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Introduction

The functional organization of nuclear architecture
he eukaryotic cell is faced with the challenge of packaging its genetic material
in the nucleus while maintaining accessibility of its genes for DNA-associated
processes. The answer that evolution has come up with is both elegant and
effective: the genetic material is functionally organized as chromatin. Efficient folding
of the about two meters of DNA inside the nucleus, which is only 10-20 µm in
diameter, occurs by wrapping the DNA around an octamer of histone proteins, forming
a 10 nm diameter fiber (Carter, 1978; Finch et al., 1977; Kornberg, 1977; Luger et al.,
1997). Coiling of this fiber results in a compacted fiber of 30 nm diameter, which is
folded further in an unknown way. The ensemble of DNA and proteins constituting
chromatin plays an essential role in transcriptional regulation. Detailed understanding
of the molecular systems that underlie the functional architecture of chromatin, both
at the nucleosomal and the higher-order level (i.e. above the 30 nm fiber), remains
elusive. Current research in this field is focused on uncovering the molecular
mechanisms that are responsible for the dynamic higher-order structure of chromatin,
controlling gene expression.
In order to orchestrate the level and timing of the expression of thousands of genes,
the eukaryotic genome employs various methods of regulation. The most direct type
of regulation is found at the DNA sequence level, by the interaction between
transcription factors and regulatory sequences. Functionally related genes are
sometimes clustered on the linear genome so they can be coregulated, as can be seen
for the HoxB and β-globin loci for example (Chambeyron and Bickmore, 2004; Tolhuis
et al., 2002). Additionally, gene clusters of unrelated function were also
identified on a genome-wide scale by integrating the human genome map with
messenger RNA expression data (Caron et al., 2001). The resulting human
transcriptome map revealed the existence of genomic stretches of several mega
basepairs containing functionally unrelated genes with similar levels of transcriptional
activity. Regions of increased gene expression (ridges) and low gene expression
(anti-ridges) were identified on the human genome (Lercher et al., 2002; Versteeg et
al., 2003). Interestingly, insertion of a GFP reporter gene within a ridge resulted in an
average fourfold upregulation of the GFP transcription compared to integration in an
anti-ridge, demonstrating the importance of local genomic organization at the linear
DNA sequence level (Gierman et al., 2007).
Another form of gene regulation occurs at the level of the higher-order folding of
chromatin, i.e. above the 30 nm fiber. On the basis of classic cytological studies, the
genome can be divided into two major types of chromatin: compact and open
chromatin, named heterochromatin and euchromatin, respectively. These types of
chromatin are considered to reflect gene activity: the often gene-poor heterochromatin
domains are generally compact and transcriptionally silent, while gene-rich
8
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euchromatin consists of open, transcribed chromatin domains (Felsenfeld and
Groudine, 2003). However, more recent data suggest that a more subtle discrimination
between the functionality of compact and less compact chromatin domains should be
made. Using sucrose gradient sedimentation, chromatin fibers were separated based on
their compactness, demonstrating that transcriptionally active as well as inactive sites
are found in both such compact and less compact isolated chromatin fibers (Gilbert et
al., 2004). In addition, Gilbert and colleagues (2004) found that less compact chromatin
fibers are more gene dense than compact chromatin fibers. These in vitro results
indicate that the distinction between heterochromatin and euchromatin is complex and
probably based on more parameters than transcriptional activity alone.
An interesting feature of chromosome architecture is the existence of chromosome
territories (CTs) in interphase nuclei (for a review, see Cremer and Cremer, 2001).
According to fluorescent in situ hybridization (FISH) experiments, each
chromosome occupies a distinct territory within the nucleus that was initially thought
not to be intruded by other chromosomes (Cremer et al., 1993). However, upon
increasing resolution by imaging 150 nm thick cryosections (cryo-FISH) with the
electron microscope, some intermingling between adjacent chromosomes was
demonstrated (Branco and Pombo, 2006). CTs consist of domains of different
degrees of compaction: 100-500 nm domains are surrounded by interchromatin areas
containing little or no chromatin (Cremer et al., 2004). Active transcription sites can
be found throughout the CT near the surface of the compact subchromosomal domains
(Fakan, 1994; Fakan and van Driel, 2007; Verschure et al., 1999). An interesting
finding is that, upon transcriptional activation, genomic loci may loop out, away from
their CT (Mahy et al., 2002a; Volpi et al., 2000). A striking example of looping of
transcriptionally active genes was found for the HoxB locus (Chambeyron and
Bickmore, 2004). Here, induction of the genes within the cluster caused sequential
looping out of the CT, in the same order as their transcriptional activation. Furthermore,
introduction of the human β-globin locus control region (LCR) into a gene-dense
region of the mouse genome caused transcriptional upregulation combined with more
frequent positioning away from the CT (Noordermeer et al., 2008). These findings
argue that transcription occurs near the surface of the compact chromatin domains,
possibly on chromatin that loops out into the interchromatin domain. It should be noted
however, that looping is not necessary to enable transcription of a chromatin fiber,
since transcriptionally active genes can also be situated inside a CT (Mahy et al.,
2002b; Verschure et al., 1999).
The spatial organization of chromatin in the nucleus may also play a role in gene
regulation. For instance, in some cell types gene-poor chromatin is clustered at the
periphery of the cell nucleus. This has been illustrated by FISH experiments,
demonstrating that in human primary lymphocytes and lymphoblasts, the gene-poor
chromosome 18 is positioned more to the periphery of the nucleus than the gene-rich
chromosome 19 (Croft et al., 1999). Furthermore, Goetze et al. (2007a) demonstrated
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in five different human cell lines that certain gene-rich, highly expressed ridges are
generally located more towards the nuclear interior than certain gene-sparse, low
expressed anti-ridges of the same chromosomes. This radial positioning of
chromosomal (sub)domains leads to compartmentalization of the nucleus, resulting in
a gene-rich, transcriptionally active interior. However, radial positioning of
chromosomes according to gene density seems to be restricted to specific cell types.
In human skin fibroblasts for instance, chromosome size rather than gene content
dictates radial positioning (Bolzer et al., 2005). Approaching the issue of radial
positioning from a different perspective, Guelen et al. (2008) identified genomic
regions that are naturally recruited to the nuclear periphery in human lung
fibroblasts, using the DNA adenine methyltransferase (Dam) ID technique. The authors
demonstrated that these lamina-associated genomic domains are generally gene poor
and depleted of RNAPII, allowing little transcriptional activity (Guelen et al., 2008).
Taken together, these data suggest a model in which gene-poor inactive chromatin is
located more towards the periphery of the nucleus in some cell types, whereas
transcriptionally active chromatin is more concentrated in the center of the nucleus.
Whether positioning of genes near the nuclear periphery is caused or influenced by
the transcriptional status, has been addressed in several recent studies using a bacterial
lactose (lac) operator integrated into mammalian chromatin (Robinett et al., 1996).
Because of the high affinity of the bacterial lac repressor (lacR) for the lac operator
(lacO), proteins fused to the lacR can be effectively targeted to an integrated lacO
repeat (Robinett et al., 1996). By fusing lacR to a lamin-interacting protein, a lacO
locus could be targeted to the nuclear lamina (Finlan et al., 2008; Kumaran and Spector,
2008; Reddy et al., 2008). Finlan et al. (2008) demonstrated that transcription of some,
but not all, of the endogenous genes located in or near the targeted site was suppressed.
Yet another study showed that after targeting of a chromosome arm containing a lacO
repeat and a reporter gene to the nuclear periphery, transcription of the reporter gene
could be induced (Kumaran and Spector, 2008). These data indicate that the nuclear
domain close to the lamina, i.e. the nuclear periphery, is primarily a region harbouring
repressed genes, but that gene expression can be induced, suggesting a complex
functional relationship between nuclear localization and gene regulation.
Taken together, it has become clear that the spatial organization of chromatin in the
nucleus is functionally linked to the transcriptional status of chromatin, although the
molecular mechanisms remain to be uncovered.
Epigenetic regulation: the orchestration of gene expression
The insight that not only the genetic code but also other factors, such as chromatin
architecture, influence transcriptional activity has led to many questions regarding the
extent and mechanisms of this regulation. The field of epigenetics focuses on
identifying these factors and unraveling their mechanistic role in genome regulation.
Over the past decade a large number of studies has furthered our understanding of
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epigenetic gene regulation and a view has emerged in which chromatin is the key
player. As reviewed by Taverna and colleagues (2007), histone- and DNA-modifying
proteins can heritably change gene expression by covalently adding or removing
methyl groups on DNA and/or a variety of chemical groups on the histone proteins of
chromatin, most notably phosphate, methyl, ubiquitin and acetyl groups. The interplay
of histone modifications in controlling genome activity is often referred to as the
'histone code' (Jenuwein and Allis, 2001; Turner, 2007). The histone code is thought
to mark parts of the genome as eligible for transcription or for repression. Exactly how
this is encoded is still largely unknown, but two models are currently considered
(Taverna et al., 2007). The first is a 'direct' model in which specific histone
modifications, including phosphorylation and acetylation, change the positive histone
charge thereby disturbing interactions with the negatively charged phosphate groups
of DNA. These altered interactions induce conformational changes in chromatin
structure, rendering it more compatible with transcription. The second 'effectormediated' model depends on the existence of effector proteins that translate the histone
code into meaningful downstream events. For instance, specific methylated sites of
histones are recognized by proteins containing a chromodomain, such as
heterochromatin protein 1 (HP1; Bannister et al., 2001). Acetylated sites are recognized
by bromodomains and several phosphorylated sites by 14-3-3 proteins (Kouzarides,
2007). These effector proteins can in turn recruit transcription factors and/or chromatin
remodeling complexes, affecting changes in transcription.
However, the histone code functions in a more complex way than a simple standard
conversion from an epigenetic mark to the gene expression state. For instance, the
location of the modification in the promoter or coding region of a gene exerts a
different effect on the transcriptional state. Histone 3 lysine 9 methylation has a
negative effect on transcription when present at the promoter region, but when present
throughout the coding region of genes it is associated with transcriptional elongation
through the recruitment of HP1γ (Vakoc et al., 2005). The same epigenetic mark may
therefore lead to a different response, depending on its location.
Furthermore, the abundance of available histone modifications presents the
possibility for a vast array of transcriptional responses as a result of epigenetic
cross-talk. For instance, opposing histone modifications may be present at the same
time on a single regulatory site. The existence of these so-called bivalent chromatin
domains, containing both active and repressive marks simultaneously, forms a
particularly challenging puzzle (Azuara et al., 2006; Bernstein et al., 2006). The
enrichment of these opposing histone modifications in mouse embryonic stem cells is
present on chromatin regions that are mostly silent. Upon differentiation, the cells
preserve only one of the two histone modifications and change gene expression levels
accordingly, dependent on the cell type (Bernstein et al., 2006). Supposedly, the
function of these opposing histone modifications is to poise the genetic locus, preparing
it for transcription, but not yet activating it.
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One approach to unraveling the complex interplay between epigenetic marks is
through the characterization of the proteins that interact with chromatin. By interfering
with the protein of interest, its effect on epigenetic modifications, chromatin structure
and transcriptional status can be deduced. For example, HP1 protein function was
inhibited by means of a dominant-negative approach to characterize the function of
HP1 in maintaining heterochromatin structure. HP1 binds to histone H3 methylated at
lysine 9, present in silent chromatin such as mouse chromocenters. By over-expressing
a chromodomain-deficient HP1 mutant, we depleted HP1 from pericentromeric
heterochromatin (i.e. mouse chromocenters; Mateos-Langerak et al., 2007; chapter 4
of this thesis). Remarkably, in the absence of functional HP1 pericentromeric
heterochromatin domains retained their condensed chromatin structure, demonstrating
that heterochromatin maintenance is independent of the binding of HP1
(Mateos-Langerak et al., 2007).
By studying the effects of both gene knock-out and over-expression, important
discoveries have also been made recently for methyl-CpG-binding protein 2 (MeCP2).
MeCP2 has long been considered a transcriptional silencer, because of its affinity for
methylated DNA (a mark for silent chromatin) and recruitment of HDAC silencing
complexes (Meehan et al., 1992; Nan et al., 1997; Nan et al., 1998b). However, a
recent report studied gene expression patterns after up- or downregulation of MeCP2
in the mouse hypothalamus (Chahrour et al., 2008). Surprisingly, ~85% of the genes
that bound over-expressed MeCP2 were upregulated. Conversely, knockout of the
MeCP2 gene caused these genes to be downregulated, suggesting a role in
transcriptional activation for MeCP2. These results are in line with our finding that
the targeting of MeCP2 to compact chromatin domains results in decondensation
(chapter 2 of this thesis).
A true advance in the study of epigenetic regulators and their in vivo effects on
chromatin was made with the introduction of engineered targeting systems. Such
systems consist of protein-binding arrays that associate with DNA-binding proteins
with a high affinity. Fluorescent tagging of the DNA-binding protein allows one to
visualize the genomic binding array in living cells. Moreover, these systems can be
exploited to demonstrate the effect of binding of epigenetic regulatory proteins on the
compaction state of the integrated chromosomal array. The initial targeting system,
devised in mammalian cells, contained a highly amplified chromosomal domain
consisting of a stretch of bacterial lac operator (lacO) repeats that bind a chimeric
fluorescent lac repressor (lacR) protein with high affinity (Robinett et al., 1996; figure
1). Subsequent studies established the value of this tool, demonstrating that the in vivo
targeting of the lacR-tagged viral activation domain VP16 to a lacO array results in the
decondensation of the chromosomal array and its movement to the interior of the
nucleus (Tumbar and Belmont, 2001; Tumbar et al., 1999). Targeting of the lacRtagged epigenetic silencer HP1 to the chromosomal array produced an opposite effect;
lacO chromatin condensed locally, concomittant with the recruitment of histone
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Figure 1. The engineered lac operator/lac
repressor targeting system. (A) Schematic
representation of the lac operator/lac
repressor targeting system. Integrated lacO
repeats (blue) are recognized and bound by
the lacR-EGFP fusion protein (green). (B) A
eukaryotic cell with an amplified lacO array
that has been targeted by lacR-EGFP. The
three-dimensional structure of chromatin is
visible due to its fluorescent tagging.

methyltransferase SETDB1 and the enhancement of trimethylation of histone H3 lysine
9 in that domain (Brink et al., 2006; Verschure et al., 2005; chapter 3 of this thesis).
The lacO/lacR technology has been further developed over the years, adding
inducibility of the lacR fusion protein and incorporation of a fluorescent reporter gene
and MS2 repeats for measurements of transcript concentration in vivo, further
expanding its usefulness (Janicki et al., 2004; Tsukamoto et al., 2000). Studies using
engineered lacO/lacR systems are described in chapters 2, 3 and 5 of this thesis.
In conclusion, eukaryotic gene regulation is achieved at several levels. A multitude
of studies have established various correlations between chromatin organization, e.g.
higher-order folding of the chromatin fiber and positioning of chromosomal domains
within the nucleus, and gene expression. However, whether the level of gene
expression is a cause or consequence of chromatin organization is still unclear. The
use of engineered targeting systems allows us to manipulate and visualize changes at
the chromatin level in relation to changes in gene expression and hence systematically
unravel cause-and-effect relationships. Uncovering these details will advance our
understanding of the principles of genome biology.
Thesis outline
The objective of the studies described in this thesis was to define causal relationships
between reputed epigenetic chromatin silencers, chromatin structure and changes in
gene expression. We have used several approaches to achieve this aim.
In chapter 2 and 3 we have utilized an amplified lacO array targeting system in
Chinese Hamster Ovary cells. Targeting the gene silencer MeCP2 (chapter 2) we
observed, contrary to our expectations, that chromatin of the lacO-containing amplified
chromosome region is decondensed upon MeCP2 binding. This decondensation
requires the C-terminal domain of MeCP2. While HP1α and HP1β remain bound to the
lacO, HP1γ is depleted after MeCP2 binding. Interestingly, transcriptional silencing is
maintained, despite the induced chromatin decondensation.
Chapter 3 examines targeting of a truncated HP1α or HP1β protein, lacking its
chromodomain, which normally mediates binding to histone H3 methylated at lysine
9. Like full-length HP1, local binding of chromodomain-deficient HP1 results in
heterochromatinization of the amplified chromosome region as shown by three-
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dimensional quantitative measurements of chromatin structure, elevated levels of
H3K9me3 and recruitment of endogenous HP1α and HP1β (Brink et al., 2006). These
results suggest that recruitment of protein factors by the chromoshadow and hinge
domain is sufficient to induce heterochromatinization.
In chapter 4 we present the results of depletion of HP1 from heterochromatin by
a dominant-negative approach (Mateos-Langerak et al., 2007). We utilize the selfbinding properties of HP1 through its chromoshadow domain. By over-expressing
truncated HP1 without its chromodomain, we inhibit the binding of full-length HP1
to its chromatin binding sites, depleting HP1 from mouse chromocenters.
Pericentromeric heterochromatin domains remain intact after HP1 displacement,
demonstrating that HP1 is not essential to heterochromatin maintenance.
In chapter 5 we describe the setting up of an advanced chromatin targeting system
in human cells and discuss its benefits and points for improvement. A key feature of
this engineered system is its single-copy integration into predefined well-characterized
genomic locations in different functional domains. This enables us to study the effect
of the genomic environment on chromatin structure and on gene expression of a
reporter gene. Furthermore, two different small arrays that are incorporated in the
engineered construct can be used to simultaneously target different regulatory factors,
providing information about their functional interactions and their effect on gene
expression. Pilot studies demonstrate the potential of our novel engineered targeting
system.
Finally, chapter 6 is a perspective in which we discuss novel approaches to
describe and analyze eukaryotic gene networks. Among others, this should give insight
into the role of epigenetics in gene networks.
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MeCP2 revisited: Chromatin
Decondensation and the Displacement of
HP1γ without Transcriptional Activation
Maartje C. Brink, Diewertje G. E. Piebes, Martijn S. Luijsterburg,
Roel van Driel & Pernette J. Verschure
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Abstract

ethyl-CpG-binding protein 2 (MeCP2) is a chromatin-binding protein
involved in the DNA methylation pathway and has been characterized
both as a repressor and as a potential activator of transcription. MeCP2
was shown to bind methylated DNA and the epigenetic silencer HP1 and to cause
the in vitro compaction of chromatin and the in vivo formation of repressive
chromatin loops. Here we show that, remarkably, the in vivo binding of
lac repressor-tagged MeCP2 causes extensive decondensation of a lac operatorcontaining chromosomal domain. The C-terminus of MeCP2 is required for the
observed chromatin decondensation, excluding involvement of the methylbinding and transcriptional-repression domain. MeCP2-induced chromatin
decondensation occurs throughout interphase in the absence of changes in CpG
methylation. Strikingly, targeted MeCP2 does not activate the transcription of
genes embedded in the decondensed chromosomal domain and, in agreement,
causes the repression of a luciferase reporter gene in vivo. Targeting of MeCP2
triggers the release of HP1γ from the array, but not of HP1α and HP1β. Moreover,
over-expression of MeCP2 induces an overall increase of HP1γ mobility. We
propose a novel role for MeCP2 in reorganizing chromatin structure in order to
facilitate changes in gene expression.

Introduction

The spatial organization of chromatin plays a critical role in the control of
eukaryotic gene expression (reviewed by Goetze et al., 2007b). Both the radial
positioning of chromatin within the eukaryotic nucleus and folding of the chromatin
fiber into more or less condensed states are functionally linked to transcriptional
regulation. Establishing the causal relationship between the three-dimensional (3D)
chromatin structure and gene activity is an important step towards clarifying the
molecular mechanisms underlying eukaryotic gene control. The 3D-chromatin
structure is regulated by epigenetic marks, including histone modifications, histone
variants and DNA methylation (Chambeyron and Bickmore, 2004; Tumbar et al.,
1999). A variety of regulatory proteins are able to specifically bind epigenetic marks
and translate these marks to changes in gene expression (Taverna et al., 2007). The
interplay between the various epigenetic factors results in an intricate pattern of gene
regulation. Previously, we showed that in vivo targeting of HP1 to an amplified
lac operator-containing chromosomal domain caused local condensation of
chromatin structure and recruitment of histone methyltransferase SETDB1,
concomitant with methylation of histone 3 at lysine 9 (Verschure et al., 2005).
Increasing evidence points towards cross-talk between HP1 and methyl-CpG-binding
16
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proteins. For instance, upon myogenic differentiation the level of methyl-CpGbinding proteins increases, inducing chromocenter clustering concomitant with the
relocalization of HP1 to heterochromatin, in particular of the HP1γ isoform
(Agarwal et al., 2007; Brero et al., 2005). Additionally, all three HP1 isoforms were
found to co-precipitate with methyl-CpG-binding protein 2 (MeCP2; Agarwal et al.,
2007).
In the present study, we demonstrate that the in vivo targeting of MeCP2 caused
extensive chromatin decondensation requiring the C-terminal part of MeCP2. MeCP2induced chromatin decondensation occurred throughout interphase in the absence of
transcriptional activation or changes in CpG methylation. We demonstrate an intricate
interplay between MeCP2 and HP1 proteins by showing that MeCP2 promotes eviction
of HP1γ from chromatin, but not of HP1α or HP1β. We propose that MeCP2-induced
chromatin decondensation reflects a poised status, preparing chromatin for further
transcriptional regulation.

Materials and methods

Construction of plasmids
Full-length rat MeCP2 was produced by PCR and cloned into the AscI site of p3'SS-EGFP-dimer lac
repressor (Robinett et al., 1996). cDNA of the MeCP2 point mutation R133C (Yusufzai and Wolffe, 2000)
was similarly procured. For fusion at the N-terminus of EGFP-lacR, we produced the complete MeCP2 and
separate functional domains by PCR, extended with XbaI and XhoI restriction sites, and cloned these into
the identical sites of p3'SS-EGFP-dimer lac repressor. mCherry-lacR and mCherry-lacR-MeCP2 were
created by excising EGFP from EGFP-lacR or EGFP-lacR-MeCP2 with XbaI and BsrGI followed by
insertion of mCherry, cut with NheI and BsrGI.

Cell culture and transfection
The AO3_1 and RRE_B1 cell line are derivatives of CHO DG44, with a condensed or decondensed
integration of lac operator repeats and flanking DNA, respectively (Li et al., 1998; Robinett et al., 1996).
Cells were regularly cultured in Ham's F-12 without thymidine and hypoxanthine, supplemented with triple
dialyzed FBS (Perbio) and 0.1 µM MTX for AO3_1 or 10 µM MTX for RRE_B1 cells, never
allowing confluency to reach over 90% or less than 30%. Osteosarcoma cells (U2OS) and NIH/3T3 mouse
fibroblasts were cultured in Dulbecco minimal essential medium containing 10% fetal bovine serum. All cells
were cultured at 37°C in a 5% CO2 atmosphere. Cells were transfected at 80% confluency on cover slips
coated with Alcian Blue. Alternatively, for live cell experiments, cells were transfected in 35 mm glass
bottom dishes (MatTek) at 80% confluency. Transfection was performed with Lipofectamine 2000 according
to the manufacturer's protocol. After 24-48 hours, cells were imaged directly or first washed in PBS, fixed
in 4% paraformaldehyde for 15 minutes at 4°C and embedded in Vectashield (Brunschwig, Burlingame,
CA) with DAPI (4′,6′-diamidino-2-phenylindole; Vector Laboratories, Burlingame, CA). The luciferase
reporter gene assay was performed as described elsewhere (Bunker and Kingston, 1996; Verschure et al.,
2005).

Immunolabeling and fluorescent in situ hybridization
For immunolabeling, cells were permeabilized after fixation with 0.5% (w/v) Triton X-100 in PBS for 5
minutes and incubated in PBS containing 100 mM glycine for 10 minutes. Subsequently, cells were
incubated at 4°C overnight with primary antibodies diluted in PBS containing 0.5% (w/v) bovine serum
albumin and 0.1% (w/v) gelatin (PBG; Sigma, St. Louis, MO). The following primary antibodies were used:
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rabbit anti-H3K9me2 (Upstate, Milton Keynes, United Kingdom; Nakayama et al., 2001), rabbit antiH3K9me3 (Cowell et al., 2002), rabbit anti-SETDB1 (Schultz et al., 2002), anti-EZH2 and anti-EED (Hamer
et al., 2002), rabbit anti-TFIIH p62 subunit (SantaCruz Biotech), mouse anti-SC35 (Abcam; Fu and Maniatis,
1990), mouse anti-histone H1 (Imgen), goat anti-hBrahma (N-19; Santa Cruz Biotechnology),
rabbit anti-H3K4me2 (Upstate), rabbit anti-H4K16ac and rabbit anti-H3K27me2 (Upstate). For labeling of
DNA methylation, we incorporated a 30-minute denaturation step of 2 M HCl at 37°C and blocked with 10%
BSA for 15 minutes, preceding the primary antibody incubation with mouse anti-5mC (Eurogentec) and
rabbit anti-lacR, diluted in saline buffer supplemented with 0.5% BSA, 0.1% gelatin and 0.05% tween-20.
Primary antibody recognition was achieved by donkey anti-mouse conjugated to biotin and StreptavidinFITC for anti-5mC and by donkey anti-Rabbit Cy3 for anti-lacR. Fluorescent in situ hybridization was
performed largely as described elsewhere (Cremer et al., 2001). Denaturation was carried out at 78°C in SSC
(0.15 M NaCl, 0.015 M sodium citrate) containing 50% formamide and 10% dextran sulfate. Hybridization
was allowed to proceed overnight at 37°C. Posthybridization washes were carried out with 2×SSC/50%
formamide at 45°C. All incubations for probe detection were performed at room temperature in 4×SSC
containing 5% (w/v) non-fat dried milk.

Run-on transcription labeling
For transcription labeling, BrUTP was incorporated into nascent RNA as described previously (van Royen
et al., 2007; Verschure et al., 1999; Wansink et al., 1993). Briefly, cells were permeabilized in glycerol
buffer (20 mM Tris HCl, 0.5 mM MgCl2, 0.5 mM EGTA, 25% glycerol and 1 mM PMSF) supplemented with
0.05% Triton X-100, 5 µM DTT and 20 U/ml RNAsin for 3 minutes. BrUTP incorporation was
performed for 10 minutes at RT in synthesis buffer (100 mM Tris HCl, 5 mM MgCl2, 0.5 mM EGTA, 200
mM KCl, 50% glycerol, 0.05 mM SAM, 20 U/ml RNAsin, and 0.5 mM PMSF) supplemented with 0.5 mM
ATP, CTP, GTP, and BrUTP (Sigma-Aldrich). Cells were fixed and labeled as described above. BrUTP was
immunolabeled overnight with rat anti-BrdU (Seralab) diluted 1:500 in PBG at 4°C. Primary antibody
detection was followed by biotin-conjugated donkey anti–rat IgG (Jackson ImmunoResearch Laboratories)
1:300 and Cy3-conjugated streptavidin (Jackson ImmunoResearch Laboratories) 1:250.

Image analysis
All cells were imaged using a Zeiss LSM 510 (Zeiss, Jena, Germany) confocal laser scanning microscope
equipped with a 63x/1.4 oil immersion objective. We used multitrack scanning, employing a UV laser (364
nm), an argon laser (488 and 514 nm) and a helium neon laser (543 nm) to excite DAPI staining and green
and red fluorochromes. Emitted fluorescence was detected with BP 385-470, BP 505-550 and 560 LP filters.
Three-dimensional (3D) images were scanned at 512 by 512 pixels using 200 nm axial and 60 nm
lateral sampling rates. Images were averaged 4 times. For FLIP and FRAP experiments, microscopes were
equipped with an objective heater and cells were examined in microscopy medium (137 mM NaCl, 5.4 mM
KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 20 mM D-glucose and 20 mM HEPES) at 37°C. Surface factor
measurements were performed using the Huygens system 2 software package (Scientific Volume Imaging,
Hilversum, The Netherlands), as described previously (Verschure et al., 2005). Briefly, the surface factor is
calculated as the ratio between the smallest possible surface area of the volume occupied by the array and
the actual surface area. A surface factor of 1 therefore represents a perfectly spherical structure, whereas a
lower value is assigned to a more furrowed structure. All surface factors were assembled in a histogram
(binning 5). The threshold value was set at 0.6, assigning the decondensed chromatin state to all operator
arrays with a surface factor lower than 0.6.
Fluorescence Recovery after Photobleaching (FRAP)
FRAP analysis was used to measure the mobility of EGFP-lacR, EGFP-lacR-MeCP2, EGFP-lacR-R133C,
C-terminus-EGFP-lacR and MeCP2-EGFP at the lac operator array as described previously (Houtsmuller
et al., 1999; Luijsterburg et al., 2007). Briefly, a square of 512x512 pixels was imaged at 2.56 µs per frame,
zoom 14 (1 pixel is 0.02x0.02 µm). After 3 images, a strip of 275x150 pixels, encompassing half the lac
operator array was bleached by applying 4 scans at maximal 488 and 514 nm laser intensity (AOTF 100%,
total time 1.9 s) and the fluorescence recovery was acquired by scanning at least 60 images at a 5-second
interval (1x average/frame). For FRAP of EGFP-HP1γ in- and outside of the array, images were taken at
512x512 pixels (0.04x0.04 µm), 1.60 µs per frame, zoom 7. After 10 images, a square of 56x56 pixels was
bleached for 10 scans (total time = 1.1 s) and recovery was measured for at least 60 images at a 2-second
time interval. The data was normalized to the original intensity before the bleach pulse by using the equation:
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IFRAP = (Istrip t=t – Ibackground t=t) / (Istrip t=0 – Ibackground t=0), where Istrip t=t and Istrip t=0 represent the intensity within
the strip at t=t and the intensity before the bleach pulse (t=0), respectively. For graphical representation,
recovery plots were normalized between 0 and 1.

Fluorescence Loss in Photobleaching (FLIP)
FLIP analysis was used to measure the residence time of EGFP-HP1γ on chromatin (Hoogstraten et al.,
2002; Luijsterburg et al., 2007). Images of 512x512 pixels were acquired with a scan time of 1.60 µs (1x
average/frame) at zoom 7 (1 pixel is 0.04x0.04 µm). After 10 images, a region of 275x150 pixels, occupying
an area of 1/3 of the nucleus (excluding the lac operator array), was continuously bleached with maximal
488 nm and 514 nm laser intensity (AOTF 100%). EGFP-HP1γ fluorescence was monitored with low laser
intensity for at least 80 images with a 2-second time interval between images. The loss of fluorescence in
the unbleached part of the nucleus was quantified. All values were background corrected and normalized to
1 by using the equation: IFLIP = (Ispot t=t - Ibackground t=t) / (Ispot t=0 - Ibackground t=0). FLIP and FRAP curves were
fitted with Igor Pro 5.00 software according to the equation: y0 + A1 exp (-inv Tau1x) + A2 exp (-inv Tau2x),
with χ2 <0.06.

Results

MeCP2 fusion proteins localize at mouse chromocenters
To study the effect of MeCP2 binding to chromatin in vivo, we fused rat MeCP2 to a
fluorescently tagged lacR (EGFP-lacR), enabling targeting and visualization of MeCP2
to an amplified lacO array in living cells (Li et al., 1998). MeCP2 contains a methyl
binding domain (MBD), a transcription repression domain (TRD) and a poorly
characterized C-terminal domain (Nan et al., 1997; Nan et al., 1993; Nan et al., 1998b).
We tagged both full-length MeCP2, as well as the individual domains MBD, TRD,
MBD-TRD and the C-terminus of MeCP2, to EGFP-lacR as depicted in figure 1A. In
addition, we constructed an EGFP-lacR-tagged version of an MeCP2 point mutation
in the MBD domain, R133C, which leads to the development of Rett Syndrome
(Ballestar et al., 2000).
MeCP2 naturally resides at heterochromatic sites, such as mouse pericentromeric
heterochromatin repeats (chromocenters; Lewis et al., 1992). To demonstrate that our
fusion proteins behave similarly to wild-type MeCP2, we assayed their localization in
mouse fibroblasts. The MeCP2 domains MBD, MBD-TRD, TRD and point mutant
R133C fusion proteins localized to chromocenters similar to full-length MeCP2 (figure
1B-F, H). The EGFP-lacR-tagged C-terminus was homogeneously distributed
throughout the nucleus as was the EGFP-lacR control protein (figure 1G and I). The
EGFP-lacR-tagged C-terminus lacks the domains associated with methylated DNA
and repressor complexes, as found in the MBD, TRD and R133C fusion proteins, and
is therefore more likely to display a distribution without enrichment at the
chromocenters. These results confirm that all MeCP2-derived fusion proteins except
the EGFP-lacR-tagged C-terminus, have a nuclear distribution similar to wild-type
MeCP2.
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MeCP2 targeting causes local chromatin decondensation
To study the influence of MeCP2 binding on higher-order chromatin structure we
targeted the MeCP2-containing lacR fusion proteins in CHO DG44 cell lines
containing a highly amplified chromosomal array (of approximately 90 Mb), consisting
of tandem lacO repeats interspersed with the DHFR gene. The amplified chromosomal
region appeared as either a condensed heterochromatic or an unusually extended
fibrillar conformation, in cell line AO3_1 and RRE_B1 respectively (Li et al., 1998;
Robinett et al., 1996). Targeting of either N- or C-terminally lacR-tagged MeCP2
induced extensive large-scale decondensation of the amplified chromosomal array in
both the AO3_1 and RRE_B1 cell line (figure 2 and data not shown). FISH labeling
with a lacO probe confirmed that the fluorescent MeCP2-targeted decondensed
structure overlapped completely with the decondensed lacO chromosomal array (figure
3).
The observed decondensation typically occurred in only part (~40%) of the
transfected population. To investigate whether MeCP2-induced decondensation is cellcycle dependent, we transfected AO3_1 cells with EGFP-lacR-MeCP2 and mCherrytagged proliferating cell nuclear antigen (PCNA). PCNA forms a distinct pattern of
replication foci during S-phase and can be used as a marker for cell-cycle stage
(Leonhardt et al., 2000). Both condensed and decondensed configurations of the
amplified chromosomal arrays upon MeCP2 targeting were observed in cells within
S-phase (containing PCNA foci) as well as cells outside of S-phase (not containing
PCNA foci; figure 4). Our results show that targeting of EGFP-lacR-MeCP2 results in
an extensive decondensation of the amplified chromosomal region in living cells,
independent of cell-cycle stage.
The C-terminus of MeCP2 is responsible for chromatin decondensation
To identify the domain of MeCP2 that is essential for the observed decondensation, we
targeted individual MeCP2 domains or the Rett-mutant R133C to the amplified
chromosomal array in AO3_1 cells. Targeting of lacR-tagged fusion proteins
expressing the MBD, the TRD or both these domains, did not clearly decondense the
array (figure 5C-E), though occasionally a slightly enlarged array was observed.
Conversely, upon targeting of the lacR-tagged C-terminus of MeCP2 or the point
mutation R133C, we did observe clear chromatin decondensation, albeit to a lesser
extent than full-length MeCP2 (figure 5A, B).
To quantify the degree of decondensation of the array, we collected confocal image
stacks of lacO chromatin structures that were the result of targeting full-length MeCP2
proteins or partial MeCP2 domains and measured the extent of decondensation of the
chromosomal array, as scored by the parameter 'surface factor' (see materials and
methods and de Leeuw et al., 2006; Goetze et al., 2007a; Verschure et al., 2005). The
surface factor of ~30 nuclei was plotted in a histogram for each targeted protein,
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Figure 1. Nuclear distribution of EGFP-lacR-tagged MeCP2 domains in mouse fibroblasts. MeCP2
partial domains were fused in frame to EGFP-lacR and expressed in NIH/3T3 cells. (A) Schematic
representation of MeCP2 constructs. (B-I) Cells were fixed, DAPI stained and 3D images were recorded.
The images shown represent individual optical sections. The green signal shows the targeting to the
chromosomal array of EGFP-lacR-MeCP2 (B), MeCP2-EGFP-lacR (C), MBD-EGFP-lacR (D), MBDTRDEGFP-lacR (E), TRD-EGFP-lacR (F), C-terminus-EGFP-lacR (G), EGFP-lacR-R133C (H) or EGFP-lacR
control (I), the blue signal shows DAPI staining. Nuclei are on the same scale, bar = 5 µm.

Figure 2. MeCP2 causes chromatin decondensation.
AO3_1 cells containing an integrated lac operator domain
were transfected with EGFP lacR (control) (A), with EGFPlacR-MeCP2 (B) or EGFP-lacR-VP16 (C). Cells were fixed,
DAPI stained and 3D images were recorded. The green signal
shows the targeting of EGFP-lacR with or without full-length
MeCP2 at the chromosomal array, the blue signal shows
DAPI staining. The images shown represent individual
optical sections. Nuclei are on the same scale, bar = 5 µm.

21

Chapter 2
Figure 3. MeCP2-decondensed
array contains chromatin. AO3_1
cells were transfected with EGFPlacR-tagged MeCP2 or the EGFPlacR control and hybridized with a
fluorescently-labeled lac operator
DNA probe. Cells were fixed, DAPI
stained and 3D images were recorded.
The green signal shows the targeting
of EGFP-lacR-MeCP2 (A) or of
EGFP-lacR (B) to the chromosomal
array, the red signal the FISH-labeled
lac operator-containing chromosomal array, the blue signal shows DAPI staining. The images shown
represent individual optical sections. Bar = 5 µm.

Figure 4. Decondensation is independent of cellcycle stage. AO3_1 cells were cotransfected with
EGFP-lacR-MeCP2 and mCherry-PCNA. Cells
were fixed, DAPI stained and 3D images were
recorded. The position of the nucleus is indicated
by the white line. The green signal shows the
targeting of EGFP-lacR-tagged MeCP2 at the
chromosomal array, the red signal shows mCherryPCNA. The images shown represent individual
optical sections. Nuclei are on the same scale,
bar = 5 µm.
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displaying a bimodal distribution that
reflects cell nuclei containing either a
condensed or a decondensed chromosomal
array. The ratio of the two distributions
provides information on what fraction of
cells contains decondensed arrays. Figure
5F depicts the percentage of nuclei
containing decondensed arrays for all
targeted proteins. Compared to the
decondensation induced by lacR-MeCP2
according to the surface factor,
lacR-tagged VP16, MeCP2 (N-terminal),
C-terminus and R133C were not
significantly different (one-tailed Mann
Whitney test, P<0.05), causing similar
levels of decondensation. In contrast the
lacR control and lacR-tagged MBD,
TRD and MBDTRD did not cause
decondensation and were significantly
different
to
lacR-MeCP2.
These
quantitative results mirrored our visual
observations: the degree of decondensation
of the chromosomal array was most
pronounced in the cells targeted by fusion
proteins containing an intact C-terminus of
MeCP2. We conclude that the C-terminal
domain of MeCP2 plays a pivotal
role in MeCP2-induced chromatin
decondensation.

Chromatin decondensation by MeCP2
Untargeted MeCP2 causes decondensation of the amplified chromosomal array
To determine whether decondensation of the MeCP2-targeted chromosomal array was
a result of fusion of MeCP2 to the lacR, we expressed fluorescent MeCP2 without a
lacR tag in AO3_1 cells. Untargeted MeCP2-mRFP (i.e. not fused to the lacR) localized
at the amplified lacO array, both in EGFP-lacR control and in EGFP-lacR-MeCP2
transfected cells (Figure 6A, B). Furthermore, MeCP2-mRFP caused decondensation
at the amplified array in the lacR-expressing cells, albeit to a lesser extent than in the
lacR-targeted MeCP2 cells. To consolidate our microscopic observations, we quantified
the extent of decondensation in MeCP2-mRFP-expressing cells by measuring the
surface factor of the chromosomal array. In the MeCP2-mRFP-expressing cells the
surface factor differs significantly from that in lacR-targeted control cells (P<0.01),
however decondensation induced by untargeted MeCP2 also differs significantly from
the extensive decondensation induced by targeted lacR-MeCP2. The percentage of
cells with a decondensed array is shown in figure 5F. Untargeted MeCP2 decondenses
the amplified lacO chromatin to a much smaller extent than lacR-targeted MeCP2 both
in volume of the array (as measured by the surface factor) and in percentage of cells
in which the effect is observed (figures 2B, 5F and 6A). We considered the possibility
that differences in residence times between untargeted MeCP2 and lacR-targeted
MeCP2 were responsible for causing different degrees of chromatin decondensation.
In order to determine residence times of untargeted and targeted MeCP2, we performed
FRAP (Fluorescence Recovery After Photobleaching) analysis. Bleaching was
performed on a region covering one third of the lacO array followed by monitoring
fluorescence recovery of the various EGFP-tagged proteins. Figure 6C shows that in
control cells, EGFP-lacR was nearly fully immobilized at the amplified lacO array:
we detected almost no recovery of fluorescence after the bleach pulse during the
detection period. In cells expressing lacR-MeCP2, the immobilization of the
lacR-tagged MeCP2 was even more pronounced. Similar results were obtained for
lacR-tagged R133C and lacR-tagged C-terminus (data not shown). In contrast,
untargeted MeCP2 was mobile at the amplified lacO array with a t1/2 of ~24s
(mono-exponential fit). These results illustrate that lacR-fused MeCP2 or partial
MeCP2 domains are tightly bound to the array by the lacR-lacO interactions and do not
exchange on a time-scale of minutes in contrast to MeCP2 without a lacR-tag. It is
tempting to speculate that the residence time of molecules bound at the array,
influenced by differences in affinity and available binding sites, determines the degree
of chromatin decondensation.
MeCP2 induces the displacement of HP11γ
A potential interaction between MeCP2 and the HP1 proteins was recently identified
by co-immunoprecipitation of MeCP2 and HP1γ from mouse cells (Agarwal et al.,
2007). Co-transfections of mCherry-lacR-tagged MeCP2 and EGFP-tagged HP1α,
HP1β or HP1γ in AO3_1 cells showed that the three HP1 isoforms are enriched at the
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Figure 5. The MeCP2 C-terminal domain is responsible for chromatin decondensation. MeCP2 partial
domains were fused to EGFP-lacR and expressed in AO3_1 cells. Cells were fixed, DAPI-stained and
imaged in 3D. Image analysis software identified the array within each nucleus and calculated the
corresponding surface factors. Targeting of the EGFP-lacR-tagged C-terminal domain (A), R133C (B),
MBDTRD (C), MBD (D) and TRD (E) at the amplified array. The green signal shows the targeting of EGFPlacR or EGFP-lacR-tagged MeCP2 domains at the chromosomal array, the blue signal shows DAPI staining.
The images shown represent individual optical sections. Nuclei in panels A-E are on the same scale.
Bar = 5 µm. (F) Plotting of the surface factor distributions revealed the fraction of the amplified arrays in
condensed state. The histogram shows the percentage of cells that have a decondensed array upon targeting
by all EGFP-lacR-tagged proteins and upon expression of untagged MeCP2.
Figure 6. Untargeted MeCP2 localizes to
and decondenses the lac operator array.
AO3_1 cells were co-transfected with
MeCP2-mRFP and either EGFP-lacR or
EGFP-lacR-MeCP2. A bleach pulse was
administered, bleaching half of the lac
operator array. Subsequent fluorescence
recovery was measured during 3 minutes.
3D-projection of transfected AO3_1
nucleus co-transfected with untargeted
MeCP2-mRFP and EGFP-lacR (A) or
optical section of AO3_1 nucleus cotransfected with MeCP2-mRFP and EGFPlacR-MeCP2 (B). The green signal shows
the targeting of EGFP-lacR or EGFPlacR-tagged full-length MeCP2 at the
chromosomal array, the red signal shows
the expressed MeCP2-mRFP. Bar = 5 µm.
(C) FRAP curves of untargeted MeCP2EGFP, control EGFP-lacR and EGFP-lacRMeCP2 fusion proteins. Inset (D) shows the
lac-operator array targeted by EGFP-lacR
before, immediately after and 3 minutes
after the bleach pulse.
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chromosomal array (visualized by the mCherry-lacR protein) in the absence of MeCP2
targeting (figure 7A, C and E). Strikingly, HP1γ accumulation at the amplified array
was lost after targeting lacR-tagged MeCP2, both at the condensed and the
decondensed arrays (figure 7B and data not shown). Conversely, HP1α and β remained
bound after MeCP2 targeting (figure 7D, F). These results show that targeting of
MeCP2 interferes with the binding of HP1γ at the amplified array, but not with that of
HP1α and HP1β.
To quantify the effect of MeCP2 on HP1γ binding to the amplified array, we
determined HP1γ mobility using FRAP. A small square of the nucleus of an EGFPHP1γ-transfected cell was bleached either in- or outside of the amplified region,
visualized by mCherry-lacR, and subsequent fluorescent recovery was measured
(figure 7G). Fitting of the two FRAP curves identified two HP1γ populations of
different mobility both in- and outside of the array. Outside of the amplified array, the
largest fraction (~90%) of the HP1γ population displayed fast mobility (t1/2 = 1.4 s),
likely representing freely diffusing HP1γ. Approximately 10% of the protein pool
displayed slower exchange and was considered chromatin-bound HP1γ (t1/2 = 12.0 s).
Measurements in the amplified domain revealed a marked shift in the distribution of
the freely diffusing versus chromatin-bound HP1γ populations. At the amplified array
only 57% of the HP1γ population displayed high mobility whereas 43% of the protein
pool showed reduced mobility, indicating efficient accumulation of HP1γ at the
amplified array in the absence of MeCP2 targeting.
Next, we performed FLIP (Fluorescence Loss In Photobleaching) of HP1γ in the
presence of lacR or lacR-MeCP2, by continuously bleaching part of the nucleus outside
of the amplified domain and performing simultaneous measurements on the loss of
fluorescence in the rest of the nucleus (figure 7H). Fitting of the FLIP curves identified
two HP1γ pools; one highly mobile, freely diffusing population and a less mobile,
bound population. The lacR-transfected control cells displayed free diffusion for 71%
of the HP1γ proteins (t1/2 = 3.1 s). Strikingly, the proportion of the freely diffusing
HP1γ population went up to 97% (t1/2 = 1.5 s) after targeting of lacR-tagged MeCP2.
Moreover, in the presence of untargeted MeCP2, we measured an increase in unbound
HP1γ (94%), similar to that in lacR-MeCP2 transfected cells. These results confirm that
MeCP2 effectively antagonizes direct or indirect binding of HP1γ to chromatin.
Localization of MeCP2-associated factors upon MeCP2 targeting
Apart from the eviction of HP1γ upon MeCP2 targeting, we were unable to detect local
accumulation or displacement of several tested factors (see table 1 and materials and
methods). We did not detect the activating factors CREB1 or TFIIB that were shown
to interact with MeCP2 (Chahrour et al., 2008; Kaludov and Wolffe, 2000). Other
factors and epigenetic marks associated with transcription (RNAPII, H3K4
dimethylation and H4K16 acetylation), were not enhanced after MeCP2 binding. The
chromatin-remodeling complex SWI/SNF has been suggested to interact in vivo with
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Figure 7. MeCP2 interferes with HP1γ binding. Optical sections of AO3_1 nucleus transfected
with mCherry-lacR and HP1γ (A), HP1α (C) or HP1β (E) or mCherry-lacR-MeCP2 and HP1γ
(B), HP1α (D) or HP1β (F). The red signal shows the targeting of mCherry-lacR or mCherrylacR-MeCP2 at the chromosomal array, the green signal shows the expressed EGFP-tagged HP1
isoforms. Nuclei in A-B and in C-F are on the same scale. Bars are 5 µm. (G) FRAP curve of
HP1γ in- and outside of the array. (H) FLIP curves of HP1γ in the presence of mCherry-lacRMeCP2, MeCP2-mRFP or mCherry-lacR. The insets (I-K) show an EGFP-HP1γ and mCherrylacR-expressing cell of which half of the nucleus is continuously bleached (only green channel
is shown). FLIP was measured in the unbleached half of the nucleus.
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Table 1. Localization of MeCP2associated factors at the amplified array with
and without EGFP-lacR-MeCP2 targeting.
Various factors were assayed for their presence
at the amplified lacO-containing array by
immunolabeling or co-transfection, upon either
EGFP-lacR (control) or EGFP-lacR-MeCP2
targeting. Localization at the array is indicated
by: (+) present, (+/-) sometimes present or (-)
absent.

labeling
H3K9me2
H3K9me3
H1
EZH2
EED
p62 (TFIIH)
hBrahma
H3K4me2
H4K16ac
H3K27me2
SC35
SETDB1
mCpG
transfection
H1
RNAPII
TFIIH
CREB
Dnmt1
Dnmt3b
HP1α
HP1β
HP1γ

control
+/+/+/+/+
control
+/+
+
+

MeCP2
+/+/+/+/+
MeCP2
+/+
+
-

MeCP2 through its catalytic subunit
Brahma, though other reports did
not detect such an interaction
(Harikrishnan et al., 2005; Hu et al.,
2006; Wang, 2003). We did not detect
enhanced accumulation of Brahma
after MeCP2 targeting. Additionally,
MeCP2 has been shown to compete
with histone H1 for chromatin binding
sites (Nan et al., 1997; Nikitina et al.,
2007a). Eviction of H1 from chromatin
by MeCP2 could explain changes in
chromatin structure, however we did
not observe any changes in H1 distribution upon MeCP2 targeting. The C-terminus of
MeCP2 is able to bind RNA splicing factors (Buschdorf and Stratling, 2004). We
considered the possibility that lacR-MeCP2 relocalizes chromatin to SC35 domains
or speckles, nuclear bodies enriched in mRNA splicing factors (Lamond and Spector,
2003). Antibody labeling of SC35 identified no co-localization between SC35 domains
and the MeCP2-decondensed chromatin array. MeCP2 was originally described as a
protein that binds to methylated DNA (Lewis et al., 1992). Therefore, we examined
DNA methylation levels at the amplified chromosomal array in those cells showing
extensive decondensation of the array upon lacR-MeCP2 targeting. We visualized the
in situ DNA methylation levels using 5-methylcytosine immunolabeling, which allows
analysis at the single-cell level. Methylated CpGs were concentrated at the amplified
array both in lacR-MeCP2-targeted and in lacR-targeted control cells (figure 8A and
B), illustrating that the observed chromatin decondensation is not related to a change
in DNA methylation.
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Figure 8. DNA methylation.
AO3_1 cells were transfected with
mCherry-lacR (A) or mCherry-lacRMeCP2 (B) and immunolabeled for
the presence of lacR and methylated
CpGs after denaturation. Cells were
fixed, DAPI stained and 3D images
were recorded. The red signal
shows labeling of mCherry-lacR or
mCherry-lacR-tagged MeCP2 at the
chromosomal array, the green signal
shows 5-methyl-cytosine labeling.
Arrows indicate the array. The
images shown represent individual
optical sections. Nuclei are on the
same scale. Bar = 5 µm.

Targeted MeCP2 maintains transcriptional repression in vivo
Wild-type MeCP2 acts as a transcriptional repressor, both in vitro and in vivo (Nan et
al., 1997; Nan et al., 1998a). To confirm that MeCP2 maintains its repressive
characteristics upon decondensing the amplified chromosomal domain, we performed
BrUTP labeling of nascent RNA. This approach allows us to identify changes in the
amount of transcripts originating from the chromosomal array in individual cells that
display decondensation upon MeCP2 targeting. BrUTP incorporation into newly
synthesized RNA was performed on AO3_1 cells transfected with lacR-MeCP2 or with
the lacR control. We observed no visible increase of BrUTP-labeled transcript levels
at the decondensed amplified chromosomal array upon MeCP2 targeting compared to

Figure 9. MeCP2 maintains
transcriptional silencing at the
decondensed lac operator array.
AO3_1 cells were transfected with
mCherry-lacR (A), mCherry-lacRMeCP2 (B) or mCherry-lacR-VP16
(C). Cells were permeabilized and
incubated with BrUTP for 10
minutes, fixed and stained by
immunolabeling. 3D images were
recorded. The red signal shows
the targeting of mCherry-lacR or
mCherry-lacR-tagged MeCP2 or
VP16 at the chromosomal array, the
green signal shows the nascent
RNA. The images shown represent
individual optical sections. Nuclei
are on the same scale. Bar = 5 µm.
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transcript levels at the array in lacR-targeted cells (figure 9A and B). We did observe
a considerable increase in BrUTP-labeled transcripts at the chromosomal domain after
targeting lacR-VP16, correlated with chromatin decondensation (figure 9C and shown
previously by Tumbar et al., 1999). To prove that targeted MeCP2 and other constructs
used in this study repress gene expression, we measured the gene expression levels of
a luciferase reporter gene fused to 8 lacO copies, upon lacR targeting of MeCP2
(Verschure et al., 2005). The reporter construct was transiently expressed in U2OS
cells, together with lacR-tagged MeCP2, R133C or partial MeCP2 domains. MeCP2,
R133C and the MBDTRD domain of MeCP2 significantly inhibited luciferase
expression compared to the lacR control (60-70%). Interestingly, in contrast to the
other MeCP2-derived fusion proteins, the tagged C-terminus only caused repression to
a moderate extent (~10%). Taken together, these results demonstrate that the lacRtagged MeCP2 protein is able to repress gene activity of a transiently expressed
luciferase reporter gene. We show that decondensation of the amplified chromosomal
array upon MeCP2 targeting does not correlate with gene activation.

Discussion

Regulation of mammalian gene expression is a tightly controlled process. Mistakes in
the orchestration of the thousands of genes can have far-reaching consequences, such
as the manifestation of various developmental disorders or cancer. For example,
mutations in the epigenetic regulator MeCP2 cause the developmental disorder known
as Rett Syndrome (Amir et al., 1999). Yet, it remains unclear how MeCP2, a protein
embedded in the DNA methylation pathway, influences epigenetic regulation. In
previous studies we have shown that targeting of silencing proteins, such as HP1, to
an amplified chromosomal array condenses higher-order chromatin structure (Brink et
al., 2006; Verschure et al., 2005). These findings are in agreement with the general
notion that silencing proteins associate with condensed chromatin.
Here, we provide evidence that the relationship between gene activity and spatial
chromatin organization is not straightforward. We show that targeting of MeCP2 to a
lacO-containing amplified chromosomal domain induces decondensation of this
heterochromatic structure without gene activation. We present evidence that the
C-terminus of MeCP2 mediates the observed chromatin decondensation and that
MeCP2-induced chromatin decondensation is correlated with the release of bound
HP1γ, but not of HP1α and of HP1β.

MeCP2 decondenses chromatin in vivo
We demonstrate that the C-terminal domain of MeCP2 is capable of decondensing
chromatin, excluding involvement of the MBD and TRD in restructuring chromatin.
In previous in vitro studies, the C-terminal domain of MeCP2 was shown to bind
chromatin and suggested to play a role in restructuring chromatin architecture by
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inducing, contrary to our observations, chromatin compaction (Georgel et al., 2003;
Nikitina et al., 2007b). However, in vitro reconstituted nucleosomal arrays lack higherorder chromatin structure that is present in the interphase nucleus of living cells,
probably invoking a different response to the binding of MeCP2. The observed
MeCP2-induced in vivo chromatin decondensation suggests that polymer cross-linking
is not a major activity of MeCP2 in living cells. In mouse myoblasts, over-expression
of MeCP2 resulted in chromatin compaction by the clustering of chromocenters during
myogenic differentiation, an effect dependent on the MBD of MeCP2 (Brero et al.,
2005), whereas in this study chromatin decondensation is achieved by the C-terminal
MeCP2 domain. An explanation for the discrepancy between our data and the findings
by Brero and colleagues likely relates to the type of chromatin investigated (mouse
chromocenters contain specialized repetitive DNA, such as Alu and satellite repeats)
and the type of MeCP2 domain that is involved, i.e. the MBD or the C-terminal
domain.

Chromatin restructuring by MeCP2 is independent of transcriptional activation
We show that transcription remains repressed after targeting of MeCP2, despite the
fact that the amplified chromatin domain is extensively decondensed, similar to the
decondensed chromatin structure induced by targeting the viral activator VP16
(Tumbar et al., 1999). Accordingly, we found no evidence for the presence of activating
factors CREB1 or TFIIB that have been previously associated with MeCP2 (Chahrour
et al., 2008; Kaludov and Wolffe, 2000). Also RNAPII and epigenetic marks associated
with transcriptional competence, i.e. H3K4 dimethylation and H4K16 acetylation, were
not enhanced upon MeCP2 targeting, confirming that MeCP2-induced decondensation
occurs independent of transcription. These observations illustrate a deviation from the
canonical model in which condensed chromatin is considered silent and decondensed
chromatin is considered active. In concordance with our findings, analysis of the
transcriptional activity of sucrose-gradient-isolated chromatin fibers revealed that both
transcriptionally active and inactive sites occur in compact as well as in less compact
chromatin fibers (Gilbert et al., 2004).
Similar to the epigenetic silencer HP1 which binds to both active and inactive
chromatin according to ChIP and DamID (de Wit et al., 2007; Vakoc et al., 2005),
MeCP2 has been found associated with both active and inactive neuronal promoters
(Yasui et al., 2007). One report argued that MeCP2 can switch the gene expression
state to either repression or activation (Chahrour et al., 2008). In light of such a
proposed function for MeCP2, the opening up of chromatin by MeCP2 observed in
this study could reflect an indeterminate state in which the targeted locus is poised for
transcription. Examples of changes in chromatin structure preceding a transcriptional
activation have been reported previously for the HoxB and MHC locus (Chambeyron
and Bickmore, 2004; Volpi et al., 2000). We propose that by unfolding chromatin
structure, MeCP2 switches chromatin from a transcriptionally restrictive to a
permissive state. In this scenario, the recruitment of additional activating or repressive
factors subsequently decides the transcriptional fate of genes embedded within the
permissive chromatin.
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MeCP2 and DNA methylation
Several studies hint at a relationship between DNA methylation levels, the presence of
methyl-CpG-binding proteins and changes in chromatin structure. In the absence of
DNA methylation in mouse embryonic stem cells lacking Dnmt3a and 3b, a genomewide increase in H3K9me3 and histone acetylation as well as chromocenter clustering
is observed (Gilbert et al., 2007). On the other hand, during myogenic differentiation,
over-expression of methyl-CpG-binding proteins induced increased DNA methylation
levels and chromocenter clustering, independent of the H3K9 histone methylation
pathway and requiring the MBD domain of MeCP2 (Brero et al., 2005). Our data do
not implicate a role for DNA methylation in the MeCP2-induced chromatin
restructuring, which is not surprising considering that the C-terminal domain and not
the MBD of MeCP2 is the prominent domain involved in decondensation. These
findings demonstrate that the causal relationship between MeCP2, DNA methylation
levels and changes in chromatin structure are still unclear.

Eviction of HP1γγ upon MeCP2 binding
Interestingly, we find that MeCP2 inhibits HP1γ binding at the chromosomal array.
Our FRAP analysis shows that HP1γ is retained at the array in the absence of MeCP2
targeting, possibly due to the heterochromatic nature of the amplified array. Indeed,
we measure similar kinetics of HP1γ at the array as previously measured at
heterochromatic sites in mouse cells (Cheutin et al., 2003; Schmiedeberg et al., 2004).
Surprisingly, MeCP2 binding triggers the release of HP1γ, reflected by the loss of local
HP1γ accumulation at the amplified array after MeCP2 targeting and by the globally
altered HP1γ mobility upon MeCP2 over-expression. Strikingly, HP1α and β, which are
essential for HP1γ recruitment to heterochromatic sites, are still present at the
amplified domain (Dialynas et al., 2007). Possibly, MeCP2 inhibits HP1γ binding by
steric hindrance or by structurally changing the substrate through chromatin
decondensation. Displacement of HP1γ was previously observed preceding
transcriptional activation at a luciferase reporter gene integrated in breast cancer cells
(Vicent et al., 2008). Here, a hormonal signaling cascade leads to phosphorylation of
H3S10, displacement of HP1γ and subsequent ATP-dependent chromatin remodeling,
providing an open chromatin structure as 'landing platform' for the transcription
machinery (Vicent et al., 2008). It is tempting to speculate that the eviction of HP1γ
and decondensation of the chromosomal array after MeCP2 binding are part of a
mechanism to prepare chromatin for transcriptional changes.
Our results show that MeCP2 is an architectural protein that has the ability to unfold
condensed chromatin, while maintaining transcriptional silencing. We propose that
MeCP2 is a versatile protein that affects higher-order chromatin structure in order to
prepare genomic domains for changes in gene expression.
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Abstract

ackaging of the eukaryotic genome into higher-order chromatin structures
is tightly related to gene expression. Pericentromeric heterochromatin is
typified by accumulations of heterochromatin protein 1 (HP1), methylation
of histone H3 at lysine 9 (MeH3K9) and global histone deacetylation. HP1
interacts with chromatin by binding to MeH3K9 through the chromodomain
(CD). HP1 dimerizes with itself and binds a variety of proteins through its
chromoshadow domain. We have analyzed at the single-cell level whether HP1
lacking its functional CD is able to induce heterochromatinization in vivo. We
used a lac operator-array-based system in mammalian cells to target EGFP-lac
β to a lac operator-containing geneα and HP1β
repressor-tagged truncated HP1α
α or
amplified chromosome region in living cells. After targeting truncated HP1α
β we observe enhanced tri-MeH3K9 and recruitment of endogenous HP1α
α
HP1β
β to the chromosome region. We show that CD-less HP1α
α can induce
and HP1β
β is less pronounced.
chromatin condensation, whereas the effect of truncated HP1β
α and
Our results demonstrate that after lac repressor-mediated targeting, HP1α
β without a functional CD are able to induce heterochromatinization.
HP1β

Introduction

In the eukaryotic nucleus, various levels of chromatin packaging can be discerned
(Horn and Peterson, 2002). The condensation state of chromatin is a key aspect of
epigenetic gene control. Different chromatin condensation states are related to the
presence or absence of proteins involved in the regulation of gene expression (reviewed
in Lachner and Jenuwein, 2002). Pericentromeric heterochromatin, for instance, is
typified by the accumulations of heterochromatin protein 1 (HP1), methylation of
histone H3 at lysine 9 (MeH3K9) and global histone deacetylation (reviewed in Dillon,
2004; Maison and Almouzni, 2004). The molecular mechanisms underlying the
structural and functional aspects of heterochromatin are still unresolved.
In mammals, three isoforms of HP1 have been identified, HP1α, HP1β and HP1γ,
showing different subnuclear distributions. HP1α is primarily found in pericentromeric
heterochromatin. HP1β and to a much lesser extent HP1γ are also present in
pericentromeric heterochromatin (Cowell et al., 2002; Horsley et al., 1996; Li et al.,
2003; Minc et al., 1999; Wreggett et al., 1994). HP1 proteins have emerged as key
structural and regulatory components for the assembly of compact chromatin (Maison
and Almouzni, 2004). HP1 consists of a chromodomain (CD) at the amino terminus
and a chromoshadow domain (CSD) at the carboxy terminus, separated by a hinge
domain (HD). The CD recognizes MeH3K9, mediating binding to chromatin
(Bannister et al., 2001; Cowell et al., 2002; Jacobs and Khorasanizadeh, 2002; Jacobs
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et al., 2001; Lachner et al., 2001; Nielsen et al., 2002). The CSD interacts with a
consensus peptide that is present in a number of proteins, including the CSD of HP1
itself, thereby targeting proteins to heterochromatin and forming HP1 dimers (Thiru et
al., 2004). The conserved CD and CSD are essential for the function of HP1. The HD
of HP1 is less well characterized; a few studies indicate that it plays a direct role in
HP1 function (Meehan et al., 2003).
Recently, we showed that targeting of intact HP1α and HP1β is sufficient to induce
large-scale chromatin compaction, enhanced tri-MeH3K9 and recruitment of proteins
involved in heterochromatinization (Verschure et al., 2005). In the present study, we
investigate whether HP1 that lacks a functional CD is able to induce
heterochromatinization. Our results demonstrate that when HP1α or HP1β without a
functional CD is targeted to chromatin, it is able to induce heterochromatinization.

Materials and methods
Construction of plasmids
A plasmid expressing the enhanced green fluorescent protein (EGFP)-dimer lac repressor-simian virus 40
nuclear localization signal (NLS) fusion protein under control of the F9-1 promoter, called p3’SS-EGFPdimer lac repressor was used as the basis for these studies (Tumbar et al., 1999). This plasmid was modified
as described previously to generate EGFP-lacR-AscI-NLS (NYE4; Nye et al., 2002). HP1α and HP1β
correspond to full sequences of the human HP1. Both human HP1α and HP1β have only a minor amino acid
difference from the Chinese hamster HP1α and HP1β (for HP1β one amino acid difference in the hinge
domain and for HP1α one amino acid difference in the CD, two in the HD and two outside of the domains).
HP1α-∆(2-39) and HP1β-∆(2-40) have deletions of amino acids 2 to 39 and 2 to 40 in HP1α and HP1β,
respectively. These proteins lack a large part of the CD, including V21 (HP1α) and V23 (HP1β), which are
required for MeH3K9 binding (Bannister et al., 2001; Lachner et al., 2001; Platero et al., 1995). Full-length
HP1α and HP1β as well as HP1α-∆(2-39) and HP1β-∆(2-40) fragments were PCR amplified using primers
that contain AscI sites in frame. The PCR products were digested with AscI and ligated into the AscI-digested
EGFP-lacR-AscI-NLS (NYE4) vector to create full-length HP1α and HP1β as well as HP1α-∆(2-39) and
HP1β-∆(2-40) C-terminal in-frame fusions with the EGFP-lacR-AscI-NLS (NYE4) vector. All regions of
constructs that had undergone PCR were sequenced to ensure fidelity.

Cell culture and transfection assay
We used the CHO-derived cell line RRE_B1, which contains large amplified genomic domains (several tens
of mega basepairs) consisting of arrays of lac operator binding sites, in an extended, often fibrillar
conformation, suggesting a euchromatin-like structure (Robinett et al., 1996a). The in situ appearance of the
RRE_B1 cell line as visualized with the light microscope is described in detail in Verschure et al. (2005).
Cells were cultured in F12 Ham's media without hypoxanthine or thymidine supplemented by 10% dialyzed
fetal bovine serum (HyClone Labs, Logan, Utah, USA) and 10 µM methotrexate at 37°C in a 5% CO2
atmosphere. Transient transfections were performed with FuGENE6 reagent (Roche, Indianapolis, IN, USA)
according to the manufacturer’s instructions, using 500 ng of DNA and 6 µl FuGENE6 reagent per milliliter
of culture medium using cells growing on coverslips. Fresh medium was added 24 hours after transfection.
After 48 hours, cells were rinsed with phosphate buffered saline (PBS) and used for immunofluorescent
labeling.

Immunofluorescent labeling
Immunofluorescent labeling was performed as described previously (Verschure et al., 2002). Briefly, cells
were fixed for 10 minutes at 4°C in 2% (w/v) formaldehyde in PBS. After fixation, cells were permeabilized
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with 0.5% (w/v) Triton-X 100 in PBS for 5 minutes and incubated in PBS containing 100 mM glycine for
10 minutes. Subsequently, cells were incubated for 1 hour at 37°C with the primary antibodies diluted in
PBG: PBS containing 0.5% (w/v) bovine serum albumin (BSA) and 0.1% (w/v) gelatin (Sigma, St Louis
USA). The following primary antibodies were used: rabbit anti-tri-MeH3K9 (Nakayama et al., 2001), mouse
anti-HP1α and anti-HP1β (Euromedex; Mundolsheim France; Nielsen et al., 2001). After several washes
with PBS, cells were incubated with the appropriate secondary antibodies, using Cy3-conjugated donkey
anti-rabbit antibody or Cy3-conjugated donkey anti-mouse antibody (Jackson, West Grove, PA, USA).
Secondary antibodies were diluted in PBG. Incubations were performed for 1 hour at room temperature. Cells
were then rinsed with PBS at room temperature and DNA staining was performed with 0.4 µg/ml DAPI
33258 (Sigma) in PBS. Slides were mounted in Vectashield (Brunschwig, Burlingame, CA, USA), stored
at 4°C and analyzed within 24 hours. As a control, the primary antibody was omitted.

Confocal scanning laser microscopy
All experiments were performed at least twice in duplicate. Images were recorded using a Zeiss LSM 510
(Zeiss, Jena, Germany) confocal laser scanning microscope, equipped with a 100x/1.23 NA oil immersion
objective. We used an argon laser at 488 nm in combination with a helium neon laser at 543 nm to excite
green and red fluorochromes simultaneously. Emitted fluorescence was detected with a 505-530 nm bandpass
filter for the green signal and a 560 nm longpass filter for the red signal. Three-dimensional (3D) images were
scanned as 512x512x32 voxel images (sampling rate: 49 nm lateral and 208 nm axial).
Image analysis
For a semi-quantitative analysis of the spatial relationship between the relative spatial distributions of
components in dually labeled cells, line scans were made. The signal intensities of the two labels are plotted
along a line through the nucleus. The line scan method provides a rapid and straightforward way to determine
to what extent two components colocalize. To quantitatively analyze changes in large-scale chromatin
structure, we applied 3D-image-analysis tools as described in a previous study (Verschure et al., 2005).
Briefly, 3D images of the amplified chromosome region were acquired and attributes of the 3D structure were
determined. A region of interest, i.e. the EGFP-labeled chromosome region, is defined. The images were
Gaussian filtered to reduce noise with a size of 20 pixels (σ = 250 nm). For each set we record the
intensity gradient over the chromatin region. The distribution of the intensity gradient is plotted in a
box-plot. The second and third quartiles of the observed values are within the box, the median value is
shown by the thick horizontal line, the vertical small lines show the first and fourth quartile of the observed
values. We used the Wilcoxon non-parametric test to calculate the P-value giving the probability that two
populations are different from each other.

Results

Experimental approach
To investigate the ability of HP1 lacking a functional CD to induce
heterochromatinization, we used the CHO cell line RRE_B1. This cell line contains a
large amplified chromatin region consisting of arrays of lac operator binding sites
(Robinett et al., 1996). When visualized in vivo by binding of EGFP-tagged lac
repressor (lacR), the amplified region occupies a large nuclear area and displays an
open chromatin structure, suggesting a euchromatin-like state (Robinett et al., 1996).
These cells constitute a useful system to investigate euchromatin/heterochromatin
transitions. In a previous study, we have shown that targeting of full-length HP1α or
HP1β to the lac operator arrays induced chromatin compaction, enhanced tri-MeH3K9
and the recruitment of endogenous HP1 and the histone methyltransferase SETDB1
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(Verschure et al., 2005). These results demonstrated that HP1 binding is sufficient to
trigger heterochromatinization.
DNA constructs were made encoding truncated human HP1α and HP1β, lacking
the C-terminal part of their CD, tagged with EGFP-lacR: EGFP-lacR-HP1α-∆(2-39)
and EGFP-lacR-HP1β-∆(2-40). Two controls were used: (1) similar constructs that
code for full-length wild-type HP1α and HP1β instead of the truncated protein and (2)
a construct coding for EGFP-lacR. Proteins coded by all constructs bind to the
amplified chromatin region via their lacR domain. As expected, after transient
transfection in cells without lacR-binding sites, CD-less HP1 does not accumulate in
pericentromeric heterochromatin, since it lacks the binding site for MeH3K9 (data not
shown). In contrast, EGFP-lacR full-length HP1 does accumulate in pericentromeric
domains (Verschure et al., 2005). These findings agree with the notion that the CD is
responsible for localization of HP1α and HP1β in pericentromeric heterochromatin
through MeH3K9 binding (Bannister et al., 2001; Cheutin et al., 2003; Jacobs et al.,
2001; Lachner et al., 2001; Nakayama et al., 2001; Nielsen et al., 2002).
To analyze whether targeting of truncated HP1 results in changes in the chromatin
structure we measured three different parameters: (1) tri-MeH3K9 using
immunofluorescent labeling with an anti-tri-MeH3K9-specific antibody,
(2) accumulation of endogenous HP1α or HP1β and (3) changes in in vivo 3D
chromatin structure of the EGFP-marked amplified chromatin domain, imaged by
confocal microscopy followed by quantitative image analysis.

Histone H3 lysine 9 methylation
MeH3K9 creates a binding site for the CD of HP1, whereas the CSD interacts with a
variety of proteins, including HP1 itself (Aasland and Stewart, 1995; Bannister et al.,
2001; Cowell et al., 2002; Jacobs and Khorasanizadeh, 2002; Jacobs et al., 2001;
Lachner et al., 2001; Lechner et al., 2005; Nielsen et al., 2002; Smothers and Henikoff,
2001; Thiru et al., 2004). Recently, we showed that lacR-mediated targeting of
full-length HP1α or HP1β results in strong heterochromatinization, including an
increase of tri-MeH3K9 and recruitment of HP1 and a histone methyltransferase
(Verschure et al., 2005). Figure 1 shows that in cells transfected with EGFP-LacRHP1α-∆(2-39) or EGFP-LacR-HP1β-∆(2-40) the level of tri-MeH3K9 is considerably
increased in the amplified chromatin domain. In addition, tri-MeH3K9 is present
diffusely throughout the nucleus. Line scans confirm that enhanced methylation levels
colocalize with the binding of CD-less HP1 to the chromatin array. This phenomenon
is observed in all the cells transfected with either full-length (Verschure et al., 2005)
or truncated HP1α or HP1β (figure 1). In control cells transfected with EGFP-lacR
the methylation level is not changed (figure 1A-D). These observations show that
CD-less HP1 is able to recruit a histone methyltransferase directly or indirectly , similar
to wild-type HP1.
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Figure 1. Enhanced tri-MeH3K9
at the amplified chromosome
region. RRE_B1 cells transfected
with EGFP-lacR (as a control) (AD), EGFP-lacR-HP1α-∆(2-39) (EH) or EGFP-lacR-HP1β-∆(2-40)
(I-L), were immunofluorescently
labeled with an antibody against triMeH3K9 after 48 hours. The green
signal shows the EGFP-tagged
chromosomal array and the red
signal marks the distribution of the
immunolabeled tri-MeH3K9. Threedimensional images were recorded.
Images shown are individual midnuclear optical sections. Figure D, H
and L show line scans through the
nuclei shown in A-C, E-G and I-K, respectively. The position of the line scans is shown by the white
arrow. Nuclei in A-C, E-G and I-K are the same scale; bar represents 2 µm.
Figure 2. Recruitment of
endogenous HP1 at the amplified
chromosome region. RRE_B1 cells
transfected with EGFP-lacR (A-D),
EGFP-lacR-HP1α-∆(2-39) (E-H) or
EGFP-lacR-HP1β-∆(2-40) (I-L) were
immunofluorescently labeled after 48
hours with an antibody against HP1β
(A-D) and (E-H) or against HP1α
(I-L). Three-dimensional images were
recorded. Images shown are individual
mid-nuclear optical sections. The
green signal shows the EGFP-lacRtagged chromosomal array and the red
signal marks the distribution of the
immunolabeled endogenous HP1
proteins. Figure D, H and L show line
scans through the nuclei shown in A-C, E-G and I-K, respectively. The position of the line scans is shown
by the white arrow. Nuclei in A-C, E-G and I-K are the same scale; bar represents 2 µm.

Recruitment of endogenous HP1
LacR-mediated targeting of wild-type HP1α or HP1β results in local accumulation of
endogenous HP1α and HP1β at the chromatin array. Here we analyze whether targeting
of HP1 without a functional CD has the same effect. Cells transfected with EGFPLacR-HP1α-∆(2-39) were fluorescently labeled with an antibody against HP1β, and
cells transfected with EGFP-LacR-HP1β-∆(2-40) with an antibody specific for HP1α.
Figure 2 shows that both the truncated proteins are able to recruit a considerable
amount of endogenous HP1 to the amplified chromatin domains. Line scans confirm
that endogenous HP1 accumulates at the sites where the CD-less HP1 protein is bound
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(figure 2). In control cells transfected with EGFP-lacR the distribution of endogenous
HP1 is not changed (figure 2A-D). These results indicate that targeting of HP1 without
the CD domain enables the recruitment of endogenous HP1.

Large-scale chromatin structure
In a recent study, we showed that lacR-mediated binding of wild-type HP1 induces
considerable chromatin compaction (Verschure et al., 2005). Figure 3 shows that HP1
without a functional CD is also able to induce a similar condensation of chromatin, as
can be visualized by confocal microscopy of the EGFP-tagged amplified chromatin
domain. In many cells targeting of truncated HP1 induces condensation of the
amplified chromatin regions in a cluster or chain of highly condensed spherical
chromatin domains. There is significant variability in the appearance of the chromatin
domains in a population of otherwise identical cells for full-length HP1 (Verschure et
al., 2005), for CD-less HP1 and for control cells (figure 3). Therefore, we carried out
a quantitative analysis of the change in compaction of the chromatin structure of the
array. As a measure for the degree of compaction we used a parameter that quantifies
the discreteness of the individual subdomains in the amplified chromatin domain
(Verschure et al., 2005). In control cells transfected with EGFP-lacR, such subdomains
are poorly discernable (figure 3A). In contrast, after HP1-induced chromatin
condensation (either wild-type or truncated HP1), the individual domains can
be clearly discerned (figure 3B-E). As a quantitative parameter we measured the
gradient of the EGFP signal over such chromatin subdomains. The analysis was carried
out on 3D images using novel image-analysis software as described in greater detail
by Verschure et al. (2005). For each experiment several tens of cells were analyzed
(n-values are shown in table 1).
Results are summarized in figure 4 and table 1. Figure 4 shows the median value
(thick horizontal line) of the observed values, the second and third quartiles (open box)
and the first and fourth quartiles of the detected values (thin vertical lines). The results
confirm the large cell-to-cell variation observed earlier (Verschure et al., 2005).
Statistical analysis (Wilcoxon test; table 1) shows that CD-less HP1α induces
significant chromatin condensation, similar to wild-type HP1α and HP1β. Although
condensed chromatin is seen in a number of cells transfected with EGFP-LacRHP1β-∆(2-40), the difference with the control cell population (transfected with EGFPlacR) is statistically not significant. This suggests that CD-less HP1α is more effective
in condensing chromatin than CD-less HP1β. In contrast, both truncated proteins are
similarly effective in inducing enhanced tri-MeH3K9 and in recruiting endogenous
HP1 according to light-microscopy evaluation (figures 1 and 2). Unexpectedly, our
results also show that the effect of chromatin condensation after targeting full-length
HP1α is more pronounced than the effect of full-length HP1β. Apparently, both wildtype HP1α and CD-less HP1α are more effective than their HP1β counterparts.
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Figure 3. Local chromatin compaction of the
amplified chromosome region. RRE_B1 cells
were transfected with EGFP-lacR-HP1α,
EGFP-lacR-HP1β, EGFP-lacR-HP1α-∆(2-39) or
EGFP-LacR-HP1β-∆(2-40) fusion constructs or
with EGFP-lacR as a control. Three-dimensional
images were collected 48 hours after transfection.
Images shown represent individual mid-nuclear
optical sections illustrating the EGFP signal of the
amplified chromosome region. The chromosomal
array in a control nucleus transfected with
EGFP-lacR (A) has the appearance of an extended
fibrillar structure. After HP1α (B) or HP1β (C)
targeting, the amplified chromosome region is
compacted to a cluster of distinct spherical
subdomains. After targeting of HP1α-∆(2-39) (D)
or HP1β-∆(2-40) (E) similar compaction of the
large-scale chromatin structure was observed. The
approximate position of the nuclear envelope is
shown by the white line. Nuclei in A-E are the
same scale; bar represents 0.9 µm.

Figure 4. Quantitative analysis of
the change in chromatin
structure.
Three-dimensional
images of RRE_B1 cells
transfected with EGFP-lacRHP1α, EGFP-lacR-HP1β, EGFPlacR-HP1α-∆(2-39),EGFP-lacRHP1β-∆(2-40) or EGFP-lacR as a
control were acquired 48 hours
after transfection. We measured the
gradient of the EGFP-signal
intensity over the amplified
chromosome region. The results
are shown as a box-plot of the
measured values for cells
transfected with EGFP-lacR
(green), EGFP-lacR-HP1α (dark
red), EGFP-lacR-HP1β (dark
blue), EGFP-lacR-HP1α-∆(2-39)
(orange) and EGFP-lacR-HP1β∆(2-40) (light blue). The second
and third quartiles of the observed
values are within the box (open
box), the median value is shown by
the thick horizontal line, the
vertical small lines show the first
and fourth quartiles of the
observed values.
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Discussion

Heterochromatin is a specialized chromatin state that is typically condensed, late
replicating, and displays a diminished gene activity. The HP1 protein family is involved
in the formation of heterochromatin. The observation that HP1 specifically binds to
MeH3K9 via its chromodomain (CD), directly links these proteins to epigenetic
gene-control mechanisms (Lachner and Jenuwein, 2002). In the present study we
analyze in vivo and at the single-cell level whether HP1 that lacks a functional CD can
induce heterochromatinization. We use three parameters to assess euchromatin/
heterochromatin transitions: (1) enhanced tri-MeH3K9, (2) recruitment of endogenous
HP1α and HP1β, and (3) condensation of chromatin. Results show that CD-less HP1α
and HP1β are able to cause tri-MeH3K9 and recruitment of endogenous HP1α and
HP1β. Targeting of truncated HP1α induces chromatin compaction, similar to what is
observed after targeting full-length HP1α and HP1β (Verschure et al., 2005). The effect
of truncated HP1β is less pronounced. Our data demonstrate that both CD-less HP1α
and CD-less HP1β are able to induce heterochromatinization, CD-less HP1α being
more effective than CD-less HP1β.
Table 1
Populations analyzed

Control – wild-type HP1α
Control – wild-type HP1β
Control – CD-less HP1α
Control – CD-less HP1β
Wild-type HP1α – wild-type HP1β

number of cells
57 - 27
57 - 53
57 - 27
57 - 29
27 - 53

P-value

< 0.0001
0.001
< 0.0001
0.29
0.0008

significant
yes
yes
yes
no
yes

Table 1. Statistical evaluation of the structural analysis. Statistical evaluation of the differences in
chromatin structure after targeting EGFP-lacR-tagged constructs; differences between control cells
transfected with EGFP-lacR and cells transfected with EGFP-lacR-HP1α, EGFP-lacR-HP1β,
EGFP-LacR-HP1α-∆(2-39) or EGFP-LacR-HP1β-∆(2-40) (rows 1 through 4) and between
EGFP-lacR-HP1α and EGFP-lacR-HP1β (row 5). Shown are the P-values determined in a Wilcoxon
statistical test, indicating the probabilities that two populations (column 1) are different, the number of
cells that were analyzed (column 2) and the interpretation in terms of significance of the difference,
choosing a cut-off value of P=0.05 (column 3 and 4).

α and HP1β
β
Comparison of HP1α
In the present study, we compared the effect of targeting HP1α with that of HP1β (both
wild-type and CD-less HP1 proteins) on heterochromatinization of an amplified
chromatin region. Results show that the effect of chromatin condensation after targeting
full-length HP1α is more pronounced than that of full-length HP1β. Similarly,
CD-less HP1α is more effective in inducing chromatin compaction than truncated
HP1β. In contrast, both proteins are similarly effective in inducing enhanced
tri-MeH3K9 and in recruiting endogenous HP1. The cause of this difference between
HP1α and HP1β in their ability to induce chromatin compaction is unclear. The amino
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acid sequence of both proteins differs only marginally (Minc et al., 1999). In the
present study, we used human HP1 in Chinese hamster cells, but there is only a minor
amino acid difference between human HP1α and HP1β and Chinese hamster HP1α
and HP1β (see materials and methods). Therefore, it is unlikely that the difference in
effect between HP1α and HP1β is related to less efficient binding of the human HP1
in Chinese hamster cells. The difference in effect between HP1α and HP1β is probably
related to the fact that HP1α and HP1β have distinct nuclear and mitotic distributions
and differ in cell cycle-related phosphorylation (Minc et al., 1999). HP1α is
phosphorylated throughout the cell cycle, whereas HP1β remains unphosphorylated.
HP1α and HP1β are predominantly located in centromeric heterochromatin. A third
member of the HP1 family, HP1γ is found in euchromatin and to a much lesser extent
in heterochromatin. In a recent study, using a dominant-negative approach by overexpressing truncated HP1 lacking a functional CD, we show that endogenous HP1α or
HP1β are lost from mouse chromocenters without changing their condensed chromatin
structure (Mateos-Langerak et al., 2007; chapter 4 of this thesis). Together, these
observations indicate that full-length HP1α and HP1β as well as CD-less HP1α and
HP1β are sufficient to induce heterochromatinization, but are not necessarily
required to maintain the condensed state.

Three HP1 domains
The CD of HP1 recognizes MeH3K9 and is essential for the association of HP1 with
heterochromatin. HP1 can form homodimers and bind a variety of other proteins
through its CSD (Aasland and Stewart, 1995; Bannister et al., 2001; Cowell et al.,
2002; Jacobs and Khorasanizadeh, 2002; Jacobs et al., 2001; Lachner et al., 2001;
Lechner et al., 2005; Nielsen et al., 2002; Smothers and Henikoff, 2001; Thiru et al.,
2004). It is known from in vitro studies that HP1 also binds to DNA and linker histones
through its HD (Meehan et al., 2003). Furthermore, the HD is involved in targeting
HP1 to heterochromatin through an RNA binding activity (Muchardt et al., 2002).
It is generally assumed that the interaction of HP1 with MeH3K9 facilitates the
formation of heterochromatin and represses gene activity (Lachner et al., 2001). Our
results show that when HP1 without a functional CD is targeted to chromatin, here via
the lac repressor/lac operator interaction, its ability to induce heterochromatin is
maintained. This indicates that the CSD and HD are sufficient to recruit and bind the
protein factors required for the heterochromatinization process. Interestingly in this
context, Stewart et al. (2005) recently showed that H3K9 methylation and HP1 can also
act independently. Probably, incorporation of HP1 into heterochromatin is a
multi-step process, involving interactions with histone methyltransferases, binding to
MeH3K9 and possibly stabilization by RNA components (Maison and Almouzni,
2004; Muchardt et al., 2002). Our data suggest that the complex process of
heterochromatin formation does not require the CD domain if HP1 is bound to
chromatin in a CD-independent manner.
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Abstract

he heterochromatin protein 1 (HP1) family is thought to be an important
structural component of heterochromatin. HP1 proteins bind via their
chromodomain to nucleosomes methylated at lysine 9 of histone H3
(H3K9me). To investigate the role of HP1 in maintaining heterochromatin
α
structure we used a dominant-negative approach by expressing truncated HP1α
β proteins lacking a functional chromodomain. Expression of these
or HP1β
truncated HP1 proteins individually or in combination resulted in a strong
α, HP1β
β and HP1γγ in pericentromeric
reduction of the accumulation of HP1α
heterochromatin domains in mouse 3T3 fibroblasts. The expression levels of HP1
α, HP1β
β and HP1γγ from
did not change. The apparent displacement of HP1α
pericentromeric heterochromatin did not result in visible changes in the structure
of pericentromeric heterochromatin domains, as visualized by DAPI staining and
immunofluorescent labeling of H3K9me. Our results show that the accumulation
α, HP1β
β and HP1γγ at pericentromeric heterochromatin domains is not
of HP1α
required to maintain DAPI-stained pericentromeric heterochromatin domains
and the methylated state of histone H3 at lysine 9 in such heterochromatin
domains.

Introduction

The HP1 (heterochromatin protein 1) gene was first discovered in Drosophila
melanogaster as a mutant suppressing position-effect variegation, a phenomenon in
which a gene adjacent to a heterochromatin domain shows a mosaic expression pattern
(Eissenberg et al., 1990; Festenstein et al., 1999; James and Elgin, 1986). Since then,
a variety of HP1 homologues has been found in many eukaryotes (Li et al., 2002).
There are at least three HP1 proteins in mammals. HP1α and HP1β are present in
heterochromatic regions, whereas HP1γ has been found either exclusively in
euchromatin or in both euchromatin and heterochromatin (Cheutin et al., 2003; Horsley
et al., 1996; Minc et al., 1999; Minc et al., 2000; Wreggett et al., 1994). HP1 proteins
are thought to have a role in gene regulation in a broad range of eukaryotes: from
fission yeast to mammals (Hediger and Gasser, 2006; Hiragami and Festenstein, 2005).
The HP1 gene products are proteins of ~180 amino acids, containing two proteinbinding domains linked by a flexible hinge region. The chromodomain (CD) located
at the N-terminal side of the hinge region specifically binds histone H3 methylated at
lysine 9 (H3K9me; Bannister et al., 2001; Jacobs and Khorasanizadeh, 2002; Lachner
et al., 2001), which is a marker for heterochromatin and is related to gene silencing
(Cowell et al., 2002; Sims et al., 2003). HP1 is able to repress gene activity when
artificially targeted to a site near a reporter gene (van der Vlag et al., 2000). The
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C-terminal part of HP1 contains the chromoshadow domain (CSD), which is partially
homologous to the CD (Aasland and Stewart, 1995; Sims et al., 2003). The CSD binds
to a consensus peptide that is present in a number of proteins, including the CSD of
HP1 itself, thereby targeting proteins to heterochromatin and forming HP1 dimers
(Brasher et al., 2000; Li et al., 2002; Nielsen et al., 2001; Smothers and Henikoff,
2000; Thiru et al., 2004). Finally, HP1 can bind RNA, probably through its hinge
region. RNA binding is important for the binding of the protein to pericentromeric
heterochromatin (Muchardt et al., 2002). HP1 proteins are assumed to have a structural
role in defining the condensed heterochromatin state. HP1 dimers may bridge
nucleosomes in heterochromatin via H3K9me, resulting in a compact chromatin
structure (Jenuwein, 2001; Lachner and Jenuwein, 2002; Nielsen et al., 2001; Singh
and Georgatos, 2002). However, there is no direct evidence that HP1 is an essential
component of heterochromatin (Singh and Georgatos, 2002). In mouse fibroblasts,
pericentromeric heterochromatin constitutes conspicuous nuclear domains that can be
visualized by DAPI staining. HP1 proteins are highly accumulated in these domains.
A large fraction of the HP1 in heterochromatin domains rapidly exchanges with
nucleoplasmic HP1, whereas a small fraction exchanges slowly, as shown by FRAP
and FCS studies (Cheutin et al., 2003; Festenstein et al., 2003; Schmiedeberg et al.,
2004).
In this study we investigate whether HP1 accumulation is essential for maintaining
pericentromeric heterochromatin domains that can be visualized by DAPI staining in
mouse fibroblasts. Using a dominant-negative approach in which truncated forms of
HP1α and HP1β that lack a functional chromodomain are over-expressed, we show
that the apparent displacement of HP1α, HP1β and HP1γ from pericentromeric
heterochromatin does not result in visible changes in large-scale chromatin structure
of DAPI-stained heterochromatin domains and in H3K9me levels of such domains.
Results indicate that the accumulation of HP1α, HP1β or HP1γ at pericentromeric
heterochromatin is not required to maintain DAPI-stained pericentromeric
heterochromatin domains and the methylated state of histone H3 at lysine 9 in such
heterochromatin domains.

Materials and Methods

DNA constructs
HP1α and HP1β denote the full-length sequences of the human HP1s. HP1α-∆(2-39) and HP1β-∆(2-40)
have deletions of amino acids 2 to 39 and 2 to 40 in HP1α and HP1β, respectively. These proteins lack a
large part of the chromodomain, including V21 (HP1α) and V23 (HP1β), which are required for MeH3K9
binding (Bannister et al., 2001; Lachner et al., 2001; Platero et al., 1995). HP1α, HP1β, HP1α-∆(2-39) and
HP1β-∆(2-40) fragments were PCR-amplified and cloned into a tetracycline-inducible vector (pUHD10-3;
Gossen and Bujard, 1992) at the N-terminal end of an inserted flag-tag. The truncated HP1β-∆(2-40) DNA
fragment was digested with EcoRI and BamHI and inserted into pmCherry-C1 (Shaner et al., 2004) resulting
in pmCherry-HP1β-∆(2-40). EGFP-tagged HP1β was kindly provided by drs L. Schmiedeberg and
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P. Hemmerich (Schmiedeberg et al., 2004).

Cell culture and transfection
NIH/3T3 mouse fibroblasts were cultured in DMEM supplemented with 10% tetracycline-free fetal bovine
serum (BD Biosciences, Clontech, San Jose, CA, USA) in a 5% CO2 atmosphere. Cells were grown on
cover slips coated with Alcian blue 8GS (Fluka, Buchs, Switzerland). Cells were transfected using FuGENE6
(Roche, Basel, Switzerland) by adding 0.5 µg DNA of each plasmid and 6 µl of FuGene6 reagent per
milliliter culture medium. Fibroblasts were cotransfected with pUHD15-1, containing the tTA gene,
necessary for the Tet-ON system (Gossen and Bujard, 1992). We used pEGFP-C1 (BD BiosciencesClontech) for expressing enhanced green fluorescent protein (EGFP). NIH/3T3 cells stably expressing
EGFP-tagged HP1β were selected using 800 µg/ml G418. A low-expressing cell population was sorted by
FACS analysis. Cells expressing EGFP-HP1β were transiently transfected with pmCherry-HP1β-∆(2-40)
and analyzed between 24 and 48 hours after transfection.
Immunolabeling and DAPI staining
Cells growing on cover slips were washed twice with PBS and fixed with 2% formaldehyde for 15 minutes
at RT and permeabilized with 0.5% (w/v) Triton X-100 in PBS for 5 minutes. Residual aldehyde groups were
blocked for 10 minutes with 0.1 M glycine PBS at RT. Incubation with primary antibodies in PBG (0.5%
(w/v) BSA, 0.1% (w/v) gelatin in PBS) was performed for 2 hours at RT and with the secondary antibodies
for 1 hour in the same buffer at RT. DAPI staining was carried out by incubation for 5 minutes in 0.4 µg/ml
DAPI in PBS.

Antibodies
To detect flag-tagged proteins we used rabbit anti-flag and mouse anti-flag M2 (Sigma-Aldrich, Zwijndrecht,
The Netherlands). To detect HP1α mouse anti-HP1α (MaHP1α; Euromedex, Mundolsheim, France; Nielsen
et al., 1999) and rabbit anti-HP1α (RaHP1α; Kourmouli et al., 2000) were used. For detection of HP1β we
used mouse anti-HP1β (MaHP1β; Euromedex; Nielsen et al., 1999) and rat anti-HP1β (RaaHP1β; Wreggett
et al., 1994). We used mouse anti-HP1γ (MaHP1γ; Euromedex; Nielsen et al., 1999) to detect HP1γ. RaHP1α
and RaaHP1β were kindly provided by Dr. P. B. Singh. All anti-HP1 antibodies recognize human as well as
murine HP1. For in situ labeling of H3K9me we used rabbit anti-trimethylated H3K9 (RaH3K9me3; Cowell
et al., 2002), also provided by Dr. P. B. Singh, rabbit anti-dimethylated H3K9 (RaH3K9me2; Upstate, Milton
Keynes, UK; Nakayama et al., 2001), and rabbit anti-branched (4x) methylated peptide-H3K9
(RaH3K9me-branched; Maison et al., 2002) provided by Dr. T. Jenuwein. As secondary antibodies we used
donkey anti-rabbit IgG(H+L)-Cy5, donkey anti-rabbit IgG(H+L)-Cy3, donkey anti-mouse IgG(H+L)-Cy3,
donkey anti-mouse IgG(H+L)-FITC, donkey anti-rabbit IgG(H+L)-FITC and donkey anti-rat IgG-FITC
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA).
Microscopy and image analysis
Images were recorded with a Zeiss LSM 510 confocal laser scanning microscope equipped with
C-Apochromat 63x/1.2 water immersion lenses (Carl Zeiss Jena GmbH, Jena, Germany). All tracks were
recorded separately to reduce cross-talk. Three or more midnuclear confocal sections (0.5-1 µm apart) were
recorded for every image. We made line scans in the x-y plane. Figures were composed in Adobe PhotoShop
v. 7.0 (Adobe Systems, San Jose, CA, USA). For quantitative image analysis, maximum intensity projections
of the imaged cells (represented in the Supplementary Figure S1) were generated. Average signal intensity
was measured for every channel over circular areas of 1.5 µm2. These circles were placed over five DAPIdense chromatin regions and five non-DAPI-dense chromatin regions in transfected and non-transfected
control cells. The ratio between transfected (dn) and non-transfected cells (wt) for the DAPI, as well as the
endogenous HP1 signal, was calculated in individual images as the ratio between the differences between
average intensity in DAPI-dense heterochromatic chromatin regions (HC) and non-DAPI-dense euchromatic
regions (EC) according to the following: (HC-EC)dn/(HC-EC)wt.
To quantify the levels of EGFP-tagged HP1β in living cells before and after pmCherry-HP1β-∆(2-40)
expression, we imaged the cells on a Zeiss Axiovert 200M widefield fluorescence microscope, equipped with
a 100x Plan-Apochromat (1.4 NA) oil immersion lens (Zeiss, Oberkochen, Germany) and a Cairn Xenon
Arc lamp with monochromator (Cairn research, Kent, UK). The objective was temperature-controlled with
an objective heater and cells were examined in microscopy medium (137 mM NaCl, 5.4 mM KCl, 1.8 mM
CaCl2, 0.8 mM MgSO4, 20 mM D-glucose and 20 mM HEPES) at 37°C. Images were recorded with a cooled
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CCD camera (Coolsnap HQ, Roper Scientific, Tucson, AZ, USA). A 375-490 excitation filter, 490 long-pass
dichroic mirror and 525-40 band-pass emission filter were used for EGFP imaging (monochromator: 470 nm
± 20 nm). A 375-580 excitation filter, 585 long-pass dichroic mirror and 620-60 band-pass emission filter
was used for mCherry imaging (monochromator: 550 nm ± 20 nm). The average pixel intensity in the nucleus
of the imaged EGFP-HP1β-expressing cells was quantified using Metamorph software (Molecular Devices
Corporation, Sunnyvale, CA). The distribution of pixel intensities (ranging from 0-1600) of 50 cells of each
population (transfected and non-transfected) was plotted in a histogram (32 bins with a width of 50).

Results

Approach
We used a dominant-negative approach to analyze the role of HP1 in maintaining
pericentromeric heterochromatin in the interphase mouse nucleus. Human HP1α and
HP1β were cloned as full-length FLAG-tagged proteins (HP1α-flag and HP1β-flag)
and as FLAG-tagged truncated proteins (HP1α-∆(2-39)-flag and HP1β-∆(2-40)-flag)
that lack most of the CD, which is essential for binding to H3K9me (Bannister et al.,
2001; Lachner et al., 2001; Platero et al., 1995). To identify transfected cells, a FLAGtag was positioned at the C-terminal end of all constructs. We used 3T3 mouse
fibroblasts, which have large pericentromeric heterochromatin domains that are easily
visible after DAPI staining. Cells were co-transfected with the tetracycline-inducible
vector pUHD15-1 and the wild-type or mutant HP1 construct in the absence of
tetracycline or doxycycline. Expression of all transfected proteins (full-length and
truncated HP1) was detectable 12 hours after transfection using an anti-flag antibody
(data not shown). After 24 hours, cells with high expression levels were analyzed for
HP1 localization and DAPI-stained heterochromatin domains.
Immunofluorescent labeling, using mouse anti-flag (figure 1) and rabbit anti-flag
antibodies (data not shown), showed that the transfected wild-type HP1α-flag and
HP1β-flag proteins are targeted to the DAPI-stained heterochromatin domains in the
nucleus, as shown by others (Cheutin et al., 2003; Horsley et al., 1996; Minc et al.,
1999; Wreggett et al., 1994). The same anti-flag antibodies showed that HP1α-∆(2-39)flag and HP1β-∆(2-40)-flag proteins are localized in the nucleus. As expected, HP1α∆(2-39)-flag and HP1β-∆(2-40)-flag did not accumulate in the DAPI-dense areas, since
they lack the CD (figure 2, red and cyan channels). In most of these cells the anti-flag
signal is homogeneously distributed in the nucleus, whereas in some cells the anti-flag
signal is more concentrated at the periphery of the cell nucleus. Our results agree with
the notion that the CD is required for localization of HP1α and HP1β in DAPI-stained
pericentromeric heterochromatin through H3K9me binding (Bannister et al., 2001;
Cowell et al., 2002; Jacobs and Khorasanizadeh, 2002; Lachner et al., 2001).
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β displace endogenous HP1α
α, HP1β
β and HP1γγ from
α and HP1β
Truncated HP1α
pericentromeric heterochromatin
Endogenous HP1α, HP1β and HP1γ in non-transfected cells are located in the nucleus
and accumulate in DAPI-dense pericentromeric heterochromatin domains (figure 2,
S1; Cheutin et al., 2003; Horsley et al., 1996; Minc et al., 1999; Minc et al., 2000;
Wreggett et al., 1994). To establish whether truncated HP1 displaces the endogenous
protein from heterochromatin domains, cells were transfected with HP1α-∆(2-39)-flag
(figure 2A, B, figure S1), or HP1β-∆(2-40)-flag (figure 2C-E, figure S1). After 24
hours, cells were fixed and fluorescently labeled with antibodies against flag-tagged
transfected proteins (figure 2, red channel and figure S1) and with antibodies against
HP1α, HP1β or HP1γ (figure 2, green channel and figure S1) and stained with DAPI
(figure 2, cyan channel and figure S1). For detection of HP1α we used two different
antibodies, i.e. a mouse anti-HP1α monoclonal antibody (MaHP1α; figure S1B and F)
and a rabbit anti-HP1α polyclonal antibody (RaHP1α; figure 2A, 2C and S1) that gave
identical results. Cells expressing HP1α-∆(2-39)-flag showed a strong increase in
labeling intensity by MaHP1α but not by RaHP1α labeling. This indicates that
MaHP1α recognizes the transfected HP1α-∆(2-39)-flag protein, whereas RaHP1α
does not. For detection of endogenous HP1β we used a mouse anti-HP1β monoclonal
antibody (MaHP1β; figure S1) and a rat anti-HP1β monoclonal antibody (RaaHP1β;
figure 2B, 2D, S1). Both anti-HP1β antibodies did not recognize the mutant
HP1β-∆(2-40)-flag protein. To detect HP1γ we used a monoclonal mouse anti-HP1γ
(MaHP1γ; figure 2E, S1). The specificity of all antibodies has been tested elsewhere
(see references in the materials and methods section). As a control we analyzed nontransfected cells in the same preparation to relate HP1 accumulation at pericentromeric
heterochromatin in control cells to the amount of HP1 in these domains in transfected
cells. To allow semi-quantitative assessment of the co-localization and intensity of the
different labels, line scans were made in the x-y plane through intense DAPI domains
in transfected (figure 2 A2, B2, C2, D2 and E2) and in non-transfected control cells
(figure 2 A1, B1, C1, D1 and E1).
In cells transfected with HP1α-∆(2-39)-flag, HP1α labeling with RaHP1α showed
a dispersed distribution of the HP1α antigen throughout the nucleus, lacking
accumulation in the DAPI-stained pericentromeric regions (figure 2A, S1). Labeling
with MaHP1α also showed no accumulation of HP1α in DAPI-dense domains in
HP1α-∆(2-39)-flag transfected cells, compared to non-transfected control cells (figure
S1). This indicates that endogenous HP1α is displaced from the DAPI-stained
pericentromeric heterochromatin domains by the truncated protein. Strikingly, in
HP1α-∆(2-39)-flag transfected cells, HP1β labeling with RaaHP1β (figure 2B, S1) or
MaHP1β (figure S1) also showed no accumulation of endogenous HP1β in DAPIstained chromocenters. These results show that truncated HP1α displaces endogenous
HP1α and HP1β from DAPI-stained pericentromeric heterochromatin.
In HP1β-∆(2-40)-flag transfected cells, HP1β did not accumulate in the DAPI-

50

Heterochromatin without HP1 accumulation
Figure 1. Distribution of transfected full-length
α-flag and HP1β
β-flag in mouse fibroblasts. Cells
HP1α
transfected with HP1α-flag (A) and HP1β-flag (B) were
fluorescently immunolabeled 24 hours after transfection.
The red signal (mouse anti-flag) shows the distribution of
transfected HP1α-flag (A) and HP1β-flag (B). The cyan
channel shows the DAPI staining. Bars represent 2 µm.
Individual midnuclear optical sections are shown.

Figure 2. See next page for legend.
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Figure 2. Spatial distribution of transfected truncated HP1, endogenous HP1 and DAPI-stained
heterochromatin domains. Cells transfected with HP1α-∆(2-39)-flag (A and B) and HP1β-∆(2-40)-flag
(C-E) were fluorescently labeled 24 hours after transfection. The red signal (Maflag in A-D and Raflag in
E) shows the transfected HP1α-∆(2-39)-flag (A and B) and HP1β-∆(2-40)-flag (C-E). The green signal
shows the distribution of endogenous HP1α, HP1β and HP1γ after labeling with RaHP1α (A and C),
RaaHP1β (B and D) and MaHP1γ (E). The cyan signal shows the DAPI staining. On the right, intensity
profiles along the lines shown in the DAPI images show endogenous HP1α, HP1β and HP1γ (green line)
and DAPI staining (cyan line). A1, B1, C1, D1 and E1 are line scans in control cells and A2, B2, C2, D2
and E2 in transfected cells. The x-axis shows the distance in µm; the y-axis represents signal intensity in
arbitrary units. Individual midnuclear optical sections are shown.

stained pericentromeric domains and was dispersed throughout the nucleoplasm, as
shown by labeling with two different antibodies, i.e. RaaHP1β (figure 2D, S1) and
MaHP1β (figure S1). Moreover, in HP1β-∆(2-40)-flag transfected cells RaHP1α
(figure 2C, S1), MaHP1α (figure S1) and MaHP1γ (figure 2E, S1) labeling did not
show any accumulation of HP1α and HP1γ in DAPI-stained pericentromeric domains.
To verify that the displacement of endogenous HP1 is not a consequence of the
transfection procedure, fibroblasts were transfected with a plasmid containing only
the enhanced green fluorescent protein (eGFP) gene and were subsequently
immunofluorescently labeled with MaHP1α and MaHP1β. No changes in the
distribution or intensity of endogenous HP1 were observed, compared to nontransfected cells (data not shown). Therefore, it is unlikely that the observed changes
in HP1 distribution after expression of the mutant HP1 proteins are an artifact of the
transfection procedure.
In addition to the analysis of endogenous HP1 levels in fixed cells using anti-HP1
antibodies, we analyzed the dominant-negative effect of transfecting cells with
truncated HP1 in living cells. To this end we created a mouse fibroblast cell line stably
expressing EGFP-tagged HP1β. In these EGFP-HP1β-expressing cells, HP1β was
found to accumulate in DAPI-stained pericentromeric heterochromatin domains and to
occur diffusely throughout the nucleoplasm (figure 3A). Transfection of these EGFPHP1β-expressing cells with mCherry-tagged HP1β-∆(2-40) resulted in a homogeneous
nuclear distribution of both the truncated and the wild-type HP1β proteins (figure 3B,
C). These results confirm the antibody labeling data in figures 2, 5 and S1, showing that
truncated HP1 protein that lacks a functional CD displaces full-length HP1 from the
DAPI-dense nuclear domains.
To examine whether expression of truncated HP1β-∆(2-40) results in a decrease of
the HP1β concentration, we determined the expression level of cells stably expressing
EGFP-HP1β with and without transfection with mCherry-HP1β-∆(2-40) (figure 3).
The fluorescence intensity of EGFP-HP1β integrated over the nucleus was determined
24 hours after transfection in cells expressing high levels of mCherry-HP1β-∆(2-40)
(based on the red signal) and in untransfected cells. The distribution of EGFP-HP1β
fluorescence measured in transfected and non-transfected cells was fitted with a
Gaussian distribution yielding average EGFP-HP1β fluorescence intensities of 161 ±
26 and 162 ± 40 for non-transfected and transfected cells, respectively. These results
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Figure 3. Spatial distribution of EGFPβ in cells transfected with or
tagged HP1β
β-∆
∆(2-40). Cells
without mCherry-HP1β
stably expressing EGFP-tagged HP1β
show that HP1 is accumulated in
pericentromeric heterochromatin domains
(A). EGFP-tagged HP1β-expressing cells
were transfected with mCherry-tagged
HP1β-∆(2-40) (B and C). The green signal
shows the EGFP-tagged HP1β (B). The
red signal shows the transfected
mCherry-tagged HP1β-∆(2-40) (C). The
fluorescence intensity of EGFP-HP1β in
cells transfected with mCherry-tagged
HP1β-∆(2-40) was compared to nontransfected cells. A histogram of the
Gaussian distribution of the EGFP-HP1β
fluorescence intensity in transfected
(E) and non-transfected cells (D) is
shown. The x-axis represents the average
fluorescence intensity in arbitrary units;
the y-axis shows the number of cells.

show that expression of truncated HP1β does not change the cellular concentration of
full-length EGFP-HP1β (figure 3D, E). These results show that truncated HP1α and
truncated HP1β protein, which lack a functional CD, not only expel their full-length
HP1 counterpart from the DAPI-stained pericentromeric heterochromatin domains,
but also the two other HP1 homologues. This suggests that the three HP1 homologues
interact in heterochromatin.

Figure 4. Quantitative analysis of the spatial distribution of transfected truncated HP1, endogenous
HP1 and DAPI-stained heterochromatin domains. Maximum intensity projections of the imaged cells (see
figure S1) were generated. The average signal intensity was measured for every channel over circular areas
of 1.5 µm2. These circles were placed over five DAPI-dense chromatin regions and five non-DAPI-dense
chromatin regions in transfected and non-transfected cells (B). The ratio between cells transfected with
HP1α-∆(2-39)-flag or HP1β-∆(2-40)-flag versus non-transfected control cells, for the DAPI signal (dark
grey bars) as well as for the endogenous HP1 signal (light grey bars) was calculated. This was done in
individual images as the ratio of the differences between average intensity in DAPI-dense chromatin regions
(HC) and non-DAPI-dense euchromatic chromatin regions (EC) in transfected (dn) and non-transfected
cells (wt): (HC-EC)dn/(HC-EC)wt (A). The error bars represent the standard error between the different
images.
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β from heterochromatin does not result in changes in
α and HP1β
Loss of HP1α
large-scale heterochromatin structure
We performed a quantitative analysis of the relative amount of DAPI staining and
endogenous HP1 levels in cells transfected with HP1α-∆(2-39)-flag or HP1β-∆(2-40)flag and in untransfected control cells. Results demonstrate that there is no change in
DAPI staining after transfection with either HP1α-∆(2-39)-flag or HP1β-∆(2-40)-flag.
The ratio of DAPI stain in transfected versus non-transfected cells is close to unity
(figure 4). In contrast, the ratio for the HP1 signal, using different antibodies (i.e.
RaHP1α, MaHP1α, RaaHP1β, MaHP1β and MaHP1γ) is close to zero (figure 4).
These measurements show in a quantitative manner that, after expression of HP1 that
lacks the chromodomain, most of the endogenous HP1 is relocated from DAPI-dense
chromatin regions to the nucleoplasm, whereas the DAPI staining remains unchanged.
To analyze whether the loss of HP1α and HP1β from DAPI-stained pericentromeric
heterochromatin domains is correlated with a decrease in H3K9me level, we analyzed
the distribution of H3K9me 24 hours after transfection with HP1α-∆(2-39)-flag,
HP1β-∆(2-40)-flag, or with both simultaneously. We labeled H3K9me with three
different antibodies: RaH3K9me2, RaH3K9me3 and RaH3K9me-branched. The
RaH3K9me-branched antibody is described to have a high affinity for H3K9me3, to
significantly cross-react with di- and trimethylation of several other H3 lysine
positions, and to decorate pericentromeric heterochromatin and the inactive
X-chromosome (Maison et al., 2002; Perez-Burgos et al., 2004; figure 5B, D). No
detectable change in H3K9me labeling was observed with the RaH3K9me3
and RaH3K9me-branched antibodies 24 hours after transfection with either
HP1α-∆(2-39)-flag (figure 5A, B), HP1β-∆(2-40)-flag (figure 5C, D), or with
HP1α-∆(2-39)-flag and HP1β-∆(2-40)-flag simultaneously (data not shown). Similarly,
no change in the dimethylation level of H3K9 was observed (figure 5E). The same
results were obtained 48 hours after transfection, using RaH3K9me2, RaH3K9me3
and RaH3K9me-branched antibodies (data not shown). These results show that,
although all three endogenous HP1 proteins are, to a large degree, displaced from
DAPI-stained pericentromeric heterochromatin domains by HP1α-∆(2-39)-flag or
HP1β-∆(2-40)-flag, this does not result in a visible reduction of H3K9me levels in
these domains.
We showed that the overall structure, size and nuclear distribution of DAPI-stained
pericentromeric heterochromatin domains remained unaffected as the three HP1
proteins are displaced (figures 2, 5, S1). These observations demonstrate that the visible
accumulation of HP1α, HP1β and HP1γ is not essential for maintaining
pericentromeric heterochromatin structure as visualized by DAPI staining and by
immunofluorescent labeling of H3K9me2, H3K9me3 or H3K9me-branched.
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α and HP1β
β. Cells
Figure 5. Spatial distribution of H3K9me in cells transfected with truncated HP1α
transfected with HP1α-∆(2-39)-flag (A and B) and HP1β-∆(2-40)-flag (C-E) were fluorescently labeled 24
hours after transfection. The red signal (mouse anti-flag) shows the transfected HP1α-∆(2-39)-flag (A and
B) and HP1β-∆(2-40)-flag (C-E). The green signal shows distribution of H3K9me detected by either
RaH3K9me3 (A and C), RaH3K9mebranched (B and D), or RaH3K9me2 (E). The cyan signal represents
DAPI staining. Bars represent 2 µm. Individual midnuclear optical sections are shown.
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Discussion

HP1 is thought to play an important role in heterochromatin organization and the
control of gene expression (Hediger and Gasser, 2006; Hiragami and Festenstein,
2005). This involves the specific binding of the CD to H3K9me, dimerization via its
CSD and recruitment of a variety of proteins that specifically interact via HP1 with
H3K9me-rich chromatin domains (Brasher et al., 2000; Cowell et al., 2002; Jenuwein,
2001; Lachner and Jenuwein, 2002; Nielsen et al., 2001; Singh and Georgatos, 2002;
Thiru et al., 2004). HP1 dimerizes through its CSD and may bridge two
H3K9me-containing nucleosomes, inducing a higher-order packing of heterochromatin
(Jenuwein, 2001; Lachner and Jenuwein, 2002; Nielsen et al., 2001; Singh and
Georgatos, 2002; Thiru et al., 2004). It has also been proposed that HP1 dimers bind
to methylated K9 and K27 on a single histone H3 tail, instead of binding to methylated
K9 on nearby nucleosomes (Jacobs and Khorasanizadeh, 2002). HP1 may also play a
role in the maintenance of the heterochromatin state through cell division, via its
interactions with chromatin assembly factor 1 (CAF1), H3K9 methyltransferase Suv39
and the DNA methyltransferases Dnmt1 and Dnmt3a (reviewed in Maison and
Almouzni, 2004). In this study we used a dominant-negative approach to interfere with
HP1 function to obtain insight into the role of HP1α, HP1β and HP1γ in maintaining
DAPI-stained pericentromeric heterochromatin domains in mouse fibroblasts.
Expressing truncated HP1α and HP1β, lacking a functional CD, resulted in
displacement of the endogenous HP1α, HP1β and HP1γ from the visible DAPI-stained
pericentromeric heterochromatin domains (figure 2). It did not result in a significant
decrease in full-length HP1 expression (figure 3). Remarkably, loss of HP1 did not
result in a visible change in the structure of pericentromeric heterochromatin domains,
as visualized by DAPI staining, and did not result in a visible change in the methylation
state of H3K9 (figures 2, 4, 5, S1). It is known that the CD is responsible for specific
binding of HP1 to H3K9me in heterochromatin (Bannister et al., 2001; Cheutin et al.,
2003; Cowell et al., 2002; Jacobs and Khorasanizadeh, 2002; Lachner et al., 2001).
Therefore, as expected, HP1 lacking a CD did not accumulate in DAPI-stained
heterochromatin domains (figure 2, S1), in contrast to wild-type HP1α-flag and
HP1β-flag, which did accumulate in these domains (figure 1). Evidently, interaction of
the CD of the endogenous HP1 with H3K9me is not sufficient to keep the proteins
associated with DAPI-stained heterochromatin domains. Most likely, the truncated
polypeptides sequester endogenous proteins that are necessary to stabilize the
interaction of HP1 with H3K9me. Because expression of each of the truncated proteins
individually resulted in the apparent displacement of HP1α, HP1β and HP1γ from
DAPI-stained pericentromeric heterochromatin, it is likely that these three HP1
proteins interact directly or indirectly in vivo.
Our results are consistent with studies showing that the CD is necessary but not
sufficient for HP1 to bind H3K9me-containing nucleosomes (Smothers and Henikoff,
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2001; Thiru et al., 2004) and that HP1β as a monomeric protein is not stably associated
with pericentromeric heterochromatin (Thiru et al., 2004). Our data show that when
most endogenous HP1 is displaced from DAPI-dense heterochromatin, the level and
distribution of tri- and dimethylated H3K9me remains unchanged. This demonstrates
that accumulation of HP1α, HP1β and HP1γ is not required for keeping histone H3K9
in its methylated state in DAPI-stained heterochromatin domains. In this context,
labeling with the H3K9me-branched antibody as well as HP1α accumulation at
pericentromeric heterochromatin were lost after incubation with RNAse and after
culturing in the presence of a histone deacetylase inhibitor (Maison et al., 2002;
Muchardt et al., 2002). Besides, Gilbert et al. (2003) reported that during differentiation
of chicken erythrocytes HP1 is completely lost, whereas there is only a modest
reduction in H3K9me. Obviously, maintaining H3K9me levels does not require the
continuous presence of HP1 proteins.
Interestingly, Peters et al. (2001) presented evidence that DAPI-dense domains,
where HP1 accumulates, remain present in cells that fully lack the histone
methyltransferases Suv39h1 and 2. In these cells heterochromatin domains do not
contain H3K9me. From these and our results it can be concluded that HP1 binding
and H3K9me are independent processes and are not required simultaneously for
heterochromatin stability. Recently, we showed that in vivo targeting of HP1α or HP1β
to an amplified chromosomal region, causes local chromatin condensation,
enhanced trimethylated H3K9me and recruitment of histone methyltransferases
(Verschure et al., 2005). Targeting of the HP1 lacking a functional CD also caused
heterochromatinization of the amplified chromosome region (Brink et al., 2006;
chapter 3 of this thesis). These results show that normal binding of HP1 through its CD
domain, as well as artificial binding of HP1 without a CD through the lac operator/lac
repressor interaction, is sufficient to trigger heterochromatin formation. The present
studies indicate that HP1 is not required for maintaining the DAPI-stained
heterochromatin domains.
HP1 in heterochromatin is remarkably dynamic and exchanges rapidly with its
soluble pool (Cheutin et al., 2003; Festenstein et al., 2003; Schmiedeberg et al., 2004).
HP1 is bound in heterochromatin domains in at least two modes, one that exchanges
rapidly and one that is released slowly. The ratio between these pools ranges from
approximately 8:1 in NIH/3T3 fibroblasts (Schmiedeberg et al., 2004) to close to 3:1
in mouse T-cells (Festenstein et al., 2003), probably depending on cell type and
chromatin state. The function of the fast and the slow-exchanging HP1 subfractions is
unknown. Our results show in fixed as well as in living cells that in mouse fibroblasts
most HP1 proteins can be removed from DAPI-stained pericentromeric
heterochromatin without a visible change in large-scale chromatin structure or a
significant decrease in H3K9me. It is possible that a small fraction of the strongly
bound fraction of HP1 molecules, e.g. the slowly exchanging fraction, remains present
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in the dominant-negative experiments. Light-microscopic analysis is not sufficiently
sensitive to decide this unambiguously. However, our data clearly show that most
HP1 in visible pericentromeric domains is dispensable for maintaining typical
heterochromatin features, including strong DAPI staining, H3K9 methylation and the
heterochromatin size and shape. Our findings indicate that local accumulation of HP1α,
HP1β and HP1γ is not essential for the maintenance of DAPI-stained pericentromeric
heterochromatin.
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Supplementary Figure S1. Spatial
distribution of transfected truncated
HP1, endogenous HP1 and DAPIstained heterochromatin domains. Cells
transfected with HP1α-∆(2-39)-flag and
HP1β-∆(2-40)-flag were fluorescently
labeled 24 hours after transfection. The
anti-flag signal (first column) shows the
transfected HP1α-∆(2-39)-flag cells and
the transfected HP1β-∆(2-40)-flag cells.
The distribution of endogenous HP1 is
shown in the second column; HP1α after
labeling with RaHP1α or with MaHP1α,
HP1β after labeling with RaaHP1β or with
MaHP1β and HP1γ after labeling with
MaHP1γ. The DAPI staining is shown in
the right column.
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Abstract

acking of the eukaryotic genome into higher-order chromatin structures is
tightly related to gene expression, although the underlying molecular
mechanisms are currently unclear. The lac-operator/lac-repressor system
allows visualization of a specific chromatin domain as well as manipulation of
such a domain by the targeting of epigenetic regulatory proteins. To systematically
study the causal relationship between changes in the epigenetic state, chromatin
structure and gene expression within a genomic environment, we engineered and
integrated a composite targeting cassette in human cells. The cassette contains a
reporter gene and two short arrays of protein-binding sites that enable targeting
of fluorescent epigenetic regulatory proteins and allow manipulation of the
epigenetic state and visualization of the cassette. Criteria for the functionality of
the cell system are (i) single integration of the cassette at a designated site,
(ii) visualization of the integrated cassette, (iii) ability to measure changes in
chromatin structure and (iv) ability to measure transcriptional activity. As a proof
of principle, two mono-clonal cell lines were established with a single integration
using Flp recombinase in genomic environments of either high or of low gene
activity. The use of fluorescent in situ hybridization and reverse transcription
quantitative PCR enable the measurement of changes in chromatin structure and
changes in gene activity, respectively. Systematic and quantitative in vivo
measurements using this system will provide insight into causal relationships
between an induced epigenetic state, changes in chromatin structure and
transcriptional activity in a specific genomic environment.

Introduction

Chromatin organization plays an important role in mammalian gene regulation,
although we lack clear understanding of cause-and-effect relationships (for a review,
see Goetze et al., 2007b). Studies indicate that silent, gene-poor chromatin is positioned
more to the periphery of the nucleus, whereas active, gene-rich chromatin adopts a
more central position (Finlan et al., 2008; Goetze et al., 2007a; Guelen et al., 2008).
Furthermore, chromatin condensation was seen to correlate with an epigenetic state
marked by H3K9 methylation and gene repression (Verschure et al., 2005). Vice versa,
chromatin decondensation has been associated with transcriptional activity and specific
H3 acetylation marks (Tumbar et al., 1999). In addition, looping of genes out of their
chromosome territory has been observed for several transcriptionally active genes,
such as the functionally related genes of the HoxB cluster that can loop out sequentially
upon induction, facilitating transcriptional co-regulation (Chambeyron and Bickmore,
2004). At the linear DNA level, clustering of functionally unrelated genes was
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identified (Caron et al., 2001). Specific chromosomal regions containing clusters of
highly expressed gene of unrelated function were named ridges (regions of increased
gene expression), and clusters of low-expressed genes anti-ridges. Integration of a GFP
reporter gene in a ridge region resulted in an average four-fold higher expression of the
reporter compared to expression when integrated in an anti-ridge, suggesting that the
genomic environment contributes considerably to the transcriptional potential of a gene
(Gierman et al., 2007).
The advantage of the use of the lac operator/lac repressor system is that it provides
information on the causal relationships between chromatin organization and gene
activity (Robinett et al., 1996). Initially, Belmont and coworkers created an artificial
chromosomal domain in mammalian cells consisting of an integrated and amplified
array of bacterial lactose operator (lacO) sites, flanked by a dihydrofolate (DHFR)
selection marker. Binding of the lac repressor (lacR)-GFP fusion protein to the
amplified chromosomal domain allowed the in vivo visualization of large-scale
chromatin structure in mammalian cells (Robinett et al., 1996). The lacO/lacR targeting
system has been used in a number of studies illuminating the interplay between the
higher-order packaging of chromatin and gene activity (Brink et al., 2006; Tumbar et
al., 1999; Verschure et al., 2005; and chapter 2 of this thesis). Furthermore, the
targeting system has also been used to analyze the relationship between gene activity
and positioning of genes in the nucleus. Tumbar and Belmont (2001) showed that after
gene activation, the array was repositioned to a more central location in the nucleus.
Other studies showed that targeting of the integrated lacO system to the nuclear lamina
caused repression of a reporter gene and of some, but not all, of the genes near the
targeting site (Finlan et al., 2008; Reddy et al., 2008). In a related study, it was shown
that reporter gene transcription could be induced at the nuclear lamina, indicating that
nuclear localization is important, but not decisive for gene regulation (Kumaran and
Spector, 2008).
Although our understanding of epigenetic regulatory mechanisms has expanded
considerably, we still lack insight into the effect of the local genomic environment on
gene regulation. In this study we created a cell system consisting of an integrated
cassette in human cells to systematically measure the causal relationship between
changes in the epigenetic state, chromatin structure and gene expression in a specific
genomic environment. The cassette contains a reporter gene and two short arrays of
non-endogenous protein-binding DNA sites (the bacterial lactose operator (lacO) sites
and the yeast Upstream Activating Sites (UAS)) that enable targeting of fluorescent
epigenetic regulatory proteins, allowing induction of a specific epigenetic state and
the visualization of the cassette. Criteria for the functionality of the cell system are (i)
single integration of the cassette at a designated site, (ii) visualization of the integrated
cassette in living cells, (iii) ability to measure changes in chromatin structure and (iv)
ability to measure transcriptional activity. As a proof of principle, two mono-clonal
cell lines were established with a single integration using Flp recombinase in specific
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genomic sites of either high or low gene activity, i.e. a ridge and an anti-ridge,
respectively. (Gierman et al., 2007; Gronostajski and Sadowski, 1985; Sauer, 1994).
The clones contain the integrated cassette in functionally different genomic regions to
assess the contribution of the local chromatin environment on epigenetic gene control.
We demonstrate the visualization of the lacO repeat by in vivo detection upon lacRGFP binding and by fluorescent in situ hybridization (FISH). We provide data on gene
activity of the reporter gene in the established cell lines by means of reverse
transcription quantitative PCR (RT-qPCR) Our data show that when the
cassette is integrated in a ridge region, reporter gene activity is two-fold higher than
when integrated in an anti-ridge. We conclude that the criteria for useful functioning
of the cell system are fulfilled and we discuss suggestions for additional technical
improvements of the cell system. This system will be an important tool for gaining
insight into the molecular mechanisms underlying epigenetic gene regulation in a
controlled and systematic manner.

Materials & Methods

Cloning of plasmids
Plasmid pPS-8.4, a pUC18 derivative containing 4 copies of the lacO octamer divided by DNA spacer
fragments, was used as a cloning backbone vector (Robinett et al., 1996). A dsRed-MTS-IRES-hygromycin
reporter cassette was constructed by inserting a pDsRed2-Mito-fragment (Clontech, USA) with SnaBI and
filled-in NotI ends into SnaBI-SmaI sites of pIREShyg3 (Clontech, USA). The resulting reporter cassette was
excised with SalI and inserted into the pPS-8.4 XhoI site. Next, the Flp Recombination Target (FRT) site
(Gronostajski and Sadowski, 1985; Sauer, 1994) was synthesized with ClaI-NruI restriction sites 5’ and
PacI-XmaI sites 3’ and subcloned into ClaI-XmaI of pBluescript II SK+ (Stratagene). KpnI-MluI-SwaI sites
were added to the 5’ end and ClaI was added to the 3’ end of a 14x repeat of the UAS operator by PCR on
the pZG18 plasmid (obtained from Carl Schildkraut, Department of Cell Biology, Albert Einstein college
of Medicine, New York, USA). The UAS repeat was ligated into KpnI-ClaI of FRT-containing pBluescript.
UASFRT was excised with MluI-XmaI and ligated into MluI-XmaI of p8.4dsRed, creating p32RUF
(figure 1). All culturing steps involving the lacO repeat were performed at 30°C using MAX efficiency Stbl2
competent cells (Invitrogen). All products obtained by PCR or oligo synthesis were sequenced to ensure
fidelity.

Cell culture, Lox and Flip-In
Cell lines H100 and H94 are human embryonal kidney (HEK293) cells containing a lentiviral construct,
integrated in a ridge (HG17: position 147.192.859 in forward orientation) or anti-ridge (HG17: position
218.918.221 in reverse orientation) region, respectively (Gierman et al., 2007). The lentiviral construct
contained an FRT site (Flp Recombinase Target site; O'Gorman et al., 1991) to promote homologous
recombination at the site of integration, and a GFP reporter cassette flanked by two loxP sites. In order to
insert p32RUF, the GFP reporter cassette was loxed out by transfection with Cre recombinase. Cells that had
lost the GFP cassette were identified by fluorescence activated cell sorting and single cells were seeded in
a 96-well plate. Next, p32RUF was inserted at the FRT integration site by Flp-In as described previously
(O'Gorman et al., 1991). Briefly, p32RUF was cotransfected with Flp recombinase-expressing plasmid
pOG44 (Invitrogen), required for site-specific recombination at the FRT site, in a 9:1 ratio (pOG44:p32RUF)
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. Cells were diluted 1:10
after 24 hours and selection pressure (115 µg/ml hygromycin) was added. After 2 weeks, individual clones
could be distinguished. Clones were transferred to a 12-well for further culturing and DNA isolation. Cell
lines were tested for integration at the FRT site by PCR and southern blotting. VH10 and HEK cells were
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cultured in Dulbecco Minimal Essential Medium (DMEM) containing 10% or 15% fetal bovine serum
respectively, 1% penicillin/streptomycin and 1% glutamin at 37°C in a 10% CO2 atmosphere. For RT-qPCR
and FISH, HEK cells were transfected at 80% confluency with Lipofectamine 2000 as described by the
manufacturer. After 24-48 hours, cells were either harvested for RNA isolation or transferred to
poly-L-lysine coated slides in preparation for FISH.

Southern Blot
Isolation of genomic DNA was performed by overnight cell lysis at 55°C in Tris buffer (10 mM Tris pH 7.5,
2 mM EDTA, 10 mM NaCl, 0.5% SDS) supplemented with 1 mg/ml Proteinase K (Roche) and subsequent
precipitation. Genomic DNA was cut overnight with BglII (Roche, 50 U/µl) or a combination of ClaI and
XhoI (Roche, 10 and 40 U/µl, respectively), so as to cut once in the lentiviral LTR and once in the integrated
p32RUF, excising a single ~5.9 and ~4 kb band, respectively. 10 µg of restricted DNA was run overnight
on a 1% agarose gel and transferred to an Amersham Nylon membrane the following night. The blot was
probed overnight with a ~300 bp lacO fragment, labeled with AT32P. Washes were performed at 63°C and
detection occurred with the aid of a phosphor image screen.

Reverse transcription quantitative PCR (RT-qPCR)
RNA was isolated after trypsinization from 25 cm2 culture flasks with the Qiagen RNeasy Mini Kit
according to the accompanying manual. After solution in RNAse-free H2O, RNA was processed immediately
for cDNA synthesis: 5 µg of RNA was incubated for 20 minutes with RNAse-free DNAse I (Roche) at room
temperature. Next, we heated the RNA for 5 minutes at 70°C to dissociate the tertiary structure followed by
immediate cooling on ice for 5 minutes. cDNA was synthesized with the Improm II kit (Promega), using
oligo dT primer and incubating the reaction mix for 5 minutes at 25°C to anneal primers and 60 minutes at
42°C to allow cDNA synthesis. The reaction was inactivated for 15 minutes at 70°C and cooled on ice.
Quantitative PCR reactions were performed on a 7500 Real Time Cycler (Applied Biosystems), using
accompanying software and SYBR-green (Invitrogen) as a detection reagent. Relative gene expressions
were calculated using the ∆∆CT method.

Three-dimensional fluorescent in situ hybridization (3D FISH)
For 3D FISH, cells were grown on poly-L-lysine coated slides and fixed in 4% paraformaldehyde for 10
minutes at 4°C. Paraformaldehyde was quenched after 3 PBS washes in 100 mM glycin for 10 minutes and
cells were subsequently placed in 0.1 N HCl, washed in PBS and permeabilized in PBS containing 0.5%
Triton X-100 and 0.5% Saponin for 20 minutes. After three PBS washes, slides were treated with 100 µl
RNAse (100 µg/ml) at 37°C for 30 minutes. Three PBS washing steps were followed by a 5-minute
incubation in 2x SSC for 5 minutes and immersion in 50% formamide in 2x SSC for up to 2 hours. For
preparation of the probe 100 ng of BAC or 10 ng of lac DNA, amplified by DOP-PCR and labeled by nick
translation with either biotin of digoxigenin, was dissolved in deionised formamide supplemented with 50%
formamide and 10% dextrane sulfate to a final concentration of 12.5 ng probe/µl. The probe was denatured
at 80°C for 10 minutes and placed on ice, followed by 1 to 2 hours of pre-annealing at 37°C. Next, the probe
was added to the pre-treated slide and codenatured for 2 minutes at 80°C. Hybridization was allowed to
proceed overnight in a moist chamber at 37°C. Three posthybridization washes were carried out with 2x SSC50% formamide at 45°C, followed by three washes in 0.1x SSC at 60°C and blocking with 4x SSC
containing 5% non-fat dried milk for 1 hour at room temperature. All incubations for probe detection were
performed for 20 minutes at room temperature in 4x SSC containing 5% (wt/vol) non-fat dried milk,
alternated by three washes in 0.05% Tween/2x SSC. Slides were finally labeled in DAPI
(4', 6'-diamidino-2-phenylindole; Vector Laboratories, Burlingame, CA) and embedded in Vectashield
(Brunschwig, Burlingame, CA). Slides were imaged using a Zeiss LSM 510 (Zeiss, Jena, Germany) confocal
laser scanning microscope equipped with a 63x/1.4 oil immersion objective. We used multitrack scanning,
employing a UV laser (364 nm), an argon laser (488 nm) and a helium-neon laser (543 nm) to excite DAPI
staining and green and red fluorochromes. Emitted fluorescence was detected with BP 385-470, BP 505-550
and 560 LP filters. Three-dimensional images were scanned at 512 by 512 using 400 nm axial and 60 nm
lateral sampling rates. Images were averaged 4 times.
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Results and discussion

Development and single integration of the cell system
To study the in vivo causal relationships between local induction of an epigenetic
chromatin state and the changes in chromatin structure and gene activity in a specific
genomic context, we created a cell system consisting of a cassette containing two short
arrays of non-endogenous protein-binding sites and a reporter gene. The cassette
(p32RUF) contains 32 tandem copies of the lacO sequence (lacO repeat) and 14 tandem
copies of the UAS site for targeting by lac repressor (lacR) and Gal4, respectively. In
addition, the targeting cassette contains a dsRed reporter gene tagged by a
mitochondrial targeting signal (MTS) to reduce fluorescent background in the nucleus,
an FRT site to enable homologous recombination at defined genomic sites and a
hygromycin selection marker for subsequent selection (figure 1). To test the
functionality regarding visualization, ability to measure chromatin folding and gene
activity, the cassette was integrated in human embryonal kidney 293 (HEK 293) cells.
Integration of foreign DNA into defined genomic regions of human cells is very
inefficient. We used HEK cell lines containing an FRT site promoting recombination
at a defined position on chromosome 1 band q21.1 and chromosome 2 band q36.1,
corresponding to a ridge and anti-ridge (Gierman et al., 2007). These cell lines
additionally contained a GFP reporter used for a previous study between two LoxP
sites, which we removed using Cre/loxP recombinase. Next, we integrated the cassette
into the FRT site with the aid of Flpase. The mono-clonally generated cell lines were
screened for single integration by PCR and southern blotting. The HEK 94R99 and
100R21 clones were identified as clones having a single integration in the anti-ridge
and in the ridge genomic region, respectively (figure 2).
During the multiple rounds of transfection (i.e. integration of an FRT and GFP
reporter gene between LoxP sites, subsequent removal of the GFP reporter, integration
of the composite cassette at the FRT site and the transfection with GFP-tagged lacR)
the cells became increasingly difficult to culture and transfect, limiting the use of the
system. The use of cell lines that enable homologous recombination, such as mouse
embryonic stem cells, might be a suitable alternative to solve this issue. Moreover, the
stable expression of inducible lacR targeting fusion proteins will avoid transfecting
cell lines for each new experiment, while the inducibility limits continuous
over-expression of lacR-tagged epigenetic regulators.
Visualization of 32 lacO sites in vivo
The amount of tandem copies of the non-endogenous protein-binding sites was
minimized to 32 lacO sequences as the integration of large exogenous stretches of
repetitive DNA may interfere with epigenetic gene regulation. To visualize the lacO
repeat in the HEK cell nuclei, images were taken from nuclei with a low EGFP-lacR
expression level to minimize background fluorescence (figure 3). The lacO repeat is
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Figure 1. Schematic representation of the cassette p32RUF. The cell system consists of an integrated
cassette containing a CMV-driven red fluorescent reporter with a mitochondrial targeting signal and a
hygromycin selection marker separated by an IRES (internal ribosome entry site) to ensure translation
initiation (red), flanked by 14 tandem copies of the non-endogenous UAS protein-binding sites (blue)
upstream and 32 tandem copies of the lacO protein-binding sites (green) downstream. A Flp-recombinase
targeting (FRT; yellow) site enables homologous recombination.

Figure 2. Southern blot analysis to verify the single integration of the p32RUF cassette. (A) Schematic
representation of the position of the lacO probe (green) relative to restriction sites in the p32RUF cassette
(red) that has been flipped into the virally integrated FRT, which is flanked by viral long terminal repeats
(LTR; yellow). Expected fragment lengths for BglII, XhoI+ClaI and ClaI are given. (B) Genomic DNA of
6 cell lines with potential integration of p32RUF in an anti-ridge (lanes 3-5) or ridge (lanes 7-9) was digested
overnight with BglII (first half of blot) or a combination of XhoI and ClaI (second half of blot). DNA
fragments were separated by gel electrophoresis, transferred to a nylon membrane and probed for the lacO
with an AT32P-labeled probe. Lanes numbered 1 and 10 contain a DNA marker, lanes 2 and 6 contain a
control cell line without lacO integration. The ~8.4 kb bands in the XhoI/ClaI-digested lanes are due to
incomplete XhoI digestion (data not shown). Cell lines HEK 94R99 and 100R21, chosen for further
experiments, were loaded in lanes 3 and 7, respectively.

indicated by the arrow.
In vivo visualization of the 32 tandem lacO copies integrated in the HEK cell lines
proved to be challenging, as opposed to the clear detectability of EGFP-lacR binding
at lacO arrays spanning several mega basepairs (Belmont et al., 1999; Robinett et al.,
1996; Tumbar et al., 1999). The lacR has a high affinity for the bacterial lacO sequence
with a KD between 10-11 and 10-13 M (Chen and Matthews, 1992; Riggs et al., 1970).
However, the lacR also binds non-specifically to DNA with dissociation constants
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differing an estimated 6-8 orders of magnitude compared to specific binding (Lin and
Riggs, 1975). The occupancy of a binding site depends on the affinity of the lacR for
that site, the concentration of lacR molecules and on the number of binding sites. Given
the relatively high amount of non-specific compared to specific binding sites, the
absolute number of lacR molecules bound to non-specific DNA will be very high,
thereby creating considerable background noise. We conclude that under optimal
imaging conditions 32 tandem copies of the lacO site can be visualized in HEK cells
if the concentration of the lacR-GFP protein is sufficiently low. To increase visibility,
a higher amount of lacO sites may be used. Previously, it was shown that, in principle,
a minimal amount of a 128 lacO sequences is detectable in yeast and mammalian cells
(Brickner and Walter, 2004; Chubb et al., 2002). Alternatively, the concentration of
lacR molecules can be significantly lowered, such that only several tens of lacR
molecules, which will mainly occupy lacO sites, are available in each cell (Elf et al.,
2007).
Chromatin structure visualized by FISH
Measurements on the distance between two positions on a single chromosome provide
information on how chromatin is folded locally. Changes in the distance between these
two positions after targeting epigenetic regulatory proteins are indicative of changes in
chromatin folding due to the actions of these regulators. We therefore set out to detect
the integrated cassette and a genomic reference site at a defined distance from the
integrated region on the same chromosome by 3D FISH. We used a plasmid probe to
detect the cassette and a specific BAC probe to recognize the reference site. Figure 4
illustrates the visualization of a ~100 kb BAC probe and a ~9 kb probe of the
integrated plasmid. Results indicate that the 3D FISH method allows distance
measurements between the lacO repeat and a genomic region nearby, recognized by a
BAC probe, generating information on chromatin compaction (Mateos-Langerak et
al., 2009, PNAS, in press). Ultimately, measuring distances between the loci labeled
by lacR and Gal4 may generate information about the in vivo compaction of the
chromatin fiber without using the FISH method. However, the non-endogenous
protein-binding sites in our current pilot system are only ~4 kb apart at linear distance,
which is not sufficient to measure physical distances using standard light microscopy
techniques.
The transcriptional activity of a dsRed reporter gene is influenced by its genomic
context
To quantify gene activity, we have measured the fluorescence intensity of the
mitochondrial dsRed reporter by fluorescence activated cell sorting (FACS) analysis.
For this purpose, a mouse fibroblast cell line (VH10) was established containing
multiple random, stable integrations of the lacO repeat next to the dsRed-MTS reporter.
We transfected the cells with EGFP-lacR-VP16, or EGFP-lacR as a control, and
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Figure 3. Living cell analysis of the integrated cassette. HEK cells with the p32RUF cassette flipped into
the FRT site situated in a ridge, were transfected with EGFP-lacR. DsRed is expressed in the mitochondria.
3D images were recorded of nuclei with low EGFP-lacR expression with the pinhole set at 2.00 airy units
to allow a maximal number of fluorescent proteins to be detected and averaged 8 times to reduce Poisson
noise. The green signal represents EGFP-lacR. The arrow indicates the position of the lacO repeats targeted
by EGFP-lacR. The image shown represents an individual optical section. Bar represents 2 µm.

Figure 4. Fluorescent in situ hybridization. HEK cells with the p32RUF cassette flipped into the FRT site
situated in an anti-ridge on chromosome 2 were FISH labeled. Probes containing p32RUF or nick-translated
DNA from BAC RP11-465F2 (chromosome 11, q-arm), were labeled with biotin (A) or digoxigenin (B)
respectively, and were hybridized to fixed and permeabilized cells. Antibody detection was achieved through
Strep-Cy3 (Jackson, 1:1000) enhanced by goat anti-Strep-bio (Vector, 1:250) and Strep-Cy3 for biotin (A)
and mouse anti-Dig (Boehringer, 1:250) followed by rabbit anti-mouse-FITC (Sigma, 1:1000) and goat
anti-rabbit-Alexa488 (Molecular Probes, 1:200) for digoxigenin (B). 3D images were recorded in separate
channels. The red signal represents the FISH labeled p32RUF probe recognized by anti-biotin antibodies,
the green signal represents the FISH-labeled BAC probe recognized by anti-Dig antibodies and the blue
signal represents DAPI staining. Part (D) portrays the merged image. Bar represents 2 µm.
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Figure 5. FACS analysis of dsRed
reporter-expressing cells upon targeting.
A VH10 cell line containing random
integrations of 32 lacO repeats directly
downstream of a dsRed reporter cassette
was transiently transfected with EGFP-lacR
control and EGFP-lacR-tagged VP16, HP1β
and MeCP2. Fluorescence intensity was
measured by FACS analysis; threshold
values were set according to measurements
in cells devoid of fluorescent proteins or
expressing only dsRed or EGFP. (A) Table
represents dsRed fluorescence intensities in EGFP-transfected cells. (B, C, D, E) Scatter plots of cells
transfected with lacR (B), lacR-VP16 (C), lacR-HP1β (D) and lacR-MeCP2 (E) respectively. Green
fluorescence is depicted along the x-axis and red fluorescence along the y-axis. Fluorescence intensities
were measured in the R4-gated cells (blue).

Figure 6. Relative reporter gene expression
in the ridge versus anti-ridge region by RTqPCR. RNA isolated from HEK 94R99 and
100R21 was reverse transcribed into cDNA
with oligo dT primers. Relative dsRed
expression from 4 different samples was
determined by qPCR in a total of 23
experiments. Samples were normalized to RP
L13A expression. DsRed expression in the
anti-ridge region was set to 1.

analyzed dsRed expression of EGFP-expressing cells, 60 hours after transfection. The
mean intensity of the dsRed fluorescence increased considerably in the VP16expressing cells, going up to 13775 fluorescence units compared to 7205 units in the
EGFP-lacR targeted control (figure 5). Next, we measured gene repression of the
dsRed reporter by transiently transfecting the clones with EGFP-lacR-HP1β or
EGFP-lacR-MeCP2. However, we were unable to detect an appreciable decrease in
the expression levels of the reporter gene, measuring 6308 units for the HP1β-targeted
and 5249 units for the MeCP2-targeted cells (EGFP-lacR = 7205 units, figure 5). The
high expression and slow turnover of the dsRed protein (half life of ~5 days, Verkhusha
et al., 2003) prevents faithful detection of a decrease in the transcriptional activity of
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the reporter gene. Therefore, we propose the use of an unstable reporter protein for
future cell-system developments, for instance by fusion to a degradation signal
(Lindsten et al., 2003). Taken together, we conclude that in the current system
fluorescence intensity of the dsRed reporter gene is an efficient read-out for gene
activation, but not for gene repression.
To assess the influence of the local chromatin environment on gene expression, we
measured RNA levels of the CMV-driven dsRed reporter after integration into HEK
cell lines in two distinct genomic loci: a high and low expressing region, i.e. a ridge
and anti-ridge, respectively. Reverse transcription quantitative PCR (RT-qPCR) was
performed on HEK clones 94R99 and 100R21 for the dsRed gene, normalizing
expression levels to ribosomal protein L13A (RPL13A; Pombo-Suarez et al., 2008).
We observed an approximately two-fold higher gene expression level of the dsRed
protein when integrated in a ridge (chromosome 1 band q21.1) compared to an antiridge (chromosome 2 band q36.1; figure 6). These findings correspond to published
data showing that expression levels of a GFP reporter gene driven by the PGK promoter
are similarly affected by their integration into ridge or anti-ridge domains (Gierman et
al., 2007). It is interesting to note that the chromatin integration site of genes with a
strong viral promoter (i.e. CMV) influences their expression to almost the same extent
as a gene driven from the relatively weak PGK promoter (~three-fold difference when
integrated in identical locations; H. Gierman, personal communication). These data
support a model in which the transcriptional potential of a gene is partially determined
by the chromatin environment in which it is embedded.
A drawback of determining RNA levels by biochemical bulk methods, such as
RT-qPCR and northern blot analysis, is that they do not allow the detection of
cell-to-cell variation. As an alternative, a recent advance has been made with the use
of MS2 repeats, which form an RNA hairpin that is recognized by the MS2 coat
protein, enabling single cell in vivo quantification of the expression level of a reporter
gene by binding the fluorescently-tagged MS2 protein (Chubb et al., 2006; Finlan et
al., 2008; Janicki et al., 2004).
In conclusion, we have created a novel chromatin manipulation system in human cells
consisting of a cassette that is integrated in a defined genomic background. We show
preliminary data on the engineered cassette, integrated in single copy in a ridge and an
anti-ridge region in human cell lines. We are able to (i) visualize the integrated cassette,
(ii) determine the 3D position of the integrated cassette in relation to a nearby
genomic reference region enabling measurement of the local chromatin compaction,
(iii) measure changes in reporter gene activity by FACS analysis (gene activation) and
RT-qPCR (gene activation and repression). We conclude that this cell system can be an
important tool for studying molecular mechanisms of epigenetic gene regulation in
living cells.
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A

Gene network representations in eukaryotes
gene network consists of a set of genes that, directly or indirectly, affect each
other’s activity. The combination of regulatory proteins and non-coding RNAs
(ncRNAs) in the cell are the key determinant of the functional state of the
network, thereby defining, in principle, the properties of the cell. Hence, understanding
gene networks is essential to achieving a basic understanding of cell function.
Currently, the representation of gene networks is often in the form of graphs, which can
have a simple (Friedman et al., 2000) or a more sophisticated format (such as
CellDesigner, Cytoscape and BioTapestry; Kitano et al., 2005; Longabaugh et al.,
2005; Shannon et al., 2003). These representations are oversimplifications, ignoring
most of the molecular complexity of the system, such as system dynamics and the
multiple processes implicated by the edges of the graph. These edges include, even in
the most simple gene-gene interaction mechanism; transcription, transcript maturation
and packaging, nuclear export, translation of RNA to protein, posttranslational
modification, nuclear import and assembly of an active transcription initiation complex.
In this sense, gene networks are fundamentally different from metabolic networks,
which mostly refer to metabolites, enzyme-catalyzed chemical conversions and
protein-protein interactions (Schilling et al., 1999).
Here we address the question of how eukaryotic gene network models should be
shaped and which components and processes may be incorporated, including those
acting at the epigenetic level of gene regulation. The rapidly increasing knowledge of
genome-wide gene regulation creates a promising basis to expand gene network models
in order to present a comprehensive system, allowing an in-depth understanding of
gene regulation. Here, we explore what information should be incorporated in
eukaryotic gene network models to make them more realistic and informative,
augmenting their predictive value and insight into the logic of gene networks. Amongst
others we indicate what components and variables constitute a eukaryotic gene network
and how epigenetic regulatory interactions can be integrated.

Limitations of present representations of eukaryotic genetic networks
At present, most gene network representations depict genes as nodes in classical
graphs. However, such representations ignore many aspects of eukaryotic gene
regulation. In particular, the edges connecting the nodes are often ill-defined and may
represent a wide variety of interactions, including highly indirect interactions involving
for instance signal transduction pathways or processing through multi-step metabolic
pathways (Schilling et al., 1999). Some types of gene network representations
compensate for this to some extent. For instance, the BioTapestry format annotates
nodes by using different colours, signifying the type of interaction (Longabaugh et al.,
2005). A major challenge is to develop a gene network format that incorporates all
essential aspects of the system. A key component in gene regulation that has been
ignored in all eukaryotic gene network models so far is the epigenetic regulation of
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gene expression, despite its impact on gene expression (Jenuwein and Allis, 2001;
Turner, 2007). Additionally, the role of regulatory ncRNAs, probably being equally
important to gene control at all levels as proteins, should be incorporated (Goodrich and
Kugel, 2006). Inevitably, new concepts have to be developed for eukaryotic gene
network models to incorporate these aspects.

Two hierarchical levels of gene regulation
Gene regulation in eukaryotes comprises at least two levels of gene regulation, i.e. the
classic gene level, acting on individual genes, and the epigenetic level, controlling
genomic loci that often contain multiple genes (Bruggeman et al., 2008; de Wit and van
Steensel, 2008). Gene-level and epigenetic regulation are both under control of
transcription factors (TFs) and possibly ncRNAs (Mattick and Makunin, 2006), defined
here as factors that recognize specific DNA sequences. These factors decide, often in
a combinatorial way, exactly where in the genome a change in gene activity and/or
chromatin state is induced. Subsequently, they initiate the assembly of a chromatinassociated protein or protein-ncRNA complex to execute transcription.
Epigenetic gene regulation changes the chromatin state of defined genomic loci.
Locus switching may for instance be accompanied by a transition between facultative
heterochromatin and euchromatin (Goetze et al., 2007). Changes in the chromatin state
are potentially controlled by locus control region (LCR)-like genomic sequence
elements, which are different from promoters and enhancers (Noordermeer et al.,
2008). Epigenetic loci range from tens of kbs (e.g. the β-globin locus) up to several
Mbs (e.g. the MHC locus). Locus boundaries are defined by so called boundary
elements or insulators (Wei et al., 2005). Epigenetic switching of chromatin states is
induced by (i) changes in DNA methylation, (ii) various (but not all) histone
modifications, and (iii) the exchange of canonical histones by variant histones (Bird,
2002; Henikoff et al., 2004; Turner, 2007). The epigenetically controlled chromatin
state is stably transmitted during cell division, e.g. in imprinting phenomena where
one of the parental alleles is expressed while the other is repressed (Bartolomei et al.,
1991; Edwards and Ferguson-Smith, 2007). Epigenetic regulation is thought to play a
key role in cell differentiation (Bird, 2002; Ng and Gurdon, 2008). An example of the
role of epigenetics in deciding cell fate is the presence of 'bivalent domains' in the
developmental regulatory genes in pluripotent ES cells (Azuara et al., 2006; Bernstein
et al., 2006). A single bivalent domain in the undifferentiated cell contains both
activating and repressive histone modifications, only one of which remains upon cell
differentiation (Bernstein et al., 2006). Epigenetic mechanisms are an integral part of
gene regulatory systems in eukaryotes and should therefore be incorporated in gene
networks.
How can we integrate the epigenetic regulatory level in gene networks?
To incorporate epigenetic regulation into eukaryotic gene networks, we propose a
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simple set of rules. The epigenetically controlled genomic locus is demarcated at both
sides by an insulator or boundary element. The locus can occur in two epigenetic states.
1) The non-permissive state. In the epigenetically silent state all genes of the locus
are inactive, irrespective of the presence or absence of TFs that may or may not bind
to the regulatory sequences of the constituent genes.
2) The permissive state. In the epigenetically permissive state the genes of a locus
can be switched on and off individually by the binding of TFs to their promoter and
enhancer sequences.
A well-studied example of epigenetic regulation is the β-globin locus. In
non-haemopoietic cells, the β-globin locus is epigenetically non-permissive, blocking
transcription of all of its genes. On the other hand, in haemopoietic cells the locus is
in a permissive state, allowing regulation of its individual genes (Brown et al., 2001;
Higgs et al., 2006). More examples of epigenetically controlled multi-gene loci are
known, indicating a potentially important role for gene clustering (Sproul et al., 2005).
Gene clusters may contain functionally related genes or genes that are not related in an
obvious way except that they have to be available for transcription under the same
physiological condition.
Consequently, we identify three possible states for any gene, characterized by the
state of the locus and the state of the individual gene. The three states are (epigenetic
state/ genetic state): off/off, on/off, on/on. In the epigenetic 'off' state, all genes are
switched off, independent of the presence of relevant TFs. On the other hand, when the
epigenetic locus is 'on', the individual genes can be activated or inactivated, depending
on the availability of the required TFs. This simple set of rules allows the formal,
hierarchical integration of the epigenetic control level in gene regulatory networks.
What are the relevant components and variables for eukaryotic gene networks?
Gene networks in higher eukaryotes can be defined by the components and variables
described below, accompanying genome-wide detection techniques are listed in
table 1.

System components
1.
Genes: defined as genomic sequences coding for proteins or for functional
ncRNAs.
2.
Transcripton factors (TFs): proteins and regulatory ncRNAs that recognize
genomic sequence elements that play a role in gene-level or epigenetic
regulation.
3.
TF binding sites: key regulatory sequences at the epigenetic level and the
individual gene level. At the gene level, TF binding sites include promoters,
enhancers and enhancer blockers. At the epigenetic level they include locus
control regions and boundary elements.
4.
Epigenetic units: genomic domains (often gene clusters) that can be
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5.

switched between a permissive and a non-permissive state. Presently, only a
limited number of epigenetic units have been thoroughly characterized, the
β-globin cluster being a paradigm. The difficulty in identifying epigenetic
units is that our knowledge of epigenetics is still insufficient to recognize
them on the basis of genome-wide measured epigenetic markers. However,
this will change rapidly with the development of highly efficient ChIP-seq
technologies (Barski et al., 2007; Mikkelsen et al., 2007).
Boundary elements, insulators and enhancer blockers: boundary elements
mark the two borders of epigenetic units. So far, only a limited number of
boundary elements (or insulators) has been identified (van der Vlag et al.,
2000). Enhancer blockers act as regulatory elements that control enhancerpromoter interations. Insulator is a term used for both of these two types of
elements, as we often cannot discriminate between their function at present.

System variables
1.
Activity of genes: the activity level of a gene is often represented by a
Boolean parameter, i.e. on or off, whereas in reality gene activity is a
continuous variable. Currently, we have no simple and accurate method for
quantifying gene activity. Most networks up to now are based on microarray
data, which measure levels of RNA, rather than rates of RNA synthesis
(Harbers and Carninci, 2005).
2.
Activity state of TFs: the activity state of TFs depends on regulation by
post-translational modifications of the TF and/or translocation between the
nucleus and the cytoplasm.
3.
Occupation of TF binding sites: this variable controls the activity state of
genes and epigenetic units. It should be noted that gene activity and the
epigenetic chromatin state often rely on the combined binding of multiple
TFs to regulatory regions in the genome.
4.
on/off state of epigenetic units: the epigenetic state is likely to be related
to chromatin structure and can be inferred from the presence of histone
modifications, DNA methylation and the incorporation of variant histones
(Bird, 2002; Henikoff et al., 2004; Turner, 2007). Not all histone
modifications relate to the epigenetic state, some modifications are pertinent
to the individual gene state. For instance, H3K9 di- and trimethylation
generally mark epigenetically non-permissive loci, whereas H3K4
trimethylation and acetylation of histones H3 and H4 are components of
regulatory systems that act on individual genes (Turner, 2007).
5.
Activity state of boundary elements/enhancer blockers: the activity of
boundary elements and enhancer blockers may be regulated as well. An
example for the differential activity of enhancer blockers is best illustrated by
the well-described Igf2/H19 imprinting locus (Schoenherr et al., 2003). In
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this locus, the LCR functions as an enhancer blocker to either the Igf2 or the
H19 gene, dependent on its DNA methylation status and subsequent binding
of the CCCTC-binding factor (CTCF) protein (Bell and Felsenfeld, 2000;
Hark et al., 2000; Szabo et al., 2000). Similarly, binding by factors such as
CTCF and non-coding RNAs potentially activate boundary elements (Guelen
et al., 2008; Rinn et al., 2007).

These network components define the eukaryotic gene networks, whereas the
values of the variables define the state of the network. Switching between network
states may be achieved by changing intracellular or extracellular cues, such as cellcycle signals or hormones, respectively.

Additional levels of gene control
The systematic enumeration of all components and variables does not necessarily add
up to a comprehensive eukaryotic gene network. Additional factors and regulatory
levels may exist that have an impact on gene regulation. For instance, the spatial
folding of the genome inside the cell nucleus (at nuclear, chromosomal and
subchromosomal level) may have implications for gene activity (reviewed by Goetze
et al., 2007) possibly resulting in chromatin-chromatin interactions at different
genomic length scales. For instance, multiple transcription factor-mediated chromatin
interactions have been identified at the β-globin locus by 3C and 5C (Chromosome
Conformation Capture (Carbon Copy)) techniques between the LCR and the β-globin
genes (Dostie et al., 2006; Drissen et al., 2004; Vakoc et al., 2005). Another example
is the possible formation of transcription factories, bringing together genes that are far
apart on the linear genome (Osborne et al., 2004). The functional significance of these
and other chromatin-chromatin interactions remains to be clarified.
The black box
By their very nature, gene-gene interactions are indirect and involve many steps in a
variety of cellular subsystems. The most direct type of gene-gene interaction is that of
a gene coding for a TF, which binds to a regulatory sequence of another gene. Such an
interaction is often depicted by a simple edge in a graph, but in reality includes many
steps. These include pre-mRNA synthesis, RNA processing, RNA transport to the
cytoplasm, interaction with ribosomes, protein synthesis, protein import into the
nucleus, (frequently) posttranslational modification and binding to its regulatory site
in a promoter or enhancer. Often, gene-gene interactions are much more complex,
involving signal transduction or metabolic networks. These multi-step processes are not
stated explicitly in gene networks and are treated as black boxes. The use of black
boxes is acceptable if all components and interactions inside the black box are
constitutively present and active, i.e. when their quantity and activity is not regulated.
Obviously, this is almost never the case in gene-gene interactions. Currently, in most

78

Eukaryotic gene network representations
Table 1. Overview of commonly used, mostly high-throughput techniques used to determine factors
critical to genome-wide regulation.
system component or
variable

genome-scale technique

reference

Genomic sequence
elements, e.g. genes, TF
binding sites, insulators

high throughput sequencing,
computational comparative
sequence analysis

reviewed in Mardis, 2008

Binding sites for TFs
and regulatory proteins

Dam-ID

van Steensel and Henikoff, 2000

Regulatory sites on the
basis of nucleosome
depletion

DNAseI sensitivity and FAIRE

Crawford et al., 2006a; Crawford
et al., 2006b; Giresi et al., 2007;
Lee et al., 2004; van Steensel and
Henikoff, 2000

TF proteins and their
activity state

proteomics

Conrotto and Souchelnytskyi,
2008; Graham et al., 2005;
Patterson and Aebersold, 2003

TF binding kinetics

light microscopy: FLIP, FRAP,
FRET

Hoogstraten et al., 2002;
Houtsmuller et al., 1999; Matyus,
1992; Phair and Misteli, 2000

Occupation of TF
protein-binding sites

ChIP-chip, ChIP-seq

Barski et al., 2007; Blat and
Kleckner, 1999; Mikkelsen et al.,
2007; Ren et al., 2000

Binding of regulatory
RNAs

no methods yet

on/off state of genes

micro-array, RNA-seq

reviewed in Rando, 2007; Wang
et al., 2009

epigenetic state of
chromatin

ChIP-Seq and quantitative ChIP
methods: SACO (Serial Analysis of
Chromatin Occupancy) and G-MAT
(Genome-wide MApping Technique),
bisulfite sequencing, meDIP

reviewed in Callinan and
Feinberg, 2006; Rando, 2007;
Schones and Zhao, 2008

chromatin compaction

4C and 5C techniques

Dostie et al., 2006; Simonis et al.,
2006
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cases it is not possible to integrate all relevant steps in gene-gene interactions. This
problem should be addressed in any type of gene network. Solving this problem is
essentially equivalent to integrating metabolic and signal transduction networks, as
well as cell-cell signaling systems, in gene-gene networks. Difficult as this may be,
there is no way around it.

Modeling epigenetic units in eukaryotic gene networks
Once epigenetic regulation units have been incorporated into a computational
representation of genetic regulatory networks, the next step is to study the dynamics
and to analyze its structure. In the absence of detailed descriptions of hierarchical
regulation levels in real systems, a first approach is to study theoretical models.
Continuous and stochastic modeling approaches have yielded detailed insights into the
workings of small natural gene networks (Chabot et al., 2007; Suel et al., 2006; van
Hoek and Hogeweg, 2006; van Zon et al., 2007) and synthetic gene networks (Elowitz
and Leibler, 2000; Kobayashi et al., 2004; Stricker et al., 2008). However, for larger
natural networks this approach becomes unfeasible, because the required parameters
(e.g.transcription rates, TF-DNA binding constants, TF-TF binding constants) are
currently unknown at the large scale. Boolean approaches only consider 'on' or 'off'
states of genes and can give us better insight into the switching logic of gene networks.
Boolean approaches were introduced in the pioneering work of Kauffman, Thomas
and Glass in the late sixties and early seventies (Glass and Kauffman, 1973; Kauffman,
1969; Thomas, 1973). Related approaches are still widely used today (for recent
examples see Istrail and Davidson, 2005; Li et al., 2006; Mendoza et al., 1999;
Shmulevich et al., 2005). These 'logical' gene network analyses represent genetic
regulatory circuits using networks of genes and regulatory units that assume an 'on' or
an 'off' state, while the edges represent TFs produced by the other genes in the
networks. Boolean functions (e.g. 'AND' or 'OR') determine whether the TFs act as an
activator or as an inhibitor of gene expression. For example, assuming two TFs can
bind to each promoter, the 'AND' function would indicate that both TFs are required
for transcription to proceed, while an 'OR' function would indicate that either one of
them would suffice. Other Boolean functions express more complicated inhibitory and
activating interactions between the TFs and the promoter.
Although hierarchical regulation levels are currently lacking from datasets of
biological regulatory networks, we can already explore the role of hierarchical
regulation in dynamic models of random regulatory networks. Figure 1 illustrates how
we might incorporate epigenetic regulation into Kauffman’s Boolean network
formalism. Figure 1A shows a standard, randomly connected, 'flat' Boolean network
of 8 nodes and two TFs regulating each node, with Boolean functions chosen at
random. After randomly putting each of the nodes in an 'on' or 'off' state, we
iteratively update the state of each node in parallel. In this example, after an initial
transition the network alternates between two expression patterns, called a state cycle.
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This is typical behavior for Boolean networks: the system can reach one out several
steady states or state cycles, depending on its initial pattern. These steady states or
state cycles, called attractors, are often considered models of cell types, while the
initial transitory phases—or the transition to a different attractor after an external
perturbation—might resemble differentiation (Kauffman, 1969; Shmulevich et al.,
2005).
In panel B we add a hierarchical level of description. We insert an insulator into the
network, creating two regions of hierarchical regulation. For simplicity, we assume
the region assumes a 'permissive' state (i.e. the state in which it is accessible for

Figure 1. Boolean networks, with 8 genes receiving input from two transcription factors. Non-functional
inputs were removed to improve graphical representation. Activating interactions shown with arrow heads,
inhibitory interactions shown with flat arrow heads. Boolean functions indicate combinatory dependence on
inputs; OR: either input, or both, can be present for their effect on transcription; AND: both inputs must be
present; OFF: gene is never transcribed; ON: gene is always transcribed. Dynamics with synchroneous
updating shown on the right with random initial conditions and time pointing downwards. A) Standard
Boolean network. B) Boolean network with two hierarchically regulated regions shown as grey regions,
regulated by genes 3 and 8 respectively. Regions are in the permissive state if the regulator is switched on.
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transcription) if its regulator (chosen at random) is in the 'on' state. Here, after an
initial transition state, the two subnetworks alternate between a permissive and a closed,
non-permissive state.
We are currently systematically exploring the behaviour of larger Boolean networks
with several insulators. Interestingly, our first results indicate that the hierarchical
regulation level tends to reduce both the number and length of the attractors found in
Boolean networks. Thus we may speculate that, apart from the perhaps obvious role
of hierarchical regulation in compartmentalizing functionality required in only a subset
of cell types, hierarchical regulation might stabilize and structure regulatory networks.
The insights gained using these theoretical explorations will help to interpret the role
of hierarchical regulation in biological networks once detailed datasets of
eukaryotic networks, including the hierarchical regulation units, have become
available.
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Summary

Chapter 1 is an introductory chapter, presenting the current view of eukaryotic gene
control with respect to the spatial organization of the genome within the cell nucleus.
Eukaryotic gene regulation is achieved at several levels. For instance, at the genetic
level or linear DNA-sequence level, genes with a similar activity level can occur in
clusters, suggesting that the genomic environment can contribute to transcriptional
activity. Furthermore, at the chromatin level, active genes often seem to loop away
from their chromosome territory, demonstrating a correlation between chromatin
organization and transcription. Finally, the radial organization of the genome within the
nucleus likely exerts regulatory influences. A more peripheral position can have a
silencing effect on genes, as opposed to a more central nuclear position.

In chapter 2 we utilized Chinese Hamster Ovary cells containing an amplified lac
operator array to examine how MeCP2, a protein embedded in the DNA methylation
pathway, influences epigenetic regulation. We demonstrated that the in vivo targeting
of MeCP2 caused extensive chromatin decondensation requiring the C-terminal part
of MeCP2. MeCP2-induced chromatin decondensation occurred throughout interphase
in the absence of transcriptional activation or changes in CpG methylation. We
demonstrate an intricate interplay between MeCP2 and HP1 proteins by showing that
MeCP2 promotes eviction of HP1γ from chromatin, but not of HP1α or HP1β. We
propose that MeCP2-induced chromatin decondensation reflects a poised status,
preparing chromatin for further transcriptional regulation.

In chapter 3 we studied whether HP1 that lacks a functional chromodomain (CD),
normally mediating binding to chromatin via histone H3 tri-methylated at lysine 9, is
able to induce heterochromatinization. After targeting of CD-less HP1 we observe
chromatin compaction, locally enhanced H3K9me3 levels and recruitment of
endogenous HP1α and HP1β to the targeted region. These results suggest that
recruitment of factors by the chromoshadow and hinge domain of HP1 is sufficient to
induce heterochromatinization.

In chapter 4 we present the effects on chromatin structure of the depletion of
endogenous HP1 from mouse chromocenters. We used a dominant-negative approach
by expressing truncated HP1 lacking a functional CD in mouse fibroblasts, resulting
in a reduction of the accumulation of endogenous HP1 in pericentromeric
heterochromatin domains. The expression levels of HP1 did not change. The
displacement of HP1 from pericentromeric heterochromatin domains did not result in
visible structural changes as visualized by DAPI staining and H3K9me3 labeling. Our
data indicate that accumulation of HP1 at pericentromeric heterochromatin domains is
not required to maintain such domains.
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In chapter 5 we describe the creation of an engineered targeting system in human cells
and discuss its benefits and points for improvement. The distinguishing feature of this
targeting system is its single-copy integration into two cell lines in a predefined wellcharacterized genomic location exhibiting opposing characteristics. This system
enables us to study the effect of the endogenous genomic environment on gene
expression and chromatin structure. Furthermore, two small targeting sites incorporated
in the engineered construct can be targeted simultaneously by different epigenetic
factors that will provide information on factor interactions and cross-talk. These
targeting sites have been limited in size to reduce potential artifacts that can arise from
the integration of exogenous DNA. Pilot studies demonstrate the potential of our novel
targeting system.
Chapter 6 is a perspective in which we discuss eukaryotic gene network models and
their use in gaining insight into the gene regulatory system. We offer insight into the
role of epigenetics in biological systems, including a proposal for the integration of the
epigenetic layer in gene network models.
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Samenvatting

Chromatine-organisatie en de regulatie van genexpressie:
een samenvatting voor iedereen.

Jij, ik, Barack Obama, de hond van de buurvrouw; wij bestaan allemaal uit miljarden
cellen. Iedere cel heeft haar eigen taken en samen vormen de cellen één werkend levend
wezen. Maar hoe weten de cellen nou wat ze moeten doen? Netjes opgeborgen in die
cellen zitten de chromosomen. Dit zijn hele lange moleculen, samengesteld uit DNA
en eiwitten. Tezamen noemen we al deze moleculen ook wel 'chromatine'. Het DNA
is het erfelijk materiaal van de cel en bevat de informatie die de cel nodig heeft om haar
taken uit te voeren. Je zou dit kunnen vergelijken met bladmuziek: het samenraapsel
aan lijntjes, noten en rusten vormt als het ware een code die alleen door een muzikant
gelezen en gespeeld kan worden. De zwarte tekentjes worden door de muzikant
vertaald naar een klinkende melodie. Zo bevat het DNA (bladmuziek) een code, die
door speciale moleculen in de cel (muzikanten) vertaald kan worden tot eiwitten die
alle processen in de cel te laten verlopen (de muziek). Elk stukje DNA dat de code
voor één eiwit bevat noemen we een gen; het vertalen van het gen tot een eiwit noemen
we genexpressie.
Frappant genoeg is in elke cel hetzelfde DNA, dus precies dezelfde informatie
aanwezig, ongeacht of we nu naar een spiercel, een levercel of een huidcel kijken.
Toch hebben al deze cellen heel verschillende functies en zien ze er heel anders uit.
Blijkbaar komt niet al het DNA tegelijk en in alle cellen tot expressie. Stel, je neemt
een groot symfonie-orkest en je zet ze dezelfde partituur van bijvoorbeeld de 5e
symfonie van Beethoven voor. Als alle muzikanten nu tegelijk hun eigen stukje zouden
gaan spelen zou het een chaos worden. Beethoven zou zich omdraaien in zijn graf! De
symfonie wordt pas muziek wanneer de juiste muzikanten alleen hun muziek spelen
op het moment dat de dirigent hen een teken geeft. Net zoals elke muzikant alleen op
het juiste moment moet spelen, moet ook elk gen in een bepaalde cel op het juiste
moment tot expressie worden gebracht. Dit noemen we het reguleren van genexpressie.
Naast de genetische code (het DNA), is er dus nog een tweede code nodig die bepaalt
welke genen tot expressie komen. We noemen dit de epigenetische code, naar het
Griekse 'επι' dat 'bij' betekent.
De epigenetische code neemt verschillende vormen aan (zie ook hoofdstuk 1 van
dit proefschrift). Soms hangen er kleine moleculen aan het DNA of aan chromatine, die
functioneren als vlaggetjes of markeringen om het DNA wel of niet te laten vertalen.
Een andere belangrijke vorm van epigenetische informatie vinden we in de vorm en
ruimtelijke verdeling, oftewel de "organisatie" van chromatine. Misschien kun je je
daar iets bij voorstellen als je weer denkt aan het voorbeeld van het orkest. Wanneer
het orkest een symfonie speelt staat het in een heel andere opstelling dan wanneer het
een jazz-stuk uitvoert. Er worden andere solisten naar voren gehaald en bepaalde
instrumentgroepen verdwijnen zelfs naar de kleedkamers. Zo lijkt er ook binnen de
cel een duidelijke organisatie van chromatine te zijn. Chromatine dat tot expressie
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komt wordt meestal naar het centrum van de cel gehaald. Ook zien we vaak dat
chromatine zich ontrolt van een compacte structuur tot een wollige kluwen. Omgekeerd
wordt chromatine dat niet tot expressie komt vaak stevig opgerold en aan de kant gezet.
Voor dit proefschrift hebben we onderzoek gedaan naar het effect van
bepaalde eiwitten op die ruimtelijke verdeling en vouwing van het chromatine en
vervolgens op de expressie van genen. Eén van de ontdekkingen die we hierbij hebben
gedaan is dat niet alle eiwitten die genen uitzetten het chromatine netjes oprollen.
Sterker nog, één specifiek eiwit (MeCP2) zet genexpressie uit, maar ontrolt het
chromatine toch tot een gigantische kluwen (hoofdstuk 2). Dit zou je kunnen
vergelijken met het concertgebouworkest dat in vol ornaat onder de schijnwerpers gaat
zitten, strijkstokken heft...maar niet gaat spelen. Wellicht zijn er dus bepaalde eiwitten
die chromatine wel voorbereiden op genexpressie, zonder de genen ook daadwerkelijk
aan te zetten. In hoofdstuk 3 en 4 doen we proeven met een eiwit (HP1) dat vaak
onderdeel vormt van chromatine, helpt bij het strak oprollen daarvan en ook bij het
uitzetten van de genen. Het blijkt dat dit eiwit alleen maar in eerste instantie nodig is:
nadat we HP1 weghalen blijft het chromatine toch opgerold. Dit soort resultaten laat
zien dat er nog veel kennis binnen de epigenetica ontbreekt of tegenstrijdig is, wat het
ook tot zo'n spannend onderzoeksgebied maakt binnen de biologie.
Om duidelijke, causale verbanden tussen chromatine-organisatie, eiwitten en
genexpressie te kunnen aantonen ontwikkelden we een nieuw, genetisch
gemodificeerd, DNA-systeem (hoofdstuk 5). Op dit systeem rust nu een patentaanvraag. Tot slot bediscussiëren we in hoofdstuk 6 hoe we het concept epigenetische
regulatie kunnen digitaliseren zodat we er de miljarden interacties tussen eiwitten en
genen die een cel omvat mee kunnen beschrijven in plaats van slechts één enkele
interactie. Door het opstellen van computermodellen hopen we op den duur het gedrag
van cellen nauwkeurig te kunnen voorspellen. Naast fundamentele kennis zal dit ons
ook inzicht over epigenetische aandoeningen, zoals sommige vormen van kanker en
diabetes, opleveren. Hiermee en met behulp van het DNA-systeem uit hoofdstuk 5
hopen wij bij te dragen aan de bestrijding van epigenetische aandoeningen.
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