCR with
respect to the B-gene resulted in a competitive advantage of proximal fm-gene expression.
When the distance between the LCR and the proximal fm-gene was increased, and thus the
distance between the genes decreased, the competitive advantage of the fm-gene over the
[-gene was diminished (Dillon et al. 1997). In addition, inverting the gene order of the locus,
thereby altering relative distances, activated the B-gene at early stages and abolished ¢ -gene
expression (Tanimoto et al. 1999). All these experiments suggest competition of the genes
for LCR function based on gene order or relative distance. Analysis of $-globin pre-mRNA
transcripts in single cells supported the competition mechanism by demonstrating that the
actual switching between y- and B-gene transcription is a continuous dynamic process (a
flip-flop mechanism) in which both genes can be alternately transcribed until the y-genes are
autonomously silenced (Wijgerde et al. 1995).

The trans-acting environment plays a crucial role in autonomous gene silencing and
hemoglobin gene switching. As such, trans-acting factors can favour activation or silencing of
specific 3-globin genes (Peterson and Stamatoyannopoulos 1993). For instance, a transgenic
human (-globin locus introduced in mice, expressed the y-genes at much higher levels than
was expected (Strouboulis et al. 1992). This suggests that the frans-acting environment in
mouse embryonic erythroid cells favours activation of the y-genes over activation of the
g-gene possibly caused by multiple changes in DNA sequences between the promoters
(Strouboulis et al. 1992).

The e-globin gene is autonomously silenced and a protein complex, direct repeat
erythroid-definitive (DRED) has been identified that binds to a e-promoter element in vitro
and which is required for e-gene silencing (Tanimoto et al. 2000). It has been suggested that
DRED acts as a stage-specific negative regulator of embryonic and fetal transcription in
definitive erythroid cells (Tanabe et al. 2002). The erythroid Kriippel-like transcription factor
EKLF, an erythroid-specific member of the Sp/XKLF-family (Miller and Bieker 1993) plays
akey role in - and y-globin gene competition during hemoglobin gene switching. Fetal livers
of mice with a reduced EKLF concentration display a reduced number of transcriptionally
active 3-genes while a reciprocal increase in the number of transcriptionally active y-genes is
observed. However, the timing of y-globin gene silencing remains normal in these cells. Total
absence of EKLF leads to further increase in the number of transcriptionally active y-genes,
while B-gene transcription is abolished (Wijgerde et al. 1996). Recent data shows that in
mice, EKLF is required for initiating or stabilising contacts between the LCR and the actively
transcribed Pmajor globin gene in definitive erythroid cells (Drissen et al. 2004). In another
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study it was suggested that the human B-globin locus is divided into three differentially
activated and developmentally regulated chromatin subdomains by specific intergenic
transcripts (Gribnau et al. 2000). The authors suggested that intergenic transcription is
required for chromatin remodeling of chromosomal subdomains and determines which genes
are able to interact with the LCR in erythroid cells. However another study using a different
approach failed to detect domain specific transcript although locus wide intergenic transcripts
were detected (Plant et al. 2001).

In conclusion; the adult genes have the potential to be active at all stages of
development but are silenced by the competitive advantage that the proximal embryonic and
fetal genes have at this stage. A change in the #rams-acting environment silences the early
genes and shifts the competitive advantage to the adult genes that become activated.

Erythroid specific transcription factors and [3-globin regulation

The trans-acting environment depends on which transcription factors are available
and plays an important role in globin gene regulation. Several hematopoietic transcription
factors that regulate $-globin expression have been identified like GATA-1, NF-E2, Friend of
GATA-1 (FOG), FKLF, DRED, COUP-TFII, SSP, 1d2, CBF1, and EKLF (Harju et al. 2002).
Additionally, ubiquitous transcription factors such as Spl, YY1, and USF are involved in
control of B-globin gene expression. The most important factors for B-globin expression are
GATA-1, NF-E2 and EKLF, which are the best studied and will be discussed in more detail.

GATA-1

GATA-1 was the first identified member of a family consisting of six proteins, all
recognising the consensus GATA motif (Orkin 1992). The GATA motif is found throughout
the B-globin locus but especially in the regulatory elements of the globin genes. GATA-1 was
first identified as an erythroid specific factor, however, later it was shown that GATA-1 is also
present in other hematopoietic lineages such as mast cells, megakaryocytes and eosinophils
(Crotta et al. 1990; Martin and Orkin 1990). GATA-1 knockout embryos die at embryonic
day 10 or 11 from severe anaemia caused by the production of erythroid precursors arrested
at the pre-erythroblast stage, which subsequently undergo apoptosis (Pevny et al. 1991; Weiss
et al. 1994; Fujiwara et al. 1996). Overexpression of GATA-1 stimulated proliferation of pro-
erythroblast cells and results in inhibition of differentiation (Whyatt et al. 1997). GATA-1 has
the capacity to activate and repress gene expression. In the $-globin locus, GATA-1 plays a
role as a transcriptional activator of globin expression and in agreement with this recruitment
of RNA polymerase II to sites in the LCR and the Bmajor promoter depends on GATA-1
(Johnson et al. 2002). GATA-1 is also involved in setting specific histone modification marks
in the B-globin locus (Kiekhaefer et al. 2002; Im et al. 2003). GATA-1 has been shown to
interact with several transcription factors such as EKLF, Sp1 (Merika and Orkin 1995), p300/
CBP (Blobel et al. 1998) and FOG (Tsang et al. 1997; Tsang et al. 1998). The interactions of
GATA-1 with these transcription factors suggest that it forms transcription factor complexes
at specific sites in for example the globin locus, potentially controlling expression at different
developmental time-points. Recently it was shown that GATA-1 forms distinct complexes
with the essential hematopoietic transcription factor Gfi-1b, with the repressive MeCP1
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complex and with the ACF/WCRF chromatin-remodelling complex. The repressive GATA-
1, FOG-1, MeCP1 complex binds to repressed early hematopoietic genes and genes of the
eosinophillic lineage, GATA-1/Gfilb binds to repressed proliferative genes while the GATA-
1/TAL-1 complex binds to active genes (Rodriguez P et al., submitted).

NF-E2

The erytroid transactivator NF-E2 was initially purified from MEL cells and it was
shown that NF-E2 binds as a heterodimer and consists of a hematopoietic specific subunit
called NF-E2p45 that contains a transcriptional activation domain and a more widely
expressed subunit called NF-E2p18 or MafK (Andrews et al. 1993a; Andrews et al. 1993b;
Ney et al. 1993). It was initially found to bind AP-1 sites in the promoter of the human
porphobillinogen deaminase (PBGD) gene (Mignotte et al. 1989) and subsequent studies
showed that the AP-1 sites present in 5’HS2 enhanced expression of reporter constructs in
transfected cells (Ney et al. 1990b) and in transgenic mice (Talbot et al. 1990; Caterina et
al. 1994). Studies using MEL cells indicate that NF-E2 plays a major role in globin gene
expression. MEL cells that do not express NF-E2p45, cannot sustain high levels of globin
expression but reintroduction of the NF-E2p45 subunit restores expression of globin genes
(Lu et al. 1994). In un-induced MEL cells, both subunits of NF-E2 are present. However, one
study suggested that these subunits occupy different nuclear compartments; NF-E2p45 is
located in the euchromatic compartment whereas the NF-E2p18 subunit is found primarily in
the centromeric heterochromatic compartment (Francastel et al. 2001). In the same study the
inactive 3-globin locus was found to preferentially associate with centromeric heterochromatin
or the nuclear periphery. Upon differentiation, the -globin gene loci relocate away from
these heterochromatin compartments and this relocation correlates with both transcriptional
activation of the globin locus and the relocation of NF-E2p18 away from heterochromatin
(Francastel et al. 2001). Using chromatin immuno precipitation, a recent study showed
that the NF-E2 complex is recruited to both the LCR and the active globin promoters upon
differentiation of MEL cells (Sawado et al. 2001). In MEL cells before differentiation, NF-
E2p18 is associated with Bach1 and recruits corepressor complexes, including NuRD, which
is associated with repression of B-globin transcription (Brand et al. 2004).

A first step in the switch from the repressed state to the active state of the B-globin
locus in MEL cells possibly involves the heme-induced displacement of the NF-E2p18
dimerisation partner Bachl (Sun et al. 2004). Upon erythroid differentiation an exchange
of NF-E2p18-binding partners, from Bachl to NF-E2p45, is associated with the formation
of a NF-E2p18/p45 heterodimer activator complex, resulting in B-globin gene expression
(Brand et al. 2004). Moreover, NF-E2p45 is involved in setting specific histone modification
marks in the B-globin locus (Kiekhaefer et al. 2002; Im et al. 2003) and recruitment of RNA
polymerase II to the -globin promoter (Johnson et al. 2001; Johnson et al. 2002) and in
vitro, NF-E2p45 is able to facilitate transfer of RNA polymerase II from the LCR to the 3-
globin gene (Vieira et al. 2004). Despite the importance of NF-E2 for globin expression in
MEL cells, the role of NF-E2 in development is less clear. Mice deficient for NF-E2p45 only
show a subtle reduction in globin expression and erythroid maturation presumably because
of functional redundancy between NF-E2p45 and other bZIP family proteins. However, these
mice do suffer from the loss of production of circulating platelets (Shivdasani and Orkin
1995; Shivdasani et al. 1995).
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EKLF

Many promoters, including those of the 3-globin genes, contain CACC motifs and
are bound by a number of proteins, like Sp1 and other Kruppel related proteins. The erythroid
Kriippel-like transcription factor EKLF, an erythroid-specific member of the Sp/XKLF-
family, was identified using a cDNA subtraction assay between lymphoid and erythroid
transcripts (Miller and Bieker 1993). EKLF contains three zinc fingers that bind specifically
to the CCACACCCT sequence, which is found in the B-promoter and 5’HS3 of the LCR
(Feng et al. 1994; Gillemans et al. 1998). The transcriptional activity of EKLF seems to be
downstream of GATA-1, as indicated by the presence of GATA-1 binding sites in the EKLF-
promoter (Crossley et al. 1994). Although EKLF is present throughout development, and
different sites containing the CACC box are present in diverse combinations in all globin
gene promoters (except for the d-globin promoter), EKLF only enhances -globin gene
expression. 5’HS3 has been implicated in chromatin opening of the B-globin locus (Ellis
et al. 1996) and contains binding sites for EKLF. In fact EKLF has been shown to play a
direct role in LCR function via this site by means of chromatin remodelling (Gillemans et al.
1998). EKLF interacts in vitro with the chromatin remodelling complex E-RC1 (Armstrong
et al. 1998) and DNase I hypersensitivity of 5’HS3 is markedly reduced in EKLF knockout
mice. Mice deficient for EKLF express the embryonic globin genes apparently at normal
levels (Nuez et al. 1995; Perkins et al. 1995). However, these EKLF knockout mice die in
utero from anaemia around dpcl4, due to a failure to express the B-globin gene, although
the red cells already have other defects from the embryonic period onwards (Drissen et al.,
submitted). Mainly due to its positive role in B-globin gene expression, EKLF plays a major
role in the y- to B-globin gene competition. In transgenic mice that contain the human [3-globin
locus and have a reduced EKLF level because they are heterozygous for the knockout EKLF
allele, B-globin expression is reduced with a concomitant increase in y-globin expression
(Perkins et al. 1996; Wijgerde et al. 1996). The authors suggested that EKLF is important
in stabilizing the interaction between the LCR and the -globin gene. This conclusion was
recently confirmed in a study investigating the role of EKLF in the active spatial organisation
of the B-globin locus (Drissen et al. 2004).

The B-globin locus has in the past proven to be an excellent model system to study
fundamental aspects regarding transcriptional regulation and genomic organisation of multi
gene loci. Many discoveries have been made using this model system and several disputes
over the correctness of models for gene regulation have been fought on the battleground of
the B-globin locus. Over the last two decades a vast amount of knowledge has accumulated
on the transcriptional regulation of the 3-globin locus, the organisation of its cis-regulatory
elements and its primary sequence. It is therfore perhaps not surprising that the -globin
locus was the first locus of which detailed information of its spatial organisation would be
obtained (Carter et al. 2002; Tolhuis et al. 2002; Palstra et al. 2003; Drissen et al. 2004).
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Chapter 4

Methods to study the 3D organisation of gene loci

Since the early days of the study of the nucleus, its organisation has been a major
field of interest. Current knowledge on nuclear organisation is limited to ultra structural
features such as chromosome domains, the nucleolus and different kinds of nuclear bodies.
However, it is largly unknown how individual gene loci are organised within the nuclear
space and how this organisation changes upon processes like transcription. However, new
methods are emerging that try to address this question.

Microscopy techniques

Microscopy is one of the obvious techniques to study the structure of the nucleus as
it could provides powerfull “direct” visual information. However, limitations in the resolution
of light microscopy or the ability to find the locus of interest in electron microscopy, limits its
use in studying the structure of individual loci. The influence of different fixation techniques
on nuclear structure is also not clear and is an area of great concern. Recent advances in light
microscopy are re-establishing the technique at the forefront of nuclear research. The current
method of choice is fluorescent in situ hybridisation (FISH) and immunocytochemistry.
In these techniques labelled nucleic acids and fluorescently labelled antibodies to nuclear
factors are used as probes to detect specific gene loci, sites of ongoing transcription or the
accumulation of nuclear proteins. DNA-FISH was recently used to show re-localisation of
loci from one territory to another upon transcriptional activation (Schubeler et al. 2000;
Kosak and Groudine 2002; Kosak et al. 2002; Ragoczy et al. 2003). Compaction of the
Immunoglobulin heavy-chain locus upon activation of recombination was recently visualised
(Kosak et al. 2002; Fuxa et al. 2004) although resolution did not permit the elucidation of
the exact nature of this compaction, which probably reflects looping of the locus. Extended
looped domains have been visualised on nuclear halos for the Drosophila cut locus (Byrd and
Corces 2003) and the human dystrophin gene (Iarovaia et al. 2004) but the in vivo relevance
of these nuclear halos is under debate.

Another strategy used is the tagging of loci with bacterial Lac-operon or Tet-operon
sequences. Loci can then be followed in vivo in live cells and in real time by detecting the
bound GFP-repressor fusion proteins. This approach has been used to show de-condensation
of genomic loci upon transcription (Tumbar et al. 1999; Janicki et al. 2004). An attempt has
been made to differentially tag the LCR and -globin gene using Lac-operon and Tet-operon
sequences (Tolhuis, Thesis 2003). However, this resulted in aberrant expression of the [3-
globin genes and problems with detection levels, raising concerns about the possible aberrant
behaviour of the artificial systems.

Further advances in light microscopy, possibly combined with EM, will most likely
make these techniques suitable for visualising the organisation of individual gene loci.
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RNA/DNA-TRAP

Recently a novel assay called RNA-TRAP, closely related to the FISH assay, was
developed to study interactions between active 3-globin promoters and the regulatory elements
of the B-globin LCR (Carter et al. 2002). In this assay probes against nascent RNA transcripts
were used to target horseradish peroxidase (HRP) to the site of active 3-globin transcription.
The localised HRP activity deposits biotin on chromatin that is in close proximity to the site
of active transcription. The chromatin is fragmented; the labelled chromatin is enriched and
quantified using a PCR assay (figure 4.1). Using this method Carter and colleagues showed
that elements of the LCR are in close proximity to the active transcribing -globin gene.
This assay depends on actively transcribing genes meaning that the measured values only
represent loci in transcribing cells and this allows measurements even in mixed populations.
However, because non-transcribing loci cannot be analysed it is impossible to determine if
these interactions are specific for the transcribing locus or might also be present in silent loci.
In addition it is very difficult to carry out the adequate controls. The dependence on nascent
transcript may also hamper the application of RNA-TRAP to loci that are less efficiently
transcribed. Development of a DNA-TRAP, which involves the hybridisation to specific
DNA sequences might circumvent some of the problems and would allow the detection of
spatial interactions between non-transcribed regions.

figure 4.1: RNA TRAP (tagging and recovery of
Cross-linking associated proteins).

Cells are fixed with formaldehyde (indicated by

grey oval). Gene-specific intron probes (oligonucle-

otides) labeled with digoxigenin are hybridized to
* Targeting of horse radish ~ primary transcripts (A). A Fab fragment conjugated

with horseradish peroxidase (spirals) is added to lo-

peroxidase to nasent RNA calize horseradish peroxidase activity to the site of

B transcription. (B). Biotin-tyramide is added, which,
on contact with horseradish peroxidase, becomes a

highly reactive radical intermediate that covalently

* attaches to electron-rich moieties (principally tyro-
o i in the immediate vicinity (white circles) (C).
Local biotin sines) in ¢ y
* Chromatin is fragmented by sonication, and soluble
deposition chromatin is purified by affinity chromatography on
c a streptavidin—agarose column and DNA sequences
are quantified by PCR or slot blot analysis in affinity-
purified versus input chromatin (D).
See text for details (Carter et al. 2002)
I Generate fragments
D Streptavidin purification

(\‘-
(.C- % —> PCR Detection
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Chromatin immuno precipitation

Results obtained from chromatin immuno precipitation (ChIP) experiments have
been used to draw conclusions about the spatial organisation of genomic loci. In the ChIP
assay cross-linked chromatin is pulled down with an antibody against a DNA-binding protein.
The enriched in vivo bound DNA-sequences are then detected. If sequences are detected that
are not known to contain binding sites for a certain transcription factor it suggests that these
sites are in close proximity to a genomic site that contains a known binding site (figure 4.2).
A ChlIP assay to detect NF-E2 binding in the mouse -globin locus detected NF-E2 binding
at the B-globin promoter although no known NF-E2 consensus binding sites are present in
the promoter (Sawado et al. 2001). One of the explanations given was a proposed looping
between the NF-E2 binding sites containing HS2 of the LCR and the B-globin promoter. Later
it transpired that NF-E2 was also detected at the 3-globin promoter in mice that contained
a LCR deletion (Bulger et al. 2002) and subsequently a cryptic NF-E2 binding site was
identified in the B-globin promoter (Leach et al. 2003). Hatiz and colleagues used ChIP and
an extensive panel of antibodies against factors with binding sites only in the enhancer or
promoter of the HNF-4a gene to study its activation during the differentiation of CaCo-2 cells.
After induction of differentiation they found recruitment of an enhancer specific complex
to the enhancer and assembly of the RNA pol-II holoenzyme at the promoter of HNF-4a,
respctively. A time dependent movement in the direction of the promoter via the intervening
sequences of the enhancer complex followed this. Upon arrival of the enhancer complex at
the promoter a stable enhancer-promoter complex was formed and transcription of the HNF-
4o gene commenced (Hatzis and Talianidis 2002). In another study close proximity of the scs
and scs " insulators in Drosophila was demonstrated using an antibody against the scs binding
protein Zw5 to pull down the non-ZwS5 binding scs’ insulator. This interaction was verified

figure 4.2: Detection of chromatin interactions with ) Cross-linking
ChIP.

Cells are fixed with formaldehyde (indicated by grey oval) IEE)

(A). The chromatin is fragmented by sonication (B). An an-

tibody against a specific transcription factor in e.g. the pro- * Fragment chromatin

moter region is added. A chromatin region can also be modi-
fied by introduing bacterial operator repeats in which case
an antibody against the associated transgenicly expressed o~ R
bacterial repressor is used. (C). The chromatin is affinity Q' e
purlﬁed, de.—crosslmked .and 1nteract1ng DNA sequences in (. * Add antibody to e.g.
affinity-purified versus input chromatin are quantified by promoter specific

PCR (D). transcription factor
See text for details.

B

e
?C,, “reeer

Purify bound and
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by 3C and genetic experiments (Blanton et al. 2003).

The main problem with the use of ChIP to determine interactions between different
genomic loci is the difficulty to exclude the presence of cryptic binding sites or binding
via an intermediary protein. One way to circumvent these problems is to tag genomic
sites of interest with binding sites for bacterial or yeast transcription factors, express these
transcription factors from a transgene and use antibodies against these transcription factors to
pull down sequences that interact with the tagged genomic region. Tagging of the H/9 DMR
by knocking in a GAL4-UAS site, expressing a GAL4-myc fusion protein and performing a
pull down with antibodies against the myc epitope revealed parent-specific interactions with
two DMRs located near the igf-2 gene (Murrell et al. 2004). Interactions between promoters
and terminators of large yeast genes were detected in a similar assay using antibodies
against the GFP part of a /acl-GFP fusion protein that is able to bind to the /acO sequence
introduced 5’ of the FMP27 promoter (O’Sullivan et al. 2004). In both cases the results were
confirmed with Chromosome conformation capture. Tagging of a genomic locus of interest
and expressing the associated protein is time consuming and laborious, moreover great care
has to be taken that the introduction of a foreign sequence into a locus does not disrupt the
normal expression pattern.

Chromosome conformation capture

Chromosome conformation capture (3C) is a powerful technique which enables
the mapping of in vivo interactions between chromosomal regions independent of their
transcriptional status and without the need to modify the locus of interest. 3C was initially
used to determine the conformation of yeast chromosomes (Dekker et al. 2002). Fitting their
data to different polymer models (Rippe 2001) allowed the authors to produce a population-
average 3D model of chromosome III of Saccharomyces cerevisiae (Dekker et al. 2002). The
technique was adapted to analyse the in vivo conformation of a 200kb region spanning the
mouse [-globin locus in its active and inactive transcriptional state (Tolhuis et al. 2002).

In 3C, formaldehyde is used to trap interactions between chromatin segments
by cross-linking proteins to other proteins and to DNA. The cross-linked chromatin
is subsequently digested using a restriction enzyme followed by ligation under dilute
conditions. In this method intra-molecular ligations of the fragments that are cross-linked
to each other are favoured over inter-molecular ligations of free chromatin fragments. The
relative abundance of restriction fragments preferentially ligated to a restriction fragment of
interest is determined by semi-quantitative PCR and is proportional to the frequency with
which the various restriction fragments interact (figure 4.3)(Dekker et al. 2002; Splinter et
al. 2004). When determining the relative interactions between different genomic elements,
randomly ligated DNA fragments are included in the assay to correct for differences in
PCR efficiency between different primers. In order to correct for differences in template
amount and quality when comparing two different samples, cross-link frequencies between
two restriction fragments in a locus that transcribes similarly in both samples are measured
(Tolhuis et al. 2002).

3C has several important advantages over other methods to determine the spatial
organisation of a locus; cross-linking frequencies can be determined at many positions within
a locus (e.g. active or inactive genes, intergenic sequences or regulatory elements) with the
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figure 4.3: 3C (Chromosome Conformation Capture).

Cells are fixed with formaldehyde (indicated by grey oval)
(A). The chromatin is digested with restriction enzymes
(B). The chromatin is diluted followed by ligation. Intramo-
lecular ligation is favoured as a consequence of to the dilu- *

Cross-linking

tion (C). The chromatin is decrosslinked and specific inter-
actions are quantified by PCR. An intramolecular ligation
sample is compared with a random ligation sample (D). B
See text for details (chapter 5; Dekker et al. 2002; Tolhuis

et al. 2002)

Digest chromatin
with restriction enzyme

- e
Dilute sample and
intra molecular ligation
C
De-crosslink
D PCR Detection
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position of restriction sites as the only limitation and it can measure cross-linking frequencies
independent of the transcriptional status of a given locus. These important features make the
detected interactions particularly meaningful because they can be correlated to a phenotype,
e.g. transcriptional status, and it can be shown that the interactions only take place between
certain specific genomic elements like cis-regulatory elements. Of course 3C also has its
drawbacks and these will be discussed in detail in chapter 8.

The mouse B-globin locus was studied with chromosome conformation capture
(3C) technology; this procedure was optimised to study the conformation of chromosomal
regions in (much more complex) mammalian cells. The next chapters describe experiments
that address the in vivo spatial organisation of a 200 kb region spanning the mouse B-globin
locus in active and inactive tissues during development and erythroid differentiation and the
influence that transcription factors can have on this organisation.
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Chapter 5

Looping and interaction between hypersensitive sites in the
active [3-globin locus.

BasTolhuis!, Robert-Jan Palstra', Erik Splinter, Frank Grosveld and Wouter de Laat?
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Summary

Eukaryotic transcription can be regulated over tens or even hundreds of kilobases.
We show that such long-range gene regulation in vivo involves spatial interactions between
transcriptional elements, with intervening chromatin looping out. The spatial organisation
of'a 200 kb region spanning the murine 3-globin locus was analysed in expressing erythroid
and non-expressing brain tissue. In brain, the globin cluster adopts a seemingly linear
conformation. In erythroid cells the hypersensitive sites of the Locus Control Region (LCR),
located 40-60kb away from the active genes, come in close spatial proximity with these
genes. The intervening chromatin with inactive globin genes loops out. Moreover, two
distant hypersensitive regions participate in these interactions. We propose that clustering
of regulatory elements is key to creating and maintaining active chromatin domains and
regulating transcription.

Introduction

Transcriptional activation in higher eukaryotes frequently involves the long-range
action of a number of regulatory DNA elements. Although this has been recognised for more
than 20 years, it is still not clear how enhancers (Banerji et al. 1981; Wasylyk et al. 1983),
LCRs (Grosveld etal. 1987) or insulators/boundaries (Kellum and Schedl 1991; Dorsett 1999;
Gerasimova and Corces 2001; West et al. 2002) exert their effect on the process of chromatin
modification and transcription over distance (up to hundreds of kilobases). Many different
models have been put forward to explain distant effects. The ‘looping model’ states that
enhancers and promoters communicate through direct interactions between proteins bound
to the DNA elements, with the intervening DNA looping out (Ptashne 1986; Muller and
Schaffner 1990; Hanscombe et al. 1991). Other models imply a role for the DNA in between
to support the transmission of some signal from enhancer to promoter. Direct support for the
latter type of models comes from bacteria. Here, activation of the phage T4 late genes was
found to involve loading on and sliding from the enhancer of trimeric gp45 along the DNA
to the promoter to allow the forming of the transcription initiation complex (Herendeen et al.
1992). The ‘looping model’ also receives support from studies on transcriptional regulation of
many different prokaryotic genes. In fact, the model was originally based on work on bacterial
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and phage repressor proteins, like the Gal-, AraC and A repressor proteins, which were found
to function only when homo-multimerized and bound to two separate operator sites. Electron
microscopy visually demonstrated the DNA in between to loop out (reviewed in Ptashne
1986). Thus, both type of mechanisms appear to function in bacteria. Eukaryotes have more
complex gene clusters with regulatory elements functioning over much greater distances. To
date, there are no data that unambiguously demonstrate one (or more or combinations) of the
models to be correct for the regulation of a given eukaryotic locus. Support for models has
come from indirect and/or in vitro observations and often the distinction between the activation
and actual transcription of a locus is not made. However with respect to transcription, a
number of observations can only easily be explained by the ‘looping model’. The first type
of experiments involves studies on #rans-activation, i.e. the ability of an enhancer to activate
a promoter present on a physically separate DNA molecule. Most important in this respect
is the naturally occurring phenomenon of transvection in Drosophila (Bickel and Pirrotta
1990). In addition, Schaffner and co-workers demonstrated in vifro that enhancers can
stimulate transcription in trans, by coupling an enhancer- to a promoter-containing plasmid
via a biotin-streptavidin bridge (Mueller-Storm et al. 1989). Similarly, #rans-activation of
transcription was observed when enhancer-containing and promoter-containing plasmids
were injected as intertwined catenates into frog oocytes (Dunaway and Droge 1989). More
recently, transient transfection assays with reporter plasmids and GAGA as a DNA-bridging
factor also demonstrated transcriptional activation in trans in mammalian cells (Mahmoudi
et al. 2002). All these studies on frans-activation demonstrate that a cis configuration of
enhancer and promoter is not an absolute prerequisite for interaction, as predicted only by
the ‘looping model’.

Moreover, gene competition for a single regulator (de Villiers et al. 1983; Wasylyk
et al. 1983; Hanscombe et al. 1991), leading to alternate transcription (Wijgerde et al. 1995;
Gribnau et al. 1998; Trimborn et al. 1999), is also most easily explained by ‘looping’,
particularly because the competitive advantage of the enhancer-proximal gene is lost when
the genes are closely spaced at further distance from the regulator (Heuchel et al. 1989;
Hanscombe et al. 1991; Dillon et al. 1997). Finally, in yeast, a downstream enhancer was
recently demonstrated to activate gene expression from a distance, by making use of loops
induced by telomeres (de Bruin et al. 2001). However all these experiments were either done
in vitro or are indirect in nature. None of them directly shows in vivo that two distal elements
linked in cis interact by coming in close spatial proximity with intervening DNA looping
out.

Here, we provide evidence that looping occurs during transcription in vivo. We
demonstrate that the murine -globin LCR is in physical proximity to the active globin genes
in vivo in expressing tissue with the intervening DNA looping out. Interaction and looping
are not observed in non-expressing tissue. In addition, DNase I hypersensitive sites at both
end of the locus participate in these interactions, again by looping out intervening DNA.
Thus, multiple hypersensitive sites spread over 130 kilobases interact to form a cluster in the
nuclear space. On the basis of these data we propose that direct interactions between distal
DNase I hypersensitive sites and looping out of chromatin is crucial in establishing an open
chromatin domain and activating transcription.
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Results

Applying 3C technology to the murine 3-globin locus

We applied methodology recently developed by Dekker et al. (2002) to gain insight
into long-range interactions between the LCR and the genes in the murine -globin locus.
The principle of this technique, Chromosome Conformation Capture (3C), is that cells are
treated with formaldehyde to cross-link proteins to other proteins nearby and DNA (see also
figure 5.1B). The resulting DNA-protein network is then subjected to cleavage by a restriction
enzyme, which is followed by ligation at low DNA concentration. Under such conditions,
ligations between cross-linked DNA fragments, which is intramolecular, is strongly favored
over ligations between random fragments, which is intermolecular (Dekker et al. 2002). A fter
ligation, the cross-links are reversed and ligation products are detected and quantified by
polymerase chain reaction (PCR). The cross-linking frequency of two specific restriction
fragments, as measured by the amount of corresponding ligation product, is proportional
to the frequency with which these two genomic sites interact (Dekker et al. 2002). Thus
3C analysis provides information about the spatial organisation of chromosomal regions in
Vivo.

A schematic presentation of the murine B-globin locus is given in figure 5.1A.
Briefly, the locus contains an LCR, comprising 6 HSs (5’HS1-6), two embryonic genes, €y
and Bhl (expressed in the yolk sac), and two adult genes, fmajor and fminor (expressed in
fetal liver and adult spleen/bone marrow). The LCR is required for high levels of expression
of all B-globin genes. Similar to what is observed in the human p-globin locus, the murine
B-globin locus is flanked by olfactory receptor (OR) genes, which are inactive in globin-
expressing erythroid tissue (Bulger et al. 1999; Bulger et al. 2000). Also similar to the human
locus are the strong erythroid-specific DNase I HS at the 3’ side (3’HS1) between fminor and
the OR genes and two closely spaced HSs (HS —60.7 and HS-62.5) at the far 5' side located
between 5°0OR3 and 5’OR4 (Farrell et al. 2000).

figure 5.1: 3C technology in the murine 3-globin locus

(A) Schematic presentation of the murine 3-globin locus. Black arrows and grey ellipses depict the individual HSs.
The globin genes are indicated by triangles, with active genes (Bmajor and Bminor) in light grey, and inactive genes
(ey and Bhl) in black. The white boxes indicate the olfactory receptor (OR) genes (5’OR1-5 and 3’OR1-4). The
two sets of restriction fragments (Bg/Il and Hindlll) that were used for 3C-analysis are shown below the locus. The
individual fragments are indicated by roman numbers. Identical numbering between Bg/II and HindlllI indicates that
two fragments colocalize. Distances (roman numerals) are in kb counting from the site of initiation of the ey gene.
(B) Schematic outline of the 3C-analysis. Globin fragments (grey), CalR fragments (black), restriction sites (perpen-
dicular bars on fragments), cross-links and PCR primers are indicated. Examples of PCR results (always done in du-
plo) show products obtained with Hindlll globin fragments VIII and IV-b (top), globin fragment VIII and one of the
Hindlll CalR fragments (middle) and the two Hindlll CalR fragments (bottom). Tissue lanes in middle panel were
always empty, with every globin fragment tested. The CalR products (bottom) were used for normalizing signals.
(C) Equation, used to calculate relative cross-linking frequency between two given globin fragments [X(gl)]. A(gl):
Peak area (determined with ImageQuant 5.2) of PCR signal obtained with a given globin-globin ligation product.
A(CalR): Peak area of PCR signal obtained with the CalR-CalR ligation product. A(gl) and A(CalR) are determined
for both the tissue (fetal liver or brain) and the control (random ligation, see results). The calculation gives a relative
ligation cross-linking frequency for each tissue since it corrects for differences in PCR amplification efficiencies,
cross-linking and ligation efficiencies, amounts of template and size of PCR fragments (see text). These values are
plotted on the Y-axis in figure. 5.2-5.6 for the various globin fragments.
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Two independent sets of restriction fragments (Bg/ll- and Hindlll-fragments,
respectively) were used for 3C-analysis of the B-globin locus. Each set covers the 200
kb region depicted in figure 5.1A, with intervals between analysed DNA fragments of
approximately 20 kilobases or smaller. Analysis was performed on 14.5 dpc mouse fetal
livers, which express the most distal globin genes, fmajor and fminor. Brain from the same
14.5 dpc embryos was simultaneously analysed as a non-expressing control tissue.

A number of experimental controls were included. First, we checked the efficiency of
restriction enzyme digestion. Southern blotting and PCR analysis showed that the restriction
sites analysed were cleaved without any preference for any particular region(s) after overnight
incubation with an excess of enzyme (data not shown). Secondly, we determined the range
of amount of template that shows linear PCR product formation. Similar ranges were found
with both liver and brain template (data not shown), and roughly equal amounts (~300 ng
DNA template per reaction) were used in all subsequent experiments. Thirdly, to correctly
interpret signal intensities obtained with a given primer set by quantitative PCR, one needs to
correct for the PCR amplification efficiency of that set. Thus, a control template is required in
which all possible ligation products are present in equimolar amounts. In yeast, this was done
by digesting and randomly ligating non-cross-linked genomic DNA (Dekker et al. 2002).
For mammalian cells, with a genome one hundred times the size of the yeast genome, we
found that random ligation of two specific loci is too rare an event to be detected by PCR.
We therefore enriched for ligation products of interest by mixing equimolar amounts of DNA
fragments that span each of the restriction sites analysed (see figure 5.1B). After digestion
and ligation, this mix was added to genomic DNA to serve as a control template (see also
Experimental Procedures). As a result, the cross-linking frequency between two loci can
be expressed as the ratio of signal obtained by quantitative PCR on cross-linked template
versus that obtained on control template. Fourthly, we measured the cross-linking and
ligation efficiencies in both tissues to be able to compare cross-linking frequencies. This was
done by comparing the cross-linking frequency between two restriction fragments present
on an unrelated locus situated on another chromosome. Two neighbouring fragments were
used, with the restriction sites analysed ~1.5 kilobases apart, in the transcribed part of the
calreticulin locus (CalR) on chromosome 8 (the B-globin locus is on mouse chromosome 7).
The CalR locus, embedded in an area of ubiquitously expressed genes, is expressed at similar
levels in 14.5 dpc brain and liver (WdL, unpublished results). It is therefore reasonable to
assume that it adopts a similar spatial conformation in both tissues.

Thus by normalizing each cross-linking frequency to the cross-linking frequency
observed between the CalR-fragments within a tissue, we could correct for differences in
amount and quality of template. Similarly, by normalizing the observed random ligation
efficiency of two given fragments to that observed of the CalR fragments, we corrected
for differences in the amount of control template between experiments. The equation used
to calculate the relative cross-linking frequency is given in figure 5.1C. As a result of this
normalisation, the "cross-linking frequency" value 1 arbitrarily corresponds to the cross-
linking frequency between our control CalR fragments. Finally, the cross-linking frequencies
between globin fragments and CalR fragments were always measured as an additional
control. As expected for the interaction between two unrelated loci, globin-CalR cross-
linking frequencies were always found to be zero (no PCR signals observed in tissues, see
figure 5.1B).
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The B-globin locus adopts a linear conformation in non-expressing brain cells

We performed 3C-analysis on expressing and non-expressing tissue from 14.5 dpc
embryos to be able to relate the spatial conformation of the 3-globin locus to its transcriptional
status. figure 5.2 shows results obtained in a non-expressing tissue, the brain. Depicted are
locus-wide cross-linking frequencies for two different Bg/Il fragments (‘fixed’ fragments),
one in the middle of the 200 kb region (fragment V) and one at the 5’ end (fragment II).
The central fragment V, a relatively small fragment containing HS2 of the LCR, showed the
highest cross-linking frequency with the closest fragments I'V and VI. Cross-linking frequency
gradually decreased with fragments located further away on the linear DNA template (figure
5.2A). No significant peaks of interactions were observed between fragment V and more
distal DNA fragments. Similar results were obtained for the DNA fragment at the 5’ end of
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figure 5.2: Linear conformation of the 3-globin locus in non-expressing brain cells.

The murine B-globin locus is depicted on top of each graph (for explanation of symbols, see figure 5.1a). X-axis
shows position in the locus. Black shading shows the position and size of the ‘fixed” fragment. Grey shading in-
dicates position and size of other fragments. Standard-error-of-mean is indicated. Cross-linking frequency with a
value of | arbitrarily corresponds to the cross-linking frequency between two neighbouring CalR control fragments
(with restriction sites analysed being 1.5 kb apart). Scaling on Y-axis (from 0 to 6) allows direct comparison with
figures 3-6.

(A) Relative cross-linking frequencies between ‘fixed’ Bg/II fragment V (5’HS2 in LCR) and the rest of the locus.
(B) Relative cross-linking frequencies between ‘fixed” Bg/II fragment II (5’HS-62.5/60.7) and the rest of the locus.
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figure 5.3: Erythroid-specific interaction and looping between the LCR and an active $-globin gene.

Relative cross-linking frequencies observed in fetal liver are shown in black. For comparison, data obtained in brain
are depicted in grey. Standard-error-of-mean is indicated. Cross-linking frequency with a value of 1 arbitrarily cor-
responds to the cross-linking frequency between two neighbouring CalR control fragments (with restriction sites
analysed being 1.5 kb apart). Scaling on Y-axis (from 0 to 6) allows direct comparison with figures 5.2 and 5.4-5.6.
(A) ‘Fixed’ Bg/II fragment VIII (Bmajor) versus the rest of the locus.

(B) ‘Fixed’ Bg/lI fragment V (5’HS2) versus the rest of the locus.

(C) ‘Fixed’ Bg/ll fragment VII (Bh1) versus the rest of the locus.
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the region (I) (figure 5.2B). Thus in brain, we observed a direct correlation between spatial
proximity and distance along the linear B-globin DNA template. This holds for any 'fixed'
fragment in this region, independent of the restriction enzyme used (see data below). Such
a correlation between distance in space and distance in kilobases would be expected of a
linear structure (Rippe 2001). Hence we conclude that the 200 kb region encompassing the
[-globin locus adopts an essentially linear conformation in the nucleus of the non-expressing
brain cell.

Spatial interaction and looping between the LCR and the active genes in the expressing
fetal liver

Next, we analysed the spatial organisation of the -globin locus in the expressing
14.5 dpc fetal liver cells. The active globin genes, fmajor and Bminor, are 34 and 49 kb away
from the 3’ side of the LCR, respectively. We first focussed on a Bg/II fragment (fragment VIII)
containing the active Pmajor gene with all the known local regulatory elements, including
the promoter and the enhancer ~1 kb downstream of the transcribed sequence. In agreement
with the findings presented above, the curve for brain was indicative of a linear conformation
(figure 5.3A). In fetal liver, cross-linking frequencies identical to those in brain were observed
for fragments closest to fragment VIII. However, when DNA elements more towards the 5’
side of the region were analysed, up to 3-fold elevated cross-linking frequencies were found
in liver as compared to brain with fragments IV, V and VI. Most interestingly, these are the
three Bg/Il fragments that together cover all six hypersensitive sites of the LCR. Beyond the
LCR, even further 5° from the fmajor gene, cross-linking frequencies dropped again to the
levels observed in brain (with the exception of fragment II, discussed below). These data
indicate that in the nucleus of the expressing fetal liver cell, the active beta major gene comes
in close vicinity to the LCR.

This is confirmed when the reciprocal experiment is carried out using an LCR
fragment as the fixed fragment. Bg/II restriction sites flank HS2 of the LCR, resulting in
fragment V. When this fragment was tested versus the others in fetal liver, fragment VIII
(Bmajor), but also fragment X, containing DNA sequences just 3’ of the active -minor gene,
showed highly elevated cross-linking frequencies in fetal liver compared to brain (figure
5.3B). In fact, in fetal liver, but not in brain, the cross-linking frequency between HS2 and
the active adult genes is much higher than that between HS2 and the inactive, embryonic
genes (ey and Bhl, present on fragment VI and VII, respectively). Thus, these data show that
in expressing cells, the 3-globin LCR and the distal active genes come in physical proximity,
whereas the inactive genes appear to be located further away from the LCR fragment V.

In order to determine whether in fetal liver the inactive genes indeed do not come
in close proximity to other sequences in the locus, we looked at locus-wide cross-linking
frequencies of the Bhl gene (fragment VII). Almost identical cross-linking frequencies
between Bhl and the rest of the locus were observed in liver and in brain for both a Bg/Il
(figure 5.3C) and Hindlll digest (not shown). Similar results were obtained for a HindIIl
fragment close to ey (VII-a, not shown & see figure. 5.4-5.6). This suggests that the inactive
genes are not interacting with the LCR. We conclude that the LCR interacts specifically with
the active distal B-globin genes with intervening DNA containing the inactive genes looping
out.
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All hypersensitive sites of the LCR participate in the long-range interactions

Whereas Bgl/II cuts relatively infrequently in the murine 3-globin locus, resulting in
the large fragments analysed and described above, digestion by Hindlll yields smaller DNA
fragments, which may allow fine-mapping of the interactions. Most relevant to our studies,
HindllI cuts in between most of the hypersensitive sites of the LCR (with the exception of HS4
and HSS5, which are present on one Hindlll fragment). Analysis of cross-linking frequencies
with a fixed Hindlll fragment VIII, containing 300 base-pairs of the B-major promoter plus
one third of the coding part of this gene, confirmed the fetal liver-specific interaction with the
LCR (figure 5.4A). In fact, elevated cross-linking frequencies with the Bmajor fragment were
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figure 5.4: Erythroid-specific interactions between the active 3-globin genes and individual hypersensitive
sites in the LCR.

Relative cross-linking frequencies observed in fetal liver (black) and brain (grey) are shown. Standard-error-of-
mean is indicated. Cross-linking frequency with a value of 1 arbitrarily corresponds to the cross-linking frequency
between two neighbouring CalR control fragments (with restriction sites analysed being 1.5 kb apart). Scaling on
Y-axis (from 0 to 6) allows direct comparison with other figures.

(A) ‘Fixed’ Hindlll fragment VIII (Bmajor) versus the rest of the locus.

(B) ‘Fixed’ Hindlll fragment IX (fminor) versus the rest of the locus.
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figure 5.5: Erythroid-specific high cross-linking frequencies among the individual hypersensitive sites of the
LCR and two distal hypersensitive sites.

Relative cross-linking frequencies observed in fetal liver (black) and brain (grey) are shown. Standard-error-of-
mean is indicated. Cross-linking frequency with a value of 1 arbitrarily corresponds to the cross-linking frequency
between two neighbouring CalR control fragments (with restriction sites analysed being 1.5 kb apart). Scaling on
Y-axis (from 0 to 6) allows direct comparison with other figures.

(A) ‘Fixed’ HindIll fragment V (5’HS2 of the LCR) versus the rest of the locus.

(B) ‘Fixed’ Hindlll fragment IV-b (5’HS4-5 of the LCR) versus the rest of the locus.

observed for all fragments containing a hypersensitive site of the LCR (fragments IV-a, -b
and -c, and fragment V and VI). As seen in the Bg/II experiments, cross-linking frequencies
with Bmajor dropped for fragments flanking the LCR (again with the exception of fragment
I, discussed below). Thus, the HindIll data indicate that all individual hypersensitive sites
of the LCR (HS1-6) participate in long-range interaction. The same results were obtained
with fragment IX, encompassing the active fminor gene (figure 5.4B), although here the
data suggest that HS2 (fragment V) and HS3 (fragment I'V-c) do not participate as actively in
the interaction as the other hypersensitive sites do. This may indeed be the case, but it may
equally well reflect a technical problem (see discussion). Nevertheless these data strongly
support the hypothesis that the individual hypersensitive sites of the LCR act together to
contact distal genes in the fetal liver (Ellis et al. 1993; Wijgerde et al. 1995).
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If indeed the LCR forms one spatial entity in expressing cells, tissue-specific high
cross-linking frequencies among the individual hypersensitive sites of the LCR would be
expected. This is indeed what we observe. For example, taking HS2 (fragment V) as the
‘fixed’ fragment, we found fetal liver-specific high cross-linking frequencies with all other
hypersensitive sites of the LCR (figure 5.5A). Similar results were obtained with fixed
fragment I'V-b (HS4-5, figure 5.5B), IV-a, IV-c, and VI (HS6, HS3 and HS1 respectively, data
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figure 5.6: Two distal hypersensitive sites at each side of the locus cluster with the LCR and the genes.
Relative cross-linking frequencies observed in fetal liver (black) and brain (grey) are shown. Standard-error-of-
mean is indicated. Cross-linking frequency with a value of 1 arbitrarily corresponds to the cross-linking frequency
between two neighbouring CalR control fragments (with restriction sites analysed being 1.5 kb apart). Scaling on
Y-axis (from 0 to 6) allows direct comparison with other figures.

(A) ‘Fixed’ Hindlll fragment I1 (5’HS-62.5/-60.7) versus the rest of the locus.

(B) ‘Fixed’ Hindlll fragment XI (3’ HS1) versus the rest of the locus.
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not shown). Together, these data provide strong support for the LCR acting as a ‘holocomplex’
in erythroid cells to activate the globin genes.

HSs at both ends of the locus participate in the interactions between the LCR and the
active genes

Two other erythroid-specific interactions stand out. In figure 5.5B, for example, high
cross-linking frequencies were observed between HS4/5 and the fragments II and XI, at the
far 5* and 3’ end of the region, respectively. Interestingly, fragment II contains (part of) the
recently identified hypersensitive sites —62.5 and —60.7 (Farrell et al. 2000), and fragment XI
is located just 3’ of another erythroid-specific hypersensitive site, 3’HS1 (Tuan et al. 1985;
Grosveld et al. 1987). Interaction with both of the distal hypersensitive sites was seen with
all other hypersensitive sites of the LCR, both in the HindlIll experiments (see figure 5.5A
and data not shown) and in the Bg/Il experiments (see figure 5.3B, and data not shown).
Moreover the active fmajor and Pminor genes also showed erythroid-specific interactions
with 5’HS62.5/-60.7 (figures 5.3A, 5.4A and 5.4B), despite being approximately 100kb
away. These data suggest a complex series of interactions between hypersensitive sites in the
-globin locus in expressing tissue.

To further investigate this, we analysed locus-wide interactions with the distal
hypersensitive sites. figure 5.6A shows the results for fragment II, which confirm the
interaction between 5’HS-62.5/-60.7 and LCR elements in the fetal liver. Fragments I and
111, flanking these 5'HS, do not participate in this interaction (both in the Bg/Il and HindIIl
digestions), suggesting that the intervening DNA loops out. High cross-linking frequencies
were also found between 5’HS-62.5/-60.7 and 3’HS1, which is remarkable considering the
two sites are 130 kb apart on the linear chromatin template. Comparable interactions were
observed using 3’HS1 as the ‘fixed’ fragment (figure 5.6B). However it should be noted that
the data for 3’HS1 are similar to those found for Bmajor and Pminor and that this region
appears to act as one block. The latter may point at some compaction, perhaps caused by the
large amount of repetitive DNA present in this region (Bulger et al. 1999). Nevertheless, our
data demonstrate that all the hypersensitive sites and the active genes of the -globin locus
cluster together in space in the erythroid nucleus

Discussion

The ‘looping model’ postulates that regulatory elements and genes/promoters
communicate through direct interactions between proteins bound to the DNA, with intervening
chromatin looping out. In this paper we have demonstrated that the distal regulatory elements
and the active genes, which are linked in cis in the murine B-globin locus, interact in vivo
while the intervening DNA loops out. This looping is only seen in expressing cells and
provides direct in vivo evidence for the ‘looping model’. Previous support for this model has
come from several types of studies. Trans-activation, i.e. the ability of an enhancer to activate
a promoter located on a physically separate DNA molecule, is most easily explained by
direct contact between the enhancer and the gene. This has been observed in transvection in
Drosophila (Bickel and Pirrotta 1990) and in a number of in vitro experiments with artificial
DNA constructs (Dunaway and Droge 1989; Mueller-Storm et al. 1989; Mahmoudi et al.
2002). Competition between genes for a single regulator (de Villiers et al. 1983; Wasylyk et
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al. 1983; Hanscombe et al. 1991) leading to alternate transcription (Wijgerde et al. 1995) is
also most easily explained by looping, particularly because the competitive advantage of the
enhancer proximal gene is lost when the genes are closely spaced at distances further from
the enhancer (Heuchel et al. 1989; Dillon et al. 1997). However, all this evidence is indirect
and each can also be explained by other mechanisms. The findings presented here show direct
evidence for looping in the active B-globin locus, whereas a linear type of structure is found
for the non-expressing locus. In particular, the observation that two hypersensitive sites at the
far ends of the region cluster with the LCR and the active genes (i.e. all hypersensitive sites)
provides new insights into long-range interactions (see below). However, the limitations of
the 3C technique should also be noted in order to avoid overinterpretation of the results.

Interpreting 3C-analysis of the 3-globin locus

Some technical and biological aspects of the results by 3C-analysis should be
considered. As pointed out originally by Dekker et al. (2002), measuring cross-linking
efficiency by the formation of ligation products largely depends on the frequency with which
two genomic sites interact. They showed that contributions of other parameters, such as local
protein concentrations or a favorable geometry of the cross-linked intermediate, are minor.
Our results support this notion. However, we further believe that additional parameters, e.g.
the fragment size, notably affect the cross-linking efficiency. Comparison of cross-linking
frequencies observed with the large (26kb) Bg/II fragment IV (covering HS3-6 of the LCR
and 12 kb upstream), to those observed with the much smaller HindIIl fragments [V-a, -b and
—c (containing HS6, 4-5 and 3 as separate entities) reveals an increased background in brain
for the large fragment. This can be explained by assuming that the chance of being crosslinked
per se increases with fragment size. Also, an increase in ligation to irrelevant fragments
will compete with ligation to specifically interacting fragments, causing underestimation of
specific interactions in the fetal liver. Thus, to determine whether a specific interaction occurs
between two given DNA sequences, it is best to study smaller fragments containing isolated
entities.

The accuracy of signals obtained with the control template is crucial for our analysis.
Since cross-linking values in brain and in liver are both normalized to the same control value,
we were concerned about the fact that HindIll fragment ['V-c showed a dip in relative cross-
linking frequency with every fragment tested, both in brain and in liver. This result was due to
high PCR signals in the control rather than low signals in the tissue samples (data not shown).
Designing new primers did not solve this problem. Thus, although the observed cross-linking
frequencies with Hindlll fragment [V-c may be real, it is more likely that it reflects an as yet
unresolved technical issue.

Purely biological parameters also play a role. For example, in 14.5 dpc fetal liver
about 15-20% of the cells is not expressing globin (judged by many RNA FISH experiments).
These are likely to adopt a conformation similar to that observed in brain and contribute to
the total amount of substrate in the ligation reaction, but not to the specific ligation frequency.
Thus the real value of erythroid-specific interactions will be underestimated, which increases
the significance of finding these interactions, particularly the ones over large distances.
Perhaps most importantly, interactions between distal DNA elements are thought to be
dynamic (Wijgerde et al. 1995), while these measurements represent steady-state average
levels. For example, a very important, but short-lived interaction for transcription initiation
(Wijgerde et al. 1995) may score much lower than a more long-lived interaction that would
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only stabilise the complex.

Given these limitations, and the unknown dimensions of the chromatin fiber
in the globin locus in vivo, the results presented here do not allow a strictly quantitative
interpretation or conclusions as to what HS is responsible for a given interaction and/or
function. Predictions about the dynamics of the interactions or real nuclear distances are
therefore not possible at this stage of development of the technique.

The hypersensitive sites, looping and an open chromatin domain

Despite the limitations of the 3C technique, we can conclude that the 6 hypersensitive
sites of the LCR, HS1-6, interact with the active genes, fmajor and Bminor in the 14.5 dpc
fetal liver, with the inactive gy and Bhl genes on the intervening DNA fiber looping out. The
upstream 5 HS-62.5/-60.7 participate in this interaction, again with the intervening DNA
looping out. At the other end of the locus the 3’HS1 is also involved in the contacts, but we
have no evidence for DNA looping out between the genes and 3’HS1. This region contains
a large amount of repetitive DNA and may adopt a compacted structure, as it appears to act
in concert. The data also show a subdivision of the interactions, because we consistently

figure 5.7: A 3D model of the ACH.

A hypothetical model of the Active Chromatin Hub (ACH) is shown to illustrate the 3D nature of the ACH (not to
scale), not the actual position of the elements relative to each other in vivo. Light grey indicates the active regions
(hypersensitive sites and active genes) of the locus forming a hub of hyperaccessible chromatin (ACH). The inactive
regions of the locus, having a more compact chromatin structure, are indicated in grey, with the inactive bhl and ey
genes in lighter grey. The olfactory genes are not shown. The interactions in the ACH would be dynamic in nature,
in particular with the active genes (Bmajor and fminor), which are alternately transcribed.

observe the extreme 5' and 3' HS (5’HS-62.5/-60.7 and 3’HS1, respectively) to be closer to
the 5' half of the LCR (HS4-6), which is not observed for the expressed genes.

The clustering of all hypersensitive sites in the B-globin locus is intriguing.
Interactions are not confined to the outermost HSs (we cannot exclude the presence of even
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more distal erythroid-specific hypersensitive sites), as proposed in boundary models (for
review, see Gerasimova and Corces 2001), nor to sequences that have been proposed to act as
insulators (Farrell et al. 2002), but include all HSs and the promoters/enhancers of the genes.
Thus, rather than being a particular type of transcription element, hypersensitivity appears to
be the determining criterion for a DNA element to participate in clustering. We anticipate that
this clustering is not confined to the 3-globin locus only. We propose to name a 3D clustering
of hypersensitive sites an 'active chromatin hub' or ACH (figure 5.7). Its formation is required
to initiate transcription in repressive chromatin surroundings. The affinity between distal
DNA hypersensitive sites determines whether an ACH is productively formed or not. Affinity
depends on the transcription factors bound to these DNA elements and can therefore be
modulated (Milot et al. 1996; Wijgerde et al. 1996; Lundgren et al. 2000). Entry of new
HSs may stabilize or destabilize existing interactions, which in turn can alter expression
levels of genes present in the ACH. The model does not predict how DNA sequences become
hypersensitive in the first place (e.g. by mass action)(Locke et al. 1988), but stabilisation/
maintenance of hypersensitivity is proposed to depend on ACH formation. Surrounded by
less active chromatin, the ACH would create a biphasic system, ensuring and stabilising a
high local concentration of transcription factors and associated chromatin modifying proteins
to allow efficient transcription. The hypersensitive regions and promoters of the genes would
have very high levels of for example histone acetylation (Bulger et al. 2002; Burgess-Beusse
et al. 2002), whereas the chromatin outside the ACH would be less acetylated. An ACH need
not occupy a fixed position in the nucleus, but can be a dynamic fluid entity, possibly inside
the Interchromatin Domain (ICD) compartment (Cremer et al. 2000). We propose that stable
formation of an ACH underlies position-independent expression in transgenic experiments,
which indeed can be accomplished by various combinations of HSs. Such a scenario would
explain why multicopy inserts may give position independent expression (Ellis et al. 1993;
Sabbattini et al. 1999).

Although formation of HSs in the LCR precedes transcription (Groudine and
Weintraub 1982; Blom van Assendelft et al. 1989), we presently do not know whether the
same holds for ACH formation. However, it is tempting to speculate that the ACH would
take shape first, creating the appropriate environment, by modification of the locus, to recruit
the actual transcription machinery. The observation that the globin genes are alternately
transcribed (Wijgerde et al. 1995; Trimborn et al. 1999) shows that only one of the genes is
transcribed at any given moment. This implies that there is only one position of interaction
within the ACH that allows initiation of globin gene transcription. In other gene clusters
such a ‘productive’ interaction may become stabilised and explain for example single gene
expression (Olfactory Receptor genes).

We presently do not know how looping in the B-globin locus is accomplished.
Although we like to think that initial contact occurs through random collision between distal
elements, we cannot exclude other mechanisms to be involved in loop formation. Also, we
do not know whether sequences other than HSs (and cognate factors) participate directly
in the ACH or perhaps stabilise its structure. Evidence from both Drosophila (Morcillo et
al. 1997; Sipos et al. 1998; Rollins et al. 1999; Zhou et al. 1999; Zhou and Levine 1999)
and mammalian systems (Liu et al. 1997; Calzolari et al. 1999; Kmita et al. 2000) strongly
suggests that there are elements and protein factors that stabilise long range interactions. It
will be interesting to determine whether such sequences are indeed part of the ACH.
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Experimental procedures

Chromosome Conformation Capture (3C)

We used the procedure recently developed by Dekker and co-workers (Dekker et al. 2002)
with small adaptations to determine the spatial organization of the murine 3-globin locus in 14.5 dpc
embryos. Per experiment 10-12 fetal livers or fetal brains were resuspended in DMEM supplemented
with 10% FCS. The equivalent of 2 fetal livers or 4 fetal brains (approximately 4x107 cells) was diluted
to 50 ml with DMEM (10% FCS). Formaldehyde was added to 2%, and the samples were cross-linked
for 10 minutes at room temperature. The reaction was quenched by addition of glycine to 0.125M.
Nuclei were harvested by lysis of the cells in ice-cold lysis buffer (10mM Tris, 10mM NaCl, 0.2%
NP-40, pH=8.0) containing protease inhibitors. Nuclei were resuspended in the appropriate restriction
buffer containing 0.3% SDS and incubated for 1 hour at 37°C while shaking. Triton X-100 was added
to 1.8% and the nuclei were further incubated for 1 hour at 37°C to sequester the SDS. The cross-linked
DNA was digested overnight with the restriction enzyme (Bg/Il or HindIll). Overnight incubation at
37°C did not result in any specific loss of hypersensitive sites due to the action of endogenous nuclease
activity (data not shown). The restriction enzyme was inactivated by addition of SDS to 1.6% and
incubation at 65°C for 20 minutes. The reaction was diluted (to 2.5ng/pl of genomic DNA) with ligase
buffer (30mM Tris-HCI, 10mM MgCl,, 10mM DTT, ImM ATP, pH 7.8) and Triton X-100 was added
to 1% and incubated for 1 hour at 37°C. The DNA was ligated using T4 ligase for 4.5 hours at 16°C
followed by 30 minutes at room temperature. Proteinase K was added and samples were incubated
overnight at 65°C to reverse the cross-links. The following day samples were incubated for 30 minutes
at 37°C with RNAse and the DNA was purified by phenol extraction and ethanol precipitation.

To prepare a control template with detectable amounts of randomly ligated DNA fragments,
we had to enrich for ligation products of interest (see also results). PCR fragments spanning the
restriction sites of interest were gel purified and the DNA concentration was carefully determined using
a Cary 100 Bio spectrophotometer (Varian). Equimolar amounts of the different PCR fragments were
mixed and digested with the appropriate restriction enzyme followed by ligation. The mix was purified
by phenol extraction and ethanol precipitation. The ligated fragments were diluted to the appropriate
concentration (see below) and mixed with ~30 ng digested and ligated genomic DNA.

PCR analysis of the ligation products.

The linear range of amplification was determined for the fetal liver samples and fetal brain
samples by serial dilution. An appropriate amount of DNA within the linear range (typically ~30ng
of DNA, for both liver and brain) was subsequently used for the experiments. The linear range of
the control template was determined with a serial dilution of the random ligation mix made in the
same amount (~30ng) of digested and ligated genomic DNA. Standardly, the 5’ side of each restriction
fragment was used to design primers unless this coincided with repetitive DNA sequences. Primer
sequences are available on request. PCR products were run on 2% agarose gels and quantified on a
Typhoon 9200 imager (Molecular Dynamics). All data points were generated from an average of five
(with a minimum of three) different experiments performed in duplo. PCR products of the ligated
fragments were run on agarose gels and quantitated. Cross-linking frequencies were calculated using
the equation shown in figure 5.1C. All probes (I-XIII) were tested against all other probes. A selection
of the results is presented, and data not shown are in agreement.

As shown before (Dekker et al. 2002) formation of ligation products was strictly dependent
on both ligation and cross-linking, i.e. lowering the amount of formaldehyde resulted in loss of PCR
product, as did the omission of T4 ligase (data not shown).
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Summary

Efficient transcription of genes requires a high local concentration of the relevant
trans-acting factors. Nuclear compartmentalization can provide an effective means to locally
increase the concentration of rapidly moving trans-acting factors, and may be achieved by
spatial clustering of chromatin-associated binding sites for such factors (Droge and Muller-
Hill 2001; Misteli 2001a; Carmo-Fonseca 2002; Chubb and Bickmore 2003; Isogai and Tjian
2003). Here we analyse the structure of an erythroid-specific spatial cluster of cis-regulatory
elements and active B-globin genes, the Active Chromatin Hub(ACH) (Tolhuis et al. 2002),
at different stages of development and in erythroid progenitors. We show, in mouse and
man, that a core ACH is developmentally conserved and consists of the hypersensitive sites
(HS1-HS6) of the locus control region (LCR), the upstream 5" HS—60/-62 and downstream
3'HS1. Globin genes switch their interaction with this cluster during development, correlating
with the switch in their transcriptional activity (Stamatoyannopoulos and Grosveld 2001). In
murine erythroid progenitors that are committed to, but do not yet express B-globin, only
the interactions between 5’ HS—60/-62, 3" HS1 and HS at the 5’ side of the LCR are stably
present. Upon induction of differentiation, these sites cluster with the rest of the LCR and
the gene that gets activated. We conclude that during erythroid differentiation, cis-regulatory
DNA clements create a developmentally conserved nuclear compartment dedicated to RNA
polymerase II-transcription of 3-globin genes.

Results

The mouse and human B-globin locus contain an upstream LCR and multiple -
like genes arranged from 5’ to 3’ in order of their developmental expression (figure 6.1A).
In addition there are several distal hypersensitive sites (HS), including a downstream 3’
HS1 (approx. 20kb 3’ of the B genes) and two upstream HS, ~60 kb (mouse) and ~110 kb
(human) away from the genes (Farrell et al. 2000). The loci are embedded in an olfactory
receptor gene cluster that is inactive in erythroid cells (Bulger et al. 2000). To investigate
the spatial organisation of -globin gene loci in mouse and man during development and
erythroid differentiation, we applied chromosome conformation capture (3C) technology (see
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figure 6.1: Spatial organization of the murine -globin locus.

(A) Schematic presentation of the mouse locus. Arrows depict the individual HSs, globin genes are indicated by
triangles, and boxes indicate the olfactory receptor (OR) genes. (B-E) Southern blots show that, in definitive eryth-
rocytes digestion efficiency of cross-linked chromatin depends on formaldehyde concentration and is compara-
ble between a hypersensitive site in the LCR (B), a transcribed gene within the locus (C), a non-expressed gene
within the locus (D) and a non-expressed gene on a different chromosome (Chr. 4) (E). Percentage formaldehyde
cross-linking is shown at the top of each blot (— depicts genomic DNA not treated with formaldehyde), while the
yield of specifically cut fragments is shown (percentages) at the bottom. Arrowheads depict partial digests and
asterisks cross-hybridisation signals with other genes (see Methods).(F,G) Erythroid-specific and developmentally
stable clustering of cis-regulatory elements. Relative cross-linking frequencies observed in primitive erythrocytes
are shown in grey, definitive erythrocytes in black, and non-expressing brain in light grey. Grey shading indicates
position and size of the analysed fragments, while black shading represents the ‘fixed’ fragments HS4-HSS5 (F) and
5 HS —60/-62 (G). Within each graph, the highest cross-linking frequency value was set to one. The x-axis shows
position in the locus. Standard-error-of-mean is indicated.

Methods and Dekker et al. 2002; Tolhuis et al. 2002). 3C-technology involves quantitative
PCR-analysis of cross-linking frequencies between two given DNA restriction fragments,
which gives a measure of their proximity in the nuclear space. Local chromatin configuration
has no effect on digestion efficiency, implying that the assay is not biased due to preferential
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restriction enzyme digestion of one site over the other (figure 6.1B-E; for other controls see
Methods and (Tolhuis et al. 2002).

First, we analysed the spatial organisation of the murine -globin locus in primitive
erythroid cells present in 10.5 dpc embryonic blood, that predominantly express the embryonic
ey and Bh1 globin genes (Trimborn et al. 1999). We determined cross-linking frequencies for
66 pairs of Hindlll restriction fragments, spread over ~170 kb of DNA encompassing the
murine -globin gene cluster. The 3C-measurements indicate a basic structural organisation
in primitive cells very similar to that observed previously in definitive blood cells isolated
from 14.5 dpc fetal liver (Tolhuis et al. 2002). This is best illustrated by comparing the locus-
wide cross-linking frequencies of a restriction fragment that contains HS4-HS5 of the LCR.
Two peaks of high cross-linking frequency with this genomic site stand out in primitive
blood cells: one with the upstream HS—60/-62 and another with 3’ HS1 downstream of the
genes (figure 6.1F). We found significantly lower cross-linking frequencies with fragments
in between, suggesting that the LCR interacts with these distal HS through looping. The
same interactions were observed in definitive blood cells that exclusively express the adult
Bmajor and Pminor globin genes (Trimborn et al. 1999), where fmajor is also found in close
proximity (figure 6.1F, and see below). In contrast, in non-expressing brain cells HS4-HS5
shows no peaks of interaction with distal DNA fragments, suggesting a linear conformation
of the transcriptionally inactive locus (Tolhuis et al. 2002). We obtained similar results when
analysing the locus-wide cross-linking frequencies of fragments carrying 5 HS—-60/-62
(figure 6.1G) and other HS (data not shown): interactions among the cis-regulatory elements
of the B-globin locus were found to be conserved between primitive and definitive erythroid
cells. We conclude that the cis-regulatory elements of the murine -globin locus spatially
cluster to form a transcription regulatory compartment that is conserved between primitive
and definitive erythroid cells, two developmentally different types of cells that express a
different subset of -like globin genes. This core ACH includes the two HS at —60 kb, all HS
of the LCR and 3'HSI.

The main differences in conformation between the two expressing cell types appear
to be confined to interactions between the globin genes and the regulatory DNA elements.
This is confirmed by measuring cross-linking frequencies with HS2 and HS3 of the LCR, two
sites previously shown to be the most prominent transcriptional activating elements (Ellis
et al. 1993; Fraser et al. 1993; Fiering et al. 1995; Guy et al. 1996; Hug et al. 1996; Carter
et al. 2002). We found the embryonic globin genes gy and Bhl to interact frequently with
these elements in primitive erythroid cells, whereas in definitive red blood cells interaction
frequencies between these sites dropped to levels similar to those observed in the inactive
brain (figure 6.2A-D). We found the opposite for the adult fmajor and fminor genes, which
interacted most frequently with HS2 and HS3 in definitive erythroid cells. Cross-linking
frequencies between these sites in 10.5 dpc embryonic blood were not as low as in brain,
probably due the fact that fmajor and Pminor are already transcriptionally active at this
stage, albeit at less than 10% of the levels observed in definitive cells (Trimborn et al. 1999).
Alternatively, it may merely be the result of 3" HS1 interacting with the LCR and the adult
genes being dragged along, as we previously found that the region between Pminor and 3’
HS1, which is full of repetitive sequences, acts as a rigid region (Tolhuis et al. 2002). These
data demonstrate that there is a developmental switch in contacts between the different globin
genes and a core ACH created by regulatory elements that surround the genes in cis. This
structural change correlates with the developmental switch in expression of the genes.
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figure 6.2: A developmental switch occurs
in contacts between individual B-globin
genes and the core ACH of the murine f3-
globin locus.
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To further investigate the significance of our findings, we analysed the conformation
of the human B-globin locus at different stages of development. The mouse and human (-
globin gene loci show a high degree of nucleotide sequence conservation, particularly at
regions implicated in gene regulation (Hardison and Miller 1993; Bulger et al. 2000). We
made use of transgenic mice carrying a single copy of a 185 kb PAC (figure 6.3A) spanning
the human [-globin locus that displayed a normal expression pattern (Strouboulis et al. 1992;
Imam et al. 2000; Patrinos et al. 2004). Although large, this PAC does not include the human
equivalent of the murine 5" HS—-60/-62, which is located ~110 kb upstream of the human
globin genes (Bulger et al. 2000; Farrell et al. 2000). We analysed the conformation of the
transgenic human globin locus in 10.5 dpc embryonic blood, 14.5 dpc fetal liver and 14.5
dpc fetal brain, measuring almost all of the 120 site pairs that can be formed between the 16
EcoRI fragments that were selected for analysis. The locus-wide cross-linking frequencies
of a fragment corresponding to 3" HS1 illustrate that also the transgenic human locus forms
a core ACH, consisting of the 3" HS1 and the HS of the LCR, that is conserved in primitive
and definitive erythroid cells (figure 6.3B). The structural changes we observed primarily
concerned the position of the genes relative to this core ACH, correlating with transcriptional
activity. Thus, the embryonic &- and the two y-genes most frequently interact with HS2-HS4
(figure 6.3C-E) and 3’ HS1 (figure 6.3B) in primitive erythroid cells and the adult globin gene
primarily contacts the ACH in definitive cells (figure 6.3C-E). We found identical results for
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figure 6.3: Spatial organization of the human -globin locus.

(A) Schematic presentation of the human locus. (B) Locus-wide cross-linking frequencies of a 3” HS1 fragment
show erythroid cell specific clustering with the LCR throughout development. (C) Developmental switching in
contacts of the LCR between the different f-globin genes as shown by locus-wide cross-linking frequencies of HS2-
HS4. (D,E) The contacts between the HS2-HS4 of the LCR and individual 3-globin genes alter during development
in erythroid cells, as shown (D) by an example on agarose gel and (E) quantified data (at least five experiments in
duplo per primer set). Controls, symbols, color patterns and numbering are as in figure 6.1 and figure 6.2.

a Hindlll digest and for a different transgenic PAC line (data not shown). Results obtained
with definitive erythroid cells isolated from adult bone marrow (Ter119%) were identical to
those found for 14.5 dpc fetal liver cells (data not shown). It is interesting to also note the
decreased cross-linking frequency of HS5 in the definitive cells as we have recently shown
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that this element has LCR blocking activity in primitive but not definitive erythroid cells
(Wai et al. 2003). We conclude that the overall spatial organisation of the B-globin gene
cluster is conserved from mouse to man.

Next we determined (3-globin genomic site interactions in I/11 erythroid progenitor
cells that are committed to, but do not yet express the B-globin genes. If exposed to
physiologically relevant stimuli, I/11 cells synchronously undergo the normal in vivo
differentiation program to mature terminally into enucleated erythrocytes (Dolznig et
al. 2001; von Lindern et al. 2001). As expected, in differentiating I/11 cells that actively
transcribe the adult B-like globin genes the locus adopts a spatial organisation very similar
to what we observed previously in definitive erythroid cells isolated from fetal livers
(Tolhuis et al. 2002) (figure 6.4). However, in uninduced proliferating I/11 cells that do
not yet express the B-globin genes we observe a different structure. We found locus-wide
cross-linking frequencies of a fragment corresponding to the fmajor gene to be reduced
compared to those observed in erythroid cells expressing the gene (figure 6.4A). A similar
reduction in locus-wide cross-linking frequencies was found for a fragment containing HS2
and for most other fragments (data not shown). However, the structure of the locus poised for
transcription is clearly different from that of the inactive locus in brain cells. This structure
is better resolved by looking at the locus-wide cross-linking frequencies of the restriction
fragment that contains HS4-HS5 of the LCR. Two peaks of high cross-linking frequency
with this fragment stand out in erythroid progenitor cells: one with 5" HS—60/-62 and another

figure 6.4: Spatial organization of the murine -60/-62 654 3 21 . gy g g 3HST
B-globin locus in erythroid progenitors. A
Controls, symbols and numbering are as in fig-

(P HA
ure 6.1, light grey lines represent brain, black i 1 !
lines proliferating 1/11 erythroid progenitor
cells and grey differentiated I/11 cells. (A) Lo-
cus-wide cross-linking frequencies of fmajor.
(B) Locus wide cross-linking frequencies of .
HS4-HS5. Note that only the interactions
among HS4-HSS5, 5” HS-60/-62 and 3° HS1
I‘ T T i T T 1

N
o

Relative frequency

are already fully established in non-expressing
progenitor cells.

L T
-50 0 +50 +100
Position (kb)

-60/-62 654 321 ¢y ph1 e p 3HST

-
o

Relative frequency

Position (kb)

79



Chapter 6

with 3" HS1 (figure 6.4B). Interactions among these three sites occur almost as frequently in
proliferating progenitors as in differentiating erythroid cells, whereas all other interactions
examined between globin site pairs are strongly reduced in progenitor cells (figure 6.4A-B,
and data not shown). We conclude that the B-globin locus that is poised for transcription in
progenitor cells adopts a looped conformation through frequent interactions between the two
distal regulatory elements at either end of the locus (5" HS—60/-62 and 3" HS1) and HS at the
5" side of the LCR (HS4, 5 or 6, we currently cannot say which of these HS is responsible for
direct interaction). Upon induction of differentiation, clustering with the active genes and the
complete LCR is established and the 3-globin genes are being expressed (figure 6.5).

Discussion

In summary, our data strongly suggest that regulatory elements surrounding the 3-
globin genes in cis create an erythroid-specific developmentally stable nuclear compartment
dedicated to RNA polymerase II transcription (figure 6.5). A sub-structure is already present
in erythroid progenitors that do not express globin, and it is worth noting that the three
sites involved in this structure all bind CTCF (Bulger et al. 2003). It should be noted that
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figure 6.5: Cis-regulatory elements of the [-globin locus create a nuclear compartment dedicated to
RNApolymerase II transcription: the Active Chromatin Hub.

2D-presentation of 3-dimensional interactions that occur between regulatory DNA elements 130 kb apart (grey
ovals) and b-globin genes (active: light or dark grey rectangles; inactive: black) in erythroid progenitors (left) and
differentiated primitive and definitive erythroid cells (right). In erythroid progenitors not expressing globin, a sub-
structure (sphere) is present which is formed through interactions between the upstream 5¢ HS-60/-62, the down-
stream 3¢ HS1 and HS at the 5¢ side of the LCR (HS4-HS6; we currently cannot say which of these HS is directly
responsible for this interaction). During erythroid differentiation, the b-globin gene that gets activated and the rest
of the LCR stably interact with this sub-structure to form a functional ACH (grey sphere); b-globin gene expression
is activated. Clustering of binding sites for transcription factors in the ACH causes local accumulation of cognate
proteins and associated positive chromatin modifiers, required to drive efficient transcription of the globin genes.
The core of the ACH is erythroid-specific and developmentally stable; a developmental switch occurs in globin
genes entering this nuclear compartment, as depicted by the arrows. Inactive globin and olfactory receptor genes
(grey squares) loop out.
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3" HS1 and 5’ HS-60/-62 are dispensable for normal globin gene expression in transgenic
mice (Strouboulis et al. 1992; Wai et al. 2003), suggesting these sites have a more general
structural role not related to transcription per se.

Spatial clustering of transcription regulatory elements results in a high local
concentration of DNA binding sites for cognate transcription factors, which as a consequence
accumulate at the site. Efficiency of transcription is proportional to the concentration of
transcription factors involved, and in agreement we found that proximity of B-globin genes
to the ACH correlated with transcriptional activity. The paradigm of a chromatin-associated
nuclear compartmentisthenucleolus, dedicated to RN A polymerase I transcription of ribosomal
RNA genes (Carmo-Fonseca 2002). No pol II-dependent gene-specific compartments have
been described before, but a precedent for this was provided by electron microscopy studies
showing that RNA polymerase II clusters in discrete transcription factories in the nucleus
(Jackson et al. 1993; Pombo et al. 1999). The fact that the density of RNA polymerases
on active -globin and ribosomal RNA genes is much higher than on most other active
genes (Wijgerde et al. 1995; Cook 1999) suggests that such nuclear compartments formed
by numerous chromatin-associated regulatory elements primarily function to increase the
efficiency of transcription.

Experimental procedures

Chromosome Conformation Capture (3C)

We performed isolation and formaldehyde fixation of primary cells, restriction enzyme
digestion of cross-linked DNA in the nucleus, intramolecular ligation, reversal of cross-links, PCR-
analysis of ligation products and calculation of relative cross-linking frequencies as described before
(Dekker et al. 2002; Tolhuis et al. 2002), with some modifications. Prior to fixation, we forced cells
obtained from embryonic blood (10.5dpc embryos), fetal liver and fetal brain (both 14.5dpc embryos;
4x107 cells per tissue) through a cell-strainer cap (Falcon #352235) to obtain a homogeneous single
cell suspension. To correct for differences in quality and quantity of template, we normalized ligation
frequencies between globin site pairs to those detected between two restriction fragments (with the sites
analysed 8.3 kb apart) in the Erce3 locus (instead of the previously used Calr locus; Tolhuis et al. 2002).
Ercce3 encodes a subunit of the basal transcription factor TFIIH, and we assumed that expression levels
and spatial conformation of this gene are similar in all analysed tissues. To be able to compare signal
intensities obtained with different primer sets in a quantitative manner, we included a control template
containing all possible ligation products in equimolar amounts to correct for the PCR amplification
efficiency of each set. For this purpose we used BAC and PAC clones spanning the complete loci
(instead of the previously used PCR fragments that span the restriction sites of interest (Tolhuis et
al. 2002)). For the mouse -globin locus we used a 214 kb BAC (#RP23-370E12, Ensembl Genome
Browser), and for the human -globin locus we used a 185 kb PAC (Imam et al. 2000). In addition, we
used a 60-70 kb PAC containing the mouse Ercc3 locus (PAC Clone #443-C18, MRC gene service).
We mixed either the mouse globin BAC or the human globin PAC with the Ercc3 PAC at equimolar
amounts. Subsequently, we digested and ligated the mixes as described (Tolhuis et al. 2002). We could
not obtain control PCR products with primers designed to analyse fragments containing ey and fminor,
due to polymorphisms in the BAC clone #RP23-370E12. As a consequence, these fragments were not
included in the locus-wide cross-linking frequency analysis (see figure 6.1). We performed all animal
experiments according to institutional and national guidelines.
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Southern blotting

We treated fetal liver cells (14.5dpc embryos) as above (with indicated formaldehyde
concentrations), but we omitted ligation and analysed 10 pg of purified DNA by southern blotting. We
used the following probes: fhl, a 255 bp Hinfl fragment, hybridises to a 2.7 kb HindllIl Bhlfragment
and BhO (5.5 kb) and BhO (6.4 kb) psuedogene fragments; Pmajor, a 700 bp HindlIll/Ncol fragment,
hybridises to a 1.0 kb Hindlll fragment and a fminor (8.6 kb) fragment; HS3, 300 bp PCR fragment,
hybridises to a 2.0 kb HindllI fragment; Pou3fI, 100 bp PCR fragment, hybridises to a 4.0 kb HindIIl
fragment.

Cell culture

We cultured I/11 cells as described previously (Dolznig et al. 2001; von Lindern et al.
2001). Briefly, we maintained proliferating I/11 cells in StemPro-34™ containing 2 units/ml human
recombinant erythropoietin, 100 ng/ml murine recombinant SCF, 10-* M dexamethasone and 40 ng/ml
insulin-like growth factor. We expanded cells by daily partial medium changes and addition of fresh
factors, keeping cell density between 1.5—4 x10° cells/ml. For induction of differentiation, we removed
continuously proliferating I/11 cells from the culture, washed them twice in PBS, and seeded them
at 2-3 x10° cells/ml in differentiation medium containing 10 units/ml Epo, 4 x10* IE/ml Insulin, the
Dex-antagonist ZK-112993 (3 x10° M), and 1 mg/ml iron-saturated human transferrin. We maintained
differentiating erythroblasts at densities between 2-6 x10° cells/ml. For 3C-analysis of differentiating
I/11 cells, we fixed cells with formaldehyde 40 hours after induction and processed them as described
above.

URLs
Ensembl Genome Browser http://www.ensembl.org
MRC gene service http://www.hgmp.mrc.ac.uk
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Summary

Three-dimensional organisation of a gene locus is important for its regulation, as
recently demonstrated for the B-globin locus. When actively expressed, the cis-regulatory
elements of the B-globin locus are in proximity in the nuclear space, forming a compartment
termed the Active Chromatin Hub (ACH). However, it is unknown which proteins are involved
in ACH formation. Here we show that EKLF, an erythroid transcription factor required for
adult B-globin gene transcription, is also required for ACH formation. We conclude that
transcription factors can play an essential role in the three-dimensional organisation of gene
loci.

Introduction

The mouse B-globin locus contains multiple B-like globin genes, arranged from
5’ to 3’ in order of their developmental expression (figure 7.1A). The adult-type Pmajor-
gene is transcribed at a very low level during primitive erythropoiesis in the embryonic yolk
sac, but becomes expressed at high levels around day 11 of gestation (E11) when definitive
erythropoiesis commences in the fetal liver (Trimborn et al. 1999). The 3-globin locus control
region (LCR) is essential for efficient globin transcription (Grosveld et al. 1987; Bender et al.
2000a). It consists of a series of DNasel hypersensitive sites (HS) located ~50 kb upstream
of the Bmajor promoter (figure 7.1A). We have shown that the B-globin locus forms an
Active Chromatin Hub (ACH) in erythroid cells (Tolhuis et al. 2002). The ACH is a nuclear
compartment dedicated to RNA polymerase II transcription, formed by the cis-regulatory
elements of the B-globin locus with the intervening DNA looping out. The ACH consists of
the HS of the LCR, two HS located ~60 kb upstream of the embryonic gy-globin gene (5’HS-
62/-60) and 3’HS1 downstream of the genes. In addition, the actively expressed globin genes
are part of the ACH (Carter et al. 2002; Tolhuis et al. 2002). In erythroid precursors which
do not express the globin genes yet, a substructure of the ACH, called a chromatin hub (CH)
(Patrinos et al. 2004) is found, which excludes the genes and the HS at the 3’ site of the LCR
(Palstra et al. 2003).

Expression of the Bmajor-gene requires the presence of the erythroid Kriippel-like
transcription factor EKLF, the erythroid-specific member of the Sp/XKLF-family (Miller
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EKLF and 3D organisation of the B-globin locus

and Bieker 1993). EKLF” mice die of anaemia around E14, because of a deficit in B-globin
expression (Nuez et al. 1995; Perkins et al. 1995). The 3-globin locus contains a number of
EKLF binding sites, in particular in the LCR and the fmajor-globin promoter (Perkins 1999;
Bieker 2001). Since Pmajor-globin expression depends on the presence of EKLF, we were
interested to determine whether EKLF is involved in the formation of the ACH.
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figure 7.1: EKLF influences the spatial organisation of the -globin locus.

(A) Schematic presentation of the mouse B-globin locus. Globin genes are indicated by triangles. Olfactory receptor
genes (MORS’b and MOR3’Db) are indicated by grey rectangles and numbered. DNasel HS are shown as black ovals
with arrows. The scale is in kb. (B) Examples of PCR-amplified ligation products run on a 2% agarose gel. Primer
combinations are shown on the right. XPB is used to standardise the amount of template (Palstra et al. 2003). +/+ =
wildtype; -/- = EKLF knockout. (C-D) Locus-wide relative crosslinking frequencies in E12.5 fetal livers. Results
obtained with wild type livers are shown in black; EKLF-/- livers in grey, non-expressing brains in light grey. The
x-axis shows position in the locus. Grey shading indicates the positions and sizes of the HindlII fragments contain-
ing primers used in the PCR analysis. Black shading represents the position of the fragment containing the “fixed”
primer in the Hindlll fragment of the fmajor-gene (C) or 5’HS2 (D). Within each graph, the highest crosslinking
frequency value is set to 1. Error bars indicate the standard-error-of-mean.

Results

We used chromatin conformation capture (3C) technology (Dekker et al. 2002)
to investigate the three-dimensional conformation of the mouse [B-globin locus in the
absence of EKLF. Cells from E12.5 EKLF” and wild type fetal livers were crosslinked
with formaldehyde, followed by restriction enzyme digestion of the DNA. The samples
were ligated under conditions that favour the ligation of DNA fragments that are physically
connected through the crosslinks. Quantitative PCR across the junctions is used to determine
the relative crosslinking frequencies between restriction fragments in the locus. This provides
an indication of the nuclear proximity of DNA fragments in vivo (Dekker et al. 2002; Tolhuis
et al. 2002; Palstra et al. 2003). Crosslinking frequencies were determined for a total of 66
junctions that can be formed between 12 selected Hindlll fragments spread over ~170 kb of
DNA encompassing the -globin gene cluster (figure 7.1).
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Examples of quantitative PCR reactions with some of the primer combinations are
shown in figure 7.1B. An overview of the locus-wide crosslinking frequencies of a restriction
fragment that contains the fmajor promoter is shown in figure 7.1C. The brain serves as
a non-expressing control tissue (light grey curve), in which the B-globin locus appears to
adopt a linear conformation (Tolhuis et al. 2002). In wild type E12.5 fetal liver cells, high
crosslinking frequencies are found with the LCR and 5’HS-62, indicating their proximity to
the fmajor promoter in vivo (black curve). In the absence of EKLF however, these crosslinking
frequencies are much lower and no interaction with a distal site stands out clearly (grey
curve), showing that the Bmajor promoter does not participate stably in a spatial clustering of
chromatin. A comparable pattern is observed with locus-wide crosslinking frequencies of a
fragment containing 5’HS2 (figure 7.1D). Together with 5’HS3, 5’HS2 is the most prominent
transcriptional activating element of the LCR (Ellis et al. 1993; Fraser et al. 1993; Fiering et
al. 1995; Ellis et al. 1996; Hug et al. 1996). Interactions with 5’HS-62, fmajor, 3’HS1, and
the other HS of the LCR are strongly reduced in the absence of EKLF, indicating that 5’HS2
requires the presence of EKLF to participate in the ACH.
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figure 7.2: An ACH substructure is for-
med independent of EKLF.

(A) Examples of PCR-amplified ligation
products run on a 2% agarose gel. Primer
combinations are shown on the right.

(B,C) Locus-wide relative cross-linking
frequencies of HindIII restriction fragments
containing 5’HS-62 (B), and 5’HS4/5 (C).
See legend to figure 7.1 for other details.
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The results shown in figure 7.1 demonstrate that the complete ACH is not formed in
the absence of EKLF. However, the observed crosslinking frequencies in EKLF fetal liver
cells are still higher than those found in non-expressing brain cells indicating a different, non-
linear, structure. To investigate this, we compared the locus-wide crosslinking frequencies of
restriction fragments containing 5’HS-62 and 5’HS4/5 (figure 7.2). These sites participate in
the CH present in erythroid progenitor cells before the globin genes are transcribed (Palstra
et al. 2003). Examples of quantitative PCR reactions with some of the primer combinations
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are shown in figure 7.2A. The graphs in figure 7.2B show that in wild type fetal liver cells,
5’HS-62 is in proximity to the LCR, fmajor and 3’HS1. In EKLF"- fetal liver cells, 5’HS-62
interactions with the HS at the 5’ side of the LCR and with the distal 3’HS1 still stand out,
whereas all other crosslinking frequencies are strongly reduced. This indicates the presence
of a globin CH, containing 5’HS-62/-60, the HS at the 5’ side of the LCR, and 3’HS1. The
same structure is apparent when analysing locus-wide crosslinking frequencies of a restriction
fragment containing 5’HS4/5 at the 5’ side of the LCR (figure 7.2C).

There are remarkable similarities between the structure of the B-globin locus in
EKLF" fetal liver cells and that observed in I/11 erythroid progenitor cells which do not
yet express globin (Palstra et al. 2003) (figure 7.3). This suggests that EKLF is required for
progression from the chromatin hub present in erythroid precursors to a fully active ACH.
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figure 7.3: The spatial organisation of the 3-globin locus in EKLF-/- fetal liver cells is similar to that observed
in erythroid progenitor cells.

(A,B,C,D) Comparison of locus-wide crosslinking frequencies of the HindIlI restriction fragment containing 5’HS-
62 (A), 5’HS4/5 (B), 5’HS2 (C), and Bmajor (D), in fetal livers (graphs on the left) and I/11 erythroid progenitor
cells (Palstra et al. 2003) (graphs on the right). Grey curves in graphs on the right: proliferating 1/11 erythroid pro-
genitor cells, not expressing globins. Black curves in graphs on the right: I/11 cells after induction of globin expres-
sion (Dolznig et al. 2001). Other details are as for figure 7.1.
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To investigate if this B-globin structure in EKLF nu// cells is a direct consequence
of EKLF-deficiency or caused by a general differentiation failure, we analysed expression
of another erythroid-specific, but EKLF-independent, globin locus, the a-globin gene locus.
Consistent with previous observations, primary transcript in sifu hybridisation experiments
(Van de Corput and Grosveld 2001) show that a-globin expressing cells are abundantly
present in the EKLF” fetal liver, demonstrating that in the absence of EKLF cells are
progressing to the stage of active globin expression (figure 7.4A) (Nuez et al. 1995; Perkins
et al. 1995; Wijgerde et al. 1996; Lim et al. 1997). We do observe that EKLF" fetal livers
contain approximately 20% less a-globin expressing cells than wild type fetal livers (~55%
versus 70% of the total number of cells in the fetal liver). Whereas this may explain the
small reduction in crosslinking frequencies observed between some of the 3-globin elements,
it cannot account for the strongly reduced locus-wide crosslinking frequencies seen with,
for example, Bmajor and 5’HS2 (figure 7.1C,D). We conclude that the dramatically altered
chromatin organisation of the -globin locus in EKLF nul// erythroid cells is not due to a
general differentiation problem.
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figure 7.4: HS-26-promoter interactions in the o-globin locus are not affected by EKLF.

(A) In situ hybridisation of E12.5 fetal liver cells of wildtype and EKLF-/- foetuses, detecting a.-globin mRNA
(light halos) and primary transcripts (bright dots). DAPI staining (dark halos) is used to show nuclear DNA. White
arrows indicate cells that were scored negative for a-globin expression. (B) Schematic drawing of the mouse -
globin locus. The black oval with arrow depicts the position of the HS-26 distal regulatory element. The o-like
globin genes are indicated by grey triangles. Small arrows = HindIl1l restriction sites. (C) Example of PCR-amplified
ligation products of Hindlll restriction fragments containing HS-26 and o2 in E12.5 day fetal liver and brain cells
of wildtype and EKLF-/- foetuses. The XPB PCR product is used as template control. (D) Quantified data of PCR-
amplified ligation products. Dark bars = fetal liver; light bar = brain. Error bars indicate standard-error-of-mean. The
crosslinking frequency in wildtype fetal liver cells is set to 1.

88



EKLF and 3D organisation of the B-globin locus

To substantiate the specificity of the changes in the three-dimensional structure of
the B-globin locus in the absence of EKLF we investigated interactions between the promoter
and remote regulatory element of the erythroid-specific, EKLF-independent, a.-globin locus.
The mouse a-globin locus has two active genes in the fetal liver, ol and a2, and contains a
HS 26 kb upstream of the {-globin promoter that is similar to the human a-globin enhancer
HS-40 (figure 7.4B) (Flint et al. 2001). It is likely that, analogous to the LCR, this element will
interact with the a-like globin promoters to enhance expression. The crosslinking frequencies
of the restriction fragments containing HS-26 and o2-globin are shown in figure 7.4C and
7.4D. In wild type and EKLF-" fetal liver cells, the crosslinking frequencies are clearly higher
than those observed in non-expressing brain tissue, indicating that HS-26 and the a2-globin
gene are in close proximity in both types of erythroid cells. The slightly reduced interaction
frequencies observed in EKLF knockout compared to wild-type fetal liver can be explained
by the 20% reduction of a-globin expressing cells (see above). We conclude that major
alterations in spatial organisation are restricted to the EKLF-dependent 3-globin locus.

To further investigate if changes in the spatial organisation of the 3-globin locus are a
direct effect of the activity of EKLF, we wished to induce EKLF activation and simultanously
prevent it from activating secondary pathways. For this, we used a fusion between EKLF and
amodified estrogen receptor ligand binding domain (EKLF-Ibd protein), that can be activated
by 4-hydroxy-tamoxifen (4-OHT) (Littlewood et al. 1995). We wanted to test if, in an EKLF
null background, activated EKLF-1bd protein restores ACH formation in the presence of the
de novo protein synthesis inhibitor cycloheximide (CHX). In such a set up, genes activated
by EKLF cannot be translated into protein and therefore any structural changes would have
to be attributed to EKLF acting directly on the -globin locus.

Transgenic mice carrying an expression construct of an EKLF-1bd fusion protein
were generated. To ensure expression of the fusion protein in EKLF nu// erythroid cells, we
used the erythroid-specific pEV3 expression vector (Needham et al. 1992) and replaced the
[-globin promoter by the a-globin promoter. Western blot analysis demonstrates the presence
of the HA-tagged EKLF-lbd fusion protein (figure 7.5A). We have previously shown that
an EKLF-pEV3 transgene rescues the EKLF nu/l mutation (Tewari et al. 1998). To test if
uninduced EKLF-1lbd fusion protein is inactive, we crossed the EKLF-lbd transgenics with
the EKLF knockout mice. No EKLF nu//::EKLF-lbd transgene pups were born. When we
dissected the foetuses resulting from this cross at E12.5, we found that the EKLF nul//::EKLF-
Ibd transgenic foetuses were indistinguishable from EKLF nu// foetuses, e.g. displaying signs
of severe anemia and having very pale fetal livers (data not shown). We conclude that the
EKLF-lbd fusion protein is inactive and does not rescue the EKLF nu// mutation.

To test the ability of activated EKLF-lbd fusion protein to rescue B-globin gene
transcription, we cultured EKLF nu/l::EKLF-1bd fetal liver cells in the presence of 4-OHT
(figure 7.5B). After 16 hours of culturing, a subset of the cells was used to check for the
activation of -globin gene expression. Real-time RT-PCR analysis of steady-state mRNA
levels shows that the 3-globin gene is activated in EKLF null::EKLF-lbd cells in the presence
of 4-OHT (figure 7.5C). The amount of -globin transcripts in the tamoxifen-rescued cells
is much lower than in wild type cells, which is is not surprising since the former cells just
start to accumulate 3-globin mRNA levels. We conclude that the EKLF-1bd fusion protein
can be induced with 4-OHT to activate 3-globin gene expression. Moreover, 3-globin gene
activation by 4-OHT-induced EKLF-Ibd also occurs in the presence of CHX (figure 7.5C).

89



Chapter 7

.y EKLF*-
A B EKLF*" X
walopin M EKLE EKLF-Ibd tg
WLCR Promoter inron 1_ | 55 1 PEV3 ¢
N
1 kb Q
AN
wt tg tg
T PR Check B-globin
ol . . EKLF-Ibd mRNA induction
—
: “~ Z90kD
[l
E12.5 fetal liver E,L_"Z‘fg:ﬁa' livercells g 3¢
+/- CHX analysis
c >200 b o |
; ! -
3 — = 25 Py
-; 20 ?, E == — 05
3
g 10
|°- —------I 5’HSZ-BmaJ
—_— 1 |---—------IC3IR
EKLF -/- -I- -/- -- o+ EKLF -/- -I- -/- - +H+
EKLF-Ibd - + + + - EKLF-Ibd - + + + -
16h.culture - - + + - 16h.culture - - + + -
4-OHT - - + + - 4-OHT - - + + -
CHX - - + - - CHX - - + - -

figure 7.5: EKLF is directly involved in the spatial organisation of the 3-globin locus.

(A) Schematic drawing of the EKLF-Ibd expression construct used to generate transgenic mice. The Western blot
shows expression of the EKLF-Ibd fusion protein in the fetal livers of transgenic mice detected by an antibody
recognizing the HA tag. (B) Flow chart of the experimental design. Fetal livers are isolated from E12.5 control- and
EKLF null::EKLF-1bd tg foetuses, disrupted and the erythroid cells are cultured in the presence of 4-OHT with or
without CHX for 16 hours. Cells are then harvested, crosslinked with formaldehyde and subjected to 3C analysis.
From a portion of the cells, RNA is isolated to check -globin gene expression. (C) Expression of B-globin analysed
by real-time RT-PCR. Expression of Hprt was used to standardize the -globin expression levels. Representative
experiment is shown. (D) 3C analysis of the interactions between 5’HS2 and the B-globin promoter. Representative
examples of the PCR reactions are shown. Error bars indicate the standard-error-of-mean. Calreticulin was used as
template control.

The remaining cells were subjected to 3C analysis using a procedure modified for
use with small numbers of cells. Since the amount of material was limiting, we focussed on
the analysis of interactions between 5’HS2, one of the most prominent activating elements
of the LCR, and the promoter of the fmajor gene (Carter et al. 2002; Tolhuis et al. 2002).
In untreated EKLF null fetal liver cells, we found similarly low crosslinking frequencies
between 5’HS2 and Pmajor regardless of the presence of the (uninduced) EKLF-1bd protein
(figure 7.5D). In contrast, this interaction is restored in EKLF nu//::EKLF-lbd cells after
culturing for 16 hours in the presence of 4-OHT. Importantly, the same effect is also observed
when CHX and 4-OHT are present simultaneously (figure 7.5D). These data indicate that
ACH interactions are restored in EKLF nul/l::EKLF-lbd cells when the EKLF-lbd fusion
protein is activated by 4-OHT. Since this also occurs when protein synthesis is inhibited
through the addition of CHX, we conclude that EKLF is directly involved in the completion
of ACH formation.
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Discussion

In conclusion, our data show that a chromatin hub is formed independent of EKLF
during erythropoiesis, consisting of the 5’HS-62/-60, the HS at the 5’ side of the LCR, and
3’HS1. EKLF is required for the progression to, or stabilisation of, a fully functional ACH,
which includes the remaining HS of the LCR and the actively transcribed fmajor globin gene
(figure 7.6). The Pminor gene which is also expressed in definitive erythroid cells is known
to alternate with the Bmajor gene in the ACH in a dynamic “flip-flop” mechanism (Wijgerde
et al. 1995; Trimborn et al. 1999). The EKLF-independent chromatin hub is structurally
similar to that present in erythroid precursor cells, which were previously found to already
contain EKLF mRNA (Dolznig et al. 2001) and protein (data not shown). This suggests that
modifications of the EKLF protein or other protein factors are required to collaborate with
EKLF in organizing a fully active -globin ACH.

5’HS -62/-60 5’HS -62/-60

ACH substructure EKLF complete ACH
globin genes inactive active transcription

figure 7.6: The formation of the complete ACH requires the presence of EKLF.

A two-dimensional representation of the proposed three-dimensional structure of the ACH is shown. The ACH is
a nuclear compartment dedicated to RNA polymerase II transcription, formed by cis-regulatory elements of the
B-globin locus (Palstra et al. 2003). In erythroid cells, a substructure of the ACH, consisting of 5’HS-62/-60, 3’HS1
and HS at the 5’ side of the LCR, is formed independently of EKLF. Progression of this substructure to a fully func-
tional ACH, including the HS at the 3’ side of the LCR and the active B-globin gene, is dependent on the presence
of EKLF. Grey sphere on the left: CH structure. Grey sphere on the right: ACH. RNA transcripts are indicated as
curved lines. See legend to figure 7.1a for other details.

Recent work has shown that deletion of the promoter of the adult B-globin gene in
the human B-globin locus mildly affects ACH formation, suggesting that in addition to the
B-globin promoter other cis-regulatory elements in the human p-globin locus are involved in
these interactions (Patrinos et al. 2004). EKLF binding sites are also present in the LCR, in
particular in 5’HS3, and in the 3’ enhancer of the -globin gene (Wall et al. 1988; Gillemans
et al. 1998). Together these data suggest that the EKLF-dependent interactions of the adult 3-
globin genes with the ACH are not a mere consequence of the activation of gene transcription,
but occur in a step preceding transcriptional activation and involve multiple cis-regulatory
elements.
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It is also interesting to note that in the EKLF knockout absence of spatial interactions
coincides with loss of chromatin accessibility at 5’HS3 and the Bmajor-promoter (Wijgerde et
al. 1996; De Laat and Grosveld 2003). We conclude that EKLF is necessary for hypersensitive
formation and the participation of the LCR and the B-globin promoter in the ACH, probably
through interactions with a SWI/SNF-related chromatin remodelling complex (Armstrong
et al. 1998). Thus, EKLF is the first example of a transcription factor that is required for the
proper spatial organisation of a mammalian gene locus.

Experimental procedures

Chromosome Conformation Capture

EKLF"- mice (Nuez et al. 1995) were crossed and E12.5 fetal livers and brains were isolated.
3C analysis was performed as described (Splinter et al. 2004), with minor adjustments. Individual liver
and brain samples were subjected to formaldehyde crosslinking. HindllI restriction enzyme digestion
of crosslinked DNA, intra-molecular ligation, reversal of crosslinks, PCR analysis of ligation products
and calculation of relative crosslinking frequencies was done with 15 pooled wildtype fetal livers, 15
EKLF-" fetal livers and cells of 3 pooled EKLF™" brains. Two independent samples were prepared for
the analysis. Each PCR reaction was performed in duplicate and repeated at least 3 times.

a-globin

HS-26 - a2 promoter crosslinking frequencies were determined with the DNA samples
described above and primers recognising the HindIll restriction fragment containing HS-26 (5°-
GAATCTCCATCTCCAAGGG-3") and the a2 promoter (5’~-AAGAGGTGCAGGTGTATTACTG-3’).
In situ hybridisation of E12.5 fetal liver cells was performed as described before (Van de Corput and
Grosveld 2001). Cells were scored positive if o.-globin mRNA, primary transcript, or both, was detected.
>300 cells were counted to determine the percentage of a-globin-positive cells in each sample.

Generation of EKLF-lbd transgenic mice

A DNA fragment containing EKLF ¢cDNA and the first intron was linked in frame with the
HA tag sequence at the 5’ side and the 1bd coding sequence at the 3’ side. This construct was cloned into
the pEV3 vector (Needham et al. 1992) and the B-promoter was replaced by a fragment containing the
a-globin promoter. The vector was linearised by AarIl and transgenic mice were generated as described
(Kollias et al. 1986).

Culture of primary fetal liver cells

Livers were isolated from E12.5 control- and EKLF null::EKLF-Ibd tg foetuses. The
genotype of the foetuses was confirmed by PCR. Single cell suspensions of individual fetal livers were
cultured for 16h in StemPro-34™ containing 1% BSA, 1% glutamine and 10 units/ml epo, but without
serum supplement. The EKLF-lbd was activated by supplementing the medium with either 250nM 4-
hydroxy-tamoxifen (4-OHT) alone or with 250nM 4-OHT and 20 pg/ml cycloheximide (CHX). After
16h of culture, cells were harvested and a small aliquot was taken for RNA isolation. The 16h period
was chosen because it allowed detection of 4-OHT-induced B-globin gene transcription without CHX
causing toxic effects. Fixation of the remainder of the cells with formaldehyde and subsequent isolation
of nuclei was performed as described before (Tolhuis et al. 2002).

Preparation of cDNA and Real-time PCR

RNA was isolated using Trizol, according to the manufacturers guidelines (Invitrogen).
The Super-script™ reverse transcriptase Kit (Invitrogen) was used for preparation of oligo-dT primed
cDNA. Expression levels were determined on the Bio-Rad I-Cycler using the qPCR™ Core kit for Sybr
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Green 1 (Eurogentec). Expression levels of Hprt were used for normalization of -globin expression
levels.

Primers used were as follows: Hprt-s, AGCCTAAGATGAGCGCAAGT; Hprt-as,
ATGGCCACAGGACTAGAACA;  Pmajor-s, ATGCCAAAGTGAAGGCCCAT;  Pmajor-as,
CCCAGCACAATCACGATCAT.

Preparation of 3C templates

For the limiting number of cells (approximately 1.10°) obtained from the individual EKLF
null::EKLF-Ibd tg fetal livers, we adapted the previously described protocol (Tolhuis et al. 2002).
Cross-linked nuclei of E12.5 fetal livers were re-suspended in 50 pl digestion buffer containing 0.1%
SDS and incubated for 1 hour at 37°C with agitation, Triton X-100 was added to 2.6% and the nuclei
were further incubated for 1 hour at 37°C.

The cross-linked chromatin was digested overnight at 37°C with 10 units of HindIIl. The
restriction enzyme was heat-inactivated (25 minutes at 65°C). After addition of 200 pl of 1.25x ligase
buffer and 40 U of T4 ligase the chromatin was ligated for 4.5 hours at 16°C followed by 30 minutes at
room temperature. Proteinase K was added and samples were incubated overnight at 65°C to reverse the
cross-links. The following day samples were incubated for 30 minutes with RNAse and the DNA was
purified by phenol extraction and ethanol precipitation using glycogen as a carrier. Locus wide cross-
linking frequencies of wild type fetal livers treated with this adapted protocol were similar as those
found previously (data not shown). PCR analysis of the ligation products was performed as described
before (Tolhuis et al. 2002; Palstra et al. 2003).
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Chapter 8

Discussion

Transcriptional activation in higher eukaryotes frequently involves the long-range
action of a number of regulatory DNA elements. One of the main questions in transcriptional
regulation is how the cis-regulatory elements communicate over large distances with the
promoter of a gene. There has been a lively debate about whether the mode of action of
distant cis-regulatory elements is via a non-contact mechanism (linking, tracking) or via a
contact mechanism (looping).

The spatial organisation of the mouse -globin gene locus during development and
erythroid differentiation was investigated in order to study how these regulatory elements
communicate with the genes. The mouse 3-globin locus contains multiple B-like globin genes,
arranged from 5’ to 3’ in order of their developmental expression, the locus control region
(LCR), which consists of a series of DNasel hypersensitive sites (HS), ~50 kb upstream of
the B-major promoter, and several distal upstream and downstream hypersensitive sites with
unknown function.

The spatial organisation of a 200 kb region spanning the mouse 3-globin locus was
analysed, at an unprecedented level of resolution, in expressing erythroid and non-expressing
brain tissue with chromosome conformation capture (3C) technology. 3C-technology involves
quantitative PCR-analysis of cross-linking frequencies between two given DNA restriction
fragments, which gives a measure of their proximity in the nuclear space. Originally developed
to analyse the conformation of chromosomes in yeast (Dekker et al. 2002), this procedure
was optimised to study the conformation of chromosomal regions in (much more complex)
mammalian cells (Tolhuis et al. 2002).

In brain, the B-globin cluster adopts a seemingly linear conformation. However,
in erythroid cells, the DNasel hypersensitive sites (HSs) of the B-globin LCR, located 40-
60kb away from the active genes, come in close spatial proximity with these genes. The
intervening chromatin with inactive globin genes loops out. Thus the work presented here
shows proximity between the B-globin LCR, a collection of distant cis-regulatory elements,
and the B-globin promoter which strongly suggests that these elements physically interact
to control gene activity, as predicted by the original looping models (Tolhuis et al. 2002).
Surprisingly, two distant hypersensitive regions, being 130 kb apart from each other, also
participate in these interactions. The spatial clustering of transcriptional regulatory elements
is referred to as an Active Chromatin Hub (ACH) (Tolhuis et al. 2002).

Next, the 3D-structure of the B-globin locus in primitive erythroid cells was
analysed, a developmental stage when the embryonic globin genes are active and the adult
genes are silent. A core ACH containing the 3-globin regulatory elements is developmentally
conserved, while globin genes switch their interaction with this cluster during development,
and this correlates with the switch in their transcriptional activity. The human 3-globin locus,
as a transgene in mice, adopts a similar configuration as was observed for the mouse 3-globin
locus (Palstra et al. 2003).

In erythroid progenitors that are committed to, but do not yet express globin, only
a subset of regulatory sites cluster and form a structure called a Chromatin Hub (CH). Upon
erythroid differentiation, a fully functional ACH is formed, containing all regulatory elements
and the gene that becomes activated (Palstra et al. 2003).

Finally, the role of transcription factors in 3-globin ACH formation was addressed. EKLF is
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an erythroid-specific transcription factor essential for expression of the adult B-like genes.
In fetal livers obtained from EKLF knockout mice a conformation of the locus very similar
to that observed in erythroid progenitors was found, indicating that EKLF is needed for the
progression to and/or stabilisation of a fully functional ACH. This shows that transcription
factors can play an essential role in the three-dimensional organisation of gene loci (Drissen
et al. 2004).

It is tempting to propose that ACH formation is key to establishing gene expression
in repressive chromatin and to maintain hypersensitivity at genomic sites (Tolhuis et al.
2002). Clustering of regulatory DNA elements, mediated by the affinity between proteins
bound to these sites, may explain how genes on overlapping loci establish independent
expression patterns (de Laat and Grosveld 2003). Also, the work suggests that clustering
of cis-regulatory elements and active genes is essential for the high transcription rate of the
[-globin genes.

Transcription factors move rapidly through the nucleus, but efficient transcription
requires a high local concentration of these factors at the genomic site. Local accumulation
of trans-acting factors can be obtained by spatial clustering of cognate binding sites. Thus,
the B-globin ACH can be seen as a nuclear compartment dedicated to efficient (RNA
polymerase II-mediated) transcription of the B-globin genes, analogous to the nucleolus
being a compartment dedicated to RNA polymerase [-mediated transcription of rRNA genes
(Palstra et al. 2003).

The pros and cons of 3C

3C technology has turned out to be a powerful technique and it has several important
advantages over other methods used to determine the spatial organisation of a locus; cross-
linking frequencies can be determined at many positions within a locus (e.g. active or
inactive genes, intergenic sequences or regulatory elements) with the position of restriction
sites as the only limitation and it can measure cross-linking frequencies independent of the
transcriptional status of a given locus. However, it is important to keep the current limitations
of 3C technology in mind. Cross-linking frequencies represent steady-state average levels
of interactions between DNA elements. Interactions between cis-regulatory elements are
thought to be dynamic in vivo, therefore short-lived but important interactions may give lower
cross-linking frequencies than more long-lived but less crucial interactions. Furthermore, cell
populations analysed are never homogeneous and cells that differ from the cells of interest
still contribute to the measured cross-linking frequencies. With the current state of the 3C
technology, interpretation of 3C data in a strictly quantitative manner is in my view not
possible. Cross-linking frequencies are influenced by several parameters like the fragment
size generated by the restriction enzymes used and changes in cross-linking conditions.
How chromatin elements are cross-linked to each other and how the proteins present on
a chromatin fibre influence this is totally unknown. Formaldehyde is a tight (2 A) cross-
linking agent that efficiently produces both protein—nucleic acid and protein—protein cross-
links in vivo and primarily interacts with amino and imino groups of amino acids (lysines,
arginines and histidines) and of DNA (primarily adenines and cytosines). Therefore, unusual
occurrence of these amino and imino groups at certain sites could in principle bias cross-

97



Chapter 8

linking of certain chromatin regions. The size of the restriction fragments has a major impact
on the assay given the inability to separate cis-regulatory elements of interest and a high
‘background’ cross-linking. Linearity of PCR amplification for each amplicon in a locus is
also not guaranteed under the PCR conditions used and therefore some interactions might
be under- or overestimated. The use of frequent cutters, milder fixation conditions and real
time PCR to quantify amplicons will significantly enhance the resolution and better allow
quantitative interpretation of 3C data.

At present it remains impossible to determine the compaction ratio of a locus and
thus determine wether chromatin in a locus is folded as a 10nm fibre, a 30nm fibre or wether
it adopts yet a different “higher” conformation. Moreover, chromatin folding is certainly
not uniform along the entire B-globin locus, given the presence of domains of chromatin
modifications and Dnase I hypersensitive sites. Therefore, we are still a long way from
describing the data obtained by 3C technology in quantitative terms, and interpreting the
relationship between cross-linking frequency and genomic site separation in terms of real
distances. Measured interactions are particularly meaningful if they can be correlated to a
phenotype, e.g. if they occur only in a transcriptional active locus and only take place between
certain genomic elements like cis-regulatory elements. From this follows that the interpretation
of data obtained with 3C is another concern. Conclusions about the conformation of a locus
can only be made when cross-linking frequencies between enough fragments are analysed
from different viewpoints, i.e. diffrent genomic sites. Obtaining a PCR signal between two
given restriction fragments is not enough to conclude that specific interactions take place
between elements and a looped structure is formed. For this several elements in the locus
have to be analysed and it has to be shown that other elements interact less frequently.

Several groups have recently published papers in which 3C technology was applied.
It was used for the detection of interactions between boundary elements in drosophila
(Blanton et al. 2003), for the detection of parent of origin specific interactions between
DMRs in the Igf2/H19 locus (Murrell et al. 2004), to determine conformational organisation
of single genes (Eivazova and Aune 2004; O’Sullivan et al. 2004), to show co-localisation of
multiple active genes to a shared site of ongoing transcription (Osborne et al. 2004) and in
a nicely executed analysis of long-range intra-chromosomal interactions within the T helper
2 (T,2) cytokine locus (Spilianakis and Flavell 2004). Most of these studies used the 3C
technology as an independent technique to confirm observations made using other techniques
such as FISH and ChIP. In these studies the proper controls were often omitted, linearity
of amplification was not determined and extreme PCR conditions were used to obtain
amplification products. If the use of nested PCR, involving many PCR cycles, is required to
demonstrate the existence of a given ligation product as is done in ‘qualitative 3C’, one can
question if this reflects nuclear proximity or a rare random ligation event between these two
fragments (Murrell et al. 2004; Osborne et al. 2004). In another example, Eivazova and Aune
analysed re-ligation efficiency of a restriction site to normalise their PCR signals between
non-homologous primer pairs (Eivazova and Aune 2004). However, since PCR across an
existing restriction site analyses both the non-digested and re-ligated site, which both will be
present in vast excess over any ligation product between non-related restriction sites, linearity
of amplification for all amplicons is impossible to maintain, and therefore the results will be
skewed. The authors propose a spatial model of the ifing gene in different T cell subsets based
on the relative positions of interacting restriction sites, however it is not the restriction sites
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but the restriction fragments that are cross-linked together and when taken into account this
would change their model dramatically. Only recently the first locus wide analysis of cross-
linking frequencies of a locus different from the 3-globin locus was published (Spilianakis
and Flavell 2004). The T, 2 cytokine locus was analysed in a large panel of different cells
and a great deal of attention was spend on validating the 3C conditions and the results these
authors obtained will be discussed later.

The active chromatin hub; establishment of LCR-promoter contacts

The work presented here clearly demonstrates that distant cis-regulatory elements,
the B-globin LCR and promoter, can physically interact to control gene activity, as predicted
by the original looping models (Tolhuis et al. 2002). How this looped structure is formed
and maintained remains elusive though. Random collision (by Brownian motion) between
distal elements in the active 3-globin locus currently seems to be the most likely hypothesis
although theoretical calculations (Rippe 2001) and experimental measurements of site-specific
recombination between sites separated by several kilobases in mammalian cells (Ringrose et
al. 1999) suggest that random diffusion alone is not enough to establish contacts between two
sites separated by several kilobases on a chromatin fibre. As discussed in chapter 1 additional
mechanisms might exist that facilitate enhancer-promoter contact over a distance.

Nevertheless, processes like V(D)J recombination are thought to involve DNA
looping and this occurs over vast distances. Moreover lox/Cre based recombination techniques
work efficiently over distance, as exemplified in an experiment that inverts the order of
the five human beta-globin genes over a distance similar to the distance of LCR-promoter
contact (Tanimoto et al. 1999). This shows that establishment of loops in chromatin might
be less problematic than suggested. However, recombination events only require short lived
one time interactions while transcription of, for example the -globin genes requires longer
contact times estimated to be in the range from 45 to 80 minutes for the f-LCR interaction in
definitive erythrocytes (Wijgerde et al. 1995). Stabilisation of the interaction might therefore
be a more important determinant of successful loop formation/maintenance. Self-organising
principles could guide loop formation and ACH maintenance. Self-organisation involves the
physical interaction of molecules in a steady-state structure, which is open for exchange
of energy and matter, and is a principle used for building most cellular structures (Misteli
2001a; Cook 2002). These structures are intrinsically unstable and persist only by exchanging
components with their surroundings and maintenance of the structure depends on continuing
function, which is transcription in the case of the ACH. DNase I HS formation precedes
transcription but hypersensitivity of the LCR depends on the presence of active promoters
(Blom van Assendelft et al. 1989; Reitman et al. 1993; Guy et al. 1996; Tewari et al. 1996).
This suggests that the stability and maintenance of these sites and therefore ACH formation
relies on ongoing transcription. Furthermore, deletions of LCR elements result in variegated
expression of transgenes and importantly, the affected loci are insensitive to DNase I in the
non-transcribing portion of the cells (Festenstein et al. 1996; Milot et al. 1996).

In the absence of the erythroid specific transcription factor EKLF, contacts the LCR

and genes are lost (chapter 7; Drissen et al. 2004). EKLF binds DNA but is not known to
homomultimerise (like e.g. Bachl or GAGA); therefore EKLF is not likely to be directly
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responsible for bringing the distant DNA elements together. Rather, the ACH must be thought
of as a multi-component entity containing many different proteins and DNA elements.
Removal of one of the crucial components like e.g. EKLF will destabilise the structure and
the ACH will collapses into the non-transcriptionally active, EKLF independent, CH. This
hypothesis predicts that the ability to attract the right trans acting factors at the right time will
determine the affinity between the cis-regulatory DNA elements and indeed in the absence
of GATA-1 the LCR-promoter interactions also appear to be lost (G.A. Blobel, personal
communication).

A group of ubiquitously expressed proteins, facilitator factors, might further stabilize
the ACH formation. Facilitator factors were originally identified in Drosophila because
they facilitate enhancer-promoter communication (Dorsett 1999). These facilitators have
mammalian homologues like LIM-domain binding protein 1 (Ldb1) and Idn3 (Morcillo et al.
1997; Rollins et al. 1999). Ldb-1 was found in a large complex with erythroid cell specific
transcription factors, including GATA-1 (Wadman et al. 1997). Thus, these facilitators act
through interactions with other #rans-acting factors and may link the interacting cis-regulatory
DNA elements to stabilize the ACH.

In progenitor erythrocytes the distal HSs and the HS4/5 of the LCR are spatially
clustered in a structure called the CH. None of the -globin genes are expressed at this stage
and the 3-globin genes themselves are not yet associated with the CH suggesting a more
structural role for the CH. The presence of a CH formed by the distal HS and the 5’HS of
the LCR might facilitate the formation of productive interactions between the LCR and the
B-globin genes by restricting movement of the DNA elements to a confined space. It has long
been proposed that chromatin in the nucleus is organised into loops, which might be anchored
at their bases to a nuclear substructure: the elusive nuclear matrix. An interesting possibility
is that those chromatin loops (presumably found throughout the genome) and the specific
loops of the CH are related. All the sites involved in forming the CH bind the ubiquitous zinc
finger protein CTCF (Bulger et al. 2003), a protein involved in enhancer blocking (Bell et al.
1999), shown to interact with the nuclear matrix (Yusufzai and Felsenfeld 2004) and possibly
involved in setting up looped higher order chromatin structures (Yusufzai et al. 2004). If the
CH is part of the genome wide higher order chromatin loops, and perhaps interacts with the
nuclear matrix, it appears to be erythroid-specific and therefore other, probably erythroid-
specific, proteins besides CTCF must be involved. Recently it was shown that Poly(ADP-
ribosyl)ation modification of CTCF is essential for its enhancer blocking activity (Yu et al.
2004) and possibly an erythroid specific mechanism exists to target this modification to
CTCF bound to the -globin locus.

The active chromatin hub; activation of a gene by an enhancer/LCR

The ability of LCRs and other combinations of cis-regulatory elements to form
an ACH may underlie the position independent, copy number dependent expression levels
that are obtained when transgenes are linked to these elements. This view is supported by
experiments with transgenic constructs that suggest a mass action model in which a critical
number of regulatory elements are necessary to form an ACH in repressive chromatin. A mass
action model strongly depends on a critical number of interactions to increase the likelihood
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Positive chromatin modifications
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figure 8.1: Positive chromatin modifications in the B-globin locus and the ACH.

(A). The approximate positions of positive chromatin modifications (e.g. acetylated H3) in the mouse p-globin locus.
The horizontal grey line indicates background level and the grey box indicates the Dnase I sensitive domain.

(B). The ACH and transcription in repressive chromatin: 2D presentation of a 3D gene cluster embedded in hetero-
chromatin (dark grey), with active genes and cognate cis-regulatory DNA elements (grey ovals) and inactive genes
(grey boxes). The cluster of regulatory sequences and active genes forms an ACH, which contains a high local
concentration (indicated by grey inner circle) of transcription factors, HATs and other positive chromatin modifying
factors. Spreading of heterochromatic silencing (dark grey) is blocked at the ACH, mainly due to the local accumula-
tion of these factors. Concentration of positive factors decreases with increasing distance from the ACH (indicated
by the outer light-grey circle). Loops of intervening DNA (with inactive genes) protrude from the ACH; the nearby
hub of positive chromatin modifiers affects the chromatin status of these loops. This figure was adapted from (de
Laat and Grosveld 2003)
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of establishing a stable ACH structure. In agreement with this model is the observation that
position-independent expression of an enhancer driven construct is only observed with multi-
copy integrations (Ellis et al. 1993). Moreover, deletion of single hypersensitive sites from
the LCR in transgenic constructs results in position effects and this is enhanced when levels
of erythroid transcription factors are reduced (reviewed in de Laat and Grosveld 2003).

The clustering of regulatory elements in nuclear space is proposed to create a high
local concentration of transcription factors and associated ‘positive’ chromatin-modifying
enzymes and ‘insulates’ the locus from the encroachment of ‘silent chromatin’. The DNase
I sensitivity and the acetylation levels of the B-globin locus demonstrate an unexpected
complexity associated with the active locus (Bulger et al. 2003). The complete active 3-globin
locus has a low level of acetylation on its histones, although this is still higher than observed
in inactive regions. Superimposed on this, regions highly enriched in acetylated histones
H3 and H4 are found over the regulatory elements (figure 8.1A) (Forsberg and Bresnick
2001; Bulger et al. 2003). The high peaks of positive chromatin modifications, like acetylated
histone H3 and H4, could be caused by the high local concentration of positive chromatin
modifiers located at the clustered cis-regulatory elements (figure 8.1B). Interestingly, the
observed pattern of modestly increased acetylation levels of intergenic regions, often taken
as evidence for tracking mechanisms, can also be readily explained by the formation of an
ACH. The lower level of modifications spread throughout the locus are in this situation the
consequence of the relative proximity of these regions to the ACH, and can be regarded as
being by-products of activities concentrated at the ACH without necessarily having functional
significance (figure 8.1B) (de Laat and Grosveld 2003).

Similarly, intergenic transcripts detected in the human B-globin locus (Ashe et
al. 1997; Gribnau et al. 2000) can be explained by promiscuous initiation of transcription
as a consequence of established open chromatin domains. The apparent specific initiation
sites found for these transcripts could be due to the presence of sequences with a higher
affinity for RNA polymerase II. Deletion of the proposed intergenic promoter down stream
of the Ay-gene results in position effects and a decrease in the efficiency of transcription of
the beta-globin gene (Calzolari et al. 1999) or only very mild changes in the stage-specific
sequential expression of the ¢-, y-, and B-globin genes (Gaensler et al. 2003). Moreover,
substitution of the Ay-promoter by a human f-spectrin promoter in a 40-kb cosmid construct,
containing a micro-LCR and all genes downstream of and including the y-gene, showed no
developmental switching and expressed both human y- and B-globin mRNAs in erythroid
cells of all stages throughout development (Sabatino et al. 1998). These observations argue
against any putative regulatory sequences downstream of the Ay-gene necessary for the
intergenic transcript dependent opening of chromatin domains.

Deletions of HS from the endogenous mouse B-globin LCR have surprisingly mild
phenotypes and even when the complete LCR is deleted the locus still remains in an ‘open’
acetylated state while the rate of transcription is reduced to ~4% of that observed in the wild
type and acetylation at the promoter is maintained (Bender et al. 2000a; Schubeler et al.
2001). The presence of distal HS could still maintain an ‘open’ chromatin domain and the
promoters are in this situation still able to attract chromatin modifying transcription factors.
Elucidation of the structure of the mouse 3-globin locus with a LCR deletion would therefore
be of considerable interest.
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The active chromatin hub; protein concentrations at promoters and
transcription factories

The overall concentration of many proteins in the nucleus is estimated to be in the
range of, or lower than, the dissociation constant for many protein—protein or protein—-DNA
interactions (Chambeyron and Bickmore 2004b). The formation of productive transcription
complexes on DNA is expected to take place via a ‘stop and go’ mechanism (Misteli 2001b).
In this mechanism a factor binds to its binding site and will drop off if another factor doesn’t
bind within its residence time, which is the basic principle of mass activation (Locke et al.
1988). This makes protein concentration a very sensitive limiting factor in the efficiency of
transcription. Moreover, transcription factors move rapidly through the nucleus, so how is a
high local concentration of these factors at the genomic site required for efficient transcription
accomplished? A local accumulation of frams-acting factors can be obtained by a spatial
clustering of their cognate binding sites (Droge and Muller-Hill 2001).

Recent analysis of the RNA polymerase II transcription cycle has shown that
most transcription units are unoccupied by RNA polymerases for three quarters of their
time (Kimura et al. 2002). Initiation of transcription is very rapid (seconds) and elongation
takes minutes to hours. On the other hand the assembly of the pre-initiation complex, by
the stochastic exchange of freely mobile components, takes up one half to five sixths of
the duration of a transcription cycle. Transcription reinitiation, the cyclic process of RNA
synthesis from active genes, bypasses several protein-DNA association steps and the rate
of new transcription cycles is increased with respect to the first transcription round (Dieci
and Sentenac 2003). A reinitiation intermediate that includes transcription factors TFIID,
TFIIA, TFIIH, TFIIE and Mediator has been identified and this intermediate is stabilized
in the presence of an activator (Yudkovsky et al. 2000). Several studies demonstrate that
RNA Polymerase II and other basal transcription factors are recruited to LCR core HS
elements and then transferred to the B-globin promoter (Johnson et al. 2002; Johnson et al.
2003; Vieira et al. 2004). Concentration of both RNA polymerases and transcription units
in specific clusters or compartments is expected to significantly facilitate RNA polymerase
recycling and high-frequency re-utilisation of stable preinitiation complexes, thus enabling
the production of extremely high levels of transcript. Thus, the B-globin ACH may function
as a nuclear compartment dedicated to efficient RNA polymerase II-mediated transcription,
in particular reinitiation, of the B-globin genes (Palstra et al. 2003).

Estimates of the total number of nascent transcripts or active polymerase molecules
and the number of transcription sites within a cell led to the conclusion that transcription
by RNA polymerase II is carried out in transcription factories (Jackson et al. 1993). The
general notion is that each transcription factory would contain several active polymerases
and associated transcripts. It is tempting to speculate that the f-globin ACH is such a RNA
polymerase II transcription factory. A recent study indicates that transcriptional active distal
genes co-localise at high frequencies to the active B-globin gene (Osborne et al. 2004).
The authors suggest that, rather than recruiting and assembling transcription complexes;
active genes migrate to pre-assembled transcription sites. Given the high mobility of RNA
polymerase I in the nucleus, it is very unlikely that preformed factories exist. The observed
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‘flip-flop” mechanism of transcription of the -globin genes and the estimated load of 8-10
RNA polymerase I molecules on a 3-globin open reading frame, which is close to the amount
estimated to occupy a transcription factory, also argue against a direct participation of these
genes in the postulated 3-globin factory. Therefore, a more plausible explanation is that these
genes make promiscuous use of the high concentration of transcription factors accumulating
near the (dynamic) B-globin ACH. This process might be driven by the initiation of large-
scale heterochromatisation of erythroid chromatin upon differentiation.

The active chromatin hub; organisation of multi gene domains

The discovery of cis-regulatory elements able to promote transcription of genes over
large distances led to the postulate that elements, termed insulators, should exist that would
limit the action of enhancers, LCRs and silencers to defined domains. Insulator and boundary
models postulate that chromosomes are subdivided into physically distinct expression
domains containing a gene or gene cluster and all its cis-regulatory elements. Specialised
elements, called insulators or boundary elements, are proposed to be located at the borders of
such domains to counteract the inappropriate effects of nearby heterochromatin and/or distal
enhancers (Labrador and Corces 2002; West et al. 2002). Indeed, several elements with these
properties have been identified (reviewed in Geyer and Clark 2002). An important implication
of the insulator and boundary model is that genes are supposed to reside in functionally
distinct domains. However, unlike housekeeping genes, tissue-specific genes generally do
not cluster on chromosomes, can be found in gene-dense regions of chromosomes as well as
in regions of repressive chromatin and these genes with their associated cis-acting sequences
often do not occupy physically distinct domains. Several gene loci, such as the chicken
lysozyme locus (Bonifer et al. 1997, Chong et al. 2002; Lee et al. 2003), the T, 2 cytokine
locus (Lee et al. 2003), the a- and B-globin loci (Kielman et al. 1993; Bulger et al. 1999), the
human growth hormone locus (Bennani-Baiti et al. 1995; Bennani-Baiti et al. 1998) and the
CD3 locus (Lerner et al. 1993) overlap with unrelated genes and their cis-acting sequences
are spread out over large domains and can be found tens or hundreds of kilobases away from
the target gene (figure 8.2).

The observation that independently regulated loci can overlap partially or completely
raises questions about the functional requirements for physically isolated domain structures.
Alternatively a domain, or functional expression module, could be determined by the
distribution of enhancers containing binding sites for positively acting factors. Specifity of
interactions between these enhancers and promoters would play a major role in maintaining
the functional autonomy. Sequences that interfere with these interactions, characterised as
insulators but often associated with other functions like transcription, would be selected
against if they occurred within the domain but not at the edges (Dillon and Sabbattini 2000).
The formation of an ACH might in such instances underlie correct gene expression, and
proximity and specificity determines which cis-acting sequences and promoter(s) form an
ACH, and thus which gene will be expressed (de Laat and Grosveld 2003). ACH formation
therefore provides a mechanistic framework to understand how overlapping gene loci can
set-up independent tissue specific expression profiles. Depending on the presence of tissue
specific proteins with the appropriate affinities for the cognate DNA sequences, a tissue
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figure 8.2: Genomic organization of a variety of gene loci.

Boxes above the horizontal lines represent genes transcribing from left to right, boxes below represent genes tran-
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within one locus, but not separated by insulator or boundary elements. Arrows indicate known DNase I HSs. The
HSs are located throughout the depicted gene loci and often separated by a few kb to tens of kb. Note that the scale in
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from (de Laat and Grosveld 2003).
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specific ACH in one cell-type will be set-up, while a different ACH activating a different
gene will be set up in another cell-type.

It remains to be determined how common the mechanism of ACH formation is in
different gene loci. Recently an extensive analysis of the spatial organisation of the T, 2
cytokine locus was conducted (Spilianakis and Flavell 2004). This study identified two
different long-range intra-chromosomal interactions in the locus, forming a structure similar
to the B-globin ACH, but with some intriguing differences. In fibroblast, B cell, NK cells
and CD4" T cells the promoters of all the cytokine genes, /5, 1/13 and [/4, interact and
form a ‘pre-poised’ initial core chromatin formation analogous to the -globin CH. In cells
of the T cell lineage that do not express the T, 2 cytokines, the T, 2 LCR interacts with this
initial core forming a ‘poised’ chromatin conformation, which T 2 cell-specific transcription
factors can rapidly activate, by binding to the LCR. In this way the T,2 LCR can rapidly
co-activate the three cytokine-encoding genes upon stimulation without the need to induce
additional conformational changes in the locus. The intervening, constitutively expressed
Rad50 gene, which is looped out of the ACH, is not influenced. The study also shows that
two transcription factors highly expressed in T, 2 cells, GATA3 and STAT®6, are responsible
for generating and/or maintaining this structure (Spilianakis and Flavell 2004).

It is clear that more ACHs will be found in different loci, each with its own peculiar
organisation and dynamics. This however, does not necessarily mean that all genes will form
an ACH and it is more likely that ACH formation is confined to loci that have either high
transcription levels, are located in highly restrictive chromatin and/or are under stringent
transcriptional control. It can furthermore be envisioned that clustering of chromosomal
regions plays arole in establishing and/or maintaining inactive chromatin states e.g. polycomb
mediated silencing (Bantignies et al. 2003; Chambeyron and Bickmore 2004b).

Future directions

The analysis of the spatial organisation of the mouse B-globin locus has led to
exciting new insights into its transcriptional regulation. However, many key questions about
the regulation of the B-globin locus and chromatin folding in the spatial context of the nucleus
remain.

Given the limitations in relating the 3C interaction data to the exact spatial
conformation, it is currently not clear how close in space the interacting elements really are.
Therefore, statements about direct interactions between the 3-globin gene and elements within
the LCR are currently not possible. 3C technology as it is currently applied is not quantitative
enough and lacks the resolution that is needed to discriminate between direct and indirect
interactions. Increasing the resolution of 3C technology by using restriction enzymes, which
cut more frequent and adjustment of crosslink conditions can potentially further improve
the resolution of the 3C technique. Quantification of ligation products by real-time PCR
would allow for a more quantitative interpretation of the data and would mark an important
improvement of the technology. This improvement in resolution is necessary to investigate
the chronology of events that occur in the establishment of an ACH from the CH during
erythroid maturation and induction of B-globin expression. Determination of the B-globin
ACH structure after treatment of the cells with different transcription blockers like a-amanitin
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or DRB will show if maintenance of the ACH is dependent on ongoing transcription. Analysis
of the conformational changes in the 3-globin locus during differentiation of hematopoeitic
stem cells into erythrocytes and correlated to differences in DNasel (hyper)-sensitivity and
histone modifications may reveal an order of events at the chromatin level that underlie gene
activation and silencing.

The nature of long-range chromatin interactions observed in non-expressing
progenitors and the identification of distal DNA elements that loop to this structure merits
further investigation and would give unprecedented insight into chromosomal organisation.
This could be achieved by cloning the DNA-fragments that are ligated to the distal HS
followed by sequencing to identify the interacting DNA-elements. Not only cis-regulatory
elements but also non-globin genes (Osborne et al. 2004) interacting with the ACH can
possibly be detected via this approach. A candidate approach based on conserved sequences
identified by bioinformatics could also be a feasible option.

Visualisation of chromatin looping and ACH formation by DNA-FISH methods
would be extremely valuable in confirming and extending the data obtained with 3C. The data
generated with 3C technology provide a steady state population average of the structure of the
[-globin locus and visualisation of the ACH could determine wether the distal cis-regulatory
elements are in close proximity to the LCR in every expressing cell or wether there are
subsets of cells that have different structures. Dynamics of the interactions can be studied by
tagging the most distal hypersensitive sites, (-85HS (unpublished results) and 3°’HS1) which
participate in the hub (150 kb apart), with repeats of binding sites for bacterial repressor
proteins. Both ends of the mouse B-globin locus can in this way be labelled differentially
with GFP-repressor protein fusions and the dynamics of the interactions between the cis-
regulatory elements of the endogenous mouse [3-globin locus can then be visualised in living
interphase nuclei. The concept of transcription factories and the dynamics of transcription
factors on active transcription units can conceivably be investigated in more detail by using
a tagged B-globin locus to locate an active locus in the nucleus in combination with the
bleaching of GFP-tagged transcription factors in its neighbourhood to measure the dynamics
of these factors.

The detailed knowledge of the -globin locus makes it a perfect model system to
study the spatial organisation of multi gene loci and its dynamics in expressing vs. non-
expressing cells. Future analysis of the 3-globin locus will keep leading the way in revealing
new mechanisms of gene regulation and will provide answers to questions such as: can we
reconstruct the three-dimensional structure of a genomic locus, can we visualise chromatin
hub formation, what is the functional consequence of chromatin hubs in the nucleus, what are
the dynamics of chromatin hubs in the nucleus? Answers to these questions will have a high
impact on our understanding of transcriptional regulation and the functional significance of
chromatin folding in vivo.
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Summary

All multi-cellular organisms start as a single fertilised oocyte. During differentiation
the number of cells is multiplied by means of cell division. These cells specialise into many
different cell types like brain, blood and muscle cells. Yet, all these cells contain the same
genetic information that is stored in billions of base pairs of DNA sequences, which are
organised in large units called chromosomes. A DNA sequence that codes for a particular
heritable trait (often a protein) is called a gene. The gene contentis the same in every cell
(approximately 25.000 genes). The difference between the diverse cell types is therefore not
dictated by the genomic make up of a cell but how this genomic makeup is used or to put it
into other words, which genes are activated or repressed. The activation of genes is tightly
regulated in time and space and a failure of proper transcriptional regulation results in all
kinds of diseases e.g. cancer. Proper transcriptional activation of genes in higher eukaryotes
involves a number of regulatory DNA elements; the promoter, localised close to the gene
and frequently other elements like enhancers, which can be located quite a distance away
from the actual gene that they control. One of the key questions in molecular biology is how
these distant so-called cis-regulatory elements communicate over the vast distances with the
promoter of a gene. Several mechanisms have been proposed for this communication: e.g.
the looping model, the tracking model and the linking model. These models are discussed in
detail in chapter 1.

A good example of a specialised cell in the mammalian system is the red blood
cell or erythrocyte. The most abundant molecule in red blood cells is the oxygen and carbon
dioxide carrying molecule haemoglobin, which consists of two a-globin proteins, two -
globin proteins and four heme molecules. The B-globin protein is encoded by genes organised
in the B-globin locus. The mouse B-globin locus contains four -like globin genes. Two of
them, the embryonic B-globin genes, are expressed in the embryo while the other two, the
adult B-globin genes, are active at a later stage during development and this continues into
adult life. The B-like genes are arranged in order of their developmental expression from 5' to
3" along the DNA fibre. A crucial regulatory element named the locus control region (LCR)
is located ~50 kb upstream of the adult fmajor promoter, and several distal upstream and
downstream elements with unknown function exist.

Most of our knowledge on the organisation of chromatin in the nucleus comes from
light- and fluorescent microscopy studies, and although spectacular advances have been made
in this field, optical constraints set limits to what can be resolved. Thus, it is as yet not possible
to visualise the structural organisation of a single gene locus that spans, for example, 200
kilobases of genomic DNA. Intricate structural organisations are to be expected at this level of
resolution, for example in cases where enhancers or other transcriptional regulatory elements
communicate with distant promoters located on the same chromatin fibre. As discussed in
chapter 4, several new techniques are being developed to study the structural organisation of
a single gene locus and one of them is Chromosome conformation capture (3C) technology.
3C-technology gives a measure of the proximity between two given DNA fragments in
the nuclear space. This method was originally developed to analyse the conformation of
chromosomes in yeast. Chapter 5 describes how this procedure was optimised to study the
conformation of chromosomal regions in (much more complex) mammalian cells and how it
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was used to analyse the spatial organisation of a 200 kb region spanning the mouse 3-globin
locus in expressing erythroid and non-expressing brain tissue.

In brain, the B-globin locus adopts a seemingly linear conformation. However, in
erythroid cells, the B-globin LCR, located 40-60kb away from the active genes, comes in
close spatial proximity with these genes. The intervening chromatin with inactive B-like
globin genes loops out. Moreover, two distant elements, being 130 kb apart from each
other, participate in these interactions. The data shows that long-range gene regulation in
vivo involves spatial interactions between distal transcriptional elements, with intervening
chromatin looping out and is consistent with the looping model. Such spatial clustering of
transcriptional regulatory elements is referred to as an Active Chromatin Hub (ACH).

In chapter 6 the structure of the B-globin locus in primitive erythroid cells, when the
embryonic globin genes are active and the adult genes are silent, was analysed. The results show
that a core ACH containing the 3-globin regulatory elements is developmentally conserved,
while B-like globin genes switch their interaction with this cluster during development,
which correlates with the switch in their transcriptional activity. The human B-globin locus
introduced as a transgene in mice behaves in a similar way. In erythroid progenitors that
are committed to, but do not yet express B-globin, only a subset of regulatory sites cluster
and form a structure called a Chromatin Hub (CH). Upon erythroid differentiation, a fully
functional ACH is formed, containing all regulatory elements and the gene that becomes
activated.

The role of special proteins, called transcription factors, in 3-globin ACH formation
is addressed in chapter 7. EKLF is an erythroid-specific transcription factor essential for
expression of the adult B-like genes. In fetal livers obtained from EKLF knockout mice a
locus conformation very similar to that observed in erythroid progenitors (a CH) is found.
An EKLF protein fused to a ligand-binding domain was introduced to exclude that this
observation is due to a failure of these cells to activate EKLF dependent secondary pathways.
This fusion protein resides in the cytoplasm and is only able to translocate to the nucleus and
bind to their DNA recognition sequences after addition of the drug 4-hydroxy tamoxifen. If
the EKLF fusion protein is allowed to enter the nucleus the ACH is again formed. The ACH is
also formed when a drug that inhibits protein synthesis and thus blocks secondary pathways
is added. This data shows that EKLF is needed for the progression to and/or stabilisation of
a fully functional ACH while formation of a CH is EKLF independent.

In chapter 8 it is proposed that ACH formation is key to establishing gene expression
in repressive chromatin and to maintain hypersensitivity at genomic sites. Clustering of
regulatory DNA elements, mediated by the affinity between proteins bound to these sites,
may explain how genes on overlapping loci establish independent expression patterns. Also,
it is suggested that clustering of cis-regulatory elements and active genes is essential for the
high transcription rate of the 3-globin genes. Transcription factors move rapidly through the
nucleus, but efficient transcription requires a high local concentration of these factors at the
genomic site. Local accumulation of frans-acting factors can be obtained by spatial clustering
of their cognate binding sites. Therefore it is postulated that the -globin ACH can be seen
as a nuclear compartment dedicated to efficient (RNA polymerase II-mediated) transcription
of the B-globin genes, analogous to the nucleolus being a compartment dedicated to RNA
polymerase I-mediated transcription of rRNA genes.
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Samenvatting

Alle multi-cellulaire organismen beginnen als een enkele bevruchte eicel. Gedurende
de differentiatie wordt het aantal cellen vermeerderd door middel van celdeling. De cellen
specialiseren zich tevens in verschillende celtypes zoals hersen-, bloed- en spiercellen.
Toch bevatten al deze cellen dezelfde genetische informatie dat is opgeslagen in miljoenen
base paren DNA, welke georganiseerd zijn in grote elementen die chromosomen worden
genoemd. Een DNA sequentie die codeert voor een bepaalde overerfbare eigenschap (vaak
een eiwit) wordt een gen genoemd. Het gehalte aan genen is gelijk in elke cel (ongeveer
25.000 genen). Het verschil tussen de diverse celtypes wordt daarom niet bepaald door de
genomische opbouw van een cel maar juist hoe deze genomische opbouw gebruikt wordt, of
anders gezegd; welke genen geactiveerd of juist onderdrukt worden. De activatie van genen
wordt strak gereguleerd qua plaats en tijd en een gebrek aan juiste transcriptionele regulatie
resulteert vaak in allerlei ziekten zoals b.v. kanker. Bij de juiste transcriptionele activatie van
genen in hogere eukaryoten zijn verschillende regulerende DNA elementen betrokken; de
promoter wordt vlakbij het gen gevonden terwijl andere elementen zoals enhancers zeer ver
van het te activeren gen kunnen liggen. Een van de belangrijkste vragen in de moleculaire
biologie is hoe deze zogeheten cis-regulerende elementen over deze aanzienlijke afstanden
met de promoter van een gen kunnen communiceren. Verschillende mechanismen zijn
voorgesteld voor deze communicatie: o.a. het looping model, het tracking model en het
linking model. Deze modellen worden in hoofdstuk 1 in detail besproken.

Een goed voorbeeld van een gespecialiseerde cel in zoogdieren is de rode bloed
cel. Het meest voorkomende molecuul in rode bloedcellen is het zuurstof en kooldioxide
transporterende hemoglobine dat opgebouwd is uit twee a-globine eiwitten, twee [3-globine
eiwitten en vier heem groepen. Het B-globine eiwit wordt gecodeerd door genen in het -
globine locus. Het muizen B-globine locus bevat vier B-achtige genen. Twee daarvan, de
embryonale 3-globine genen, komen in het embryo tot expressie terwijl de twee andere genen,
de volwassen f-globine genen actief worden in een later stadium van de ontwikkeling. De
B-achtige genen zijn langs de DNA streng gerangschikt in de volgorde van hun expressie.
Een vitaal regulerend element, de locus control region (LCR) genoemd, ligt ongeveer 50 kb
stroom opwaarts van het volwassen fmajor gen, en verschillende ver weg gelegen elementen
met een onbekende functie zijn geidentificeerd.

De meeste kennis over de organisatie van chromatine in de cel kern is verkregen via
licht- en fluorescentie microscopie studies, maar ondanks dat er spectaculaire vooruitgang
geboekt is in dit veld wordt de resolutie begrensd door optische limitaties. Daarom is het
momenteel niet mogelijk om de structurele organisatie van een individueel gen locus, dat
bijvoorbeeld 200 kilobasen genomisch DNA omspant, te visualiseren. Een ingewikkelde
structurele organisatie op dit niveau van resolutie is echter te verwachten b.v. waar enhancers
of andere regulerende elementen met ver weg gelegen promoters communiceren. Zoals
in hoofdstuk 4 bediscussicerd wordt zijn er diverse nieuwe technieken ontwikkeld om
de structurele organisatie van een individueel gen locus te bestuderen en één daarvan is
Chromosome conformation capture (3C) technologie. Deze methode was oorspronkelijk
ontwikkeld om de structuur van chromosomen in gist te bestuderen. Hoofdstuk 5 beschrijft
hoe deze procedure geoptimaliseerd werd om de structurele organisatic van chromosomale
regio’s in (de veel complexere) zoogdier cellen te bestuderen en hoe het toegepast werd om
een chromosomale regio van 200 kb die het muizen B-globine locus bevat in expresserende
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rode bloedcellen en niet expresserende hersen cellen te bestuderen.

In hersencellen heeft het B-globine locus een schijnbaar lineaire structuur. Maar in
rode bloedcellen komt de 3-globine LCR ruimtelijk in de naburigheid van het actieve gen. Het
tussen liggende chromatine met de inactieve 3-achtige genen vormt een lus. Bovendien zijn
twee ver weg gelegen regulerende elementen, die 130 kb van elkaar liggen, ook betrokken
bij deze interacties. Deze observaties laten zien dat lange afstand gen regulatie in vivo
ruimtelijke interacties tussen verschillende regulerende elementen omvat terwijl het tussen
liggende chromatine een lus vormt. Dit is in overeenstemming met het looping model. Deze
ruimtelijke clustering van transcriptie regulerende elementen wordt een Actieve Chromatine
Hub (ACH) genoemd.

In hoofdstuk 6 wordt de structuur van het B-globine locus in primitieve rode bloed
cellen, waar de embryonale genen actief zijn terwijl de volwassen genen niet actief zijn,
geanalyseerd. De resultaten laten zien dat een kern van de ACH, die de regulerende [3-
globine elementen bevat, geconserveerd is terwijl de -globine genen hun interactie wisselen
gedurende de ontwikkeling en dit correleert met de wisseling in transcriptionele activiteit.
Het humane 3-globine locus, dat als transgen in de muis geintroduceerd is, gedraagt zich op
vergelijkbare wijze. In voorlopers van rode bloedcellen waarvan vaststaat dat ze [3-globine
gaan expresseren maar dat nog niet doen, clustert een deel van de regulatieve elementen en
vormt een structuur die Chromatine Hub (CH) genoemd wordt. Na differentiatie tot rode
bloed cel wordt een volledig functionele ACH gevormd dat alle regulerende elementen en het
actieve gen bevat. De rol die speciale eiwitten, transcriptie factoren genoemd, spelen in de
formatie van de 3-globine ACH wordt behandeld in hoofdstuk 7. EKLF is een rode bloedcel
specifieke transcriptie factor die essentieel is voor de expressie van de volwassen 3-globine
genen. In foetale levers van EKLF knock-out muizen wordt een structuur gevonden dat heel
erg lijkt op de structuur die in de voorloper cellen is gevonden (een CH). Een EKLF eiwit
gefuseerd met een ligand bindend domein werd geintroduceerd om uit te sluiten dat deze
observatie veroorzaakt wordt door het onvermogen van deze cellen om een secundair EKLF
athankelijk signaal te activeren. Dit fusie eiwit wordt vastgehouden in het cytoplasma en kan
alleen als 4-hydroxy tamoxifen wordt toegevoegd naar de kern verhuizen. De ACH wordt
dan weer gevormd en zelfs als tegelijkertijd de eiwit synthese geblokkeerd wordt, zodat
secundaire effecten niet kunnen optreden, vindt ACH formatie plaats. Deze informatie laat
zien dat EKLF nodig is voor de formatie en/of stabilisatie van een volledig functioneel ACH,
en dat dit een primair effect is, terwijl CH formatie EKLF onathankelijk is.

In hoofdstuk 8 wordt voorgesteld dat de formatie van een ACH de sleutel vormt tot
gen expressie in onderdrukkend chromatine en om hypersensitiviteit op genomische locaties
te behouden. Het clusteren van regulerende elementen, mogelijk gemaakt door de affiniteit
tussen eiwitten die gebonden zijn aan deze elementen, kan verklaren hoe overlappende gen
loci afzonderlijke expressie patronen tot stand brengen. Ook wordt gesuggereerd dat de
clustering van de regulatieve elementen en actieve genen essentieel is voor de hoge transcriptie
niveau van de -globine genen. Transcriptie factoren bewegen zich snel door de kern terwijl
efficiénte transcriptie een hoge locale concentratie van deze factoren op een genomische
plek vereist. Locale accumulatie van frans-werkende factoren kan bewerkstelligd worden
door de ruimtelijke clustering van hun bindings plaatsen. Daarom wordt gepostuleerd dat
de B-globine ACH gezien kan worden als een kern compartiment dat toegewijd is aan (RNA
polymerase II) transcriptie van de B-globine genen, zoals de nucleolus een kern compartiment
is dat toegewijd is aan de RNA polymerase I transcriptie van rRNA genen.
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Nawoord:

Vier jaar na aanvang van mijn AIO tijd ligt er nu een boekje en is er weer een avontuur
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