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Introduction 

Introduction and Discussion 
 
Elzo de Wit 
 
It is becoming increasingly clear that ordering of genes on chromosomes is non-random and 
that there is extensive clustering with respect to gene function, expression and chromatin state. 
I will discuss findings from various “omics” resources that support this view and discuss what 
this means for genome organization and nuclear organization. 
 
Genome organization in the genomics era 
With the sequencing of complete genomes it 
was finally possible to study how genes were 
positioned in the genome with respect to each 
other. In prokaryotic genomes multiple protein 
coding genes are combined into a single 
transcript or operon. Genes in the same operon 
often function in the same pathway, a canonical 
example being the tryptophan syntesis (trp) 
operon2. Although operons are not present in 
most eukaryotic species (the nematode 
Caenorhabditis elegans being a notable 
exception), there is quite some evidence that 
genes with similar functions still cluster in the 
same genomic region. Using a database for 
metabolic pathways (KEGG)4 Lee and 
Sonhammer showed that genes that are in the 
same metabolic pathway are also more likely to 
be close together in the genome5. Significant 
clustering was found for organisms from all 
eukaryotic kingdoms (i.e. plant, animal and 
fungi). A similar analysis, using annotations 
from the Gene Ontology consortium8, also 
showed clustering of genes from the same 
functional class10. These results suggest that 
there is evolutionary pressure to have genes 
with similar functions close together in the 
genome. A reason for this might be to ensure 
coordinated regulation of the clustered genes. 

The availability of full genomes sequences 
has also advanced the field of transcriptional 
regulation, since it is now possible to perform 
transcription profiling experiments on a 
genome-wide scale. Transcript levels can be 
determined using various methods. Here I will 
discuss i) sequencing of large libraries of 
Expressed Sequence Tags (ESTs), ii) Serial 
Analysis of Gene Expression (SAGE12) and iii) 
microarrays13,14. In Drosophila it was found that 
ESTs detected in only one specific tissue (testis 

or head) and not in other tissues are clustered 
significantly in the genome15. The results for the 
testis specific expression were confirmed by 
experiments that determined the entire protein 
content of the Drosophila sperm (or sperm 
proteome)16. Genes encoding sperm specific 
proteins are also clustered in the genome. These 
observations are not limited to Drosophila. In 
C. elegans, genes that are expressed in muscle 
showed significantly more clustering in the 
genome than would be expected based on 
chance17. The previous experiments show that 
binary expression (i.e. the ON or OFF status of 
a gene) is clustered in the genome, however, 
this is also true of coregulation (i.e. variation in 
transcript levels during differentiation or 
development). Analysis of expression patterns 
of neighboring genes in a compendium of 80 
microarray expression profiles demonstrated 
that the Drosphila genome contains clusters of 
10-30 genes that show significant 
coregulation18. 

SAGE experiments querying the human 
transcriptome in various normal and tumor 
tissues revealed clustering of highly expressed 
genes in Regions of IncreaseD Gene Expression 
(RIDGEs)19 and regions of low expression 
(anti-RIDGEs)20. RIDGEs positively correlated 
with genomic features such as gene density, 
short introns, CG-content and the presence of 
SINE repeats. anti-RIDGEs, on the other hand, 
were enriched for LINE repeats. These results 
show the relation between expression domains 
and specific genomic features, suggesting that 
both RIDGEs and anti-RIDGEs are under 
selective pressure for opposing genomic 
features. How these genomic features contribute 
to the regulation of expression is still largely 
unknown. 
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The above examples point towards a general 
biological phenomenon, in which it is beneficial 
to have genes that have a similar expression 
profile close together in the genome. Indeed, 
neighboring genes that are coexpressed show 
stronger conservation of gene order than genes 
that are not coexpressed21. In the following 
sections I shall examine chromatin as the main 
organizer of transcription and nuclear 
organization and explore the evidence that it is 
the most important agent for the 
compartmentalization of genes into multi-gene 
domains. 

 
Chromatin as the master regulator of 
expression and nuclear organization 
To be able to fit ~2 meters of DNA into a 
nucleus that is only 5 μm across it needs to be 
properly folded. This folding is accomplished 
by wrapping ~146 bp of DNA around a protein 
complex called the nucleosome. Nucleosomes 
are octamers consisting of 4 different histone 
proteins (H2A, H2B, H3 and H4). Nucleosomes 
are the basic building block of chromatin and 
form a beads-on-a-string structure with the 
DNA. Arrays of nucleosomes are organized into 
a condensed 30 nm chromatin fiber. Beyond the 
30 nm fiber the structure of chromatin has not 
yet been resolved. For this introduction 
chromatin is more broadly defined as the DNA 
and everything that interacts with the DNA. 

In addition to folding of DNA in the 
nucleus, chromatin must also allow for timely 
transcription, replication and if necessary DNA 
repair. It is becoming increasingly clear that 
these processes are in part regulated through the 
post-translational modification of histone 
proteins. Histones can be covalently modified 
by a multitude of moieties, viz. phosphorylation, 
methylation, ubiqitination, acetylation and 
many more22,23. Some of these modifications, 
such as lysine acetylation, change the 
electrostatic interaction of the nucleosome with 
the DNA and are thought to thereby make the 
chromatin more accessible for transcription. 
Other modifications such as lysine methylation 
can form a binding site for proteins containing a 
specialized domain, called the chromodomain, 
which subsequently can influence the packing 

of chromatin and transcription24. Not all 
modifications involve transcriptional regulation, 
though. Phosphorylation of histone H2B, for 
instance, is a marker for apoptotic cells25, 
whereas phosphorylation of H2A is involved in 
the DNA damage response26. 

Upon this basal layer of chromatin there are 
many accessory proteins that either read or 
write the histone modification marks or that 
influence the chromatin compaction via 
nucleosomes remodeling27. The result of these 
processes is that the chromatin is 
compartmentalized into distinctive chromatin 
subtypes. In the following paragraphs I shall 
explore how various subtypes of chromatin act 
in the regulation of genome organization and 
expression. The focus will be mainly on 
chromatin types that are studied in this thesis, 
most notably heterochromatin, Polycomb 
associated chromatin and chromatin that resides 
at the periphery of the nucleus.  

 
Classical Heterochromatin 
Heterochromatin was first identified in 
bryophytes as that part of the chromatin that 
stays condensed throughout interphase28, as 
opposed to “real” chromatin (euchromatin), 
which decondenses in interphase. All eukaryotic 
species show the seperation in eu- and 
heterochromatin. Insight into the role of 
heterochromatin came from experiments in 
Drosophila that showed that when a 
euchromatic gene coding for eye color (white) 
was placed near heterochromatin, via 
chromosomal inversion, the fly displayed 
patchy eye color29,30. The patchy eye color was 
caused by stochastic, or variegated, gene 
expression. Since the position (i.e. distance 
from the centromere) of the gene determines the 
level of variegation, it was named postion-effect 
variegation (PEV). Subsequent mutagenesis 
screens identified alleles that either suppressed 
variegation (Su(var)) or enhanced variegation 
(E(var))31. One of the first proteins to be to be 
associated with heterochromatin on a molecular 
level was encoded by the Su(var)205 gene and 
was named Heterochromatin Protein 1 
(HP1)32,33. 
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HP1 contains a chromodomain that 
functions as a binding pocket for methylated 
lysine at the ninth position in the tail of histone 
H3 (H3K9me), a mark that is set by the histone 
methyltransferase Su(var)3-9. When HP1 is 
bound to the nucleosomes, it can recruit 
Su(var)3-9 via its chromoshadow domain34. 
This cascade is thought to constitute a 
mechanism that allows spreading along the 
chromatin fiber and the formation of 
heterochromatin domains. 

Work in the fission yeast 
Schizosaccharomyces pombe has largely 
delineated the pathway for the initial 
recruitment of heterchromatin proteins to the 
chromatin. Expression of inverted repeats leads 
to the formation of small interfering RNAs 
(siRNAs) by the RNAi machinery35. siRNAs 
then direct the fission yeast homolog of HP1, 
Swi6p to the chromatin via the multimeric RITS 
complex36. Although the pathway has not been 
characterized in such detail in metazoan species, 
it has been claimed that loss of RNAi 
machinery components in fruitflies37 and 
vertebrates cells38 leads to disruption of 
heterochromatin. In addition, human genes can 
be silenced by expression of siRNAs that are 
homologous to the promoter of a gene39. This 
suggests that the mechanism of siRNA induced 
heterochromatin formation is conserved 
throughout evolution. 

Given the fact that most studies into 
heterochromatin were performed with reporter 
genes, we wanted to identify the genes that are 
naturally bound by HP1. Using the DamID 
method the genes bound by HP1 and Su(var)3-9 

in Drosophila Kc cells were charted40,41 
(Chapter 1). It was found that HP1 forms large 
patches of heterochromatin surrounding the 
centromeres of all chromosomes, consistent 
with observations on polytene chromosomes42. 
These patches often cover a large number of 
genes. Among the sequences bound by HP1 was 
a marked enrichment for transposable elements, 
in line with observations that heterochromatin is 
rich in repeats43. Genes that were bound by HP1 
were also flanked by repeats, suggesting that 
repeats act as a nucleation site for HP1 
recruitment. However, recruitment of HP1 
requires a certain density of repetitive elements, 
suggesting a cooperative mechanism for 
heterochromatin formation (Chapter 1). A 
cooperative mechanism is consistent with the 
observation that a transgene array, containing 
multiple copies of the same gene, shows 
variegated expression44 and is bound by HP145. 
In addition, the cooperative model is backed by 
functional experiments that have showed that a 
transposable element is only able to repress 
transgene expression when it is integrated in a 
region that is repeat-dense46. 

High-resolution binding maps of HP1 
showed a difference between target genes close 
to the centromere and target genes that were 
further away from the centromere (Chapter 2). 
Close to the centromere, HP1 bound both to 
genes and intergenic regions, whereas further 
away from the centromere, binding was mostly 
restricted to genes. These differences might be 
due to distinct signals for targeting 
heterochromatin proteins to chromatin. In 
centromere proximal regions transposable 

Box 1: The paradox of heterochromatin 
Over the course of the years the definition of heterochromatin has changed somewhat. The 
original definition was a cytological definition (see main text). After the first PEV experiments 
were performed Drosophila melanogaster, the idea gained ground that heterochromatin was 
a repressive environment. Added to the fact that heterochromatin is often rich in repeats and 
gene-poor, it was viewed as a “nuclear wasteland”. However, there are (essential) genes 
that reside in heterochromatin (e.g. light and rolled). Intriguingly, when these genes are 
placed in a euchromatic environment, expression of these genes is decreased, similar to 
euchromatic genes that are placed in heterochromatin3 . This suggests that heterochromatin 
and euchromatin are two different chromatin environments and that the genes residing in 
those regions are specifically tuned to be expressed only in its own specific chromatin 
environment. These results show the importance of studying chromatin regulation in an 
endogenous context. To avoid confusion I shall adhere to a molecular definition of 
heterochromatin, being those regions in the genome that are associated with the 
heterochromatin protein HP1.  
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elements might serve as nucleation sites for 
heterochromatin proteins, from which the 
heterochromatin spreads to nearby genes. This 
is why we see binding in the regions flanking 
the genes. However, in regions that are not 
close to the centromere, binding is restricted to 
the gene sequences and mostly absent from the 
intergenic regions, suggesting that the signal for 
recruitment lies within the gene sequence rather 
than in the flanking sequences. 

A common theme among HP1 target genes 
is that they are expressed at normal levels and 
enriched for active chromatin marks (i.e. 
H3K4me3 and the active histone variant H3.3). 
At the site of these active chromatin marks (i.e. 
around the 5’ region of the gene) HP1 is locally 
depleted. The observation that HP1 target genes 
are transcribed and contain active chromatin 
marks indicates that the dogma of 
heterochromatin as uniform silencing 
environment is too simple. Genes that natively 
reside in heterochromatin actually require this 
environment for proper expression47, suggesting 
that gene regulation by heterochromatin 
proteins is more complex then previously 
assumed.  

So what is the role of heterochromatin in 
transcription regulation? Its role in the silencing 
of transposons in various organisms is well 
established48-50. However, removal of HP1 by 
RNAi shows that the short term effect on the 
expression of HP1 target genes is modest at 
best41, even though it leads to chromosomal 
redistribution of HP1 interaction partners51. 
Also the fact that the endogenous target genes 
of HP1, are expressed and show expression 
levels similar to non-targets suggest that HP1 
does not act as a silencer at these genes. Our 
observation that HP1 sits primarily on large, 
exon-dense genes that are expressed indicates 
that HP1 might even aid in the elongation of 
transcription. Further study into the endogenous 
target genes of HP1 is necessary to pinpoint its 
role in gene regulation. 

Mapping experiments of human HP1 
yielded results that were largely consistent with 
the Drosophila data. High-resolution binding 
data on chromosome 19 showed that HP1 forms 
large domains (up to 4 Mb in size). A striking 
feature of these domains is that they are 

strongly enriched in genes that encode a specific 
family of transcription factors, the KRAB-
domain containing zinc-fingers52. The binding 
site for HP1, H3K9me3, is also enriched at 
these ZNF gene clusters53,54. Alignment of 
binding along the KRAB-ZNF genes shows a 
local depletion at 5’-region of the gene. This is 
consistent with the fact that HP1 bound genes 
show variable expression in human cell lines 
and are not uniquely silenced. The fact that in 
human cells genes that are natively bound by 
HP1 are also expressed, further questions the 
dogma that HP1 is universal repressor of 
transcription.  

 
Polycomb, regulator of developmental genes 
Two classes of proteins that are instrumental in 
developmental regulation are the Polycomb 
group (PcG) proteins and the trithorax group 
(trxG) proteins. These two groups of proteins 
are classical examples of epigenetic regulators. 
The hallmark of epigenetic regulation is that the 
transcriptional state persists even after the initial 
signal has decayed55. The PcG and trxG 
proteins achieve this through the binding to 
Polycomb and trithorax responsive elements 
(PRE/TREs). PcG proteins maintain a repressed 
transcriptional state, whereas trxG proteins 
maintain an active state. The focus here will be 
on the PcG proteins. 

Polycomb Group (PcG) proteins can be 
divided into three complexes: the pho repressive 
complex (PhoRC), the Polycomb Repressive 
Complex 1 (PRC1) and PRC2. PhoRC is the 
only complex that directly binds DNA56-58. 
PRC1 contains the protein Pc that can bind to 
trimethylated H3K27 via its chromodomain24. 
The trimethylation mark is set by PRC2, which 
contains, amongst others, the proteins E(z), 
Su(z)12 and Esc59-61. The methylation of 
H3K27 and subsequent binding of Polycomb is 
thought to constitute an epigenetic mark that 
facilitates cellular memory62. 

One of the most striking examples of 
Polycomb silencing involves the well known 
Hox gene cluster. Hox genes are a set of 
homeobox transcription factors involved in the 
anterior-to-posterior (A/P) pattern formation. 
Each transcription factor regulates the formation 
of one particular segment via the regulation of 
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downstream transcription factors63. One of the 
most striking aspects of Hox gene clusters is 
that the order of the transcription factors along 
the DNA matches the direction of the A/P 
formation axis. Although the gene order does 
not seem to be essential for the spatial 
expression pattern, it is essential for the 
temporal pattern of expression64.  

Recently, the genes bound by Polycomb 
were mapped on a genome-wide scale in fruitfly 
cell lines65 (Chapter 3) and embryos66, mouse67 
and human ES cells68 and in human fibroblasts 
and mouse teratoma cells69,70. In all three 
species, a significant proportion of the genes 
bound by Polycomb encode developmental 
regulators and proteins involved in the 
transduction of developmental signals. This 
suggests conservation of the regulatory network 
of developmental transcription factors 
throughout various metazoan lineages. In line 
with its role as a silencing factor, the genes 
bound by Polycomb are either silent or 
expressed at low levels. 

High-resolution mapping of Polycomb66 
(Chapter 3) and H3K27me365 in Drosophila 
revealed that both form domains, sometimes 
over 100 kb in size and covering multiple genes. 
This has also been observed in human and 
mouse, where Suz12 covers more than 100 kb 
of sequence at the HOX clusters68,70. Upon 
inspection of the Drosophila Polycomb 
domains, it is observed that binding is not 
uniformly distributed. Within the Polycomb 
domains there are strong peaks of Polycomb 
binding, which coincide with peaks of E(z) and 
Psc, which show very focal binding. Peaks in 
Polycomb binding often correspond to known 
PREs65. A model has been proposed to explain 
these observations. In this model, E(z) and Psc 
bind to a PRE and through higher-order folding 
(loop formation) the surrounding chromatin is 
brought into physical proximity of the PRE. 
This leads to H3K27 methylation of the 
surrounding chromatin71. An alternative model 
proposes that Polycomb spreads from the PRE, 
in a manner that is similar to the spreading of 
heterochromatin complexes55. The precise 
mechanism may eventually be elucidated using 
methods that can delineate chromosome folding 
(see below). 

In Drosophila the large majority of PcG 
target genes (~80%) are not expressed, 
however, a small fraction of PcG target genes is 
expressed. This is in agreement with what was 
observed at the HOXA cluster in human 
neuronal progenitor cells, where half of the 
HOXA genes are expressed. After treatment 
with retinoic acid, these cells differentiate into 
cells with a neuronal phenotype, which is 
accompanied by the induction of HOXA1-5 and 
the repression of HOXA9-13. Paradoxically, 
before differentiation all genes are enriched for 
H3K27me3 and PcG proteins, including the 
genes that are active. Induction of expression is 
accompanied by loss of H3K27me3 and PcG 
proteins, whereas at genes that become 
repressed PcG protein binding does not 
change69. These results suggest that H3K27me3 
enriched chromatin and binding of PcG proteins 
does not necessarily mean that the gene is 
repressed, but that there are factors that can 
overcome the silencing effect of the PcG 
proteins. 

The paradox might be explained by the 
observation that in mouse ES cells, the 
transcriptional start sites (TSSs) of 
developmental transcription factors, including 
the genes in the Hox cluster, are enriched for 
H3K27me3, but also H3K4me372. This is 
surprising because these marks are often viewed 
as antagonistic, being repressive and activating, 
respectively, and were thought to be non-
overlapping in chromatin. However, in ES cells 
they reside at the same nucleosome, possibly 
even at the same histone protein73. Genes 
containing these so-called bivalent domains are 
not fully repressed, but expressed at a very low 
level. For a small number of genes it was 
determined that these bivalent domains 
disappear after differentiation. These genes 
segregated into three classes, those that are 
silenced in the specific developmental lineage 
and maintain the H3K27me3 mark, genes that 
are active in the specific lineage and maintain 
the H3K4me3 mark, and a single gene that 
maintains the bivalent domain and is expressed 
at low levels. The genes that harbor bivalent 
domains are therefore thought to be poised for 
transcription or silencing depending on the 
chosen developmental lineage. It will be 



Discussion 
 
 

 
15

Introduction 

exciting to see how bivalent domains function 
in developmental regulation and whether they 
are essential for correct expression or silencing. 

These results show that regulation of genes 
by the PcG proteins is more complex than 
simple silencing. They also underscore the 
importance of performing experiments that 
study regulation by PcG proteins in a 
developmentally dynamic context. 

 
Replication timing 
DNA replication shows a non-random spatio-
temporal distribution troughout S phase. 
Immunofluorescence experiments showing 
BrdU incorporation have demonstrated that 
specific regions replicate early in S phase, 
whereas other regions replicate late in S phase 
(e.g. heterochromatic regions)74. Using 
microarrays, early and late replicating 
chromatin was mapped in fly75,76 and human77,78 
cell lines. In Drosophila, regions of early and 
late replication covered 5 to 8 neighboring 
genes. In addition, timing of replication 
correlated with the expression status of genes, 
with early replicating genes being more highly 
expressed than late replicating genes. Similar 
results were obtained for human replication 
timing along chromosome 22. Domains of early 
and late replicating DNA were well over 1 Mb 
in size. These genome-scale studies are further 
evidence that the genome is functionally 
compartmentalized into specific regions. 
 
The role of gene density in nuclear organization 
In the Drosophila genome gene density shows 
an alternating pattern, with regions of high gene 
density and regions of low gene density79. It has 
been shown that the regulatory complexity of a 
gene (i.e. whether the expression is global or 
restricted to specific tissues) is correlated with 
the size of the intergenic regions80. In addition 
there is an enrichment for large intergenic 
sequences at genes coding for developmental 
regulators. This is found both in the fruitfly and 
nematode genome. Mammalian genomes harbor 
even more extreme examples of differences in 
gene density. Gene deserts are large regions in 
the genome that do not contain a single gene 
and can cover up to 5 Mb of sequence81. 
Consistent with large intergenic regions in fruit 

flies and nematodes, mammalian gene deserts 
are enriched for regulatory regions. In addition 
they are enriched for highly conserved 
noncoding elements (HCNE)82. A significant 
proportion of the genes flanking gene deserts 
encode transcription factors, often involved in 
developmental regulation. The functional role 
of gene deserts remains elusive, however, since 
deletion of an entire murine gene desert yielded 
viable mice, lacking any apparent phenotype83. 
In this section I shall examine the evidence 
from microscopy data and genome-wide 
mapping data that have investigated the role of 
gene-density in chromatin folding and nuclear 
organization. 

To determine the relative location of gene-
rich and gene-poor regions, two color DNA 
FISH was employed to visualize multiple 
alternating gene deserts and gene-rich regions in 
a 4.3 Mb region on mouse chromosome 1484. 
Very rarely did gene-dense and gene-poor 
regions overlap, despite their juxtaposition in 
the genome. Rather, there was extensive 
clustering of gene deserts with other gene 
deserts and gene-rich regions with other gene-
rich regions, suggesting nuclear 
compartmentalization for both types of genomic 
regions. The role of gene density in nuclear 
organization was strengthened by the 
observation that gene-poor chromatin was often 
located further away from the center of the 
nucleus than gene-rich chromatin85. Gene 
density was an even better predictor for radial 
position than gene expression, hinting at a role 
for large intergenic regions in nuclear 
organization. In the human genome the density 
of Alu repeats is correlated to gene density and 
can therefore be used as an indirect measure for 
gene density86. FISH experiments show a strong 
depletion of Alu sequences from the nuclear 
periphery, arguing that gene-poor regions are 
targeted to the nuclear periphery, and gene-rich 
regions more to the nuclear interior87. 

Another chromatin feature that is influenced 
by gene density is chromatin structure. Gilbert 
et al.88 probed the compaction of the chromatin 
fiber at a genome-wide scale using microarrays. 
It was found that regions of high gene density 
are often associated with accessible chromatin, 
whereas gene-poor regions are often 
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inaccessible. At 1 Mb resolution there was also 
a strong correlation between early replicating 
chromatin and open chromatin. However, there 
was no correlation between expression and 
chromatin accessibility, which seems to be in 
contradiction with findings that have shown that 
expressed genes have an open chromatin 
structure89,90. However, the resolution of the 
chromatin compaction data is such that at the 
lowest level it can still encompass multiple 
genes. Mapping of nucleosome positions91 or 
accessibility determination using Dam92 may 
alternatively be used to determine chromatin 
compaction at a high-resolution. 

 
Chromatin at the nuclear lamina 
In electron microscopy images of nuclei a 
striking distribution of condensed chromatin is 
observed, with a substantial fraction found at 
the outermost regions of the nucleus. This 
suggests that condensed and accessible 
chromatin is non-randomly organized with 
respect to the nuclear periphery. The nucleus is 
enclosed by a double-membrane known as the 
nuclear envelope. The inner nuclear membrane 
is connected to the chromatin via a 
proteinaceous structure known as the nuclear 
lamina. Discussion of all the proteins present in 
the nuclear lamina is beyond the scope of this 
introduction (see for example ref. 93). I shall 
focus on the filamentous proteins, that form the 
scaffold of the nuclear lamina, the lamins. 

By mapping the genes that interact with B-
type lamin in Drosophila, we have unraveled 
the general properties of nuclear lamina 
associated chromatin (Chapter 4). Over 500 
genes were found to be located at the nuclear 
lamina. Characteristics of lamina associated 
chromatin were very low gene expression 

levels, depletion of active histone marks and 
late replication. Also, the median length of 
intergenic regions at the lamina was ~7 times 
larger than the intergenic regions that do not 
reside at the lamina. Genes residing at the 
nuclear lamina are clustered in the genome and 
genes that are found in the same lamina 
associated clusters show significant 
coregulation throughout development. These 
results suggest that the clustered nature of 
lamina associated genes is of functional 
importance for the coregulation of these genes.  

For Drosophila it has been clearly shown 
that, on a genome-wide scale, genes that are at 
the nuclear periphery are inactive and that this 
is associated with gene density. Also for 
mammals there is ample evidence that inactive 
gene-poor regions are targeted to the nuclear 
periphery94,95. The question remains whether 
association with the nuclear periphery is a cause 
or a consequence of repression. In yeast ectopic 
targeting of the mating type locus to the nuclear 
envelope leads to silencing, although this 
requires the presence of at least one repressive 
element in the upstream region96. This indicates 
that targeting to the nuclear lamina cannot 
initiate silencing; rather it requires incipient 
repression. The nuclear lamina has also been 
associated with a large number of diseases, 
collectively called laminopathies97. However, 
because mutations in lamin proteins have such 
severe consequences, it is unclear whether these 
diseases are caused by defects in silencing or 
due to general breakdown of the nucleus caused 
by lack of structural proteins. In humans the 
nuclear lamina associated protein LAP2β can 
interact with HDAC3, which deacetylates 
histone H4, leading to repression98.  

 Gene-dense regions Gene-poor regions 

Chromatin structure accessible inaccessible 

Chromatin location interior peripheral 

Expression pattern simple complex 

Type of genes “housekeeping” developmental regulators 

HCNE density low high 

Density SINE/LINE high/low low/high 

Table 1: Summary of features associated with gene-rich and gene-poor regions 
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One of the arguments against the lamina as 
repressive environment is that in FISH 
experiments silent loci are rarely seen at the 
nuclear periphery in more than 50% of the 
nuclei94. This seems to exclude a role in 
constitutive silencing, and argue for a structural 
role of the nuclear lamina in nuclear 
organization, keeping silent chromatin away 
from regions of active chromatin. This is 
consistent with our own results where 
chromatin that normally resides at the nuclear 
periphery no longer does so after treatment with 
the HDAC inhibitor trichostatin A, which leads 
to an increase in chromatin with active marks 
(Chapter 4). I therefore propose that 
association with the nuclear lamina in itself is 
not enough to silence a gene, rather it acts as an 
additional layer of silencing. This also explains 
why, on a single cell level, only a fraction of the 
nuclear lamina associated genes are found 
associated with the nuclear lamina. 

The above paragraphs have discussed the 
features that are associated with gene-dense and 
gene-rich regions in the genome, which have 
been summarized in table 1. It illustrates that 
gene-dense and gene-poor regions constitute 
very different regions in the genome, which 
even occupy their own space. However, it needs 
to be emphasized that these features do not 
show a one-to-one relation to each other. They 
do paint a picture of a genome where genes with 
a complex expression pattern also have a 
complex regulatory architecture, signified by 
the large intergenic regions. These genes will be 
inactive in a majority of cell types and therefore 
targeted to the nuclear periphery, giving rise to 
the observation that gene-poor regions are 
situated at the nuclear periphery. The nuclear 
periphery might act as an extra layer of 
regulatory control, although it seems unlikely 
that it is the main silencing agent. In a later 
section I will further discuss the role of nuclear 
organization in gene expression. 

 
Chromatin domains, a systematic search 
The above paragraphs have two common 
themes: 1) the organization of chromatin into 
ultrastructures, that we call chromatin domains 
and 2) their relation to nuclear organization. 
Taking advantage of available chromatin 

profiles in Drosophila, we performed a 
systematic search for non-random organization 
of chromatin proteins in the genome (Chapter 
5). To this end we assembled a broad 
compendium of chromatin profiles of published 
and novel data. We developed an algorithm that 
identifies regions in the genome that are 
significantly enriched for a specific chromatin 
protein along the linear order of the 
chromosome. We have named these regions 
Blocks of Regulators In Chromatin Kontext 
(BRICKs). These BRICKs constitute regions in 
the genome encompassing well over 100 genes. 
One of the most striking observations was that 
all the chromatin proteins that were in our set 
showed significant non-random organization 
and that at our chosen cutoff, 34% of the 
genome is covered by BRICKs. This is 
suggestive of a very high degree of genome 
organization. 

The non-random organization of the genome 
was confirmed by three functional analyses: 1) 
genes in the same BRICK are significantly 
coregulated throughout development, 2) they 
are enriched for GO categories and 3) the gene 
order in BRICKs is more strongly conserved, 
than outside BRICKs. These findings show the 
existence of specialized regions in the genome 
that belong to a specific chromatin type. The 
observation that BRICKs are depleted of 
synteny breakpoints shows that breaking up of 
these domains is under negative selective 
pressure, arguing that the colocalization of these 
genes in the genome is instrumental in gene 
regulation or nuclear organization. 

Why are chromatin proteins clustered in the 
genome? I have discussed that gene expression 
of housekeeping genes20, but also tissue specific 
expression15 is clustered in the genome. The 
observation that chromatin proteins are 
clustered in the genome is in agreement with 
this. Evidently, clustering of genes is under 
selective pressure, although the reason for this 
is unclear. With respect to the evolutionary 
origin of gene clusters and chromatin domains 
in particular I propose two, not necessarily 
mutually exclusive, models: the self-
organization model and the cooperative model. 
The self-organization model is based on the 
assumption that chromosomes are folded in a 
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non-random manner to compartmentalize 
specific chromatin regions (e.g. active vs. 
inactive chromatin). In this model natural 
selection will aim for the simplest folding 
pattern (or 3D configuration), while fully 
maintaining regulatory plasticity. Clustering of 
genes would allow for simplification of the 
chromosomal folding pattern and therefore be 
under selective pressure. In this model genomes 
are shuffled until an optimal folding pattern is 
reached, of which chromatin domains are the 
logical consequence. In the cooperative model 
on the other hand, clustering of genes or 
regulatory sites leads to synergy. Possible 
mechanisms for this are short-range looping of 
genes or spreading of chromatin proteins that 
cannot be achieved when the genes are not 
clustered. An example of cooperativity is the 
recruitment of HP1, discussed above (see 
Chapters 1 and 2). The cooperative model is an 
example where form (chromosome folding) 
follows function (chromatin domains). In the 
self-organization model, however, function 
follows form. It will be very difficult to test 
which of the two models apply to a specific 
chromatin type. Comparative genomics 
combined with a comprehensive classification 
of chromatin domains will likely be a valuable 

tool in dissecting the evolutionary mechanisms 
underlying gene clustering. 

The identification of chromatin domains has 
only just started. Using high-resolution data, we 
will likely identify chromatin domain 
boundaries with sub-gene resolution. This opens 
up possibilities for the identification of 
boundary elements. It will also be interesting to 
see how chromosomal inversions that break up 
a chromatin domain affect the structure of these 
domains and what the influences are on 
expression of the genes in the domains. Given 
the available tools to create custom 
chromosomal inversions in Drosophila99 it is 
possible to study disruption of chromatin 
domains in an in vivo context. 
 
Organization of chromatin in the nuclear space 
The previous paragraphs have shown that there 
is extensive non-random organization in the 
genome with respect to chromatin. We have 
discussed the targeting of specific fractions of 
chromatin to the nuclear periphery. Also in 
Drosophila heterochromatin seems to form a 
specific compartment, with the centromeres 
clustering together in the chromocenter100,101. 
Subnuclear organelles have been shown to exist 
for well over a century102, the nucleolus being 

Box 2: 3C, 4C/4C, 5C 
Multiple methods for determining chromatin folding have been developed in recently. All 
methods are based on the 3C method pioneered by Dekker et al.1; 
 
3C: Chromosome confirmation capture (3C) is based on the fixation of chromatin with 
formaldehyde and subsequent digestion with a restriction enzyme. Next restriction 
fragments are ligated back together. Since sites that are located far away on a linear scale 
can be located close to each other in the fixated chromatin, religation of the restriction 
fragments is proportional to the location to their distance in the genome. 
 
4C/4C: Two similar methods6,7 have been independently developed to perform 3C 
experiments on a genomic scale. Both methods are based on the circularization of the 
religated fragments. Zhao et al. clone and sequence the amplified fragments to determine 
the loci that interact with the bait locus. Simonis et al. employ the power of high-density 
custom microarrays9 to determine the amplication products. 
 
5C: A third high-throughput method11 has been developed that uses ligation mediated 
amplication (LMA) to amplify religated fragments in a multiplex PCR. LMA uses primers that 
only ligate when they are annealed directly next to each other. A standard PCR protocol then 
amplifies ligated primers. The amplification product can be seen as a Carbon Copy of the 3C 
library and is therefore named 5C. Interaction products are picked up by sequencing or 
microarray hybridization. This method might at a certain point be limited by the number of 
primers, since two are needed for every restriction fragments in the probed region. However, 
5C seems to offer similar results as 3C at regions surrounding the bait, making it an effective 
method for mapping local chromatin loop formation. 
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the prime example. In the nucleolus, the rDNA 
loci are assembled, from which 99% of the 
human RNA is transcribed, which is the likely 
reason why their transcription is orchestrated in 
a specific nuclear body. The examples above 
show that chromatin is clearly linked to nuclear 
organization. 

So far, genomics experiments have been 
considering the genome mostly as a one-
dimensional entity, since the genome sequence 
is on a linear scale. However, genomes occupy 
a specific three-dimensional conformation 
inside the nucleus. Due to technical issues the 
analysis of 3D organization of the genome has 
until recently been rather limited.  The two most 
common ways of determining the nuclear 
position of a locus are (two color) DNA FISH 
and Chromosome Conformation Capture (3C1, 
see Box 2). 3C was first applied to yeast 
chromosome III, where the reciprocal 
interactions between 13 loci were determined, 
which leads to a probabilistic model for 
chromosome folding. In mammals, mapping the 
fine structure of chromosomes has been largely 
confined to single loci103,104 , owing to the size 
of mammalian chromosomes. However, the 3C 
methods have been adapted to be used on a 
genomic scale (4C/4C and 5C, see Box 2). 

Using the locus control region (LCR) of the 
β-globin locus as a bait, Simonis et al.6  probed 
the nuclear organization in the liver and brain of 
day 14.5 mouse embryos. The majority of the 
interactions for both tissues were with regions 
on the chromosome of the bait region. 
Interestingly, in the liver, where the β-globin is 
highly active, the LCR has long-range 
interactions with regions that also contain active 
genes. These results confirm the observation 
that active loci are aggregated in special nuclear 
bodies or “transcription factories”105,106 . In the 
brain, where the β-globin gene is inactive, a 
different pattern of long-range interactions is 
observed, consisting mostly of interactions with 
inactive genes. Therefore, the β-globin locus is 
clustered in the nucleus with specific regions, 
depending on the transcriptional status. Zhao et 
al., used a similar method and identified 114 
regions that interacted with the imprinting 
control region of the imprinted H19/Igf2 locus 
in neonatal mouse liver. Of these, ten regions 

were known imprinting loci, whereas 11 were 
predicted imprinting loci107. Another promising 
method for delineating chromosome folding 
based on the 3C method is 5C11. A big 
advantage of this method is the fact that it does 
not necessarily rely on a single bait (as in 4C), 
but can probe all reciprocal interactions within a 
given region at once108. Due to the nature of the 
method (see Box 2), it might be limited for 
genome-scale purposes, however the results 
from 4C and 5C experiments can be used to 
complement each other. By combining the 
relatively low resolution maps generated in 4C 
experiments with local folding maps of 5C it 
would eventually be possible to create a 
hierarchical high-resolution map of 
chromosome folding. 

Large-scale spatial profiling using 4C and 
5C will lead to the generation of probabilistic 
models for the folding of chromosomes. 
Eventually, these models will change the way 
we view and analyze genomic data. The results 
already show that there is extensive clustering 
of active and inactive chromatin in the nucleus. 
The chromatin domains that we have identified 
were all based on the one-dimensional view of a 
chromosome. Integrating genome-wide binding 
data with spatial profiling data, will likely 
uncover further clustering of chromatin 
domains. Eventually we will need to transform 
our one-dimensional view of chromatin into a 
three-dimensional domain view. I already 
touched upon the clustering of gene-dense and 
gene-poor regions into specific regions in the 
nucleus84. In Drosophila, Polycomb target loci 
engage in long-range interactions that enhance 
silencing62. In addition, a block of 
heterochromatic sequence can also engage in 
long-range interactions with the chromocenter 
spanning the entire chromosome arm109,110. The 
challenge will be to use spatial profiling to take 
these analyses to a genomic level. However, 
genome-wide binding data and spatial profiling 
data only lead to probabilistic models of nuclear 
organization and the consequences for 
transcription, since it necessarily is a population 
estimate. Single cell microscopy experiments 
have already established that heterochromatic 
silencing of a reporter gene is a stochastic 
process110. Microscopy will therefore remain 
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important for the verification of predictions 
made by models for genome organization. 

 
Outlook 
Understanding the chromatin domain structure 
of the genome in 1D and 3D will also aid in the 
understanding of various diseases. Cancer, for 
instance, frequently involves chromosomal 
translocations, which will likely influence the 
chromatin organization. Tissue specific 
translocations are often associated with a tissue 
specific spatial proximity111. It is tempting to 
speculate that the clustering of active genes 
increases the likelihood of chromosomal 
translocations between these loci. Chromosomal 
translocations occurring between different types 
of chromatin domains might also induce 
aberrant activation of oncogenes or repression 
of tumor suppressors and promote oncogenic 
transformation. Another field in which 
chromatin domains can play a crucial role is in 
gene therapy. The expression of transgenes, 
from a virus for instance, can vary strongly 
depending on the site of integration112. 
Chromatin domains are the most likely 
underlying cause. Charting chromatin domains 
may eventually lead to better options for 
targeting gene therapies and to better 
understanding of cancer progression. 

Based on the discussed data, we postulate a 
hierarchical model of genome organization in 
the nucleus (Figure 1). At the basis of this 
model lie the individual genes. Regulation of 
the genes is conferred by the regulatory logic of 
the upstream regions and the DNA binding 
factors interacting with them. Next, we find that 
genes are arranged in clusters in the genome. 
Some loci are under the control of a single 
controlling element, such as the β-globin 
locus103 or the Hox gene cluster113 in mammals. 
Additionally, gene density is strongly correlated 
to the organization of the genome into multi-
gene chromatin domains. Organization of multi-
gene chromatin domains into specialized 

structures in the nucleus is the next layer of 
complexity in the model. We have seen that 
clustering of genes with a similar chromatin 

Figure 1: Hierarchical organization of the genome in the nucleus. Schematic depiction of genome organization. 
A) Transcription of individual genes is regulated through the regulatory logic present in the upstream regions of the 
genes. B) Individual genes are organized into regions of high or low gene density. At this level chromatin domains 
can cover multiple genes. C) Clusters of genes assemble into structures of accessible and inaccessible chromatin. 
D) The chromatin fiber organizes itself with respect to the nuclear lamina, with inactive chromatin located at the 
nuclear lamina and active chromatin more towards the intererior. Black squares signify long-range interactions. E) 
Individual chromosomes ultimately occupy their own nuclear space (the chromosome territory). 
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state can occur between loci that are several Mb 
apart on a linear scale. At this level interactions 
likely become probabilistic, since long range 
interactions between two specific loci identified 
in 4C experiments are found in only 10-20% of 
the nuclei. In the remaining 80-90% of the cells, 
loci presumably interact with one of the other 
identified loci. In addition we see a further 
division of organization between active and 
inactive regions in their localization to the 
nuclear periphery. The final level of nuclear 
organization is the arrangement of individual 
chromosomes into chromosome territories. 
Chromosome territories show preferential 
localization with respect to the distance from 
midpoint of the nucleus, with large 
chromosomes being further away, than small 
chromosomes87 . Ultimately, the challenge will 
lie in determining how the various layers of 
organization contribute to the regulation and 
configuration of chromatin in the nucleus. 

 
This thesis: computational approaches for 
studying genome-wide chromatin patterns in the 
Drosophila genome 
Genome-wide location methods such as DamID 
or ChIP-on-chip enable us to map the genomic 
binding pattern of a protein or histone 
modification. However, the complexity of 
genome-wide binding profiles requires that they 
be analyzed using computational methods. To 
gain insight into the mechanism of recruitment 
and physiological role of a chromatin binding 
factor, one can associate various genomic 
features, such as regulatory motifs, with the 
binding sites of the factor. In addition, 
development of novel algorithms allows us to 
view genome-wide data in new light often 
shedding insight into the biology of the studied 
binding factor (binding maps) or physiological 
condition (transcriptome data). 

 
Chapter 1 describes the analysis of HP1 
binding data. We show that binding of HP1 is 
correlated with the presence of repeats. Our data 
predicted that single repeats are not associated 
with HP1, but that HP1 recruitment requires a 
certain density of repeats. Our predictions were 
verified by determining HP1 binding to two 
copies of the same transposable element, one in 

a repeat-poor region of the genome (low HP1 
levels) and one in a repeat-dense region of the 
genome (high HP1 levels). Mapping the binding 
of HP1 in larvae and adult flies showed that 
there are genes stably bound by HP1 and genes 
that display dynamic HP1 binding. The stably 
bound genes were flanked by repeats, whereas 
the dynamic targets were not. Intriguingly, HP1 
showed a bias for the X chromosome in males, 
which points to a role in chromosome 
compaction114. By studying HP1 in a 
developmental context we have gained 
additional insights into its targeting 
mechanisms. 

In Chapter 2 we have extended the DamID 
method to high-density oligonucleotide 
microarrays, covering an entire chromosome 
arm at 100 bp resolution. This has allowed us to 
study the association of HP1 with specific 
genomic regions. We observed that in 
pericentromeric regions HP1 binds mostly to 
genes and intergenic regions, whereas further 
from the centromere, binding was primarily to 
the genes. The majority of the genes that are 
bound by HP1 show a very high exon density 
(i.e. small introns). HP1 target genes were 
almost all expressed at normal levels, arguing 
against a repressive role for HP1 at its 
endogenous target genes. The observation that 
HP1 target genes are expressed was 
accompanied by the presence of active 
chromatin marks such as H3K4me3 and H3.3 
around the transcriptional start site, which was 
correlated with a decrease in HP1 levels. The 
high-resolution data have led to further 
understanding of the mechanism of recruitment 
and the role of HP1 binding. 

Chapter 3 reports the binding profile of 
three PcG proteins, Polycomb, esc and Sce 
(Drosophila Ring). The target genes of these 
proteins show enrichment for developmental 
regulators and proteins involved in cell 
signaling. A high-resolution map of Pc revealed 
that this protein forms large domains of up to 
150 kb in size. The PcG binding map is one of 
the first genome-scale examples of chromatin 
domains playing a role in the regulation of 
developmental pathways. 

In Chapter 4 we report the identity of the 
genes that are located at the nuclear periphery 
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by mapping the interactions of chromatin with 
the nuclear lamina protein Lam. These genes 
are generally inactive, show a depletion of 
active histone marks, replicate late in S phase 
and have large intergenic regions. In addition, 
the genes at the nuclear lamina are clustered in 
the genome. These clusters show significant 
coregulation throughout development, 
suggesting a functional role for clustering of 
Lam target genes. This profile is the first 
genome-wide characterization of chromatin that 
resides at the nuclear periphery and sheds 
insight into the role of nuclear organization in 
gene expression programs. 

Finally in Chapter 5 an algorithm is 
presented that can identify regions in the 
genome that are significantly enriched for 
chromatin proteins. Using this method we have 
analyzed a compendium of binding profiles. At 
the chosen cutoff we find that ~34% of the 
genome can be assigned to a chromatin domain. 
Functional validation shows that the genes in 
chromatin domains are coregulated throughout 
development, are enriched for functional 
categories and are conserved throughout 
evolution. We have compiled the largest 
collection of chromatin domains to date, 
demonstrating substantial non-random genome 
organization. 
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Abstract 
Heterochromatin protein 1 (HP1) is a major component of heterochromatin. It was reported to 
bind to a large number of genes and to many, but not all, transposable elements (TEs). The 
genomic signals responsible for targeting of HP1 have remained elusive. Here, we use whole-
genome and computational approaches to identify genomic features that are predictive of HP1 
binding in Drosophila melanogaster. We show that genes in repeat-dense regions are more 
likely to be bound by HP1, particularly in pericentric chromosomal regions. We also 
demonstrate that TEs are only bound by HP1 if they are flanked by other repeats, suggesting a 
cooperative mechanism of binding. Genome-wide DamID mapping of HP1 in larvae and adult 
flies reveals that repeat-flanked genes typically bind HP1 throughout development, whereas 
repeat-free genes display developmentally dynamic HP1 association. Furthermore, 
computational analysis shows that HP1 preferentially binds to transcribed regions of long 
genes. Finally, we detect low but significant amounts of HP1 along the entire X chromosome in 
male, but not female, flies, suggesting a link between HP1 and the dosage compensation 
complex. These results provide insights into the mechanisms of HP1 targeting in the natural 
genomic context. 
 
Introduction 
Heterochromatin was originally defined 
cytologically as chromosomal regions that 
remain condensed throughout the cell cycle1. By 
this morphological definition, heterochromatic 
DNA contains large amounts of repetitive 
sequences and relatively few genes. Reporter 
genes inserted within or near heterochromatic 
regions are typically silenced, which has led to 
the notion that heterochromatin forms a 
specialized chromatin structure that represses 
transcription2,3. Paradoxically, pericentric 
regions in Drosophila harbor a number of 
essential genes (e.g., light [lt] and rolled [rl]), 
which require a heterochromatic environment 
for their proper expression4,5. It is unclear why 
different genes may respond differently to a 
heterochromatic environment. 

Heterochromatin Protein 1 (HP1) is one of 
the best-studied components of 
heterochromatin. HP1 is a small protein 
containing a chromodomain and a 
chromoshadow domain. The chromodomain 
binds to methylated lysine at position 9 in the 
tail of histone H3 (H3K9me)6,7,8,9. One of the 

histone methyltransferases responsible for this 
methylation is Su(var)3-97,10,11,12. In 
Drosophila, Su(var)3-9 can also interact 
directly with HP112. This set of molecular 
events may constitute a positive feedback loop 
that ensures the stability of heterochromatin and 
could facilitate spreading of heterochromatin in 
cis from a nucleation site13,3. Although this 
model may explain the maintenance of 
heterochromatin, it does not identify the signals 
that direct the initiation of its formation. In 
other words, the mechanisms by which 
heterochromatin proteins are targeted to specific 
loci in the genome are poorly understood. 

Targeting of HP1 may in part be mediated 
by sequence-specific DNA binding factors or 
other chromatin-associated proteins. Several 
transcriptional regulators have been reported to 
interact with HP1 and direct it to promoters or 
other elements14,15,16. Repetitive sequences also 
appear to play a prominent role in 
heterochromatin formation. This was originally 
suggested by the observation that 
heterochromatic chromosomal regions typically 
contain a large variety of repetitive sequences. 
Furthermore, multiple insertions or local 
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duplication of a transgene in a euchromatic 
environment, causing the formation of a tandem 
or inverted repeat array, can lead to variegated 
expression of this transgene, which is a 
hallmark of heterochromatic silencing17,18. 
Staining of polytene chromosomes revealed that 
HP1 binds to arrays of P-element insertions 19. 
These and other observations have led to the 
hypothesis that heterochromatin is formed at 
repeats irrespective of the DNA sequence 20. 

Interestingly, the establishment of 
heterochromatin by at least some repeats 
appears to involve the RNA interference 
(RNAi) machinery. In Schizosaccharomyces 
pombe, it has been shown that the homologs of 
HP1 and Su(var)3-9 (Swi6p and Clr4p, 
respectively) are recruited to centromeric 
repeats and that this recruitment depends on the 
RNAi pathway21. Deletion of components of the 
RNAi pathway in Drosophila also alleviated 
silencing of a heterochromatic reporter and 
caused changes in the chromosomal distribution 
of HP122. It is thought that small interfering 
RNA (siRNA) molecules may direct 
heterochromatin proteins to the repetitive DNA 
16. It is unclear, however, whether other 
sequence or chromatin features play a role in 
determining the locus specificity of 
heterochromatin formation. 

Previously we reported genome-wide 
binding maps for HP1 and Su(var)3-9 in 
Drosophila Kc167 cells23. Out of more than 
6000 probed genes, 152 showed significant 
binding of HP1. Aside from a modest 
enrichment of A/T-rich motifs in the target 
genes, no clear sequence motif was identified 
that might mediate the targeting of HP1. Thus, 
the signal(s) responsible for the specific 
targeting of HP1 to this large set of genes 
remained unidentified. In addition, association 
of HP1 was observed at many, but not all (about 
50%), of the probed transposable element (TE) 
sequences. This suggested that an unknown 
characteristic of TEs determines whether they 
are bound by HP1 or not. In summary, the 
genomic signals by which HP1 finds its natural 
set of target genes and TEs in Drosophila have 
remained largely elusive. 

Here, we used computational analyses and 
genome-wide mapping experiments in 

Drosophila to uncover genomic features that are 
linked to the targeting of HP1. First, we show 
that genes in repeat-dense regions are more 
likely to be bound by HP1, particularly in 
pericentric chromosomal regions. Genome-wide 
mapping experiments in larvae and adult flies 
reveal that HP1 binding in repeat-rich regions is 
stable throughout fly development, whereas 
HP1 binding in repeat-free regions is 
developmentally dynamic. Second, we report 
surprising evidence that HP1 preferentially 
associates with long genes. Third, we show that 
HP1 binds along most of the X chromosome in 
male but not female flies, suggesting a link with 
the male-specific dosage compensation system. 
Thus, we have identified three genomic signals 
that are likely to contribute to the recruitment of 
HP1 to its natural target genes. 
 
Results 
 
Flanking repeats predict HP1 binding to 
pericentric but not to non-pericentric genes 
Repeats might nucleate the formation of 
heterochromatin, which could then spread in cis 
to cover neighboring genes. We first took a 
bioinformatics approach to investigate whether 
this model could account for the previously 
observed HP1 binding to single-copy genes. We 
used the reported genomic map of HP1 
binding23, which was obtained using the DamID 
technique24,25. This data set, together with the 
nearly complete sequence of the Drosophila 
genome, provided a strong basis for statistical 
analysis of the role of repeats in HP1 targeting 
to genes in their natural context. 

To ensure an unbiased analysis, we broadly 
defined repeats as all non-unique sequences in 
the fly genome, irrespective of their copy 
number, distribution, or orientation. We 
identified these repeats by aligning the genome 
of D. melanogaster to itself, using BLAST 26. 
For each probed gene, we then determined the 
fraction of repeat sequence within the probed 
sequence and the flanking sequence (see 
Methods for more details). We will refer to this 
measure as Flanking Repeat Index (FRI). The 
FRI value can theoretically range from 0 
(exclusively unique sequences) to 1 (exclusively 
non-unique sequences). Initially, we chose 20 
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kb of flanking regions on either side of the 
probe, which is about twice the distance over 
which repeats can affect gene expression in 
fission yeast 27. 

We found that HP1 target genes are located 
much more frequently in repetitive regions than 
non-target genes are (Fig. 1A): 51% of all HP1 
target genes have FRI20kb values >0.1 (i.e., more 
than 10% of the sequence flanking the probes is 
non-unique sequence), whereas for non-targets 
this fraction is only 14%. This suggests that 
about half of the targets of HP1 might be 
explained by a relatively high density of 
repetitive sequences in their proximity. 

We tested whether this association between 
HP1 binding and density of flanking repeats is 
similar in pericentric and non-pericentric 
chromosomal regions. For this purpose, we 
defined pericentric regions as the most 

centromere-proximal 1 Mb of the sequenced 
part of each chromosome arm23. Surprisingly, in 
non-pericentric regions this association between 
HP1 binding and flanking repeats is virtually 
absent (Fig. 1B): Here, only 19% of the target 
genes have an FRI20kb value >0.1. This is not 
significantly different from the non-pericentric 
genes that do not bind HP1 (13%). Conversely, 
the vast majority of probed non-pericentric 
genes with FRI20kb >0.1 (680/697) do not bind 
HP1. However, we did identify a locus on the 
left arm of chromosome 2 that is highly 
suggestive of repeat-associated binding. In 
cytogenic region 25D (within the predicted gene 
CG31916) are four arrays of tandem repeats, to 
which HP1 is bound (see Supplemental Fig. 
S1). Thus, although exceptions occur, in non-
pericentric regions, flanking repeats do not 

Figure 1.  Binding of HP1 and Su(var)3-9 to genes in pericentric regions is correlated with flanking repeats. (A-
D) Histograms of the distributions in FRI20kb for single-copy target genes (black bars) and non-target genes (gray 
bars) of HP1 (A-C) and dMax (D). (A) All probed genes on the arms and in the pericentric regions; (B) genes on 
the chromosome arms only, i.e., non-pericentric genes; (C) pericentric genes only. P values in A-D were 
calculated using the Wilcoxon rank-sum test. (E) The t values for linear regression of HP1 binding vs. FRI for 
windows at various distances from the probe; corresponding P values are printed above each bar. (F) A detailed 
view of the pericentric region of chromosome 2L, with HP1 binding (solid line, log2 ratio) and the FRI20kb 
(dashed line) plotted for all probes in this region.
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appear to play a major role in HP1 binding to 
genes. 

This strongly contrasts with the situation in 
pericentric regions, where 86% of the HP1 
target genes have an FRI20kb value >0.1, as 
opposed to 37% of the non-target genes (Fig. 
1C). This trend is illustrated by the pericentric 
region of chromosome 2L (Fig. 1F), where two 
regions of high repeat density are interrupted by 
a repeat-poor region; this pattern of repeat 
density closely correlates with HP1 binding. As 
a control, we also carried out this analysis for 
genome-wide binding data of the transcription 
factor dMax 28. We find that dMax has no 
preference for genes flanked by repeats, 
indicating that this phenomenon is specific for 
HP1 (Fig. 1D). In summary, these results 
suggest that the majority of HP1 binding to 
genes in pericentric regions can be explained by 
the presence of repeats in the flanking regions, 
whereas in non-pericentric regions most of the 
HP1 binding occurs irrespective of the presence 
of repeats. 

To estimate the distance over which repeats 

might contribute to HP1 binding in pericentric 
regions, we calculated FRI values for windows 
of 5 kb at various distances from each probed 
locus. Subsequent linear regression analysis 
revealed that repeats within 5 kb show the 
strongest correlation with HP1 binding (Fig. 
1E). In windows between 5 and 20 kb, 
correlations are still highly significant, but 
beyond 20 kb we find that repeat density has no 
predictive power for HP1 binding. Thus, in 
pericentric regions, repeats may positively 
affect HP1 binding to genes over a range of ~20 
kb, but we could not detect effects over longer 
distances. 

 
Detailed mapping of HP1 binding in the 
pericentric gene rolled 
To study the binding of HP1 to repeat-dense 
regions in more detail we designed a genomic 
tiling array covering the gene rolled. This gene 
is located in pericentric heterochromatin and 
was previously shown to depend on a 
heterochromatic environment for its correct 
expression29. Consistent with our hypothesis 

Figure 2. HP1 binding detected by genomic tiling arrays. Data from a tiling array with 60 nt probes every 100 
bp (40-bp spacing). (A) HP1 binding in a region surrounding the ck gene. (B) HP1 binding to the rl locus in 
the pericentric region of chromosome 2. Black bars represent probes that are unique in the genome; gray bars 
represent probes that gave multiple BLAST results in the fly genome. The height of the bars represents the 
log2 ratio of HP1-binding (Dam-HP1 over Dam-only). The data has been normalized to the median of the log2 
ratios of the probes in the 50-kb ck region. 
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that repeats are involved in HP1 recruitment to 
pericentric genes, rolled contains large numbers 
of repeats (mostly TEs). Within the entire ~50-
kb gene we chose 60-mer oligonucleotides 
separated by intervals of 40 bp. For comparison, 
we selected a 50-kb region surrounding the ck 
gene, which is located on the arm of 
chromosome 2L. Previous mapping in this 
region had shown that HP1 binds to the ck gene 
but not to most of the surrounding regions23,30. 
Indeed, this observation was confirmed by our 
new high-resolution oligonucleotide array (Fig. 
2A), although HP1 binding appears to extend 
from the ck gene into the neighboring Su(H) 
gene. This difference may be explained by 
slightly different cell culture conditions or by a 
higher sensitivity obtained with the new array. 

Strikingly, binding of HP1 to the rolled 
gene was very strong (Fig. 2B) and 
encompassed essentially the entire gene. HP1 
binding was as prominent in unique sequences 
as in repeat sequences embedded within this 
gene. We conclude that there is ubiquitous 
binding of HP1 to the transcribed part of the 
rolled gene. 

 
TEs located in repetitive regions are more likely 
to be bound by HP1 
Next, we investigated the association of HP1 
with TEs. Our previous DamID study had 
revealed that HP1 binds to about half of 85 TE 
probes that were present on our microarray 23. 
To identify the signals that determine HP1 
binding to TEs, we performed a detailed 
computational analysis of these data. We found 
no association between HP1 binding and 
general features such as TE class, length, or 
copy number (data not shown). 

Next, we investigated the link between HP1 
binding levels and repeats surrounding the TEs. 
The reported HP1 binding data for TEs were 
obtained by hybridizations with probes that 
cannot discriminate between individual TE 
copies in the genome23 and thus represent the 
average binding across all copies of each TE. 
Accordingly, we calculated the average FRI20kb 
across all copies of a given TE. Strikingly, we 
found a strong correlation between the average 
HP1 binding and the average FRI20kb of TEs 

Figure 3.  HP1 binding to transposable elements is dependent on flanking repeats. (A) HP1 binding to TEs as a 
function of the FRI20kb. HP1 binding and FRI20kb for cDNAs on the array that contain sequences homologous to any of 
the consensus TE sequences31 are plotted here. The dotted line shows the linear trendline through the data (Spearman 
rank correlation ρ = 0.62, P < 2.2 x 10-16). (B) Detection of HP1 binding by DamID and duplex PCR performed on two 
copies of the same transposable element (1360), both located on chromosome 2R, and the pericentric gene lt, a known 
target of HP123. See Methods for a detailed description of the assay. The top bands correspond to the tested sequence, 
the bottom bands correspond to ade3, which does not bind HP124 and serves as an internal standard. (C) Quantitation of 
the HP1 status. Band intensities were quantified and normalized to the internal standard ade3. Average log2 ratios 
between Dam:HP1 and Dam reference were calculated for the two transposon copies (n = 5 and n = 6, respectively) and 
lt (n = 5). Difference between 1360{}747 and 1360{}835 is significant (P < 0.005, Student's t-test). 
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(Fig. 3A). Thus, flanking repeats are a strong 
predictor of HP1 association with TEs. 

From this it can be hypothesized that for a 
given TE not all copies have the same degree of 
HP1 binding; rather, the presence or absence of 
flanking repeats may determine HP1 binding to 
a given TE insertion. We tested this hypothesis 
by measuring HP1 binding at individual copies 
of the 1360/hoppel transposon31. We compared 
two non-pericentric copies of 1360 on 
chromosome 2R: 1360{}747, which is in 
cytological region 42B1-42B2 (roughly 1.5 Mb 
from the proposed heterochromatin-
euchromatin boundary)32 and flanked by many 
repeats, and 1360{}835 which is located in 
region 51F11 and has a low FRI20kb (Fig. 3B). 
To detect HP1 binding at these individual TE 
copies, we used DamID combined with a semi-
quantitative PCR assay23. To ensure that only 
the TE at the desired location was probed, we 
selected one primer within the transposon and 
the second primer in the unique sequence 
flanking the transposon. The results (Fig. 3, B 
and C) show that the level of HP1 binding is 
clearly much higher for the 1360 insertion in 
repeat-dense DNA than for the copy that is in a 
repeat-poor region. The level of HP1 binding 
for 1360{}747 is almost as high as in the 
classical HP1 target gene lt33,23, whereas HP1 
binding at 1360{}835 was essentially as low as 
in the non-target gene ade3. These results 
strongly support our computational prediction 
that not all copies of a given TE are bound by 
HP1 but that instead the binding of HP1 to TEs 
is largely dependent on flanking repeats. 

 
HP1 binds preferentially to long genes 
Because repeats can only explain binding of 
HP1 to ~50% of its target genes, we reasoned 
that one or more other signals must exist that 
are responsible for HP1 recruitment. We 
therefore searched for other genomic features 
that correlate with HP1 binding. While 
inspecting HP1 target genes, we noticed that 
they often are very long. Indeed, statistical 
analysis revealed that targets of HP1 showed a 
clear bias towards longer genes (Fig. 4A). This 
bias was found both in pericentric and non-
pericentric regions (P = 7.8 x 10-6 and P = 3.6 x 
10-6, respectively). Multivariate regression 

revealed that gene length adjusted for repeat 
density still shows significant association with 
HP1 binding (data not shown), indicating that 
the recruitment of HP1 cannot simply be 
explained by TEs or other repeats in the introns 
of long genes. We considered the possibility 
that long genes more often overlap with other 
genes in the antisense orientation (e.g., in the 
introns of long genes), which could lead to the 
formation of double-stranded RNA and 
subsequent RNAi-mediated HP1 recruitment. 
However, we found that HP1 has no detectable 
preference for overlapping genes (data not 
shown). The unexpected bias of HP1 binding 
for longer genes, irrespective of chromosomal 
location, suggests a distinct targeting 
mechanism, in addition to the repeat-associated 
recruitment. 

This result also sheds additional light on the 
link between repeats and HP1 binding to genes. 
Although Figure 2B clearly shows that binding 
of HP1 occurs within the rolled gene, it was 
formally possible that at many genes in repeat-
dense regions HP1 in fact only binds to repeats 
located just outside the transcription units, and 
that DamID signals detected by the gene probes 
are due to the limited resolution of the DamID 
method, caused by cis-spreading of targeted 
dam methylation over 2-3 kb24. However, we 
reasoned that in this scenario, binding of HP1 
would be more efficiently detected with cDNA 
probes representing short genes (e.g., <2 kb) 
compared with long genes (e.g., >10 kb), 

Figure 4. Gene-length distributions for targets and 
non-targets of HP1. Histograms of the 
distributions in gene length for target genes (black) 
and non-target genes (gray) for HP1 (A) and 
control protein dMax (B). Note that sample size is 
different from sample size in Figure 1 because it 
was not possible to obtain gene length information 
for every clone on the microarray. 
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because the majority of probed sequence in long 
genes would lie outside the spreading range of 
targeted methylation. Indeed, target genes of 
dMax (a transcription factor that preferentially 
binds to promoter regions)34 show a clear bias 
for short genes (Fig. 4B). The fact that the 
detected HP1 binding is biased towards long 
genes argues that HP1 must bind to transcribed 
regions rather than to flanking repeats only. 
  
Developmental plasticity of HP1 binding 
Next, we asked whether the HP1 binding 
pattern is the same for all cell types or dynamic 
during development. We used DamID to 
generate genome-wide maps of HP1 in female 
third instar larvae and in male and female adult 
flies. To verify specific targeting of the Dam-
fused HP1 we first performed 
immunofluorescence microscopy of methyl-
adenine (m6A) in polytene chromosomes of 
larvae expressing Dam-HP1 (Supplemental Fig. 
S2). These experiments revealed specific 
methylation of regions where HP1 is known to 
bind, such as pericentric regions and 
chromosome 435. Thus, Dam-HP1 binds and 
methylates native HP1 targets in vivo. For 
larvae and both adult sexes we then performed 
DamID on four separate individuals each. 
cDNA microarrays were used for detection of 
the targeted methylation patterns (for details, 
see Methods). Comparison of the replicates 
indicates that DamID in whole animals is highly 
reproducible, with average pairwise correlations 
between individual experiments ranging from 
0.8 to 0.9. 

The general properties of the larval and 
adult HP1 binding data are similar to those in 
Kc cells23. First, HP1 is frequently associated 
with TEs. In larvae, 50 out of 85 TEs are bound 
by HP1; in adults, 63 of the TEs are bound by 
HP1. Second, we observe a strong enrichment 
of target genes on chromosome 4 (larvae: 38/48, 
adult: 46/48). Third, HP1 is frequently 
associated with pericentric genes (Supplemental 
Fig. S3). Fourth, similar to Kc cells, there is an 
association between genes bound by HP1 in 
whole animals and the FRI20kb (data not shown). 
Thus, HP1 shows globally similar binding 
patterns in Kc cells, larvae, and adults. 

There are, however, also marked 
differences. In addition to the significant 
overlap between the HP1 target genes, there are 
also many genes for which HP1 binding could 
only be detected in one developmental stage or 
sex (Fig. 5A). For example, ~44% of HP1 
targets in male adults were not detected as 
targets in female adults. Similarly, differences 
were observed between larvae and adults. This 
indicates that the HP1 binding pattern is subject 
to considerable developmental regulation. 

 

Figure 5.  Repetitive regions are associated with 
developmentally stable HP1 binding. (A) Venn 
diagram showing the number of overlapping and 
non-overlapping HP1 target genes in adult males, 
adult females, and female larvae. (B) Scatterplot of 
the binding log2 ratios of HP1 in whole adult flies 
versus HP1 binding in Kc cells. Colored circles 
indicate targets of HP1 either in adult flies or in Kc 
cells or in both. Blue circles indicate cDNAs that 
have an FRI20kb < 0.05, red circles are cDNAs that 
have an FRI20kb > 0.05. The broken lines are the 
regression lines through the blue and red data points. 
(C) The distributions of the FRI20kb for the genes that 
are bound by HP1 in both Kc cells and male adult 
flies (red) and for the genes that are bound by HP1 in 
either Kc cells or male adult flies, but not in both 
(blue). (D) The distributions of the FRI20kb for the 
genes that are bound by HP1 in both female larvae 
and in male adult flies (red) and for the genes that 
are bound by HP1 in either female larvae or male 
adult flies (blue). (E) The distributions of the FRI20kb 
for the genes that are bound by HP1 in both male and 
female adult flies (red) and for the genes that are 
bound by HP1 in either male or female adult flies, 
but not in both (blue). 
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Stable HP1 binding is associated with repetitive 
DNA 
Because repeats serve as a potential HP1 
recruitment signal, we investigated their 
association with HP1 binding in the various 
developmental stages. In Figure 5B, HP1 
binding in male adult flies is plotted against 
HP1 binding in Kc cells. Two populations of 
HP1 target genes can be identified: invariant 
targets, which are bound by HP1 in both Kc 
cells and in adults, and dynamic targets, which 
are bound by HP1 in either Kc cells or adult 
flies, but not in both. Strikingly, the invariant 
target genes are generally located in repeat-
dense regions, whereas the majority of dynamic 
targets are not flanked by repeats. This 
difference is illustrated by regression lines 
through the repeat-rich and repeat-free targets, 
which have an almost perpendicular slope (Fig. 
5B). The distribution of the FRI20kb for the 
dynamic and invariant target genes is shown in 
Figure 5C. The vast majority (72%) of the 
dynamically bound genes have an FRI20kb less 
than 0.05, whereas for the invariant target genes 
this is only 17%. Thus, invariant binding by 
HP1 is associated with repeats, whereas 
dynamic binding of HP1 occurs independent of 
repeats. 

Kc cells are genotypically different from the 
fly line that we used for whole-animal DamID. 
To test whether the differences in the repeat 
make-up that might exist between these two 
geno-types could account for the observations, 
we performed the same comparative analysis 
for the HP1 binding data from larvae and adults 
(Fig. 5D) and data from male and female adults 
(Fig. 5E), which all have the same genetic 
background. In both comparisons, we observe 
an enrichment for genes with a higher FRI20kb 
among the invariant targets compared with the 
dynamic targets. In conclusion, these results 
show that developmentally stable HP1 target 
genes are generally located in repeat-dense 
regions, whereas developmentally dynamic HP1 
targets occur mostly in repeat-free regions. 
 
HP1 is preferentially recruited to the male X 
chromosome 
When we compared the binding levels of HP1 
in male adults on the various chromosomes we 

made a striking observation. Along the entire X 
chromosome in male adults, HP1 binding is 
moderately elevated compared with HP1 
binding in the autosomes, with the exception of 
chromosome 4 (Fig. 6A and data not shown). 
This increased binding is statistically highly 
significant (P < 2.2 x 10-16, Wilcoxon rank-sum 
test) and appears to be due to a general shift in 
the "baseline" of HP1 binding rather than to 
strong binding to a subset of genes on the X 
chromosome. This phenomenon was observed 
in four independent experiments. PCR with Y-
chromosome specific primers confirmed that all 
flies in this set were male (data not shown). 
Interestingly, in adult females no such X-
specific enrichment could be detected (Fig. 6B). 
Thus, these results reveal a surprising male-
specific recruitment of HP1 to most of the X 
chromosome. 
 
HP1 binding and gene expression 
Finally, we investigated the global link between 
HP1 binding and gene expression during 
development. Comparison of our HP1 binding 
profiles with a recently published 
developmental expression database36 reveals 
that in all three developmental stages, genes 
bound by HP1 show a lower level of expression 
than genes not bound by HP1 (Supplemental 
Fig. S4). Although the differences in expression 
are less than twofold on average, they are 
statistically highly significant. Note that these 
analyses are based on HP1 binding and gene 
expression profiles that are derived from whole 
animals. Thus, variations between tissues may 
occlude stronger links between HP1 binding 
and gene expression. However, a similarly 

Figure 6. HP1 binding is enriched at the male X 
chromosomes. Distribution of the HP1 binding levels 
of all probed genes on the X chromosome (solid line) 
and on chromosome 2L (dashed line) in adult males 
(A) and adult females (B). 
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modest link was previously observed in Kc 
cells23, which form a homogeneous cell 
population. Therefore, we suggest that HP1 is 
primarily involved in fine tuning of gene 
expression. 
 
Discussion 
We have performed a series of whole-genome 
mapping experiments and computational 
analyses to identify the genomic signals that are 
involved in the recruitment of HP1 to its natural 
targets. We found evidence for three genomic 
features that are associated with HP1 binding. 
First, in pericentric regions, HP1 preferentially 
binds to genes in repeat-dense regions. This 
binding is generally stable throughout 
development and between sexes. Second, HP1 
binding shows a bias for long genes, both in 
pericentric regions and on the chromosome 
arms. Most genes on the chromosome arms 
show a strong degree of developmental 
regulation of HP1 binding. Third, we find a 
surprising association of HP1 with the male but 
not the female X chromosome. These results 
suggest that there are several different 
mechanisms of HP1 recruitment. 

The correlation of HP1 binding with repeat 
density is restricted to pericentric regions and 
could only be detected for repeats located 
within ~20 kb from the genes. On the 
chromosome arms, however, we did not find a 
general association between HP1 target genes 
and repeats. With only a few exceptions, most 
non-pericentric genes flanked by repeats lack 
detectable levels of HP1. This is in agreement 
with the observation that a tandem array of a 
reporter gene is more strongly silenced when it 
is integrated close to pericentric 
heterochromatin17. Photobleaching experiments 
in mouse cells also indicate that HP1 is more 
stably associated with pericentric regions than 
with non-pericentric regions37,38. It is possible 
that the centromere itself somehow contributes 
to an environment that supports HP1 binding. 
Alternatively, the preference for pericentric 
regions may be explained by cooperative 
interactions between heterochromatin 
complexes. In this model, the high overall 
density of repeats in pericentric regions would 
facilitate this cooperative binding. Some non-

pericentric repeats may also recruit HP1, 
provided that the local repeat concentration is 
high enough to sustain cooperative binding of 
HP1-complexes. Examples of this include the 
gene CG31916 (Supplemental Fig. 1), which 
contains long stretches of repeats, region 42AB 
(Fig. 2B-C) and the bwD locus, in which ~1 Mb 
of satellite repeat sequence is integrated39. 

It has been reported that in fission yeast a 
single TE-derived LTR is able to bind HP1 and 
control the expression of neighboring genes27. 
In contrast, our data indicate that in Drosophila 
a TE by itself (either of the LTR or non-LTR 
type) cannot serve as a nucleation site for 
heterochromatin. Instead, a TE must be flanked 
by other repeats to bind HP1, suggesting that 
cooperative interactions are required for stable 
HP1 binding. The 1360 transposable element in 
Drosophila was proposed to be a nucleation site 
for heterochromatin formation on the fourth 
chromosome40. Our results suggest that this can 
indeed be the case in repeat-rich regions (such 
as the fourth chromosome) but not in repeat-
poor regions. 

We provide evidence that developmentally 
stable recruitment of HP1 is linked to repeats, 
whereas developmentally dynamic HP1 binding 
occurs primarily in repeat-free genomic regions. 
One putative repeat-independent signal for HP1 
recruitment is related to gene length: HP1 target 
genes are significantly longer than non-target 
genes. Our results also strongly argue that HP1 
interacts with transcribed parts of many of its 
target genes. The reason for the preference of 
HP1 for long genes remains speculative. In 
Arabidopsis thaliana, DNA methylation has 
been proposed to mediate repression of cryptic 
promoters within transcribed regions41. DNA 
methylation in Drosophila appears to be limited 
to the early embryo stage42, suggesting that a 
different mechanism may be needed for the 
repression of cryptic promoters. We suggest that 
HP1 may be part of this alternative mechanism. 
Cryptic promoters, if oriented in the antisense 
direction, could cause the formation of double-
stranded RNA and RNAi-mediated recruitment 
of HP1, creating a negative feedback loop that 
could help to repress cryptic promoters. By 
chance, cryptic promoters may occur more 
frequently in long genes than in short genes, 
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which would explain the preference of HP1 for 
long genes. 

Another striking feature of HP1 that we 
discovered is its preference for the X 
chromosome in males. It is possible that this 
reflects precocious condensation of the X 
chromosome during spermatogenesis43, which 
could involve HP1. However, germ cells in 
meiotic prophase make up only a small fraction 
of the entire fly body, and it is questionable 
whether HP1 binding in these cells would be 
detectable in whole-fly DamID experiments. 
Alternatively, heterochromatin proteins such as 
HP1 may have a role in the X chromosome in 
male somatic cells. This is supported by the 
observation that mild overexpression of the 
heterochromatin protein Su(var)3-7 causes 
male-specific hypercompaction of the X 
chromosome in salivary gland polytene 
chromosomes 44. Interestingly, transcription of 
genes on the Drosophila male X chromosome is 
increased twofold to compensate for the fact 
that males have only one copy of this 
chromosome. This is mediated by the dosage 
compensation complex (DCC), a protein 
complex that is specifically associated with 
most parts of the X chromosome in males 
only45,46. The simultaneous binding of both 
activating (DCC) and repressive protein 
complexes (HP1) to the male X chromosome 
would be paradoxical. Possibly, HP1 and the 
DCC might together be involved in a balancing 
act to achieve precise twofold elevation of gene 
expression on the male X chromosome. Further 
experiments are needed to elucidate the role of 
heterochromatin proteins on the male X 
chromosome. 
 
Methods 
 
DamID data and genome annotations 
Statistical analyses were performed in the R 
language (http://www.r-project.org). For all 
computational analyses we used published 
DamID data sets23,28,47. The definition of target 
gene was adopted from these analyses. We used 
the release 3 sequence of the D. melanogaster 
genome48. Annotation data for gene length was 
extracted from release 3.1 annotation files from 
the Berkeley Drosophila Genome Project 

(BDGP) 
ftp://flybase.net/genomes/Drosophila_melanoga
ster/dmel_RELEASE3-
1/GFF/whole_genome_annotation_dmel_RELE
ASE3-1.GFF.gz. We defined pericentric regions 
as the proximal 1 MB of each chromosome arm 
and the sequences that are annotated as 2h, 3h, 
Xh, Yh, and U. The remainder of the genome 
was defined as non-pericentric. The results in 
Figure 1 were essentially the same if we defined 
pericentric regions as the proximal 0.8 MB of 
each chromosome arm (data not shown). 

TE classification, length, and copy number 
within the sequenced parts of the genome were 
taken from Kaminker et al. (ref. 31) 
supplemented with data from 
http://www.ensembl.org. For the results in 
Figure 2A we did BLAST alignments of the 
consensus sequences of all TEs 31 
(http://www.fruitfly.org/p_disrupt/datasets/NAT
URAL_TRANSPOSABLE_ELEMENTS.fa) to 
the genome (including 2h, 3h, Xh, Yh, and U) 
to determine the location of the TEs and TE-
derived sequences. 

Absolute mRNA levels were taken from 
Stolc et al. (ref. 36). This data set contains 
probes for every predicted exon in the genome. 
For every gene we calculated the average log2 
expression of its exons, to make it compatible 
with our data set. 
 
Flanking repeat index 
To calculate the FRI, we first identified all non-
unique sequences (repeats) in the genome, by 
performing a BLAST search with the D. 
melanogaster genome against itself, using 
MegaBLAST v2.2.5 (NCBI)49 (minimum 
alignment length: 28 nt; minimum identity: 
78.86%). Next, we also BLASTed the cDNA 
sequences represented on the microarray against 
the fly genome. For every BLAST alignment of 
a given cDNA the fraction of repeats in the 
alignment and in a window (e.g., 20 kb) 5' and 
3' of the alignment was determined. A weighted 
average of these fractions was calculated for the 
cDNA, using the length of each aligned 
segment as a weighing factor. Choosing 
different cut-offs for the minimal repeat length 
(50 nt and 200 nt) did not significantly alter our 
results (data not shown). 
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Whole-animal DamID: Plasmid construction, 
germline transformation, and DamID 
The EcoRI/XbaI fragment encoding the Dam-
myc_tag-HP1 fusion protein was excised from 
pDamM-HP124 and cloned into pUAST50, 
resulting into pUDamM-HP1. This vector was 
microinjected together with transposase plasmid 
p25.7wcΔ2-3 into w1118 embryos as described51. 
Survivors were crossed to w1118 flies, and 
transformants were identified in the progeny by 
eye pigmentation. 

For the DamID experiments, Dam-only 
expressing flies (line Me4)52 and Dam-HP1 flies 
were crossed to bwD sp flies. Of the 
heterozygous progeny, third instar larvae and 
flies (<24 h after eclosion) were collected and 
frozen at -80°C. Genomic DNA was isolated by 
grinding individual flies in 100 µl of 10 mM 
Tris-HCl, 10 mM EDTA, 100 mM NaCl, 0.5% 
SDS, followed by incubation for 2 hours at 
65°C and subsequent phenol/chloroform/i-
amylalcohol extraction. DNA was recovered by 
ethanol precipitation, dried briefly, and used in 
the PCR-based DamID protocol as described23. 
In each microarray hybridization, the 
experimental sample consisted of amplified 
DNA from a single Dam-HP1 larva or fly, and 
the reference sample consisted of pooled 
amplified DNA from four separately processed 
sex-matched Dam-only flies or larvae. In each 
case, four Dam-HP1 animals were analyzed, 
with two hybridizations in Cy3/Cy5 dye 
orientation and two in Cy5/Cy3 dye orientation 
to avoid dye bias. cDNA microarrays have been 
described23. 
 
DamID of HP1 on tiling arrays 
For DamID mapping of HP1 binding to the rl 
and ck loci, Kc167 cells were cultured in 
Shields and Sang M3 insect medium, 
supplemented with 2.5 g/L bacto-peptone, 1 g/L 
yeast extract, and 5% heat-inactivated fetal calf 
serum. Cells were transfected with Dam-HP1 or 
Dam-only by electroporation. After 24 h, 
genomic DNA was isolated using Qiagen 
DNeasy tissue kit and processed for DamID as 
described23. Samples were hybridized to custom 
60-mer oligonucleotide arrays (NimbleGen 
Systems of Iceland, LLC). 

 
Duplex PCR 
To monitor the amount of HP1-targeted 
methylation in specific regions of the genome, 
we performed duplex PCR on methylated DNA 
samples, as described23. We used the ade3 gene 
as an internal standard for the duplex PCR, 
because this gene is not bound by HP1. As input 
for our PCR, we use pre-amplified methylated 
DNA obtained from cells expressing either 
Dam-HP1 or Dam alone23. We used 1.5-2.2 ng 
of DNA as starting material for the duplex PCR. 
A detailed protocol is available on request. We 
used 1360{}747 forward primer: 
TTCTCGCATGGTGCCAATTGAT, reverse 
primer: CGCGAAGTT 
GTGTGGTTTAAGAGTTG; 1360{}835 
forward primer: CCAAAG 
CACGAATTAAATGAGTATGTTAAG, 
reverse primer: TCATCTT 
GCGGCGTGTAAA; lt forward primer 
TTCCCAAAGGACTTTGT CATTGCCT; 
reverse primer: 
TAAGCCACACCCCAATAAA TCGGCT; 
ade3 forward primer 
TGGTATGAACTACAAATTAGC 
TACCACCACGA; and reverse primer 
TGCTTATGCAATTTC 
TAAGAATAACCATGCAA. 
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Heterochromatin protein 1 (HP1) is commonly seen as a key factor of repressive 
heterochromatin, even though a few genes are known to require HP1-chromatin for their 
expression. To obtain insight into the targeting of HP1 and its interplay with other chromatin 
components, we have mapped HP1-binding sites on Chromosomes 2 and 4 in Drosophila Kc 
cells using high-density oligonucleotide arrays and the DNA adenine methyltransferase 
identification (DamID) technique. The resulting high-resolution maps show that HP1 forms 
large domains in pericentric regions, but is targeted to single genes on chromosome arms. 
Intriguingly, HP1 shows a striking preference for exon-dense genes on chromosome arms. 
Furthermore, HP1 binds along entire transcription units, except for 5′ regions. Comparison 
with expression data shows that most of these genes are actively transcribed. HP1 target genes 
are also marked by the histone variant H3.3 and dimethylated histone 3 lysine 4 (H3K4me2), 
which are both typical of active chromatin. Interestingly, H3.3 deposition, which is usually 
observed along entire transcription units, is limited to the 5′ ends of HP1-bound genes. Thus, 
H3.3 and HP1 are mutually exclusive marks on active chromatin. Additionally, we observed 
that HP1-chromatin and Polycomb-chromatin are nonoverlapping, but often closely 
juxtaposed, suggesting an interplay between both types of chromatin. These results 
demonstrate that HP1-chromatin is transcriptionally active and has extensive links with 
several other chromatin components. 
 
Introduction 
Originally identified as the densely staining 
regions of interphase nuclei1, heterochromatin is 
now more precisely defined by its molecular 
components. Some of the best studied 
constituents of heterochromatin are 
Heterochromatin Protein 1 (HP1) and Su(var)3-
9, which are both present in most eukaryotes. 
Su(var)3-9 is a histone methyltransferase that 
generates a histone 3 lysine 9 di- and tri-
methylation (H3K9me2/3) mark2. This mark is 
recognized by HP1 and promotes retention of 
HP1 at chromatin3,4. HP1 interacts with a 
variety of proteins5 and several of them, for 
instance Su(var)3-9 and Su(var)3-7, depend on 
HP1 for their heterochromatic targeting6–9. 
These interactions catalyze the formation of 
heterochromatin complexes. 

Immunofluorescence microscopy of HP1 
and Su(var)3-9 in Drosophila polytene 
chromosomes revealed that these proteins are 
abundant in pericentric regions and also are 
located at a few hundred discrete sites on the 
chromosome arms10–12. The limited resolution 
of light microscopy has precluded, in most 
cases, the identification of the sequences located 
in these bands. A much higher resolution can be 
obtained with the DNA adenine 
methyltransferase identification (DamID) 
technique, which was previously used in 
combination with cDNA array detection to 
systematically identify genes that are bound by 
HP1 and Su(var)3-913,14. 

HP1-containing heterochromatin is 
commonly known for its ability to repress gene 
expression. This notion is mostly based on 
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studies with artificial reporter genes or with 
euchromatic genes that were integrated into 
heterochromatic regions by transgenesis or 
chromosomal rearrangements15. Paradoxically, 
some genes in Drosophila are naturally located 
in heterochromatin and require this 
heterochromatic environment for their correct 
expression16–18. Genome-wide mapping 
indicated that many more transcriptionally 
active genes in Drosophila may be bound by 
HP114. It is unclear how heterochromatin may 
repress certain genes while activating others5,19. 

How are heterochromatin complexes 
directed to specific parts of the genome? 
Experiments in fission yeast and Drosophila 
melanogaster suggest a role for the RNA 
interference (RNAi) machinery20–22. In this 
model small interfering RNAs direct HP1/Swi6 
to its natural target sites. Drosophila mutants of 
RNAi machinery components show aberrant 
targeting of HP1 to euchromatic regions23. 
Thus, at least at some loci, the RNAi machinery 
is involved in heterochromatin deposition. 

RNAi-dependent recruitment most likely 
accounts for the abundant heterochromatin 
deposition in highly repetitive regions of the 
genome24–26. Heterochromatin proteins are also 
known to preferentially associate with 
transposable elements (TEs)13, and genetic 
evidence has suggested that certain TE types, 
such as 1360 (hoppel) in Drosophila, might be 
genuine HP1 recruitment signals27,28. However, 
it was shown that 1360 elements are only bound 
by HP1 when they are embedded in a repeat-
rich environment13. Most likely, cooperative 

binding to several closely neighboring repeats is 
required to create a stable heterochromatin 
complex. 

Various observations point to additional, 
RNAi-independent signals in the formation of 
heterochromatin. For example, HP1 can be 
targeted to telomeres by direct binding of HP1 
to telomeric DNA29. In higher eukaryotes, 
certain transcription factors may recruit 
heterochromatin components such as HP1 to 
promoters30–32. In Drosophila, HP1 has been 
found to be specifically enriched along the 
entire X chromosome in adult males, but not in 
females13. Furthermore, immunofluorescence 
microscopy and chromatin immunoprecipitation 
studies revealed the association of HP1 with the 
transcription units of activated heat-shock genes 
and several other transcribed loci33,34. 
Previously, we employed a genome-wide 
mapping approach in Drosophila to identify the 
genes that are bound by HP1 and Su(var)3–9 in 
vivo13,14. We found that on average these genes 
are significantly longer than genes not bound by 
heterochromatin proteins13. These observations 
suggest that transcribed genes, in particular long 
genes, harbor a targeting signal for 
heterochromatin complexes. 

There is substantial evidence that 
heterochromatin can spread along the chromatin 
fiber in cis35–37. This spreading may be 
propagated by the interaction of HP1 with 
Su(var)3–9, which may in turn create new HP1-
binding sites by methylation of H3K9 on 
neighboring nucleosomes38. Heterochromatin 
may be confined to specific regions by barrier 

Author Summary 
In each of our cells, a variety of proteins helps to organize the very long DNA fibers into a 
more compacted structure termed chromatin. Several different types of chromatin exist. 
Some types of chromatin package DNA rather loosely and thereby allow the genes to be 
active. Other types, often referred to as heterochromatin, are thought to package the DNA 
into a condensed structure that prevents the genes from being active. Thus, the different 
types of chromatin together determine the “gene expression programs” of cells. To 
understand how this works, it is necessary to identify the genes that are packaged by a 
particular type of chromatin and to reveal how various chromatin proteins work together to 
achieve this. Here we present highly detailed maps of the DNA sequences that are packaged 
by a heterochromatin protein named HP1. The results show that HP1 preferentially binds 
along the genes themselves and much less to intergenic regions. Contrary to what was 
previously thought, most genes packaged by HP1 are active. Finally, the data suggest that 
HP1 may compete with other types of chromatin proteins. These results contribute to our 
fundamental understanding of the roles of chromatin packaging in gene regulation. 
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sequences that prevent this spreading. Examples 
of such barriers are the gypsy insulator in 
Drosophila39 and tRNA genes in fission 
yeast40,41. Alternatively, heterochromatin may 
be confined by the antagonistic action of 
neighboring euchromatin. In this case, a 
heterochromatin–euchromatin boundary may 
not be a fixed sequence element, but rather a 
dynamic boundary that relocates depending on 
the relative activity of euchromatic and 
heterochromatic factors42,43. 

A prerequisite for the thorough 
understanding of heterochromatin targeting 
mechanisms and functions is a high-resolution 
map of the in vivo location of heterochromatin 
factors in the genome. Such a map could 
uncover general sequence and chromatin 
features that are involved in heterochromatin 
targeting. Here, we used the DamID technology 
together with high-density genomic 
oligonucleotide arrays to generate chromosomal 

maps of HP1 binding in Drosophila cells, with a 
resolution of approximately 1–2 kb. Extensive 
analysis of this highly detailed map yielded 
several new insights into the genomic signals 
that govern the targeting of heterochromatin and 
revealed an intricate interplay between HP1 and 
other chromatin components. 
 
Results 
High-Resolution Mapping of HP1 by DamID 
DamID has proven to be a powerful tool for the 
mapping of in vivo binding sites of chromatin 
proteins13,14,44–50. To obtain a high-resolution 
HP1-binding map we designed a genomic 
oligonucleotide array with a 60-bp probe every 
100 bp, spanning the entire left arm and the first 
~11 Mb of the right arm of Chromosome 2, as 
well as the first 2 Mb of the X chromosome and 
the entire fourth chromosome. This array design 
has been used previously to map the distribution 

Figure 1. High-Resolution HP1-Binding Profiles (A and B) Maps of Chromosome 2, (C) Chromosome 
4, (D) pericentric light gene, (E) pericentric concertina gene, and (F) cytological region 31. Inset in (A) 
shows a more detailed view of the centromere-proximal 0.4 Mb of 2L. Each stick represents the mean 
HP1–Dam/Dam binding ratio of a single GATC fragment, for one representative experiment. 
Fragments significantly bound by HP1 are marked in red, fragments not significantly bound by HP1 are 
shown in black. Gaps originate from nonunique sequences for which binding cannot reliably be 
determined. Positions of genes (open rectangles) and TEs (gray rectangles) are shown in D–F. Arrows 
in (D) and (E) indicate orientation of the genes. 
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2of other chromatin proteins48,51. The resolution 
of DamID is estimated to be roughly 1–2 kb47,52. 
We omitted data from probes with repetitive 
sequences (i.e., sequences that occur more than 
once in the annotated fly genome), because 
these probes cannot be assigned to a specific 
genomic position.  

We defined HP1 target loci by using an 
error model specifically designed for DamID on 
high-density oligonucleotide arrays (see 
Materials and Methods). This error model takes 
into account that Dam only methylates adenines 
in the sequence GATC, and that, therefore, 
DNA fragments demarcated by two GATC 
motifs represent the smallest units in the DamID 
mapping technique. Using this error model, 
9,565 out of 94,202 fragments (~10%) are 
significantly bound by HP1. We generated maps 
to visualize the HP1-binding profile on 
Chromosomes 2 and 4 (Figure 1A–1C). These 
maps show abundant presence of HP1 in the 
pericentric regions of Chromosome 2 (Figure 
1A and 1B) and on Chromosome 4 (Figure 1C), 
which is consistent with our earlier low-
resolution maps13,14 and immunofluorescence 
microscopy data10,11. More detailed inspection 
shows that HP1 on Chromosome 4 covers large 
domains that are approximately 10–100 kb in 
size, interrupted by regions not bound by HP1 
(Figure 1C). The pericentric region of 
Chromosome 2 also shows variable levels of 
HP1 signal, but no discrete domains are visible 
as observed on Chromosome 4. Instead, binding 

occurs mostly in one large uninterrupted patch 
(Figure 1A, insert). In contrast, target sites 
along the chromosome arms are more focal and 
span usually only single genes (see below). 

We selected several previously described 
heterochromatic regions, namely the two 
pericentric genes light and concertina, and the 
cytological region 31, for a more detailed view 
of HP1 binding. Both light and concertina 
reside in pericentric regions with elevated HP1 
levels. Their transcription units and flanking 
intergenic regions are entirely covered by HP1, 
although the degree of binding varies (Figure 
1D and 1E). We also examined cytological 
region 31, which shows strong enrichment for 
HP1 on polytene chromosomes11. Indeed, 
several genes in this region are bound by HP1. 
In contrast to what is observed for the 
pericentric genes, HP1 binding in region 31 is 
mostly restricted to the transcription units 
(Figure 1F). Earlier low-resolution DamID 
mapping14 failed to detect enrichment of HP1 in 
region 31. This is now explained by the fact that 
most (6/8) genes in region 31 that are strongly 
bound by HP1 were not present on the cDNA 
array that was used in this previous study. This 
underscores the benefits of using high-density 
genomic tiling arrays. Altogether, in pericentric 
and nonpericentric regions we identified 357 
genes with an average HP1 log2-ratio along the 
entire gene >1, out of 3,992 genes that are 
represented on our microarray. A total of 189 
genes shows an average log2-ratio >2, and for 

Figure 2. Most HP1-Bound Genes Are Actively Transcribed. Density plot (smoothed histogram) 
showing the distribution of normalized expression levels of (A) nonpericentric and (B) pericentric 
genes that are strongly bound by HP1 (high HP1, average HP1 log2-ratio along entire gene >2 [red]) 
or genes with low or no binding by HP1 (low HP1, average HP1 log2-ratio along entire gene <2 
[black]). Expression data were taken from Pickersgill et al.50. 
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several of the analyses described below we will 
use this more stringent cutoff. 

 
HP1 Binds to Active Genes 
The binding of HP1 along transcription units 
suggests that HP1 may directly regulate the 
expression of these genes. To clarify the 
expression status of HP1 targets, we made use 
of transcription profiling data from Drosophila 
Kc cells obtained with 12k cDNA arrays50. 
Because expression levels of HP1 targets differ 
depending on their chromosomal localization14, 
we performed the analysis separately for genes 
on the chromosome arms and for pericentric 
genes (Figure 2A and 2B, respectively). For this 
purpose, pericentric genes were operationally 
defined as genes located on Chromosome 4 or 
less than 1 Mb from the centromere proximal 
ends of the sequenced parts of Chromosome 2. 
The remaining genes were classified as 
nonpericentric. In nonpericentric regions, the 
expression level distribution of genes that were 
strongly bound by HP1 (high-HP1 defined as an 
average HP1 log2-ratio along entire gene >2) is 
similar to that of genes that are weakly or not at 

all bound by HP1 (low-HP1 is defined as an 
average HP1 log2-ratio along entire gene <2). In 
contrast, pericentric genes strongly bound by 
HP1 are generally expressed at much higher 
levels than genes that are only weakly or not 
bound. Thus, HP1 target genes are active, but 
the expression levels indeed depend on the 
chromosomal localization: nonpericentric 
targets are expressed at average levels, whereas 
pericentric targets are expressed at high levels. 
 
HP1 Preferentially Binds to Exon-Dense Genes 
in Nonpericentric Regions 
We wondered whether HP1 is preferentially 
located at transcribed regions or whether other 
genomic elements also have elevated HP1 
levels. We therefore determined the frequency 
of HP1 binding to various genomic features 
(promoters, 5′ UTR, exons, introns, 3′ UTR, and 
intergenic regions). A first global analysis 
suggested that HP1 target sites are not enriched 
for specific genomic features (Figure 3A). 
However, when we repeated the analysis for 
pericentric and nonpericentric sites separately, 
we found that in nonpericentric regions HP1 has 

Figure 3. Preferential Binding of HP1 to Exon-Dense Genes. (A–C) Pie charts showing the overlap 
of GATC fragments with promoters (black), 5′ UTRs (green), exons (yellow), introns (white), 3′ UTR 
(black), and intergenic regions (blue) for all fragments represented on the high-density 
oligonucleotide array (top) and only those fragments that are significantly bound by HP1 (bottom). 
This analysis was performed for (A) all fragments, (B) nonpericentric fragments, and (C) pericentric 
fragments. (D and E) Density plot showing the frequency distribution of exon densities (i.e., the 
fraction of sequence in transcription units that consists of exons) for genes with high HP1 levels (red) 
and genes with low HP1 levels (black), in (D) nonpericentric and (E) pericentric genes. Only genes 
with a length >5 kb were included in this analysis. 
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a strong preference for exons, while introns and 
intergenic regions are underrepresented in HP1-
bound sequences (Figure 3B). No preference of 
HP1 for specific features was observed in 
pericentric regions (Figure 3C). These results 
point to at least partially distinct targeting 
mechanisms for HP1 in pericentric regions and 
on the chromosome arms. 

The enrichment of HP1 in nonpericentric 
regions along transcribed genes and specifically 
at exons is surprising. This may be explained in 
two ways. First, HP1 could, within one and the 
same gene, bind specifically to exons, but not 
introns. Second, HP1 could be specifically 
targeted to genes that have a high density of 
exon sequence (and consequently a low density 
of introns). We therefore tested whether 
nonpericentric high-HP1 genes have a higher 
exon density than low-HP1 genes. Short genes, 
which are generally exon dense, were not 
included in this analysis. Analysis of genes with 
a size of >5 kb showed that nonpericentric high-
HP1 genes indeed have a much higher exon 
density than nontargets (p = 2.4 × 10−28) (Figure 
3D), while this is not the case for pericentric 
high-HP1 genes (p = 0.45) (Figure 3E). This 
suggests that in nonpericentric genes, a high 
density of exons may promote the recruitment 
of HP1. This preference for exon-dense genes is 
unlikely to be due to differences in base 
composition, because HP1 target genes and 
nontarget genes have nearly identical CG 
content (mean ± standard deviation is 0.467 ± 
0.041 and 0.472 ± 0.049, respectively). 
 
Distribution of HP1 along Genes 
In order to elucidate the detailed distribution of 
HP1 in and around genes, we aligned all high-
HP1 genes by their transcriptional start site 
(TSS) or by their 3′ ends and plotted a running 
mean of the HP1-binding log-ratios along the 
genes (Figure 4A and 4B). Again, we performed 
this analysis separately for pericentric and 
nonpericentric genes. This revealed that 
upstream of nonpericentric genes very little HP1 
is bound. Within the genes, binding is low at the 
TSS and increases gradually until 1–2 kb into 
the gene, after which average HP1 levels reach a 
plateau that extends for the remainder of the 
gene (Figure 4A). Downstream of the 3′ ends 

the HP1 levels gradually decline (Figure 4B). 
Thus, in nonpericentric regions, HP1 is 
primarily associated with transcription units 
except for the first 1–2 kb. This pattern is 
qualitatively independent of the average binding 
level of HP1 along the entire gene (Figure S1A 
and S1B). Pericentric genes show a similar 
distribution pattern, but have much higher 
baseline levels of HP1 outside the transcription 
units. We also observed this pattern when we 
specifically analyzed genes on Chromosome 4 
(data not shown). Taken together, HP1 shows 
characteristic binding patterns along genes that 
differ between pericentric and nonpericentric 
regions. 
 
Links between HP1 and Marks of Active 
Chromatin 
As demonstrated above, HP1 is primarily 
associated with active genes. Genome-wide 
studies have recently shown that various other 
chromatin marks, such as specific histone 
modifications53 and the histone variant H3.351,54, 
are also enriched at active genes. To explore the 
relationships between HP1 and these marks, we 
re-analyzed available high-resolution 
chromosomal maps of dimethylated histone 3 
lysine 4 (H3K4me2) and H3.3, which were 
generated in the Drosophila Kc cell line or in 
the closely related S2 cell line51,53 (see Materials 
and Methods). H3K4me2 was previously found 
to be enriched at the 5′ regions of actively 
transcribed genes54,55, whereas in Drosophila 
cells H3.3 was reported to be deposited during 
transcription along the entire transcribed 
region51,54. We compared the distribution of 
these two marks along high-HP1 genes and low-
HP1 genes. 

For the analysis of H3K4me2 distribution 
we focused on nonpericentric genes, because 
insufficient H3K4me2 data was available for 
pericentric genes. As expected, the average 
H3K4me2 pattern in 5′-aligned genes shows a 
clear peak centered around the TSS (Figure 4C). 
Strikingly, this peak is much more pronounced 
in high-HP1 genes than in low-HP1 genes. 

Quantitative analysis of the H3K4me2 levels 
between −500 and +1000 bp (Figure 4D) 
revealed a clear bimodal distribution of this 
histone mark. The vast majority of genes with 
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high HP1 binding have high H3K4me2 levels, 
while genes with low HP1 binding display more 
frequently low H3K4me2 levels around the 
TSS. We considered the possibility that 
H3K4me2 is present only at genes with 
expression levels above a certain threshold. The 
correlation between H3K4me2 status and HP1 
binding could then be explained by the fact that 
virtually all HP1-bound genes are “on,” while a 
considerable fraction of the genes that lack HP1 
are completely “off.” (Note in Figure 2A that 

low-HP1 genes have a broader distribution of 
expression levels than high-HP1 genes). To test 
this, we repeated the analysis of H3K4me2 
levels for a subset of low-HP1 genes that were 
selected to have the same distribution of 
expression levels as high-HP1 genes (see 
Materials and Methods). Indeed, the H3K4me2 
levels of this expression-matched set (Figure 
4D, solid gray line) showed no significant 
difference to those of HP1-bound genes. Thus, 
the high average levels of H3K4me2 in HP1-
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associated genes are most likely explained by 
the fact that these genes are almost never 
completely “off” and may not be related to the 
presence of HP1 per se. 

Next, we investigated whether there is a link 
between H3.3 deposition and HP1 levels (Figure 
4E and 4F). We observed an overall enrichment 
of H3.3 near the TSS, which is consistent with 
previous observations51,54. However, we found 
pronounced differences in the H3.3 distribution 
depending on the level of HP1 binding and in 
conjunction with the chromosomal location of 
genes. Nonpericentric genes with low levels of 
HP1 show strong enrichment of H3.3 along the 
entire transcription unit, and also a moderate 
enrichment in a region about 0–3 kb upstream 
of the gene (Figure 4E). In contrast, at 
nonpericentric genes with high levels of HP1, 
H3.3 is confined to two clear peaks on either 
side of the TSS (Figure 4E); no enrichment of 
H3.3 is seen further towards the 3′ parts of these 
transcription units, suggesting that H3.3 
deposition along transcribed regions is 
incompatible with HP1 binding. Indeed, the 
amount of H3.3 along the transcription units is 
inversely proportional to the HP1 levels (Figure 
S1C). In pericentric genes, the distribution of 
H3.3 is strikingly different (Figure 4F and 
Figure S1D): high-HP1 genes show only a 
single peak of H3.3 just downstream of the TSS, 
while low-HP1 genes are almost devoid of H3.3 
along their entire length. Taken together, these 
results reveal an intricate relationship between 
HP1 and H3.3 that depends on chromosomal 
location (see Discussion). 
 
Juxtaposition of HP1 and Polycomb Domains 
Polycomb (Pc) is part of a type of repressive 
chromatin that is sometimes also referred to as 
heterochromatin. Most evidence indicates that 

HP1-marked heterochromatin and Pc-containing 
chromatin are distinct and targeted to different 
genomic regions48,56,57. However, other data 
suggest cross-talk between components of the 
two types of chromatin and partial overlap of 
their target loci43,58–60. We therefore compared 
our high-resolution binding map of HP1 to that 
of Drosophila Pc, which was recently 
constructed by DamID in Kc cells using the 
same high-density arrays48. 

We found that HP1 and Pc clearly bind to 
distinct regions (Figure 5A–5D, black and red 
lines, respectively). In fact, the Pc signal in HP1 
domains is frequently lower than the general 
baseline of Pc levels in regions where neither of 
the two proteins is enriched (Figure 5A and 5B), 
suggesting that Pc may be actively excluded 
from HP1 domains. 

Strikingly, in pericentric regions and on the 
fourth chromosome, HP1 and Pc domains are 
frequently in close proximity to each other, with 
rather sharp transitions, giving the impression of 
a strict demarcation between these domains 
(Figure 5A–5C and Figure S2). We did not 
observe this close juxtaposition of HP1 and Pc 
domains along the chromosome arms, with the 
exception of a repeat-rich region on the right 
arm of Chromosome 2 (Figure 5D and Figure 
S2). The frequent propinquity of HP1 and Pc 
domains in pericentric regions and on the fourth 
chromosome suggests that both domains may 
interact (see Discussion). 
 
HP1 Binding to Individual Copies of TEs 
Intergenic sequences in pericentric regions show 
extensive binding of HP1. Because these 
regions are rich in TEs, and because many TEs 
bind HP113,14, we reasoned that TEs may 
provide important nucleation sites for 
pericentric heterochromatin. Microarray studies 

Figure 4 (on facing page). HP1 Binding Is Linked to H3K4me2 and Histone H3.3 Patterns. Alignment of HP1-
bound genes to (A) their TSSs and (B) the 3′ end of their transcription units. TSS-aligned genes include upstream 
regions up until the next upstream gene; 3′ end aligned genes include downstream regions until the next 
downstream gene. Curves show running mean (window size 100) of HP1-binding ratios (log2) for nonpericentric 
(green) and pericentric target genes (blue). (C) H3K4me2 levels of TSS-aligned genes in nonpericentric regions 
with high (red) or low (black) levels of HP1 as defined in Figure 2. H3K4me2 levels were taken from Schubeler 
et al.53. (D) Frequency distribution of H3K4me2 levels around the TSS (−500 to +1000 bp) for genes with high 
(black line) and low (gray lines) HP1 levels, either all genes (dotted gray line) or expression matched (solid gray 
line). (E and F) TSS alignment of H3.3 levels for genes with high (red) and low (black) HP1 levels in 
nonpericentric (E) and pericentric (F) regions. H3.3 data were taken from Mito et al.51. In (C), (E), and (F) 
running mean window sizes correspond to 2% of the total number of datapoints. 
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of repetitive sequences such as TEs are 
complicated by the fact that probes with 
homology to repeats cannot discern between 
individual repeat copies and thus only provide 
population averages. To obtain an estimate of 
HP1 binding to individual TE copies, we took 
advantage of the fact that methylation by 
tethered Dam spreads in cis over about 1–2 
kb47,52 and analyzed the level of targeted 
methylation detected at unique sequences within 
1 kb from each TE integration site. These data 
indicate that the majority of TE copies in 
pericentric regions are bound by HP1. 
Strikingly, nearly all TE copies that have an 

FRI20kb higher than 0.4 have elevated HP1 (log2-
ratios >1, Figure 6B). While this is much less 
frequently the case for TE copies in 
nonpericentric regions (Figure 6A). 

A previous statistical analysis based on low-
resolution DamID data13 predicted that binding 
of HP1 to an individual TE requires that this 
element is located in a repeat-dense 
environment. Measurements of two individual 
1360 elements supported this prediction. To 
validate this on a larger scale we compared the 
estimated HP1 binding at all probed individual 
TE insertions to the local repeat density. We 
used the previously described flanking repeat 

Figure 5. HP1 and Polycomb Form Two Distinct, Nonoverlapping Chromatin Domains That Are Often 
in Close Proximity to Each Other. Running mean (window size 20 GATC fragments) of HP1-
Dam/Dam–binding ratios (black) and Pc-Dam/Dam–binding ratios (red) of (A) Chromosome 4; (B and 
C) pericentric regions of Chromosome 2; and (D) a repeat-rich region on the right arm of Chromosome 
2 (cytological region 42AB). Positions of genes are indicated below each graph.  
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index (FRI20kb, i.e., the fraction of repeat 
sequence within 20 kb of DNA at each side of 
the TE) as a measure of the local repeat 
density13. This demonstrates that HP1 has a 
strong preference for TEs that are located in 
repeat-dense regions, supporting a model in 
which multiple neighboring repetitive sequences 
recruit HP1 in a cooperative manner13. 
Strikingly, nearly all TE copies that have an 
FRI20kb higher than 0.4 have elevated HP1 
levels (log2-ratios > 1, Figure 6B). 
 
Discussion 
By mapping of HP1 binding at high resolution 
we show that genes that naturally reside in HP1-
chromatin are transcriptionally active. 
Additionally, we obtained new insights into the 
targeting of HP1 and the interplay of HP1 with 
other chromatin components. 
 
HP1 Binding and Gene Activity 
HP1-containing chromatin is often assumed to 
be compacted and repressive. This notion is 
primarily based on classical studies with 
euchromatic reporter genes that were relocated 
to a heterochromatic region. Such reporter genes 

often show position effect variegation, and the 
many examples of this effect have contributed 
to the perception that gene repression is a 
general feature of heterochromatin. 
Interestingly, some studies several years ago 
demonstrated that certain genes naturally 
embedded in heterochromatin are 
transcriptionally active and even require a 
heterochromatic environment for their 
expression18,61,62 (reviewed in ref. 19). 
Immunofluorescent labeling of polytene 
chromosomes also indicated that some active 
genes on the chromosome arms recruit HP133. 
Our mapping data show that the association of 
HP1 with active genes is the general rule rather 
than an exception. We find that HP1-bound 
genes are on average equally active as non-
bound genes on the chromosome arms, while in 
pericentric regions the HP1 target genes are 
even highly transcribed. 

In a previous study, we also reported the 
high activity of pericentric HP1 target genes14; 
modestly lower expression levels were found 
for nonpericentric HP1-bound genes. Here we 
cannot confirm the somewhat reduced 
expression of nonpericentric HP1-bound genes. 
We believe that our current genomic tiling array 

Figure 6. HP1 Binding to Individual Transposon Copies. (A) Frequencies of copies of the different TE 
types that are target of HP1 (dark gray) in nonpericentric (top) and repeat-rich pericentric (bottom) 
regions. A TE copy was counted as an HP1 target if, in the unique flanking 1 kb on each side of the TE, at 
least one GATC fragment was significantly bound by HP1. (B) HP1-Dam/Dam–binding ratios at unique 
sequences within 1 kb of a TE are plotted as a function of the FRI20kb (see main text). Running mean with 
window size 20 is shown for HP1 binding as a function of the FRI20kb (red line). 



Chapter 2 
 
 

 
 
52 

2 

gives a more reliable view than the previously 
used cDNA array14, which may have contained 
a slightly biased selection of genes. In addition, 
the current use of a DNA reference to normalize 
the expression microarray signals50, which was 
not done in our earlier study14, is likely to 
provide a more accurate estimate of expression 
levels. The strong enrichment for H3K4me2, a 
marker of active TSSs, confirms that most HP1 
target genes are indeed transcribed. 

Several other recent reports support the view 
that heterochromatin marked by HP1 and H3K9 
methylation is not transcriptionally silent. 
Mammalian HP1 homologs together with di- 
and tri-methylated H3K9 have also been found 
at active transcription units34,63–65, and in fission 
yeast the deposition of the HP1 homolog Swi6 
is linked to the transcription machinery66,67. 
Thus, the association of HP1 and H3K9me2/3 
with active genes appears to be a general 
phenomenon. Future elucidation of the 
molecular structure of HP1-containing 
chromatin may provide an explanation for the 
position effect variegation paradox, i.e., why 
natural target genes of HP1 are expressed, while 
euchromatic reporter genes tend to become 
repressed upon integration into heterochromatic 
regions. 
 
Detailed HP1-Binding Patterns 
Comparison of the HP1 patterns in pericentric 
and nonpericentric regions revealed differences 
in HP1 targeting between these different 
chromosomal locations. In nonpericentric 
regions HP1 binding is mostly restricted to 
transcription units, implying a targeting signal 
inside these transcription units. Possibly, HP1 is 
recruited cotranscriptionally, in agreement with 
observations that RNA Polymerase II is 
required for RNAi-dependent heterochromatin 
assembly in fission yeast66,67. In pericentric 
regions, HP1 associates with transcription units 
as well as intergenic regions. This additional 
intergenic targeting of HP1 in pericentric 
regions is likely due to the high density of 
repeats. 

HP1 targeting to nonpericentric transcribed 
regions is linked to a high exon density. The 
mechanisms and reasons for this surprising exon 
bias are unclear. We previously reported a 

preference of HP1 for long genes13, which we 
confirmed by analysis of the high-resolution 
data presented here (unpublished data). Thus, 
HP1 appears to associate with genes that share 
specific structural features. We speculate that 
HP1 is involved in transcriptional elongation, 
alternative splicing, or other aspects of RNA 
metabolism, similar to what has recently been 
observed for the human chromatin remodeling 
protein Brm68. 

The genomic distribution of HP1 in 
Drosophila shows striking similarities with that 
of DNA methylation in Arabidopsis69. In this 
plant, methylation is found predominantly on 
transcription units, with a very similar 
distribution along genes as seen for HP1 in 
Drosophila. Moreover, methylation occurs 
predominantly in genes with moderate 
expression levels, as is the case for HP1. It was 
proposed that DNA methylation serves to 
suppress the activity of cryptic promoters in 
transcribed regions69. HP1 may be involved in a 
similar function. 

Previous studies in various organisms have 
found HP1 to be bound to certain promoters30–

32,70,71. Our data indicate that, at least in 
Drosophila, HP1 is predominantly associated 
with transcription units, but rarely with 
promoters. We cannot exclude that a small set 
of promoters is bound and regulated by HP1. 
 
Interplay of HP1 with Active Chromatin 
Components 
The typical distribution of HP1 along a 
transcription unit shows low binding at the TSS 
and a gradual increase downstream of the TSS. 
A similar HP1-binding pattern along genes was 
recently observed in humans65, suggesting that 
the targeting mechanism of HP1 proteins is at 
least partially conserved during evolution. The 
presence of H3K4me2 (a mark of active 
chromatin) at HP1 bound genes is in accordance 
with our observations that HP1 target genes are 
expressed. 

Previous studies in Drosophila indicated 
that histone H3.3 is deposited along transcribed 
regions by a transcription-coupled 
mechanism51,54,72. Our re-analysis of available 
H3.3 maps confirms that this is the case for 
genes not bound by HP1, but shows that 
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deposition of H3.3 is restricted to the first ~2 kb 
of transcription units of genes bound by HP1. 
HP1 binding is typically low in these same 
regions, indicating that H3.3 and HP1 are 
mutually exclusive marks of active genes. This 
apparent incompatibility is consistent with the 
observation that H3.3 in Drosophila cells is 
enriched in acetylation and depleted in 
dimethylation of lysine 973 and therefore is 
predicted to have low affinity for HP13,4. 
Mammalian HP1 homologs together with 
dimethylated H3K9 also associate with many 
active transcription units34,63–65, and H3.3 has 
been found preferentially at the 5′ ends of 
mouse genes74, but it is not known whether 
these proteins are also mutually exclusive in 
mammalian genes. Interestingly, in 
nonpericentric regions we noted that HP1-bound 
genes are marked by an additional peak of H3.3 
just upstream of the TSS. The function of the 
upstream deposition of H3.3 is unclear, but it 
underscores the interplay between this histone 
variant and HP1-containing chromatin. Future 
studies may reveal the causal relationships in 
this interplay. 

The genomic binding pattern of HP1c, a 
homolog of HP1, was recently also mapped by 
DamID14,49. Interestingly, the distribution of 
HP1c is very different from that of HP1. HP1c 
is not enriched in pericentric regions, nor is it 
located along transcription units, but rather 
shows a more focal distribution. HP1c foci often 
correspond to discrete sites where many 
transcription factors and other regulatory 
proteins congregate (hotspots)49. These hotspots 
are preferentially located in or near highly 
active genes. Thus, like HP1, HP1c appears to 
be linked to transcription activity rather than 
repression, but it shows a different mode of 
binding, which strongly suggests a different 
molecular function. 
 
Relationship between HP1 and Pc Domains 
We found that Pc and HP1 domains are often 
located directly next to each other, particularly 
in pericentric regions and on the fourth 
chromosome. This frequent juxtaposition of 
HP1 and Pc domains suggests that these two 
types of chromatin domains may interact. For 
example, HP1 domains may confine Pc domains 

by preventing the cis-spreading of Pc protein 
complexes; likewise (and perhaps 
simultaneously), Pc domains may set limits to 
HP1 domains. Competition between the two 
chromatin types, which appear to be mutually 
exclusive, could determine the position of the 
boundary between these domains. It is 
interesting to note that genes in Pc domains are 
typically repressed48, while HP1-associated 
genes are mostly active. Thus, dynamic 
relocation of the boundary between these two 
types of domains could be a means to regulate 
genes that are located close to this boundary. 

Alternatively, HP1 and Pc domains may be 
separated by static boundaries, encoded by 
specific sequence elements that recruit insulator 
proteins. Several proteins with insulator activity 
have been described75–77. DamID mapping of 
these proteins is likely to provide insight into 
their putative role in separating HP1-marked 
heterochromatin from other chromatin types 
such as Pc-domains. 
 
Materials and Methods 
 
DamID and array design. 
DamID was performed as described14 in 
embryonal D. melanogaster Kc167 cells grown 
in BPYE medium (Shields and Sang M3 insect 
medium supplemented with 2.5 g/l 
bactopeptone, 1g/l yeast extract, and 5% heat-
inactivated fetal calf serum). HP1-Dam 
methylated fragments as well as Dam-only 
methylated fragments were amplified by PCR 
and subsequently hybridized to high-density 
oligonucleotide arrays containing a 60-bp probe 
every 100 bp. These arrays cover the entire 
Chromosome 2L, 10 Mb of Chromosome 2R, 2 
Mb of the X chromosome, and Chromosome 
451. Labeling of methylated DNA fragments, 
hybridization, and scanning of arrays was 
performed by NimbleGen 
(http://www.nimblegen.com). Probes that gave 
more than one significant alignment with the 
Drosophila genome sequence using 
MEGABLAST (standard settings)78 were 
marked as repeats and omitted from subsequent 
analyses. 
 
Normalization procedures. 
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We performed global-intensity–dependent 
normalization using the robust scatterplot 
smoother “lowess”79. For this procedure, we 
omitted probes that did not have any sequence 
overlap with sequences in the genome or had 
multiple alignments in the genome. 
 
HP1 target definition. 
During DamID profiling, the Dam enzyme of 
the HP1–Dam fusion and the Dam-only control 
proteins methylates adenosines in GATC 
sequences. Fragments between two methylated 
GATC sequences are subsequently amplified, 
and HP1-Dam/Dam ratios are calculated to 
determine the HP1-binding sites14. Thus, the 
smallest unit of a DamID profile is the region 
between two GATC sequences. Therefore, HP1-
binding log2-ratios of all 60-bp probes 
originating from the same GATC restriction 
fragment were averaged to obtain a single HP1-
binding log2-ratio for this GATC fragment. If a 
probe overlapped with a restriction site, the 
probe was assigned to the GATC fragment with 
the longest sequence overlap. The averaged 
log2-ratios were used for all subsequent 
analyses. 

To determine GATC fragments that were 
significant targets of HP1, the following 
DamID-specific error model was developed: 
first we estimated the variance of the DamID 
log2-ratios based on all negative values, 
similarly to the ChIPOTle algorithm80. We used 
this approach instead of simply calculating 
standard deviations, because DamID profiles 
have an intrinsic bias towards positive values, 
skewing the standard deviations. Second, every 
HP1-binding log2-ratio was divided by this 
estimated variance. This yielded a Z-score, from 
which a nominal p-value could be calculated. 
Third, the p-values of three independent 
experiments were combined81, and finally, these 
combined p-values were corrected for multiple 
testing using the Benjamini-Hochberg method82. 
GATC fragments with p < 0.01 were classified 
as HP1 targets. 
 
Definition of pericentric and nonpericentric 
regions. 
Pericentric regions are defined as the 
centromere-proximal 1Mb of sequence on the 

left and right arms of Chromosome 2, as well as 
all of Chromosome 4. Sequences were taken 
from release 3 of the Drosophila genome 
(BDGP). 
 
Definition of intragenic and intergenic 
components. 
Each GATC fragment was assigned to one of 
the following genomic features: promoters, 5′ 
UTRs, exons, introns, 3′ UTR, and intergenic 
regions. Positions of these features were 
obtained from the BDGP annotation, release 
3.2.2. Promoters were defined as 2 kb of 
intergenic sequence immediately upstream of 
each TSS. If a GATC fragment overlapped with 
multiple genomic features, the following 
hierarchy in assigning fragment identity was 
applied: exons had the highest precedence (i.e., 
if a GATC fragment overlapped with exon 
sequence it was assigned to the exon bin), 5′ and 
3′ UTR sequences had precedence over 
promoters and intergenic sequences, and finally, 
promoters had precedence over other intergenic 
sequences. Intergenic sequences and introns 
thus had the lowest precedence. Exon density of 
genes is defined as the fraction of a gene that is 
exon sequence. 
 
Alignments of HP1 target genes. 
Start and end position of all tested genes 
(transcription units) were defined according to 
BDGP annotation, release 3.2.2. Assignment of 
GATC fragments to genes and alignment to the 
gene end or start was performed using custom 
perl scripts (available on request). For TSS 
alignments we included upstream regions up 
until the preceding upstream gene; conversely, 
for 3′ end alignments we included downstream 
regions until the following downstream gene. 
 
Expression matching of HP1 target genes and 
nontarget genes. 
A set of nontarget genes that have similar 
expression levels as HP1 target genes was 
selected as follows. All genes were ranked 
based on their expression level. Next, genes that 
were ranked directly above and below an HP1 
target gene were chosen as expression-matched 
nontarget genes. If the gene ranked above or 
below was also an HP1 target gene, the two 
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genes ranked above and below these two HP1 
target genes were chosen as expression matched 
nontarget genes. 
 
Comparison of HP1 and other chromatin 
proteins. 
H3K4me2 data53 was obtained from the S. Bell 
laboratory Web site 
(http://chromosome2l.mit.edu). Polycomb 
protein data are from Tolhuis et al.48. Histone 
H3.3 data are from Mito et al.51. H3.3 maps 
were generated in S2 cells, which like Kc cells 
are of embryonic origin. Analysis of a published 
expression profiling study83 indicates that ~94% 
of HP1 target genes (106 out of 113 present in 
the expression profile) show less than 2-fold 
difference in expression between Kc and S2 
cells. This is roughly the same for nontarget 
genes (92%). We therefore feel that the 
comparison of the data from the two cell types 
is justified. 
 
Definition of FRI. 
The FRI20kb was defined as previously 
described13. Briefly, we calculated the fraction 
of nonunique sequence in a region 20 kb 
downstream of a TE and 20 kb upstream of a 
TE, including the TE itself. 

 
URLs. 
All statistical analyses were performed using the 
R software environment (http://www.r-
project.org). Drosophila genome annotation 
release 3.2.2 was downloaded from 
http://flybase.net. 
 
Accession Numbers 
The Gene Expression Omnibus 
(http://www.ncbi.nlm.nih.gov/geo) accession 
number for the HP1 binding data discussed is 
GSE6564. 
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Polycomb group (PcG) proteins maintain transcriptional repression of developmentally 
important genes1 and have been implicated in cell proliferation and stem cell self-renewal2. We 
used a genome-wide approach3 to map binding patterns of PcG proteins (Pc, esc and Sce) in 
Drosophila melanogaster Kc cells. We found that Pc associates with large genomic regions of 
up to 150 kb in size, hereafter referred to as 'Pc domains'. Sce and esc accompany Pc in most 
of these domains. PcG-bound chromatin is trimethylated at histone H3 Lys27 and is generally 
transcriptionally silent. Furthermore, PcG proteins preferentially bind to developmental 
genes. Many of these encode transcriptional regulators and key components of signal 
transduction pathways, including Wingless, Hedgehog, Notch and Delta. We also identify 
several new putative functions of PcG proteins, such as in steroid hormone biosynthesis. These 
results highlight the extensive involvement of PcG proteins in the coordination of development 
through the formation of large repressive chromatin domains. 
 
We generated genome-wide binding profiles of 
three PcG proteins (Pc, esc and Sce) in D. 
melanogaster Kc cells to gain comprehensive 
insight into the nature and regulation of 
Polycomb target genes. Pc and Sce represent 
core components of the Polycomb repressive 
complex (PRC) 1, whereas esc belongs to 
PRC2. These biochemically distinct complexes 
are involved in several aspects of PcG-mediated 
gene repression1. 

To study PcG binding profiles, we used 
DamID, a method based on the ability of a 
chromatin protein fused to Escherichia coli 
DNA adenine methyltransferase (Dam) to 
methylate the native binding site of the 
chromatin protein3, 4. In this method, Dam 
fusion proteins are expressed at very low levels 
to avoid mistargeting4. Subsequently, 
methylated DNA fragments are isolated, labeled 
and hybridized to a microarray. Methylated 
DNA fragments from cells transfected with 
Dam alone serve as reference. Genomic binding 
sites of the protein can then be identified based 
on the targeted methylation pattern3. To ensure 
that the PcG-Dam fusion proteins are 

functional, we used protein blots and 
immunoprecipitation assays to demonstrate 
correct expression and the ability of these fusion 
proteins to incorporate into native PcG 
complexes (Supplementary Fig. 1). In addition, 
our DamID approach was functionally validated 
by the increased binding ratios we found at 
most known PcG target genes (Supplementary 
Table 1)  

Initially, we used a high-density genomic 
tiling array, covering ~30% of the D. 
melanogaster genome with 60-mer 
oligonucleotides spanning every 100 bp. We 
were surprised to find that Pc binds large 
genomic regions (Fig. 1a, Gene Expression 
Omnibus (GEO) GSE4564). Using a running 
mean algorithm we identified 131 regions larger 
than 10 kb, which we refer to as 'Pc domains'. A 
total of 97 Pc domains ranged from 10 to 30 kb, 
and 34 domains were larger than 30 kb 
(Supplementary Fig. 2). The largest domain 
covered 145 kb and included three genes (Fig. 
1b). 

In total, the Pc domains contained 241 genes 
(Supplementary Table 2), including known PcG 
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target genes such as engrailed, invected (Fig. 
1c) and polyhomeotic1. The number of genes 
within Pc domains ranged from 0 to 9. Half of 
the domains contained two or more genes, about 
40% contained a single gene and ~10% did not 
cover any known genes (Fig. 1d). 

Previous DamID tiling array data for GAGA 
factor (GAF) and heterochromatin protein HP1a 
in the Adh-cactus region (2.9 Mb) did not show 
such large domains5, whereas our data shows 
that this region does contain Pc domains 
(Supplementary Fig. 3). We did not observe any 
correlation between Pc and HP1a binding. 

Figure 1 Pc binds large genomic regions or ‘domains’. (a) Plots show running mean of Pc-Dam:Dam ratios from 
genomic tiling array with 60-nt probes every 100 bp on chromosomes 2L, 2R, 4 and X. (b,c) Histograms showing 
unfiltered data of a 145 kb domain (b) and the engrailed domain (c). Genes located within the illustrated regions are 
indicated below the histograms. Black line indicates running mean filtered data. Y-axes depict binding ratios, and x-
axes show genomic position. Pc domains are highlighted in green (domains 10–30 kb) and red (domains >30 kb). 
Blue line represents threshold level. Dots indicate predicted PREs7 that are either overlapping with domains (blue) or 
separate from domains (gray). (d) Bar graph showing the number of Pc domains encompassing the indicated number 
of genes. Color key refers to panels a–c. 
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Notably, most Pc domains seemed to contain at 
least one sharp peak of GAF binding, which 
generally coincides with a strong peak of Pc 
binding. Previous studies in the homeotic gene 
cluster showed that GAF and Pc indeed can 
bind the same chromatin regions1. However, 
GAF peaks are not restricted to Pc domains, 
which further supports the specificity of the 
detected Pc pattern. Notably, comparison of our 
DamID map of Pc with chromatin 
immunoprecipitation maps of endogenous Pc 
and ph in D. melanogaster embryos6 showed a 
marked correspondence between the data 
obtained with these two independent methods 
(data not shown). This demonstrates that our 
DamID results accurately reflect the localization 
of endogenous Pc. 

Genetics and reporter studies have identified 
cis-regulatory elements, called PcG response 
elements (PREs), that are essential for PcG-
mediated repression and serve as binding sites 
for PcG proteins1. In addition, 167 PREs have 
been predicted based on sequence similarities, 
and for 29 of these PREs, enrichment for Pc 

binding has been confirmed in Schneider cells7. 
Our tiling array included eight of these 
experimentally confirmed PREs, and all of these 
are located within a Pc domain. Thus, our 
DamID map is in excellent agreement with 
previous experimental data. Of 39 
computationally predicted PREs that were 
present on our tiling array, we found 12 to be 
located within a Pc domain (Fig. 1a–c). 
Additionally, 119 Pc domains lack a predicted 
PRE, suggesting that the sequence definition of 
PREs needs further refinement. This is 
supported by the recent discovery of a 
previously unknown PRE binding protein and 
its consensus binding site8. Alternatively, PcG 
proteins could be targeted to chromatin by a 
PRE-independent mechanism. 

The observation that Pc binds to large 
domains that span entire genes allowed us to 
use a 12K cDNA microarray, covering ~60% of 
the coding genome, to study the distribution of 
PcG proteins more comprehensively. Notably, 
data generated by the two microarrays showed a 
high degree of similarity (Supplementary Fig. 
4). In addition, we performed DamID with esc 
and Sce. We noticed that the chromatin binding 
profiles of the three PcG proteins were very 
similar (Fig. 2a–c, GEO GSE4564). In contrast, 
none of the proteins showed significant overlap 
with HP1a (ref. 9; Fig. 2d), consistent with the 
tiling array data and in good agreement with the 
differences in nuclear localization of 
endogenous HP1a and Pc (Supplementary Fig. 
5). These results demonstrate that Pc, Sce and 
esc bind mainly to the same chromatin regions 
that are distinct from heterochromatin. 

Extensive links have been documented 
between PcG proteins and trimethylation of 
Lys27 of histone H3 (H3K27me3)1. We 
performed H3K27me3 chromatin 
immunoprecipitation combined with microarray 
analysis (ChIP-on-chip), using the 12K cDNA 
array and compared this with the PcG binding 
profiles. As expected, we observed a strong 
positive correlation between H3K27me3 levels 
and binding of the three PcG proteins (Fig. 3a–
c, GEO GSE4564). For a control, we performed 
ChIP-on-chip with an antibody against 
H3K4me3 or with an irrelevant IgG antibody, 
neither of which showed any positive 

Figure 2. PcG proteins bind largely to the 
same genomic sites. Bivariate scatter plots of 
log2-transformed binding ratios demonstrate a 
high degree of similarity between binding 
profiles of different PcG proteins. Shown are 
binding profiles for Pc versus esc (a), Pc versus 
Sce (b), Pc versus Sce (c) and Pc versus HP1a 
(d). Pearson's correlation coefficient (r) is 
shown in each plot 
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correlation with PcG proteins (Fig. 3d–f, GEO 
GSE4564). We conclude that Pc, Sce and esc 
bind to chromatin regions containing high levels 
of H3K27me3. 

Genetic analysis indicated that PcG proteins 
repress transcription of some developmental 
genes1. Therefore, we compared Pc and esc 
binding patterns with a genome-wide mRNA 
expression data set10. Although approximately 
70% of all genes are actively transcribed in Kc 
cells10, the Pc and esc targets contained only 
~20% active genes (Fig. 4a). Moreover, 
expression of this small active fraction was 
roughly twofold lower than expression of non-
targets (Fig. 4b). To confirm the repressed 
status of PcG-bound genes, we compared PcG 
binding patterns to genome-wide histone 
modification mapping data11. The levels of 
histone H3 acetylation (H3ac) and H3 Lys4 
dimethylation (H3K4me2), two histone marks 
that are linked to active transcription11, were 
markedly lower at both Pc and esc targets than 
at non-targets (Fig. 4c–f). We found similar 

results with other 'active' histone modification 
levels, such as H3K4me3 (note the negative 
correlations in Fig. 3d,e) and H4ac and 
H3K79me2 (data not shown). Thus, our 
genome-wide data demonstrate that binding of 
Pc and esc to chromatin is globally linked to 
gene repression. However, a small portion of 
PcG-bound genes is transcribed, suggesting the 
existence of an 'escape' mechanism that may 
allow certain PcG-bound genes to evade 
silencing. Likewise, Pc binding has been 
observed at the promoters of active HOX genes, 
although the binding level was lower than at the 
promoters of repressed HOX genes12. 

The observation that many Pc domains 
contain multiple genes raised the possibility that 
domains act as units of regulation. To 
investigate this, we compared developmental 
expression profiles13 of genes within each 
domain. Indeed, we found some domains that 
showed a high degree of coordinated expression 
(Fig. 5a). However, the majority of the domains 
did not show such a correlation (Fig. 5b and 

Figure 3. Bivariate scatter plots of log2-transformed data compare ChIP-on-chip analyses of Kc cell 
histone modifications and PcG DamID profiles. (a–c) The mapping data of H3K27me3 fit very well 
with the Pc (a), esc (b) and Sce (c) binding profiles. (d–f) In contrast, H3K4me3 data correlate negative 
with Pc (d) and esc (e). Moreover, a nonspecific control ChIP shows no overlap with Pc (f). Pearson's 
correlation coefficient is shown in each plot (r). 
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data not shown). This general lack of 
coordinated expression suggests a more 
complex regulation mechanism. For example, 
Pc binding to chromatin has been reported to be 
dynamic and cell type–specific14, 15. 
Alternatively, the 'escape' mechanism suggested 
above may allow genes within a Pc domain to 
be activated individually. 

Our genome-wide data allowed for the first 
time to test in an unbiased and thorough manner 
whether PcG proteins preferentially bind to 
genes with specific biological functions. 
Therefore, we systematically queried all gene 
annotation categories in the Gene Ontology 
database16 for enrichment of binding by the 
three proteins as detected by the cDNA arrays, 
using the Quontology algorithm17 
(Supplementary Table 3 online). We found 42 
Gene Ontology categories that displayed 

significantly enriched binding by at least one of 
the three proteins, encompassing 329 different 
target genes in total (Fig. 6a,b and 
Supplementary Table 4). The results suggest 
that PcG proteins prominently control 
developmental processes, as 12 PcG-enriched 
Gene Ontology categories were annotated as 
such, including early developmental processes 
(such as ectoderm and mesoderm development) 
and late developmental processes (such as eye 
morphogenesis) developmental processes. 
Notably, many of the target genes are involved 
in multiple developmental pathways. This is 
illustrated by the 54 Pc target genes in the 
'ectoderm development' category (Fig. 6c and 
Supplementary Table 5): a majority (44) of 
these also function in one or more other 
developmental categories (Fig. 6c, blue). 

The PcG-bound genes that are involved in 
developmental processes encode primarily two 
types of proteins. First, a large fraction of these 
target genes encode transcription regulators. For 
example, almost half (25/54) of the Pc target 
genes involved in ectoderm development are 
also annotated as 'transcription factor activity', 
'RNAP II transcription factor activity' or 
'specific transcriptional repressor activity', and 
they include 17 homeodomain-like proteins, 
four basic-Helix-Loop-Helix proteins, two high 
mobility group proteins, a LIM-domain protein 
and Dorsal (Fig. 6c, green, and Supplementary 
Table 5). We observed similar enrichment of 
transcription regulators in other developmental 
categories, and a total of at least 67 PcG-bound 
genes encode proteins involved in transcription 

Figure 4. (a–b) Transcriptional activity assessed 
by the fraction of active genes (a) and 
transcription levels of expressed genes (b). (c–f) 
Histone modification levels of either Pc targets 
(c,d) or esc targets (e,f) versus non-targets, 
represented as density plots. In all panels, Pc 
target genes are black (n = 644), esc targets dark 
gray (n = 463) and non-targets gray. P values 
were calculated by hypergeometric test (a) or 
Mann-Whitney U-test (b-f). 

Figure 5. (a,b) Developmental expression 
profiles of genes within the 2L_21713465 (a) 
and 2L_3523335 (b) Pc domains. X-axes show 
developmental stage: embryos at 0 h (E0) and 3 
h (E3), larva (L), pupa (P), adult male (M) and 
adult female (F). 
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regulation (Supplementary Table 4). Moreover, 
the Pc domains identified on the tiling array 
included many genes encoding transcriptional 
regulators (Supplementary Table 6 online).  

Secondly, many PcG target genes involved 
in development encode proteins implicated in 
major signaling cascades controlling cell fate. 
For example, ten Pc targets linked to ectoderm 
development encode integral membrane or 
secreted proteins (Fig. 6c, red), including 
components of important signal transduction 
pathways such as Wingless, Notch and Delta 
(Supplementary Table 5). In addition, the 
genomic tiling array revealed that Pc domains 
included Wnt pathway genes (such as wingless, 
Wnt6 and two Wnt-binding proteins, CG33115 
and CG8942). Wnt signaling has previously 
been correlated to increased expression of PcG 
proteins18,19. Combined with our data, this 
suggests the existence of a feedback loop 

between PcG proteins and Wnt signaling. 
Finally, the hedgehog pathway has been known 
to be controlled by PcG proteins20,21, and our 
data confirm this connection (Supplementary 
Table 1). 

We also identified a number of biological 
functions that had not been previously linked to 
PcG proteins (Fig. 6a). Among these are 
electron and glucose transporter activities, 
various hydrolases, carbohydrate and steroid 
metabolism, oxidoreductases, G protein 
signaling pathways and transmission of nerve 
impulse. Some of these genes have previously 
been linked to development. For instance, the 
nrv2 gene encodes a Na+/K+ ATPase cation 
transporter that is required for trachea 
development22. Notably, several cytochrome 
P450 proteins implicated in biosynthesis of 
steroid hormones23 were among the PcG targets 
(Supplementary Table 4), and the tiling array 

Figure 6. (a) Gene Ontology (GO) fingerprint of PcG protein binding profiles. Z scores were calculated using 
the Quontology algorithm17. GO categories with a Z score >4 (P < 0.05) in at least one binding profile are 
listed. GO subcategories are indicated at right. (b) Number of Pc targets for each GO category are indicated by 
the bars. (c) Bar plots show Pc targets annotated in 'ectoderm development'. Black bars represent the total 
number of Pc targets in this category. The colored bars represent targets that are also annotated in other 
categories. 
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data showed in addition that a gene encoding a 
steroid hormone receptor (EcR) is located in a 
Pc domain (Supplementary Table 6). This 
suggests that PcG proteins regulate signaling by 
steroids, which are essential hormonal stimuli 
during metamorphosis stages of development24. 

In summary, our tiling array data 
demonstrate that Pc binds to large genomic 
regions, which typically encompass one or more 
genes. These Pc domains have important 
implications for understanding PcG-mediated 
gene repression mechanisms. In addition, we 
demonstrate strong overlaps between the 
genomic binding patterns of Pc, Sce and esc, as 
well as H3K27me3. Finally, our genome-wide 
data allow, for the first time, examination of the 
functional role of PcG proteins in an unbiased 
manner. We observe that PcG-bound genes 
encode many transcriptional regulators, 
suggestive of roles in signaling pathways and in 
steroid hormone biosynthesis. These results 
imply a key role for PcG proteins in a variety of 
distinct developmental processes and provide a 
broad framework for future developmental 
studies. 
 
Methods 
 
Cell and molecular biology. 
D. melanogaster Kc cells were grown in BPYE 
medium (Shields and Sang M3 Insect medium 
(Sigma) supplemented with 25% (w/v) bacto-
peptone, 20% (w/v) yeast extract and 5% heat 
inactivated fetal calf serum (Gibco)) at 23ºC. 
Full-length Pc, esc and Sce were cloned into 
pNDamMyc4, and plasmids were transfected 
into Kc cells as described25. 
 
DamID and data analysis. 
DamID experiments were performed as 
described4,9. Two independent Pc DamID 
samples were hybridized to custom 60-mer 
oligonucleotide tiling arrays, using different dye 
orientations (NimbleGen Systems). The tiling 
arrays contained the entire chromosomes 2L 
and 4, the first 11 Mb of chromosome 2R, the 
first 2 Mb of chromosome X, heterochromatic 
sequences of chromosome 2, rDNA genes and 
randomly generated control probes. Log2-
transformed ratios were normalized using 

lowess normalization26. To define Pc domains, 
we first removed random noise by calculating a 
running mean with a window size of 2 kb, 
which is the approximate resolution of 
DamID27. Next, we calculated the running mean 
on a randomly shuffled chromosome and its 
distribution for estimation of the random error. 
As a threshold level for binding or no binding, 
we chose three times the standard deviation of 
this randomly sampled set. A Pc domain was 
defined in the noise-filtered data as >10 kb of 
consecutive probes that had a value greater than 
the threshold. In addition, we allowed for five 
consecutive probes to fall beneath the threshold 
and not break the domain. Notably, when this 
method is applied on a randomly shuffled 
chromosome, not a single domain is identified, 
indicating that our definition of Pc domains is 
highly stringent. 

For each PcG fusion, samples from four 
independent experiments were hybridized to 
Fly12K microarrays (Genomics Facility, Fred 
Hutchinson Cancer Research Center) containing 
11,857 cDNA clones from the D. melanogaster 
Gene Collection, Release 1 and 2, and 126 
additional cDNAs from the Northwest flychip 
consortium. After removal of low-quality, 
redundant or ambiguous proves, hybridization 
data of 9,994 probes were used for analyses. 
Probe annotations were obtained as described9 
using Berkeley Drosophila Genome Project 
Release 3.1. For statistical analysis, all 
measured ratios were log2 transformed and 
normalized to the median value of the entire 
array. Normalized log2 ratios from four 
independent experiments were averaged. 

For the expression state of PcG bound 
chromatin, we defined Pc and esc target genes 
by testing whether log2-transformed ratios were 
significantly greater than 0 using the CyberT 
algorithm28 followed by a correction for 
multiple testing29 adjusting the false discovery 
rate to 1%. 

For the coordinate expression analysis, we 
used developmental expression data from 
reported whole-genome expression profiles of 
six developmental stages of D. melanogaster13. 
Hybridization intensities of each exon probe 
were log2 transformed, data from replicate 
experiments were averaged and exon probes 
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corresponding to the same gene were averaged 
to obtain a single log2-transformed expression 
level for each gene at each developmental stage. 
Next, these values were normalized to the mean 
log2 value, first by developmental stage and 
then by gene. Pearson correlation coefficients 
(r) were calculated for the expression data of 
each possible gene pair within a Pc domain and 
were averaged to yield one mean r. 

We used the Quontology algorithm17 to 
identify functional groups of genes that are 
significantly bound by PcG proteins. A Z score 
is calculated for the functional categories from 
the FlyBase Gene Ontology database, which 
measures the deviation of the average log2-
transformed binding ratio for genes in a 
category from the genome-wide average, in 
units of the standard deviation. A Z score larger 
than 4 is significant (P < 0.05). 

All further statistical analyses were 
performed using the R package for statistical 
computing; scripts are available upon request. 
 
ChIP-on-chip. 
The ChIP method used was an adaptation of a 
previously published protocol30. Approximately 
2×108 Kc cells were cross-linked by the 
addition of formaldehyde (1% final 
concentration). The reaction was quenched with 
125 mM glycine, and the cells were washed 
twice with PBS. Subsequently, the cells were 
incubated for 5 min on ice in 1.5 ml lysis buffer 
(1% (v/v) SDS; 10 mM EDTA, pH 8.0; 50 mM 
Tris-HCl, pH 8.0; protease inhibitor cocktail 
(Roche)). The cell lysates were sonicated and 
centrifuged to remove cell debris. We used the 
equivalent of 1×106 cells for one 

immunoprecipitation. Chromatin samples were 
diluted tenfold in immunoprecipitation buffer 
(1% Triton X-100; 1.2 mM EDTA; 16.7 mM 
Tris-HCl, pH 8.0; 167 mM NaCl; protease 
inhibitor cocktail (Roche)) and precleared with 
10 µl 50% protein A Sepharose slurry 
containing 1 mg/ml BSA for 1h agitation at 4ºC. 
Precleared chromatin was incubated with 2 µg 
antibody overnight at 4ºC. All subsequent ChIP 
steps were performed as described30. 

We used the following antibodies for ChIP 
analyses: anti-H3K27me3 (Upstate), anti-
H3K4me3 (Abcam) and anti-IgG (Jackson 
ImmunoResearch). The data were normalized to 
a parallel ChIP with antibody to H3 (Abcam) to 
correct for differences in nucleosome density. 

For the microarray analysis, 
immunoprecipitated DNA fragments were 
amplified using linker-modified PCR. 
Randomly sheared DNA fragments were made 
blunt using T4 DNA polymerase for 15 min at 
16ºC in 10 mM Tris-HCl, pH 8.0; 50 mM NaCl; 
10 mM MgCl2; 1 mM DTT and 0.1 mM dNTPs. 
Adapter ligation, PCR amplification, labeling 
and hybridization were carried out according to 
the DamID protocol3,9. Data analysis was 
performed as described above. 
 
URLs. 
Gene annotations and ontology data were 
downloaded from: http://www.flybase.org. The 
R package can be downloaded from 
http://www.r-project.org. The Gene Expression 
Omnibus (GEO) is found at 
http://www.ncbi.nlm.nih.gov/geo/. 
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The nuclear lamina binds chromatin in vitro and is thought to function in its organization, but 
genes that interact with it are unknown. Using an in vivo approach, we identified ~500 
Drosophila melanogaster genes that interact with B-type lamin (Lam). These genes are 
transcriptionally silent and late replicating, lack active histone marks and are widely spaced. 
These factors collectively predict lamin binding behavior, indicating that the nuclear lamina 
integrates variant and invariant chromatin features. Consistently, proximity of genomic 
regions to the nuclear lamina is partly conserved between cell types, and induction of gene 
expression or active histone marks reduces Lam binding. Lam target genes cluster in the 
genome, and these clusters are coordinately expressed during development. This genome-wide 
analysis gives clear insight into the nature and dynamic behavior of the genome at the nuclear 
lamina, and implies that intergenic DNA functions in the global organization of chromatin in 
the nucleus. 
 
The association of genes with the nuclear 
envelope has been linked to both repression and 
activation of transcription1,2,3. In yeast, 
telomeres and stably repressed mating type loci 
are located at the nuclear envelope. Tethering to 
the nuclear periphery is not essential for 
silencing of a wild-type mating type locus4, but 
it can restore repression of a mating type locus 
that is partially defective in silencing5. 
Observations in higher eukaryotes also suggest 
a repressive role for the nuclear envelope. For 
example, Ig loci move away from the nuclear 
envelope in B cells before their activation and 
genetic rearrangement6. Similarly, when the 
CFTR gene and two adjacent genes are not 
transcribed, they are preferentially associated 
with the nuclear periphery and with peripheral 
heterochromatin, whereas in their actively 
transcribed states, this locus associates with 
euchromatin in the nuclear interior7. In D. 
melanogaster, specific chromosomal regions are 
found in close proximity to the nuclear 
envelope, and circumstantial evidence has 

suggested that these regions are enriched in 
inactive chromatin8,9,10,11,12. Based on these 
observations, the nuclear envelope has been 
proposed to form a compartment where 
repressive proteins are concentrated13. 

Paradoxically, components of the nuclear 
envelope have also been implicated in 
activation. A recent genome-wide study in yeast 
identified predominantly active genes 
associated with nuclear pore complexes 
(NPCs)14, and both the GAL locus and the INO1 
gene were found to dynamically relocalize from 
the nuclear interior to the periphery, correlating 
with their activation14,15. These data indicate 
that, at least in yeast, the nuclear periphery 
contains both repressive and transcriptionally 
active regions. These two environments may be 
separated by genomic insulators that in yeast 
have been shown to bind to NPC components16. 
In D. melanogaster, the gypsy insulator was also 
found to be tethered to the nuclear periphery11. 

In animals, the inner surface of the nuclear 
envelope is lined with a filamentous protein 
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network termed the nuclear lamina. This 
network consists primarily of lamins, which are 
members of the intermediate filament protein 
family. Two major types of lamins can be 
distinguished. A-type lamins are expressed in a 
developmentally controlled manner, and B-type 
lamins are ubiquitously expressed and essential 
for cell viability. Mutations in genes encoding 
A-type lamins and the lamina-associated protein 
emerin have been linked to a variety of 
hereditary diseases17. 

There are several indications that the 
nuclear lamina directly interacts with chromatin 
(reviewed in ref. 3). Lamins bind in vitro to core 
histones18 and to specific DNA sequences 
termed matrix attachment regions19. 
Furthermore, the lamin B receptor, a nuclear 
membrane protein that interacts with lamin B, 
has been reported to bind in vitro to DNA, 
histone H3-H4 tetramers, mitotic chromosomes 
and the heterochromatin protein HP1. Finally, 
electron microscopy has shown that some 
chromatin is in close contact with the nuclear 
lamina20,21. 

Based on these observations, the nuclear 
lamina has been hypothesized to have a role in 
both chromatin organization and gene 
regulation2,17,22,23. However, no genomic 
elements have been identified that specifically 
associate with the nuclear lamina in vivo, 
hampering the testing of these hypotheses and 
further progress in this field. 

For this reason, we have conducted a 
genome-wide search for genes that interact in 
vivo with the nuclear lamina in D. 
melanogaster. Using the DamID technology24, 
we identified ~500 genes that are in close 
contact with the nuclear lamina in embryonic 
cells. Analysis of these genes provides insight 
into the dynamic and functional organization of 
chromatin at the nuclear lamina. 
 
Results 
 
Identification of lamin-binding genes 
In D. melanogaster, the essential nuclear lamina 
component lamin (Lam) is a B-type lamin, 
encoded by the ubiquitously expressed Dm0 
gene. To obtain a genome-wide map of Lam 
binding, we used DamID24,25, a method that has 

been successfully used to identify in vivo 
genome binding sites of a variety of DNA-
binding and chromatin proteins26,27,28,29. DamID 
is based on the in vivo expression of a chimeric 
protein consisting of a chromatin protein of 
interest fused to E. coli DNA adenine 
methyltransferase (Dam). Expression of low 
amounts of this fusion protein leads to 
preferential adenine methylation of DNA in the 
vicinity of native binding sites of the chromatin 
protein. Subsequently, adenine-methylated 
DNA fragments are isolated, labeled with a 
fluorescent dye and hybridized to a microarray. 
Genomic binding sites of the protein can then 
be identified based on the methylation pattern24. 

As a model system, we chose the D. 
melanogaster Kc cell line, which closely 
resembles early embryonic cells27. Protein blot 
analysis confirmed correct expression of the 
Dam-Lam fusion protein in these cells (Fig. 
1A), and immunofluorescence microscopy 
showed that the fusion protein localized to the 
nuclear periphery (Fig. 1B). Deletion of the C-
terminal four amino acids of this protein, 
containing its membrane-targeting CaaX 
signal30, resulted in prominent intranuclear 
localization (LamΔCaaX; Fig. 1B), confirming the 
specific targeting of the wild-type fusion 
protein. After we detected expression of trace 
amounts of the wild-type or mutant fusion 
proteins in Kc cells, we amplified methylated 
genomic DNA fragments and hybridized them 
to 12K cDNA microarrays, representing over 
60% of the known D. melanogaster genes. To 
correct for nonspecific binding of Dam, 
methylated DNA fragments from cells 
transfected with Dam alone served as a 
reference, and binding data are expressed as 
Dam-fusion:Dam methylation ratios, as 
described before24. To identify statistically 
significant target genes, we applied an error 
model (see Methods) to the combined data from 
four independent experiments. 

At an estimated false discovery rate of 1% 
and a minimum enrichment of twofold, we 
identified 474 target genes of Lam; by the same 
criteria, only 33 genes were targets of LamΔCaaX. 
A bivariate scatter plot (Fig. 1C) showed that 
target genes of the two proteins did not overlap, 
in agreement with the different localizations of 
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the proteins. Lam target genes encode a 
diversity of protein products significantly 
enriched for five rather broad gene ontology 
categories: nucleus, integral to membrane, 
electron transport, cell-cell communication and 
nucleic acid binding (P < 0.01 after correction 
for multiple testing; Supplementary Table 1). 

 
DamID mapping is in agreement with 
microscopy data 

To verify that the identified Lam targets were 
indeed located at the nuclear lamina, we 
compared the DamID results with three 
independent microscopy data sets. First, we 
performed FISH combined with confocal 
microscopy to visualize the intranuclear 
localization of seven target loci of Lam and four 
non-target loci (Supplementary Table 2). We 
measured the distance of these loci to the 
nuclear envelope in a large set of nuclei (Fig. 
2A–C). Overall, the Lam target loci were more 
frequently located at the nuclear envelope 
(25%) than the control loci (10%) (P = 0.006, χ2 
test). We measured the DNA content of the 
nuclear periphery (defined as within 0.25 µm 
from the nuclear envelope) and found it to be 
~12% (Supplementary Fig. 1), suggesting that 
control loci are approximately randomly 
positioned and Lam target loci are generally 
enriched at the nuclear periphery. Two Lam 
target probes (L53 and L13) did not show 
enrichment near the nuclear envelope; it is 
possible that these are dominated by sequences 
that are present in the 20-kb FISH probe that 
were not included in the much smaller 
microarray probe. 

Second, we analyzed Lam binding in a 
region of ~50 kb on chromosome 2L that, 
according to previous FISH mapping in D. 
melanogaster embryo nuclei, was likely to 
contain a nuclear envelope-binding sequence12. 
Indeed, we found that two genes located in the 

Figure 1. (A) Protein blot analysis of Kc cells 
expressing Dam alone (lane 4) or Dam fused to wild-
type Lam (Dam-Lam; lanes 2 and 5) or to Lam 
lacking the CaaX box (Dam-LamΔCaaX; lane 3 and 6). 
Transfected proteins (lanes 1–4; arrows) were detected 
using a Myc epitope (α-Myc); antibodies to Lam (α-
Lam) recognize both endogenous and Dam-fused Lam 
(lanes 5 and 6; arrows). (B) Localization of 
transfected Dam-Lam and Dam-LamΔCaaX, visualized 
with antibody to Myc (green). Nuclei were stained 
with DAPI (cyan). Note that in A and B, proteins were 
expressed by heat-shock induction in order to be 
visualized. In DamID experiments, uninduced (very 
low level) expression conditions were used. (C) 
Comparison of genes binding to Lam versus those 
binding to LamΔCaaX by a bivariate scatter plot of 
Dam-fusion:Dam methylation log ratios. Target genes 
of wild-type Lam (red) and LamΔCaaX (blue) are 
indicated. We did not find any overlapping target 
genes. 
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distal part of this region, as well as a gene 
located just proximal of this region, were targets 
of Lam in our DamID assay (Fig. 2D). 

Third, we compared DamID data with 
results of previous light microscopy mapping 
studies of sites of nuclear envelope contacts in 

Figure 2 (A–C) FISH analysis of Lam target (A,C) and non-target (B,C) loci in Kc cells. (A,B) Single confocal 
sections of nuclei containing the FISH signal (yellow; probes L5 and N3, respectively). Signals were considered to be 
present at the NE if localized within 0.25 µm of it (blue). (C) Histogram of NE contact frequencies of probed Lam 
target (red) or non-target (green) loci (as detailed in Supplementary Table 2). Dashed lines represent means of target 
(red) and non-target (green) probes. The P value was obtained by Pearson's χ2 test for count data. (D) Lam-bound 
region coincides with an NE–associated region in embryonic cells. The genomic region DS03933, located in 
cytogenetic location 34F–35B of chromosome 2L, was previously found by to be more frequently associated with the 
nuclear envelope than surrounding sequences12. DamID data shows that three genes located in or close to DS03933 
are bound by Lam (red), whereas genes further away are not (green). Genes marked in gray were not represented on 
our microarray or did not give reliable data according to our quality control standards. (E) Genomic Lamin binding in 
embryonic cells shows significant correspondence to polytene chromosome nuclear envelope contacts in larvae. 
Correlation analysis of genomic Lam and LamΔCaaX binding with polytene nuclear envelope contact frequencies of 
salivary gland8,10, prothoracic gland9 and midgut9. P values were estimated by 4,000 Monte Carlo simulations with 
chromosomes with randomized gene order. 
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polytene chromosomes8–10. Because the 
resolution of DamID is profoundly higher than 
that of light microscopy, we first smoothed the 
DamID profiles to simulate the microscopy 
resolution (Supplementary Fig. 2). Subsequent 
comparisons showed that the DamID profile for 
Lam in Kc cells generally follows the pattern of 
nuclear envelope contacts of polytene 
chromosomes (Supplementary Fig. 2). For most 
chromosome arms, the pattern of Lam 
interactions showed significant positive 
correlations with nuclear envelope contacts in 
several larval tissues (r = 0.38 ± 0.16 for all 
comparisons combined), with certain 
chromosome arms scoring as high as r = 0.60 
(Fig. 2E). These results argue that a substantial 
fraction of nuclear envelope localization of the 
genome is common between diploid embryonic 
cells and polytene larval tissues. We note that 
this correspondence, although statistically 
highly significant, is incomplete, suggesting that 
both cell type–dependent and cell type–
independent factors regulate nuclear envelope 
association. The pattern of LamΔCaaX 
interactions generally correlates inversely with 
the microscopy data (Fig. 2E; r = -0.23 ± 0.20), 

suggesting that LamΔCaaX has some preference 
for genes located in the nuclear interior. 
 
Lam-associated genes are repressed 
So far, genome-wide information on the 
expression status of genes at the nuclear lamina 
has been lacking. Therefore, we performed 
microarray expression profiling of Kc cells and 
compared this with the Lam binding profile. As 
shown in Fig. 3A (left), most Lam target genes 
are expressed at very low levels. We obtained 
similar results with a previously published Kc 
cell mRNA expression data set (Supplementary 
Fig. 3). In contrast, targets of LamΔCaaX were 
mostly actively transcribed (Fig. 3A, right). 

Earlier studies have shown that histones 
associated with active genes are generally 
acetylated on histones H3 and H4 and 
methylated at Lys4 of histone H3 (H3K4) and 
Lys79 of histone H3 (H3K79)31. Comparison 
with published genome-wide chromatin 
immunoprecipitation (ChIP) data for Kc cells31 
showed that the levels of all five tested 'active' 
marks were all markedly lower at the target 
genes of Lam compared with the non-target 
genes. (Fig. 3B,C and Supplementary Fig. 3). In 

Figure 3 (A) Transcriptional activity of target genes 
and non-target genes of Lam (left) and LamΔCaaX 
(right), as detected by expression microarrays, 
represented as density plots (smoothed histograms). 
Because the set of 33 LamΔCaaX-associated genes as 
defined in Figure 1D was too small for sufficient 
statistical power, we expanded this group to include 
all 162 statistically significant LamΔCaaX-associated 
genes by abandoning the requirement for greater than 
twofold enrichment. Dashed line, approximate 
separation between active and inactive genes. (B) 
Histone modification levels of Lam targets versus 
non-targets. Modification levels are from Kc cell 
chromatin immunoprecipitation (ChIP) data31 and 
represented as density plots (smoothed histograms). 
Control: control ChIP. (C) Representative example of 
the distribution of an active histone modification 
(H3K4me3) along a chromosomal arm (chr. X). Note 
that all Lam targets have modification levels below 
average. Non-targets are in green. (D) Active histone 
modification levels of Lam binding genes are lower 
than those of equally transcriptionally inactive non-
targets. Left: randomly selected non-target genes that 
match the transcriptional distribution of Lam targets. 
Right: average active histone marks of Lam targets 
compared with expression-matched non-targets. P 
values were obtained by Mann-Whitney U-tests. 
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contrast, these histone modifications were not 
significantly different between LamΔCaaX targets 
and non-targets (Supplementary Fig. 3 and data 
not shown). Notably, the average level of these 
'active' histone marks was significantly lower in 
Lam targets than in a set of non-targets that 
were selected to match the low expression 
levels of the Lam targets (Fig. 3D), indicating 
that low expression and lack of active histone 
marks are not equivalent. We confirmed the 
results of ref. 31 by performing ChIP of 
trimethylated H3K4me3 and dimethylated 
H3K79me2 on a subset of genes 
(Supplementary Fig. 3). 

To distinguish Lam targets from 'classical' 
pericentric heterochromatin, we investigated 
whether Lam targets are bound by HP1 and 
Su(var)3-9, two marker proteins of classical 
heterochromatin. Comparison with previously 
reported maps of binding of HP1 and Su(var)3-
9 in Kc cells27 showed that these two proteins 
are essentially absent from Lam target genes 

(Supplementary Fig. 4). In agreement with these 
results, Lam binding was not enriched in 
pericentric chromosomal regions 
(Supplementary Fig. 4), where markers of 
classical heterochromatin are abundantly 
present27,32. 
 
Lam target genes are widely spaced and 
replicate late 
The partial correlations between Kc cells and 
polytene tissues (Fig. 2E) suggested that cell 
type–independent mechanisms might at least in 
part determine nuclear envelope association. 
We therefore investigated whether Lam 
interacts with specific DNA sequences. Apart 
from a slight overrepresentation of AT-rich 
motifs in proximity of Lam targets, we did not 
find any sequence motifs (data not shown). 
However, analysis of gene spacing showed that 
the median length of intergenic regions around 
Lam targets is about seven times greater than 
that of non-target genes (Fig. 4A). Lam targets 

Figure 4. (A,B) Lam target genes are flanked by long 
intergenic regions. Frequency distribution of the size 
of adjacent intergenic regions of Lam binding genes 
(A,B) compared with non-targets (B) or expression-
matched non-target genes (B). Median intergenic 
region sizes are indicated. (C) Relative replication 
timing of Lam targets compared with non-targets or 
(D) expression-matched non-targets. P values were 
obtained by Mann-Whitney U-tests. Replication 
timing data are from ref. 34. (E–G) Calculation of 
Lam binding by integration of DNA and chromatin 
properties. (E) Table representing the independent 
variables of the linear regression model for Lam 
binding based on gene spacing, mRNA expression, 
presence of active histone marks and replication 
timing. The complete model is represented in 
Supplementary Table 3. (F) Graphical representation 
of performance of the statistical model by comparison 
of calculated and observed Lam binding. The linear 
least squares regression fit is indicated by a red line. 
(G) Assessment of the predictive power of linear 
regression models based on independent variables in 
E. Regression models based on 1,000 random 
selections of 80% of genes were used to predict Lam 
binding values of the remaining 20%. The predicted 
values were correlated with the observed Lam 
binding. Frequencies of correlation coefficients are 
shown. (H) Lam binding calculated using the 
statistical model separates Lam targets and non-targets 
better than any of the individual factors (compare with 
A,C, and Fig. 3A,B). 
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also have much longer intergenic regions than a 
set of control genes with matched low 
expression levels (Fig. 4B), indicating that gene 
spacing information was non-redundant. 

Parts of the genome that are located at the 
nuclear periphery of vertebrate cells are 
typically replicated in mid- to late S-phase, as 
assayed by BrdU incorporation33. Consistent 
with this, comparison of our DamID data with 
genome-wide replication timing data from Kc 
cells34 shows that Lam targets are replicated 
much later than non-targets (Fig. 4C), whereas 
LamΔCaaX targets showed slightly earlier 
replication timing than non-targets (data not 
shown). These results were confirmed by 

comparison with a second, independently 
generated replication timing map from Kc 
cells35 (Supplementary Fig. 3). The late 
replication of Lam targets seems not necessarily 
a consequence of their low expression levels, 
because non-target genes with similar low 
expression levels are generally replicated much 
earlier than Lam targets (Fig. 4D). 
 
Identifying Lam-binding genes by DNA and 
chromatin properties 
In the above analyses, we identified four main 
features that characterize Lam targets and are 
non-redundant: transcriptional inactivity, lack of 
'active' histone marks, late replication timing 

Figure 5. (A) TSA treatment of D. melanogaster Kc cells (100 nM for 24 h) results in increased levels 
of histone H3K9ac and H4K14ac, whereas Lam levels and localization remain unchanged. (B) Scatter 
plot comparing Lam binding in the absence (x-axis) and presence (y-axis) of TSA. Lam targets in 
untreated cells (as defined in Fig. 1C) are indicated in red. Log2 binding ratios in both conditions of 1 
are indicated by a dashed line. (C) TSA-induced loss of Lam binding is accompanied by a significant 
decrease in nuclear envelope (NE) localization of a Lam target probe. Lam target probe L5 (see Fig. 
2C) was detected by FISH in Kc cell nuclei treated with (n = 26) or without (n = 21) TSA as in A. NE 
contact frequencies were determined as in Figure 2c. P value obtained by Fisher's exact test. (D) Lam 
targets (red) show a mean twofold decrease in Lam binding upon TSA, whereas non-targets (green) do 
not change, on average. (E) Targets of LamΔCaaX (blue) are also significantly decreased in binding upon 
TSA treatment, but to a much lesser extent than Lam targets. 
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and presence of long intergenic regions. None 
of these individually is sufficient to reliably 
predict Lam binding. We therefore 
hypothesized that Lam binding is determined by 
a combination of these features. To investigate 
this, we performed multiple regression analysis, 
including the four genome-wide parameters 
described above (Fig. 4E). This yielded a model 
that calculated Lam binding very well (Fig. 4F–
H): almost 50% of the variance in Lam binding 
could be accounted for by the model (detailed in 
Supplementary Table 3). We validated the 
predictive power of the four genome-wide 
parameters by computational cross-validation, 
in which we used a random selection of 80% of 
the genes to predict the remaining 20% (Fig. 
4G). On average, the predicted Lam binding 
correlated well with the observed values (rmean = 
0.68 for 1,000 simulations). These results 
indicate that Lam binding is linked to a 
combination of DNA features (size of intergenic 
regions) and chromatin features (gene 
expression status, histone modifications, 
replication timing). 
 
Loss of Lam binding upon inhibition of histone 
deacetylation 
To test more directly the role of chromatin in 
Lam binding, we focused on histone 
modifications. Because Lam targets lack 
acetylation at several histone positions, we 
tested whether forced acetylation would cause 
loss of Lam binding. For this, we used the 
histone deacetylase inhibitor trichostatin A 
(TSA), which is known to cause general 
hyperacetylation of histones. 
Immunofluorescence microscopy confirmed 
that treatment of Kc cells with this drug led to 
strongly increased global acetylation of H3K9 
and H3K14 but did not affect Lam localization 
(Fig. 5A). Notably, subsequent DamID mapping 
showed that Lam target genes underwent a 
systematic reduction of Lam binding after TSA 
treatment, whereas non-target genes remained 
relatively unaffected (Fig. 5). We confirmed 
that TSA induces relocation from the nuclear 
periphery by FISH analysis of one of the Lam 
binding regions (Fig. 5C). Changes in binding 
of LamΔCaaX targets were significantly lower 
than those of wild-type Lam targets (Fig. 5E), 

indicating that the majority of the effect in Lam 
binding is not due to TSA-induced global 
changes in chromatin structure. 
 
Lam-bound genes are clustered in the genome 
Inspection of the Lam binding maps (Fig. 6A) 
suggested that Lam target genes were often 
clustered along the chromosome arms. To test 
whether clustering of Lam binding occurred to a 
larger degree than expected by chance, we used 
two different analysis techniques. First, we used 
autocorrelation analysis, which evaluates the 
degree of similarity of neighboring loci along an 
entire chromosome arm. The autocorrelation 
function (ACF) compares all genes on a 
chromosome arm with their first neighbors, 
second neighbors, third neighbors, and so on. 
ACF values significantly above 0 indicate 
similarity. No correlation between neighboring 
genes is expected if Lam interaction is 
exclusively determined on a gene-by-gene 
basis, as is illustrated by the absence of 
autocorrelation for any neighboring distance 
(lag) on a chromosome arm with randomized 
gene order (Fig. 6B, lower left). The Lam 
binding profile showed a significant degree of 
autocorrelation (Fig. 6B), extending over at 
least five adjacent genes on all major 
chromosome arms. The right arm of 
chromosome 3 (3R) displayed significant 
autocorrelation over more than ten adjacent 
genes. This long-range autocorrelation cannot 
be explained by the span of Dam methylation, 
which is a maximum of 2 kb25,28. 

Second, we defined target clusters as groups 
of adjacent Lam target genes not interrupted by 
non-target genes. Comparison with 1,000 
simulations of randomly distributed Lam 
binding data shows that clustering of targets 
occurs much more frequently than expected by 
chance and that singleton targets are 
underrepresented (Fig. 6C). 
 
Developmental coregulation of genes in Lam-
bound clusters 
We analyzed the developmental expression 
profiles of individual clusters of Lam target 
genes. Clusters were defined as two or more 
adjacent targets. For 52 Lam target gene 
clusters, we were able to extract developmental 
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expression data from recently reported whole-
genome expression profiles of six 
developmental stages of D. melanogaster36. 
Notably, many clusters showed a high degree of 
coordinated expression of their genes (Fig. 6D 

and Supplementary Fig. 5). To quantify the 
degree of coregulation, we calculated intra-
cluster correlations (r) of developmental gene 
expression for each Lam target gene cluster 
(Fig. 6E). These intra-cluster correlations were 
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mostly positive (mean r = 0.40), with 25 
clusters having r > 0.5. This demonstrates a 
strong tendency for genes grouped together in a 
Lam-associated cluster to be developmentally 
coregulated. To determine the significance of 
this observation, we performed identical 
correlation analyses for 10,000 sets of randomly 
picked clusters of genes with the same cluster 
size distribution and plotted their intra-cluster 
correlations in the same graph (black lines) 
(Fig. 6F). This data set was also slightly skewed 
towards positive correlations (mean r = 0.17), 
consistent with the known developmental 
coregulation of adjacent genes found throughout 
the genome36,37,38. However, the mean intra-
cluster correlation in the Lam-bound clusters 
was significantly higher than in the randomly 
selected cluster sets (P < 0.001) and also higher 
than the mean correlation between a set of 
control genes matched to Lam targets with 
respect to their expression level in Kc cells 
(mean r = 0.17; Fig. 6F). Therefore, gene 
clusters bound to Lam in embryonic cells tend 
to be units of coregulation during development. 
 
Changes in Lam association during 
differentiation 
To investigate whether changes in gene 
expression during development are in fact 
accompanied by changes in Lam binding, we 
induced Kc cells to differentiate by adding the 
steroid hormone ecdysone39. We found that 24 h 
after ecdysone addition, the majority of genes 
maintained a relatively constant level of lamin 
binding (Fig. 7A). However, some genes 

showed a pronounced increase (gain) or 
decrease (loss) in Lam binding after ecdysone 
treatment. Notably, these genes are significantly 
clustered in the genome compared with 
randomly distributed data (Fig. 7B); we 
confirmed this by autocorrelation analysis (data 
not shown). To determine whether these genes 
have an associated change in transcriptional 
activity, we performed expression profiling on 
Kc cells with and without ecdysone (Fig. 7C). 
This showed that genes that associated de novo 
with Lam (gain) showed significantly reduced 
expression (mean log2 change = -0.10), whereas 
genes that lost Lam binding (loss) were on 
average upregulated (mean log2 change = +0.15, 
P = 2×10-16). Quantitative RT-PCR of 
representative genes confirmed these changes in 
expression (Fig. 7D). These results demonstrate 
a coordinate change in gene expression 
associated with lamin binding during 
differentiation. 
 
Discussion 
The nuclear lamina is a filamentous meshwork 
of lamins and other proteins that forms a 
protective shell around the nuclear interior. In 
addition, several in vitro studies22 and electron 
microscopic analyses20,21 have previously 
indicated that chromatin directly contacts 
components of the nuclear lamina. This led to 
speculations that the nuclear lamina could 
function in chromatin organization by tethering 
parts of it to the nuclear envelope. However, as 
there were no known in vivo genomic targets for 
the nuclear lamina, it was impossible to define 

Figure 6 (on facing page). (A) Lam binding on the right arm of chromosome 3. A total of 1,756 probed genes 
ordered by chromosomal position (in Mb) are represented by vertical lines proportional to their Lam binding value 
(average Dam-Lam:Dam methylation ratio). Red lines indicate statistically significant Lam target genes. (B) Lam 
binding along the chromosome arms shows significant autocorrelation. Autocorrelation functions (ACFs) of log2 
Lam binding values are shown for each major chromosome arm and for randomly shuffled data from chromosome 
3R. By definition, the correlation for lag = 0 is 1 (perfect correlation). Blue dashed lines indicate 95% confidence 
limits above which ACF values can be regarded as statistically significant. (C) Lam targets are significantly 
clustered. Isolated (cluster size = 1) and clustered (cluster size >1) Lam targets (gray bars) for all chromosomes are 
compared with randomly expected occurrences (black lines). (D) Developmental expression profile of three selected 
Lam target gene clusters. Note the highly similar profiles of genes within each cluster. rmean, intra-cluster Pearson 
correlation coefficient (mean r value of all possible gene pairs in a cluster). E0, embryos at 0–3 h; E3, embryos at 3–
12 h, L, larvae; P, pupae; M, adult males; F, adult females. (E) Distribution of intra-cluster correlations for Lam 
target gene clusters (gray bars) and 10,000 randomly selected sets of gene clusters with similar size distribution as the 
Lam target clusters (lines). (F) Red dotted line shows the average intra-cluster correlation (0.41) for all Lam target 
clusters; graph shows the distribution of average intra-cluster correlation coefficients for 10,000 randomly selected 
sets of gene clusters (gray bars) or 1,000 randomly selected groups of expression-matched non-target genes (dotted 
line). 
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the nature of this organization and, therefore, to 
uncover any potentially functional 
consequences of it. Therefore, we undertook a 
genome-wide approach and discovered a large 
number of loci with specific genomic and 
chromatin features that interact with a major 
component of the nuclear lamina in vivo. In 
addition, we now provide direct evidence that 
there is both a functional and a dynamic 
organization of chromatin at the nuclear lamina. 

FISH analysis indicates that Lam-target loci 
are preferentially, but not exclusively, located at 
the nuclear envelope. There are several possible 
biological explanations for this. First, a sub-
fraction of Lam present in the nuclear interior 
may specifically interact with target loci. 
However, an intranuclear version of Lam 
(LamΔCaax) does not bind detectably to targets of 
wild-type (nuclear lamina–bound) Lam, and 

TSA-induced loss of Lam binding was visible 
by FISH as relocation towards the nuclear 
interior (Fig. 5B,C). We therefore consider it 
more likely that the partial association of Lam 
targets with the nuclear lamina reflects the 
dynamics of the interaction. Chromatin in the 
nucleus has been shown to undergo rapid 
constrained brownian motion40,41 and can move 
over several microns on a longer time scale42. 
Thus, genes may move back and forth between 
the lamina and interior in each individual 
nucleus over time. In addition, positioning of 
chromosomes inside the interphase nucleus may 
be determined during the previous mitosis and 
is likely to be subject to a certain degree of 
randomness43. As a consequence, different 
chromosomal regions may have a specific 
probability of being located at the nuclear 
periphery, both at the individual and population 
level. 
 
Lam-associated gene clusters are units of co-
regulation 
In many species, genes that are coexpressed are 
often found to be clustered along chromosomes 
(reviewed in ref. 23). Several models suggest 
how the linear proximity of genes can facilitate 
their coordinated regulation. First, neighboring 
genes may share a regulatory element such as 
an enhancer or silencer. Second, neighboring 
genes may together adopt a certain chromatin 
conformation, such as a decondensed loop or a 
chromosomal domain marked by specific 
histone modifications. Third, a cluster of genes 
may be located in a nuclear compartment that is 
either repressive or permissive to transcription. 
Although examples supporting the first and 
second model have been described23, evidence 
that nuclear compartmentalization of gene 
clusters is linked to coregulation has to our 
knowledge not been reported. Here, we provide 
genome-wide molecular evidence that large 
chromosomal domains containing multiple 
genes dynamically associate with the nuclear 
lamina and that these domains are units of 
developmental regulation. 
 
The mechanism of chromatin–nuclear lamina 
interaction 

Figure 7. (A) Changes in Lam binding in Kc cells 24 
h after ecdysone treatment. Negative log ratios 
indicate loss of Lam binding; positive log ratios 
indicate gain of Lam binding relative to untreated 
cells. Dashed lines represent highest and lowest 5% 
change. (B) Genes with the highest loss or gain of 
Lam binding are significantly clustered in the genome. 
Bars indicate number of genes in indicated cluster 
sizes. Genes in clusters occur more frequently than 
expected by chance (black lines show average 
frequencies from 1,000 simulations with randomized 
gene order). P values according to χ2 tests. (C) 
Ecdysone-induced changes in expression of genes 
with a gain or loss in Lam binding. The two groups 
are defined as in A. Dashed lines indicate mean 
changes in expression. (D) Ecdysone-induced changes 
in expression of genes that show gain (red border) or 
loss (green border) in Lam binding detected by 
microarray analysis were confirmed by quantitative 
(Q) RT-PCR. Error bars indicate s.d. 
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Our analysis suggests that Lam-binding genes 
are identified by a specific combination of DNA 
and chromatin features. We identified four 
features that correlate with Lam binding: low 
levels of transcription, absence of active histone 
marks, mid- to late replication timing and large 
intergenic regions. These data are in agreement 
with relatively low-resolution characterization 
of mammalian peripheral chromatin or single-
gene observations: low levels of transcription 
are consistent with certain repressed loci that 
have a preferential location at the nuclear 
periphery6,7. Absence of active histone marks is 
consistent with mass spectrometric analysis of 
biochemically purified human peripheral 
chromatin44 and with data suggesting that the 
histone deacetylase HDAC3 interacts with the 
Lamin-associated protein LAP2β (ref. 45). Mid- 
to late replication timing of Lam targets is in 
agreement with microscopic evidence that in 
vertebrates, mid- to late-replicating DNA is 
located preferentially near the nuclear 
envelope33,41, and the presence of large 
intergenic regions is consistent with low-
resolution microscopic mapping of gene-poor 

regions of the human genome to the nuclear 
periphery46,47. Although even in the current 
high-resolution analysis each of these factors by 
itself has limited power to predict Lam binding, 
a multiple regression model combining these 
factors can explain nearly 50% of all variance in 
observed Lam binding. This cooperation of 
different factors suggests that the nuclear 
lamina acts as an integrator of different types of 
genomic and chromatin features (Fig. 8). 

Notably, we observed that Lam target genes 
are frequently flanked by very long intergenic 
regions. Because gene spacing is invariant 
between cell types, it may explain the similarity 
in chromosome organization that we observed 
between cultured embryonic cells and larval 
polytene tissues, which have different gene 
expression profiles. Consistently, ecdysone 
treatment does not significantly alter the Lam 
binding features of most of the genome. By 
contributing to Lam binding, intergenic ('junk') 
DNA may exert an important general function 
in higher-order chromatin organization. An 
interesting question is how these long intergenic 
regions might facilitate Lam interaction. 

Figure 8. 1: Lam-binding genes identified by DamID are in dynamic contact with the 
nuclear periphery, as demonstrated by single-cell localization analysis. The dynamic 
changes may reflect movement of chromatin within the interphase nucleus and/or 
preferred arrangements after mitosis. 2: large intergenic regions, transcriptional inactivity 
and lack of active histone marks and late replication are contributing factors in Lam 
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Intergenic regions are generally poor in active 
histone marks31, and as such may be very 
similar to inactive genes. Efficient interaction 
with Lam may therefore require long regions of 
transcriptionally inactive chromatin. Another 
important question is whether the chromatin 
characteristics of Lam-interacting genes are the 
cause or consequence of their Lam-association. 
A causative role for inactive chromatin in Lam 
targeting is strongly supported by our 
observation that the histone deacetylase 
(HDAC) inhibitor TSA globally reduces Lam 
association, suggesting that low levels of 
histone acetylation are a requirement for Lam 
interaction. However, the nuclear lamina may 
also have a role in keeping chromatin in an 
inactive state. In mammalian cells the nuclear 
lamina harbors histone deacetylase activity45, 
and consistent with this, TSA treatment causes 
preferential hyperacetylation of chromatin at the 
nuclear periphery48. Thus, nuclear lamina–
associated HDACs could help to maintain the 
repressed state of peripheral chromatin. Future 
studies should be aimed at deciphering the 
functional interactions between the nuclear 
lamina and the genome. This genome-wide 
study of Lam association provides a firm basis 
for this task. 
 
Methods 
 
Cell and molecular biology methods. 
D. melanogaster Kc cells were grown in BPYE 
medium (Shields and Sang M3 Insect medium, 
Sigma; supplemented with 0.25% (wt/vol) 
bacto-peptone, 0.1% (wt/vol) yeast extract, 5% 
heat inactivated fetal calf serum, all Gibco) at 
23ºC. Full-length Lam and mutant LamΔCaax 
lacking the C-terminal four amino acids 
(CAIM) were cloned into the Dam vector 
pNDamMyc25. Plasmids were transfected into 
Kc cells by electroporation as described25. 
When required, after electroporation the cells 
were incubated with 1 μM ecdysone (added 
from a 1 mM stock dissolved in ethanol), with 
the equivalent volume of ethanol or with 100 
nM of trichostatin A for 24 h. For 
immunofluorescence and protein blotting of 
lysates, expression of Dam proteins was 
induced by heat shock at 37ºC for 2 h and 

subsequent recovery at 23ºC for 5 h. For 
immunofluorescence, cells were spun at 340g 
for 2 min. onto coverslips and were fixed and 
stained as described25. For protein blotting, cells 
were directly lysed in SDS sample buffer. Fixed 
cells or filters were probed with antibodies to 
cMyc, Lam (ADL67)49, acetylated H3K9 
(H3K9ac) or H3K14ac (Upstate). 
 
DamID and RNA expression profiling. 
Cells were transfected by electroporation, as 
above. Dam and Dam-fusion proteins were 
expressed at very low levels using leaky 
expression from the non-induced heat-shock 
promoter25. We purified genomic DNA 24 h 
after transfection. Methylated DNA was 
selectively amplified and fluorescently labeled 
as described27 and used to probe Fly12K 
microarrays (Genomics Facility, Fred 
Hutchinson Cancer Research Center, Seattle) 
containing 11,857 cDNA clones from the D. 
melanogaster Gene Collection (Release 1 and 
2) and 126 additional cDNAs from the 
Northwest Flychip Consortium. Four 
independent experiments were performed, and 
hybridizations were done in balanced dye 
orientations to rule out dye bias effects. Pearson 
correlations between individual hybridizations 
ranged from 0.51–0.77. Ecdysone-induced 
changes in Lam binding were measured in three 
independent experiments. For expression 
profiling, RNA from five independent 
experiments was extracted using TRIzol reagent 
(Invitrogen) and reverse transcribed and labeled 
using Universal Linkage System (ULS) 
technology (Kreatech, Biotechnology). Dye 
swaps were included to rule out dye bias effects. 
For baseline expression levels, total RNA and 
genomic DNA were isolated from Kc cells. 
RNA was amplified using the T7-mRNA 
amplification system (Invitrogen) and the DNA 
digested with DpnII. We labeled 1 μg of the 
processed RNA and DNA (ULS, Kreatech 
Biotechnology) and used it to probe 
microarrays. 
 
Processing of DamID and RNA profiling data. 
All data processing and analysis was performed 
using the R package for statistical computing 
(http://www.r-project.org). R scripts are 
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available upon request. After removal of low-
quality, redundant, (partially) overlapping or 
ambiguous probes on the microarray, 
hybridization data of 9,006 probes 
(Supplementary Table 1) were used for 
analyses. Probe annotations were obtained as 
described27 using Berkeley D. melanogaster 
Genome Project Release 3.1 genome sequence 
and annotation. Univariate DamID microarray 
data from replicate experiments were 
normalized, combined and analyzed for 
statistical significance using the Bioconductor 
package Limma50 using background correct = 
'subtract', normalize within arrays = 'lowess', 
normalize between arrays = 'aquantile'. Target 
genes were defined as those genes with a 
DamID log ratio >1 and an adjusted P < 0.01 
(that is, the estimated false discovery rate is 
1%). P values were adjusted for multiple testing 
according to Benjamini and Hochberg. 
Multivariate DamID microarray data (DamLam 
versus Dam and plus versus minus ecdysone or 
TSA) were obtained by hybridizations of (i) 
DamLam minus TSA or ecdysone versus Dam 
minus TSA or ecdysone; (ii) DamLam plus 
TSA or ecdysone versus Dam plus TSA or 
ecdysone; (iii) DamLam plus TSA or ecdysone 
versus DamLam minus TSA or ecdysone, and 
(iv) Dam plus TSA or ecdysone versus Dam 
minus TSA or ecdysone in two dye orientations. 
Data were normalized between arrays in Limma 
using 'vsn', and contrasts were determined using 
the factorial design options of the Limma 
software package. mRNA expression profiles 
were determined by hybridizations of mRNA 
with ecdysone versus without ecdysone or 
mRNA versus genomic DNA in two dye 
orientations, normalized between arrays in 
Limma using 'vsn' and adjusted using a linear 
model in Limma. 
 
Expression-matched data sets. 
For comparisons between Lam target genes and 
expression-matched non-targets, equal numbers 
of non-targets were randomly selected in each 
of twenty expression quantiles of Lam target 
genes. Expression levels were based on Kc cell 
mRNA expression data described in this study 
(Supplementary Table 1). 
 

Gene ontology analysis. 
cDNA probes for which a reliable gene 
annotation could be found (Supplementary 
Table 1) were used in the creation of a gene list 
table (Supplementary Table 1). Target genes 
were grouped according to the GO annotation 
(Gene Ontology Consortium, 1 September 
2005). Fully redundant (sub)-categories were 
removed from the annotation table. P values for 
enrichment were calculated using the 
hypergeometric test. 
 
Gene spacing analysis. 
Flanking intergenic region lengths of Lam 
targets and non-targets were calculated based on 
all annotated genes in Release 3 of the D. 
melanogaster genome (that is, including genes 
absent from the 12K microarray used in this 
study). Left and right distances (in bp) were 
summed and did not include the length of the 
genes themselves. 
 
Comparison of Lam binding with polytene 
nuclear envelope contacts. 
Polytene nuclear envelope contact data was 
resampled at 19 points per chromosome 
division from graphs in the original 
publications8,9,10 using the computer program 
GraphClick (Arizona Software). Resampled 
data are available upon request. For comparison 
of chromosomal Lam binding profiles, the 
resolution of Lam-binding was lowered by 
averaging the log2 ratios with a moving window 
and interpolated to 19 data points per 
cytodivision using univariate interpolation. The 
size of the averaging window (65 genes) was 
chosen such that the mean chromosomal 
autocorrelation of the Lam binding data 
matched that of the polytene nuclear envelope 
contacts (Supplementary Fig. 2). 
Correspondence was calculated per 
chromosome using Pearson's correlation 
coefficients. Significance was estimated by 
4,000 simulations of Pearson's correlations 
obtained by identically transformed Lam 
binding values after the probe positions were 
randomly shuffled within chromosome arms. 
 
Gene cluster analysis. 
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Autocorrelation functions were calculated per 
chromosome of DamID log2-ratios of 
nonoverlapping probes ordered by 
chromosomal position (Supplementary Table 1) 
using the R function 'ACF'. Clusters of targets 
were defined as groups (size ≥2) of consecutive 
targets (that is, not interrupted by non-targets) 
on the chromosome arms. Note that genes not 
represented on our microarray were ignored. To 
estimate statistical significance, 10,000 
simulations were performed using the same 
Lam-binding values, after randomization of the 
probe order on each chromosome arm. 
 
Intra-cluster coexpression analysis. 
We used the whole-genome developmental 
expression data set36. Hybridization intensities 
of each exon probe were log2-transformed, data 
from replicate experiments were averaged, and 
exon probes corresponding to the same gene 
were subsequently averaged to obtain a single 
log2 expression level for each gene at each 
developmental stage. Next, these values were 
normalized to the mean log2 value, first by 
column (developmental stage), then by row 
(gene). For 52 Lam target clusters, expression 
profiles for at least two genes were available. 
Pearson correlation coefficients were calculated 
for the expression data of each possible gene 
pair within a cluster and were averaged to yield 
one intra-cluster rmean value for each of the 52 
clusters (Fig. 6D). These 52 mean correlation 
coefficients were then further averaged to yield 
one single average intra-cluster correlation 
coefficient Rall (which equaled 0.40 for Lam 
target clusters; red dotted line in Fig. 6F). The 
same calculations were performed for 10,000 
sets of randomly picked gene clusters 
(consisting of genes represented on our cDNA 
array that are adjacent in the genome), with the 
same cluster size distribution as the Lam target 
clusters. In addition, the same calculations were 
performed for 1,000 sets of randomly picked 
groups of non-target genes matching the 
expression of Lam targets (not necessarily 
adjacent in the genome), with the same cluster 
size distribution as the Lam target clusters. 
There were insufficient clusters of non-targets 
with expression levels matched to Lam targets 
to perform sufficient random simulations. The 

distributions of Rall values for randomly picked 
gene sets were plotted (Fig. 6F). 
 
FISH. 
To make the Lam target and non-target locus 
probes, ~20 kb regions were PCR amplified 
from genomic DNA using five primer pairs, 
each covering 4–5 kb (Supplementary Table 2). 
Primer sequences are available upon request. 
PCR products for each probe were combined, 
digested with AluI (NEB) and purified using a 
PCR Purification Kit (Qiagen). We labeled 
500–700 ng digested PCR products directly 
using the Bioprime DNA Labeling System 
(Invitrogen) modified to include 120 μM dATP, 
dGTP and dTTP, 80 μM dCTP and 41 μM Cy3-
dCTP (Amersham). Labeled products were 
purified using a Microcon-30 filter (Millipore), 
mixed with 50–70 μg yeast tRNA (Invitrogen), 
10–14 μg poly (dA-dT) (Roche) and 
concentrated with a Microcon-30 filter 
(Millipore) to a volume of ~5 μl. Labeled 
probes were mixed with hybridization mix 
(final concentration, 50% formamide, 10% 
dextran sulfate in 2×SSC) and denatured at 
95ºC for 5 min. Kc cells were resuspended in 
PBS at a concentration of 1×106 cells/ml and 
added dropwise to fibronectin-coated 
coverslips. After washing briefly in PBS, cells 
were fixed in 2% formaldehyde in PBS for 10 
min and permeabilized in 0.5% NP-40 in PBS 
for 10 min. Cells were washed twice in PBS and 
incubated with 50 μl 100 μg/ml RNase A 
(Roche) for 1 h at 37ºC, followed by washing 
three times in PBS. DNA was denatured by 
incubating the cells in 70% formamide (pH 7) 
in 2×SSC at 75 C for 10 min. Boiled probes 
containing between 50 and 100 ng of labeled 
DNA were immediately added to cells at 75ºC 
and hybridized overnight at 37ºC. Cells were 
washed with four changes of 50% formamide in 
2×SSC at 37ºC for 1 h, labeled with DAPI, and 
mounted onto glass slides using Vectashield 
(Vector Laboratories). Three-dimensional 
image stacks were recorded with a Leica AOBS 
confocal microscope. Images were processed 
and analyzed using ImageJ software 
(http://rsb.info.nih.gov/ij/). The position of the 
nuclear rim was determined by subjecting the 
DAPI channel images subsequently to the 
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ImageJ functions Threshold, Dilate, and 
Outline, using the same parameter settings for 
all images. Distances between the FISH signals 
and the nearest nuclear rim in the same z section 
were measured in a blind experiment. Only the 
brightest FISH spot in each nucleus was 
analyzed, and this spot was required to be at 
least 50% brighter than any other spot in the 
nucleus to avoid scoring of background signals. 
Localization of a FISH signal at the nuclear 
envelope was defined as ≤0.25 μm from the 
nearest nuclear rim. 
 
ChIP and quantitative PCR. 
ChIP was performed as described31 using 
antibodies to histone H3 (Abcam, #1971), 
H3K4me3 (Abcam, #8580) and H3K79me2 
(gift of Fred van Leeuwen, The Netherlands 
Cancer Institute (NKI), Amsterdam). 
Quantitative PCR was performed using TaqMan 
(Applied Biosystems) amplification of 
immunoprecipitated DNA or reverse transcribed 
RNA in the presence of fluorescently quenched 
probes. For ChIP DNA amplifications, 75- to 
105-bp amplicons were selected in the 5' ends 
of transcribed regions, except for those located 
in the 2L Adh-Cactus regions previously 
assayed for H3K4me levels31. Target probe 
sequences were located as follows (D. 
melanogaster Release 3 coordinates): CG5565, 

2L:1357502–1357422; CG4983, 2L:11641623–
11641700; CG1342, 3R:26505902–26505980; 
CG12063, 3R:27319598–27319670; CG1889, 
X:9705178–9705272; CG7595, 2L:15026896–
15026997; CG4162, 2L:14375586–14375666; 
CG7644, 2L:5891689–15891782. For Q-RT-
PCR, probes were CG6287, 2L:11144310–
11144245; CG2198, 3R:2590486–2590546; 
CG10924, 2R:13597247–13597306; CG3174, 
2R:1704282–1704219; CG6606, X:18369874–
18369808. 
 
Accession codes. 
All raw microarray data used in this study are 
available in MIAME-compliant format under 
accession number GSE5089 of the Gene 
Expression Omnibus 
(http://www.ncbi.nlm.nih.gov/geo/). 
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In eukaryotes, some neighboring genes are packaged together in specific chromatin structures 
that ensure the coordinated expression of these genes. Examples of such multi-gene chromatin 
domains are well-documented, but a global view of the chromatin organization of eukaryotic 
genomes is lacking. We constructed a broad compendium of genome-scale binding profiles of 
chromatin proteins in Drosophila melanogaster, and systematically surveyed this compendium 
for evidence of multi-gene chromatin domains. Using statistical segmentation techniques, we 
find that at least 34% of the fly genome is organized into chromatin domains that often consist 
of dozens of genes. Various known and novel combinations of chromatin proteins are observed 
in these domains. Genes in the chromatin domains are significantly coregulated during 
development and frequently share biological functions. Furthermore, sequences within 
chromatin domains undergo fewer chromosomal rearrangements during evolution than 
sequences outside domains. Taken together, these results show that a substantial portion of the 
Drosophila genome is packaged into large chromatin domains that are of functional 
importance. 
 
 
Results and Discussion 
To systematically identify various types of 
chromatin domains, we assembled a 
compendium of genome-scale binding maps of 
29 broadly selected Drosophila chromatin 
components, including heterochromatin 
proteins, Polycomb group proteins, chromatin 
remodeling proteins, high mobility group 
(HMG) proteins, DNA binding factors, histone 
modifications, and specialized histones 
(Supplementary Table 1). We included 
previously published DamID and ChIP-on-chip 
datasets3-8 as well as newly generated DamID 
maps for nine additional proteins (see Methods). 
Most binding maps were obtained in the Kc167 
cell line, which provides a homogeneous cell 
population; a few other maps were derived from 
Drosophila embryos or S2 cells. At present, this 
is the most comprehensive collection of 
genome-scale chromatin protein binding maps 
in a metazoan.  

Two major classes of chromatin domains 
have been described previously: "spreading" 
domains and "looping" domains (Fig. 1A, top 

panel)9. Although these domain types are 
structurally distinct, we reasoned that both may 
be identifiable in a protein binding map as 
regions of local enrichment of protein binding 
at multiple adjacent genes (Fig. 1A, bottom 
panel). The scale on which local enrichment 
occurs is not known a priori. To detect spatial 
inhomogeneity in the binding profile for each 
protein in an unbiased manner, we adapted a 
previously reported sliding window method10. 
First, we converted the binding ratio for each 
gene to a quantile score, based on the genome-
wide distribution. Next, we considered all 
possible sets of adjacent genes, ranging in size 
from a single gene to all genes on an entire 
chromosome arm, and with a variable start 
position. Taking the product of quantile scores 
of the individual genes in each window, and 
comparing to the distribution of this statistic in 
a null model in which all genes are randomly 
permuted, we computed a quantile score for 
each window quantifying the degree of spatial 
clustering (see Methods). For each chromosome 
arm, this yields a triangular data structure we 
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call a “domanogram”, and which is visualized 
by assigning a color scale to the quantile scores.  

The domanogram of the binding of 
Heterochromatin Protein 1 (HP1) on 
chromosome arm 2R reveals some large 
chromosomal regions that are significantly 
enriched (Fig 1B,C). The pericentromeric 
region of this chromosome arm shows strong 
enrichment of HP1, consistent with previous 
reports11,12. In addition, a telomere-proximal 
region of highly significant enrichment is 
identified. Interestingly, this region displays a 

nested organization: two smaller regions of 
enrichment at ~18 and 20 Mb together are part 
of a substantially larger region. No such 
enrichments are seen after random shuffling of 
the gene order, underscoring that the regions of 
enrichment cannot be explained by random 
noise (Fig. 1D,E). In conclusion, the 
domanograms reveal known chromatin domains 
as well as novel regions of non-random local 
enrichment. 

We systematically generated domanograms 
for all proteins in the compendium (Fig. 2 and 

Figure 1: Visualization of chromatin domains by “domanograms”. A) Cartoons depicting two major classes 
of multi-gene chromatin domains: I) regions in the genome that are partly or completely covered by a protein 
("spreading" or "oozing" model); II) looping structures that bring neighboring sequences on the same 
chromosome together in nuclear space ("looping" model). The bottom panel depicts the expected binding 
patterns of corresponding chromatin components on a linear genomic map. In both classes of domains the 
binding maps are expected to show local enrichment of binding sites. B) Domanogram of HP1 binding on the 
right arm of chromosome 2. C) Genomic map of HP1 binding used to generate the domanogram. D-E) 
domanogram plot and corresponding binding map after random permutation of the HP1 binding values along the 
genome. Genomic locations (Mb) are indicated below each graph in B-C. 
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S2). Strikingly, nearly all proteins showed non-
random enrichment at multiple sites in the 
genome. In some cases, such as for Lamin 
(Lam, Fig. 2A) and Polycomb (Pc, Fig. 2D) this 
is consistent with previously reported evidence 
for clustering of target genes3,5,13. For many 
other proteins, such as the HMG protein D1 and 

the transcription factor Mnt (Fig 2B and C), the 
non-random genomic distribution has not been 
reported before. In several instances, the 
patterns of enrichment suggest a nested 
architecture, with larger domains subdivided 
into two or more smaller regions of enrichment 
(e.g., Fig. 2B, C).  

Figure 2: Genome-wide domanograms reveal non-random local enrichment of protein binding. (A-C) 
domanograms for lamin (A), D1 (B) and Mnt (C) along all major chromosome arms. Both simple and nested 
patterns of local enrichment are visible. D) domanogram comparison for Polycomb (mapped by DamID1) 
and H3K27me3 (mapped by ChIP2) on chromosome 3R. Only window sizes <100 probed genes are shown. 
E) HP1 distribution on chromosome 2R in Kc167 cells grown in serum-containing (BPYE) and serum-free 
(HyQ) medium. A strong telomere-proximal region of enrichment is only observed in BPYE medium 
(indicated by the red bar). Data from BPYE medium is the same as in Fig. 1B-C.  
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obtained using cDNA arrays to detect protein 
binding. This means that genes are the units of 
mapping, and only protein binding at or in the 
flanking regions (about 1-2kb) of genes is 
detected14. To test whether this restriction 
would cause errors in the identification of 
regions of enrichment, we also constructed 
domanograms of the high-resolution tiling data 
of HP1. Comparison showed that cDNA array 
data yielded essentially the same enrichment 
patterns as tiling array data, although the latter 
provide a more fine-grained view 
(Supplementary Fig. S3). Furthermore, to rule 
out the possibility that the observed patterns of 
enrichment are the result of an experimental 

bias of the DamID technique, we compared 
DamID data for Pc with ChIP data for 
H3K27me3, the histone modification that forms 
the primary docking site for Pc15 (Fig. 2D). 
Reassuringly, the domanograms are very 
similar, showing that the enrichment patterns 
are not influenced by the choice of experimental 
method.  

Upon inspection of the domanograms, we 
were surprised to find that 10 out of 29 proteins 
displayed enrichment along the entire X 
chromosome (Fig. 2C and Supp. Fig. S4). For 
histone H3.3 in male S2 cells this was 
previously reported and attributed to the dosage 
compensation mechanism8, which ensures ~2-
fold increased expression of most genes on the 
single male X chromosome16,17. The global X-
enrichment of several other proteins (Bicoid, 
brahma, eve, Groucho, HP1, HP6, Lhr, MBD-
like, Mnt, Trl) in female Kc167 cells is 
surprising, but may be linked to the observation 
that X-linked genes in females also display 
slightly but significantly enhanced gene 
expression levels compared to autosomal 
genes18.  

To assess whether domains of enrichment 
are stable or dynamic entities, we compared 
HP1 binding patterns in Kc167 cells under two 
different culturing conditions, viz. medium with 
serum (BPYE) and without serum (HyQ). 
Remarkably, while some HP1 domains (e.g., in 
pericentric regions) remain constant under these 
two conditions, other domains appear to be 
dynamic (Fig 2E and Supp. Fig S2). For 
example, the telomere-proximal enrichment 
region on chromosome 2R is only observed 
when the cells are grown in BPYE, and is 
completely absent in HyQ (Fig 2E). This 
suggests that HP1 binding to this entire region 
is controlled by a signaling pathway driven by a 
serum component.  

While the triangular plots provide a 
powerful means to visualize regions of local 
enrichment, they do not define the precise 
boundaries of these regions, which would be 
desirable for subsequent functional analyses 
(see below). We therefore developed a dynamic 
programming algorithm that computes the most 
probable segmentation of each chromosome 
arm into non-overlapping domains (Fig. 3; see 

Figure 3: Identification of the most probable 
locations of discrete chromatin domains.  
An algorithm based on dynamic programming 
(see Suppl. Methods) was used to identify the 
most probable partitioning into discrete domains 
of local enrichment (BRICKs). Top panel: 
domanogram of D1 on chromosome arm 2L. 
Bottom panel: corresponding locations of 
identified BRICKs (up to a BRICK size of 100). 
Nested BRICK structures can be identified, in 
which large BRICKs overlap with smaller 
BRICKs. They are visualized as a stack of 
BRICKs, and are all used for subsequent 
functional analyses. 
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Methods). To prevent the identification of 
spurious domains, the algorithm includes a term 
that favors single-gene domains, but does not 

bias the length of multi-gene domains when 
spatial clustering is detected. To account for 
nested domain architecture, we perform the 



Chromatin domains in Drosophila 
 

 
95

5

segmentation independently for all possible 
values of a maximum window size parameter. 
The overlapping domains thus identified we 
refer to as Blocks of Regulators In 
Chromosomal Kontext (BRICKs). For 
visualization purposes, these BRICKs can be 
stacked, enabling a compact view of the 
chromosomal domain structure (Fig. 4A). When 
tested on simulated data, the algorithm 
identifies most domains correctly in a noisy 
background (Supp. Fig. S1). 

Comparison of the BRICKs for all tested 
proteins (Fig. 4A and Supp. Fig. S5) reveals 
remarkable relationships between the domain 
organization of various proteins. For instance, 
strongly overlapping BRICKs of Mnt, 
H3K4me2, Sin3 and Eve are present on 
chromosome 2L around ~10Mb, whereas 
Lamin, H1, D1 and SuUR have common 
BRICKs between ~15 and 20 Mb (Fig. 4A). 
These examples indicate that several proteins 
together can form a chromatin domain. 
Intriguingly, D1 also shares BRICKs in 
pericentric regions with HP1 and other 
heterochromatin components (see also 
chromosomes 2R and 4 in Supp. Fig. S5), 
illustrating that some proteins can be part of 
different types of domains. Another example of 
this is Sin3, which forms different BRICK 
combinations with Sir2, H3.3, H3K4me2, eve 
and Mnt (Fig. 4A and Supp Fig. S5). A merged 
overview of all BRICKs (Fig. 4B) highlights 
that a substantial part of the Drosophila genome 
is organized into chromatin domains. When 
BRICKs are limited to a maximum of 100 
neighboring probed genes, 34% of the genome 
is covered by at least one BRICK. 

To address whether BRICKs represent 
chromatin domains that are of functional 
importance, we performed three different 
analyses. First, we hypothesized that genes may 
be packaged together in a BRICK to facilitate 
their synchronized expression during 
development. To test this, we determined the 

degree of developmental co-expression of genes 
within each BRICK, using a previously 
published Drosophila gene expression 
database19. Fig. 5A illustrates that a large 
fraction of the BRICKs indeed show substantial 
coregulation. Because neighboring genes are 
often coregulated19,20, we asked specifically 
whether genes within BRICKs display a higher 
degree of coexpression than genes in size-
matched control windows located outside 
BRICKs. Statistical analysis of these data (Fig. 
5B, see Supplementary Methods and Supp. Fig. 
S6) demonstrates that for about half of the 
investigated chromatin proteins the degree of 
coregulation is significantly higher within 
BRICKs than in control windows. This 
indicates that many BRICKs may be important 
for the developmental synchronization of gene 
sets. 

Second, we asked whether genes within 
each BRICK have common functions. We 
investigated the enrichment of specific Gene 
Ontology (GO) annotations21 within each 
BRICK. Fig. 5C shows that, at an estimated 
FDR of 1% (Supp. Fig. S7), roughly half of all 
BRICKs are enriched for one or more GO 
categories. A striking example is a BRICK 
defined by the protein Prospero (Supp. Fig. S8); 
in this BRICK many genes encode transcription 
regulators and/or proteins implicated in the 
Notch pathway. Fig. 5D summarizes the 
fraction of GO-enriched BRICKs for all 
proteins separately. The observation that 
BRICKs frequently contain genes with related 
functions argues that these BRICKs are likely to 
be functional modules. 

Lastly, we reasoned that if BRICKs are 
functionally important, then chromosomal 
rearrangements that disrupt the BRICK 
structure would be subject to negative selection 
during evolution. To test this, we analyzed the 
positions of synteny breakpoints in the genome 
of D. melanogaster relative to D. 
pseudoobscura22. These two species diverged 

Figure 4 (on facing page): BRICK locations for all tested proteins. A) BRICKs on chromosome arm 2L. 
BRICKs smaller than 100 probed genes are shown for all analyzed proteins. The proteins are ordered by 
hierarchical clustering, with proteins that have the strongest overlapping domains closest together in the 
figure. B) Combined overview of the BRICKs for all proteins on all chromosome arms. BRICKs of different 
proteins are color-coded as indicated. Note that a substantial part of the Drosophila genome (~34%) is 
covered by at least one BRICK. 
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about 25-50 million years ago23-25. Indeed, we 
find that synteny breakpoints are often located 
adjacent to BRICKs instead of within BRICKs 
(Fig. 5E). Statistical analysis shows that 
BRICKS defined by H1, Prospero, Lamin, 

SuUR and D1, with sizes up to ~30-40 probed 
genes, have significantly fewer synteny breaks 
(~67% reduction) than expected based on the 
distribution of synteny breaks in the genome 
(Fig. 5F-G and Supp. Fig. S9). Much larger 
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BRICKs typically do not show this reduction, 
possibly because their integrity as a single 
domain is less important, or because they 
cannot be preserved at the high overall rate of 
synteny breaks (on average one breakpoint per 
15 genes, median is 8). The overall evolutionary 
conservation of gene ordering strongly suggests 
that many BRICKs represent functionally 
important chromatin domains. 

In conclusion, through systematic statistical 
analysis of a broad collection of genome-scale 
binding maps we identified many large domains 
in the Drosophila genome that are enriched for 
specific chromatin proteins. We provided three 
lines of evidence that most of these domains are 
of functional importance. Although some of the 
observed enrichment patterns are suggestive of 
a nested domain organization, we cannot 
conclusively discriminate “spreading” from 
“looping” domains in our analyses. Further 
refinement of the applied computational 
methods, together with the use of high-
resolution tiling arrays3,6,7,11 and direct detection 
of chromatin conformation26,27 may allow 
identification of such different configurations in 
the future. The methodology presented here 
may also be used to reveal the chromatin 
domain organization of the human genome. 
This may lead to a better understanding of the 
consequences of chromosome rearrangements 
in human diseases such as cancer. 

 
Methods 
 
DamID and ChIP-on-chip data 
Table S1 summarizes the protein binding maps 
that we used. Published DamID and ChIP-on-
chip profiles were taken from refs. 3-8,28. In 
addition, we generated new DamID profiles for 
brm, Trl (GAGA factor), gro, Mnt, Sin3A and 
Sir2 using previously reported Dam-fusion 
expression vectors29-32, and for D1, DSP1, His1, 
MBD-like, and Su(var)3-7 using newly 
constructed Dam-fusion vectors. Plasmids and 
sequences are available upon request. DamID 
experiments were performed as described 
previously1. Binding profiles represent triplicate 
experiments, with at least one experiment in the 
reversed dye orientation. Log2-ratios were 
averaged across replicates. All data were 
generated in Kc167 cells, except for the maps of 
His3.3A, eve and Prospero. His3.3A data are 
from the S2 cell line8; Prospero6 and eve7 data 
are from stage 10-11 and stage 17 embryos, 
respectively. 

Except for the eve and Prospero maps, all 
data were generated using 12k cDNA arrays. 
Each cDNA probe detects the binding at or in 
the vicinity (~1-2kb) of a gene33. Thus, genes 
are the units of our analysis. To ensure that each 
cDNA probe constitutes an independent 
datapoint, overlapping cDNA probes were 

Figure 5 (on facing page): Evidence for functional relevance of BRICKs. A-B) Developmental co-
expression of genes within BRICKs. A) Combined BRICKs of all proteins as in Fig. 4B, colored for the 
relative degree of developmental coregulation of the genes within each BRICK (average pairwise correlation 
between all the genes in the domain). To be able to compare BRICKs of different sizes, we normalized the 
average pairwise correlation to a z-score by dividing by the standard deviation of 1000 average pairwise 
correlations of a random subset of n genes (see Methods). B) Statistical significance of coregulation of genes 
within BRICKs, for each chromatin protein. For each BRICK a quantile score was determined, representing 
the rank of the coregulation in the BRICK, compared to the set of all equally-sized windows. The p-value was 
calculated using a Kolmogorov-Smirnov test for deviation from a uniform distribution, representing the null 
hypothesis that BRICKs do not show more coregulation than non-BRICK windows (see Supp. Methods for 
details). The dotted line indicates the significance threshold (p<0.001). C-D) Shared functions of genes within 
BRICKs. C) BRICKs that are significantly enriched for at least one GO category at an FDR cut-off of 1% are 
marked in green (see supplementary methods). D) The fraction of GO-enriched BRICKs for every chromatin 
protein. Next to each bar are the absolute numbers of GO-enriched and total BRICKs, respectively. E-G). 
Reduced numbers of synteny breakpoints within BRICKs. E) Part of chromosome arm 2L, showing positions 
of synteny breakpoints (dotted blue vertical lines) relative to BRICKs (black horizontal lines). Note that 
breakpoints tend to be located just outside BRICKs. F). Statistical significance of exclusion of synteny 
breakpoints from BRICKs formed by Prospero. Combined BRICKs for all proteins, up to the indicated 
BRICK size, were tested for exclusion of synteny breaks using a hypergeometric test. G) Statistical 
significance of exclusion of synteny breaks from BRICKs separated by chromatin protein. The –log(p) values 
are the most significant values taken from plots as in F (see Supp. Fig. S9).  
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removed, using the following rules: 1) if a probe 
overlapped with multiple non-overlapping 
probes we removed the former probe from the 
dataset, 2) if two probes overlapped more than 
20%, the smaller of the two probes was 
removed.  

Binding data of eve and Prospero were 
generated with genome-wide tiling arrays6. For 
consistency, we resampled the tiling array data, 
so that we had one datapoint per gene. For this 
we used the gene annotation from release 4.3 of 
the Flybase genome annotation 
(http://www.flybase.net/). For every gene in the 
genome we calculated the average of all the 
probes encompassed by that gene. As with the 
cDNA data, when two genes overlapped more 
than 20%, the smallest gene was removed, with 
the exception of genes that overlapped with 
multiple non-overlapping genes, in which case 
the gene overlapping with multiple genes was 
removed. After removal of overlapping genes 
we are left with 12821 genes for which we have 
reliable eve and Prospero data. 
 
Computation of quantile scores for multi-gene 
windows 
For each binding profile, probes were sorted by 
DamID/ChIP ratio in descending order and 

converted to single-gene quantile scores: 

Qi =
ri − 1

2

N
 

where N equals the total number of probes and 
ri is the rank for probe i=1,…,N. To integrate 
evidence for binding across multiple adjacent 
probes for each window (i,w) of width w ending 
at probe i, we computed multi-gene quantile 
scores Qiw from the single-probe quantile scores 
(Qi-w+1, … , Qi), with i≥w. The Qiw values were 
computed so as to have a uniform distribution 
on the interval [0,1] if all the Qi values are 
independent and uniformly distributed random 
variables. To this end we used a transformation 
due to R.A. Fisher34, which uses a χ2-
distribution with 2w degrees of freedom. Given 
the product statistic 

∏
=

+−−=
w

j
jwiiw QS

1

ln2  

the multi-gene quantile score is defined as 
Qiw = χ2w

2 (Siw )  
Note that for w=1, we have Qi1=Qi. The Qiw can 
be visualized simultaneously in a triangular 
diagram (domanogram) using an approach 
similar to Versteeg et al.10. Image files were 
created using custom perl scripts (available 
upon request). 

Pseudo-code describing the algorithm 
#max is the number of probes on the chromosome 
define an empty array for the probabilities of length max 
define an empty array to hold the window lengths of length max 
for i=1 until max 
  w=1 
  min_p, length_min_p #define the minimal p-value and the length 
                      #associated with it 
  while(w <= i) 
    calculate Qiw 
    if w==1 
      Qiw=Qiw**gamma 
    Qiw=Qiw**w 
    Qiw=Qiw*V_prob[i-w]   
    if Qiw < min_p 
      min_p, length_min_p=min_p, w 
    w++ 
  V_length[i],V_prob[i]=length_min_p,min_p 
 
Traceback: 
w=max 
while(w > 0) 
  save domain length stored at V_length[i] 
  decrement w by V_length[i] 

http://www.flybase.net/
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Procedure for finding BRICKs  
To identify the most probable discrete domains 
of size >1 (BRICKs) from the Qiw data 
structures, we used a dynamic programming 
algorithm35. Each segmentation of the genome 
into non-overlapping windows can be regarded 
as a path through the Qiw triangle. To bias our 
path scoring scheme to favor the “no-domains” 
segmentation consisting of only w=1 windows 
when all single-probe Qi values are randomly 
permuted (null model), we introduced a bias 
factor  γ and defined: 

˜ Q iw =
γQiw (w =1)
Qiw (w >1)

⎧ 
⎨ 
⎩ 

 

The optimal segmentation minimizes the 
product over all windows constituting the path 

VN = ˜ Q i(k )w(k )( )
k=1

K

∏
w(k )

 

where k runs over all K windows in the 
segmentation (K ≤ N), i(k) is the last position in 
window k, and w(k) is the length of the k-th 
window. The optimal segmentation can be 
determined by solving the recursion relation 

Vi = min
w

Vi−w
˜ Q iw( )w

 ; Wi = argmin
w

Vi−w
˜ Q iw( )w

 

where V0 = 1. Backtracking starting from i = N 
according to  

  i a i − w  
defines the optimal segmentation. 
 
Choosing the bias factor γ  
We determined the false discovery rate (FDR) 
of BRICK identification by determining the 
number of windows of size w > 1 identified in a 
random permutation of the genome. In a 
randomly permutated genome all domains 
identified are by definition false. Low values of 
γ favor parses consisting of w=1 windows. We 
seek an optimum such that the number of 
falsely identified domains does not exceed 5% 
of the number of domains that we identify in an 
actual binding profile (i.e. FDR < 0.05). 

To estimate the number of false positive 
BRICKs identified we calculated the optimal 
path through 1,000 randomly permutated 
genomes. We performed these analyses for 
various values of γ (in decreasing order: 0.01, 
0.005, 0.001, 0.0005 and 0.0001) and scored the 
number of identified BRICKs, as well as the 

number of genes located within identified 
BRICKs. This was done for both the 
randomized datasets and the compendium of 30 
protein binding maps. Figure 6 shows 
histograms of the identified BRICK sizes for 
various values of γ. 
The FDR can be defined in two ways:  

• FDRBRICKs = average number of 
BRICKs detected in 1,000 
randomizations / average number of 
BRICKs detected in the 30 protein maps 

• FDRprobes = average number of probes 
located in BRICKs detected in 1,000 
randomizations / average number of 
genes in BRICKs detected in the 30 
protein maps 

The average number of BRICKs or probes 
represents the average number that we pick up 
per binding profile or per genome permutation. 
We settled on γ = 1×10-4, which yields  
FDRBRICKs = 2.5% and FDRgenes = 1.6%. Both 
FDR values are well below 5%, representing a 
stringent cutoff. 
 
Performance of the BRICK identification 
algorithm on synthetic data 
We further tested the reliability of the BRICK 
identification algorithm on a synthetic dataset 
that emulates a binding map of a hypothetical 
protein with a number of pre-defined 
chromosomal domains of various sizes and with 
various levels of binding. The datasets that we 
used for the Qi-transformed real protein binding 
maps, contain ~8,000 probes. Therefore we 
began with a set of 8,000 uniformly distributed 
quantile scores. The top 25% of these quantile 
scores were devided into 3 categories: the top 
1% (strong binding), top 1%-10% (medium 
binding) and top 10%-25% (weak binding). We 
then constructed a synthetic chromosome arm 
of 1,200 genes. On this chromosome arm we 
placed seven domains consisting of 5-100 
neighboring genes that were assigned quantile 
scores selected from one of these categories, 
i.e., domains consisted of either "strong", 
"medium" or "weak" genes. Genes between 
these domains were randomly assigned a value 
from the remainder of the quantile scores. Thus, 
we created a model of a chromosome arm with 
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otherwise unstructured "noisy" background.  

We then tested whether the domains on the 
synthetic chromosome could be identified by 
the BRICKs algorithm. This was repeated in 
100 independent simulation runs. Figure S1A 
and S1B show an example of, respectively, a 
domanogram and the actual quantile scores in 
one simulation. Figure S1C shows the BRICKs 
that were identified in each of the 100 
simulation runs. Recovery of domains is 
generally reliable, although it depends 
somewhat on the domain size and signal levels 
in the domains. Domains of size 30 consisting 
of medium genes and domains of size 10 

consisting of strong genes are always detected. 
Domains consisting of 100 weak genes or 5 
strong genes are detected most of the times 
(~75-80% recovery). Domains consisting of 10 
medium genes are rarely detected (12% 
recovery), and domains consisting of 20 or 
fewer weak genes are not recovered at all using 
our method. Importantly, all identified BRICKs 
corresponded to pre-defined domains, 
underscoring the low FDR of the algorithm. 
Only in rare instances (3 out of 100 simulations) 
are two neighboring domains detected as one 
large BRICK. Thus, the large BRICKs that were 
identified in many of the DamID and ChIP-on-
chip maps are not the result of an intrinsic 

Figure 6: Cumulative histograms of BRICK 
sizes for binding profiles and randomized 
data. A-E) Cumulative histograms show size 
distribution for BRICKs in the 30 binding 
profiles (black bars) and in 1000 randomized 
genomes (grey bars).  γ values of 0.01, 0.005, 
0.001, 0.0005 and 0.0001. Height of the bars 
indicates the average number of identified 
domains of given size or smaller per 
experiment. The horizontal gray line denotes 
the FDR cut-off of 5%, for this given γ level. 
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tendency of the algorithm to merge neighboring 
domains, but are likely to represent true 
biological domains. Taken together, these 
results indicate that our algorithm reliably 
detects domain organization in a noisy 
background. 
 
Co-expression analysis 
Developmental expression data was taken from 
ref. 19. On this array, every exon in the genome 
is represented by a probe. Probe intensity values 
were log-transformed. For genes with multiple 
exon probes a mean intensity per gene was 
calculated. To avoid biases in correlation, the 

data for every developmental stage was 
variance normalized (mean of 0 and unit 
variance). Using this dataset we calculated the 
average pairwise Pearson correlation (APC) 
across all possible pairs of genes in a BRICK. 
For visualization purposes however, we need to 
correct the APC, since it decreases with the size 
of the window. For a window of n genes we 
scaled the APC using a scaling factor Sn. Sn was 
determined as follows. From the total set of 
genes we select n random genes. We calculate 
the APC for this subset of genes. We do this 
selection 1000 times for a given n. Sn is now the 
standard deviation over 1000 APCs.  

Figure 7: Flow chart 
explaining the coexpression 
analysis. A) Partial 
correlation matrix depicting 
the correlation values that are 
included in the calculation of 
the average pairwise 
correlation (APC) for the 
shown BRICKs. B) For 
BRICKs that overlap with 
smaller BRICKs, correlations 
that have been used in the 
calculation of the APC of the 
smaller BRICK are not 
included, leading to the 
subtracted structures. C) 
Outline of the algorithm. For 
every BRICK a quantile score 
is calculated, representing the 
rank of the APC of the 
BRICK in a genomic context. 
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Neighboring genes show an intrinsic 
coregulation19,20. Since, BRICKs obviously 
encompass neighboring genes, we want to 
determine whether, on a genomic scale, 
BRICKs are enriched for coregulated genes. We 
do this by comparing the expression patterns of 
the genes in BRICKs to the expression pattern 
of all other same-sized windows in the genome. 
However, for this analysis it is important to 
keep in mind that the BRICKs show 
hierarchical and overlapping organization 
(outlined in Fig. 7A). To guarantee that the 
APCs are independent observations, we include 
a specific correlation between two genes only 
once in our analysis. This is achieved in the 
following manner. In figure 7A, BRICKs 1 
(yellow) and 2 (green) are the smallest BRICKs 
in the region, and the APC for those BRICKs 
are calculated by taking the mean of the 
correlations in (the lower triangle of) the square. 
The red BRICK (3), however, overlaps with the 
two smaller BRICKs, therefore for the 
calculation of the APC, the correlation in the 
dark gray squares are not taken into account. 
This leaves only the correlations in the light 
gray structure (subtracted structure). For the 
black BRICK we repeat the same procedure; all 
the correlations that fall within a smaller 
overlapping BRICK are left out of the 
calculation of the APC. Only the white 
subtracted structure is calculated. 

For every BRICK we compare the APC in 
the window or subtracted structure to the APC 
in all the same-sized windows or subtracted 
structures in the genome. From this we can 
determine the rank of the APC of the BRICK in 
the genome. The coregulation rank of the 
BRICK is transformed to a quantile score 
(qBRICK) by dividing by the number of windows. 
Figure S6 shows cumulative distribution plots 
of qBRICK for all binding profiles. Under the null 
hypothesis that chromatin domains are not 
enriched for co-regulated genes, one would 
expect the distribution of qBRICK to resemble a 
uniform distribution between 0 and 1. Deviation 
from the uniform distribution (gray dashed 
diagonal in Figure S6), represents enrichment of 
coregulated genes in the domains of a given 
protein. We test for this using a Kolmogorov-

Smirnov test for deviation from a uniform 
distribution. 
 
GO enrichment analysis 
The Flybase Gene Ontology annotation file 
v1.92 was used to for the enrichment. GO 
categories containing fewer than 5 genes were 
ignored. Enrichment of GO categories in each 
BRICK was determined using the cumulative 
hypergeometric distribution, accounting for 
multiple testing of all combinations of domains 
and GO categories. As both the BRICK 
structure and the GO dataset are hierarchically 
organized, we estimated the FDR using a Monte 
Carlo simulation in which all genes were 
randomly permuted while keeping the 
assignment to GO categories and BRICK 
structure intact. For each BRICK d, the p-value 
(cumulative hypergeometric distribution) for 
each GO category was determined, and the 
smallest of these was recorded as Pd. The false 
discovery rate for each BRICK is then given by 
FDR(Pd), where 

FDR(P) =
D(P)
D(P)

 

In the denominator, D(P) represents the number 
of BRICKs with a minimal p-value smaller than 
P, while the numerator represents an average of 
the same quantity over random permutations. 
Figure S7 shows the distribution of the actual p-
values belonging to the BRICKs for all proteins 
combined and the p-value distribution from 
10,000 random genome permutations.  

We have also performed this analysis for 
BRICK sets defined by individual proteins. In 
this analysis the FDR cut-off was based on 1000 
randomizations. We have used this per protein 
calculation of the FDR cut-off to determine the 
number of enriched BRICKs shown in Figure 
5D. 
 
Synteny analysis 
Release 4.3 of the D. melanogaster genome 
annotation (Berkeley Drosophila Genome 
Project) contains information on the start and 
end location of regions that are syntenic to 
genomic regions in D. pseudoobsura. These 
locations represent synteny breakpoints. Since it 
has been reported that the scaffolds from the dot 
chromosome (chromosome 4 in D. 
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melanogaster and chromosome 5 in D. 
pseudoobscura) could not reliably ordered in D. 
pseudoobscura22, we left chromosome 4 out of 
our synteny calculations.     
Synteny blocks spanning multiple genes 
sometimes contain insertions of a single gene 
from a different locus in D. pseudoobsura. In 
the genome annotation, these events are marked 
by two syntenic block entries. We decided that 
insertion of a single gene, does not constitute a 
break in a synteny block, when it is embedded 
in a larger region of synteny. For the formation 
or break-up of chromatin domains, insertion of 
a single gene is likely a less deleterious event 
then an actual break in synteny. 

Depletion of synteny breakpoints from 
BRICKs was determined as follows. Given the 
start and position in a BRICK, we determined 
the genes that are encompassed by the BRICK. 
Since breaks in synteny almost excusively occur 
in between genes, we counted the number of 
intergenic regions within all the BRICKs (n). 

Next we determined the number of synteny 
breakpoints within the BRICKs (k). Given that 
there are 955 synteny breakpoints (K) in the D. 
melanogaster genome and 14351 intergenic 
regions (N), we can calculate a probability score 
using the cumulative hypergeometric 
distribution for for k syntenic breakpoints in a 
BRICK containing n intergenic regions. 

The median synteny block size is 8 genes, 
whereas some BRICKs are much larger (by 
definition up to 100 genes). Because this partial 
discrepancy in scale, we performed the synteny 
analysis for subsets of BRICKs smaller than a 
given maximum size (BRICK size is the 
number of probed genes per BRICK). Plotting 
the –log10 p-value as a function of the maximum 
BRICK size visualizes the size-dependent 
depletion of synteny breakpoints from BRICKs 
(Figure S9). Figure 5G shows the p-values 
corresponding to the most significantly depleted 
BRICK size range for each protein. 
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The majority of processes that occur in the 
nucleus are coordinated and regulated via 
chromatin. Understanding the mechanisms of 
chromatin regulation and their organization in 
the nucleus is essential for the understanding 
these processes. The current state of technology 
allows us to measure the level of binding of a 
protein across the entire genome. The research 
presented in this thesis describes the analysis of 
chromatin binding profiles and the integration 
with various genome-wide datasets to better 
understand the relationships between chromatin 
components. 

Chromatin is classically divided into eu- and 
heterochromatin. Heterochromatin remains 
condensed throughout interphase, is gene-poor, 
rich in repeats and is thought to be a repressive 
environment. We have mapped one of the main 
constituents of heterochromatin, HP1. HP1 
binds to large regions surrounding the 
centromere, individual genes on the 
chromosome arms, and repeats. Our study 
shows that binding of HP1 to a gene is 
correlated to the density of repeats in the 
flanking regions of the gene. By mapping HP1 
in various developmental stages (larvae and 
adults), the plasticity of HP1 binding was 
determined. HP1 binding that is correlated with 
the presence of repetitive sequences is stable 
throughout development, whereas repeat 
independent binding is developmentally 
dynamic. We made the surprising discovery that 
binding of HP1 is enriched on the X 
chromosome in male flies. 

To further pinpoint the factors involved in 
the recruitment of HP1, we made a high-
resolution map of HP1 binding. This revealed 
that in regions surrounding the centromere HP1 
binds to the genes but also in the regions 
flanking the genes. Based on our previous study 
that associated HP1 binding to repeat density, 
we speculate that repeats serve as a nucleation 
site for heterochromatin formation, leading to 
spreading of HP1 over the genes. On the other 
hand, HP1 target genes that were located further 
from the centromere, showed binding only to 
the genes and not to the flanking regions, 
suggesting that for these genes the targeting 

sequence lies within the gene itself. We found 
that the transcriptional status of the genes bound 
by HP1 did not differ significantly from genes 
not bound by HP1, making a silencing role for 
HP1 at endogenous target genes unlikely.  

High-resolution data were also obtained for 
the developmental regulator Polycomb showing 
that it forms large domains often covering 
multiple genes. A significant fraction of these 
genes encode proteins implicated in 
developmental regulation, involved in either 
signaling or transcriptional regulation. The 
majority of the genes bound by Polycomb are 
repressed, consistent with a role for Polycomb 
in the formation of silent chromatin. 

We found that genes that reside at the edge 
of the nucleus were also clustered and inactive. 
Intriguingly, genes that are found in a single 
cluster are often coregulated throughout 
development, suggesting that large-scale 
reorganization of interphase chromosomes plays 
a role in the developmental regulation of gene 
expression. 

Finally, based on the observation that many 
chromatin proteins form large domains in the 
genome, we performed a systematic search for 
chromatin domains. To this end we assembled a 
collection of 30 chromatin profiles. An 
algorithm was developed to find genomic 
regions that are enriched for binding of a 
chromatin protein. Single domains can cover 
well over 100 genes and the domains identified 
so far cover ~34% of the genome. Functional 
analysis of these chromatin domains found that: 
1) the genes in domains are significantly 
coregulated, 2) they are enriched for specific 
functional categories and 3) the gene order 
within domains is conserved throughout 
evolution. Thus, chromatin domains are 
functionally important modules and are further 
evidence for the high degree of organization in 
the genome. 

The results presented here, show that 
computational analysis of chromatin profiles 
leads to increased understanding of the 
interrelation between various chromatin 
components and their place in the genome. 
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De meerderheid van de processen in de celkern 
worden georganiseerd en gereguleerd door 
chromatine. Het ontrafelen van de mechanismen 
van chromatine regulatie en hun organisatie in 
de kern is essentieel om deze processen te 
begrijpen. De huidige technologie stelt ons in 
staat om alle bindingsplekken van een eiwit in 
het genoom te bepalen (een bindingsprofiel). 
Dit proefschrift beschrijft de analyse van 
bindingsprofielen en de integratie met 
verscheidene genoom-brede datasets. Dit heeft 
geleid tot een beter begrip van de relaties tussen 
verscheidene chromatine componenten. 

Traditioneel wordt chromatine ingedeeld in 
eu- en heterochromatine. Heterochromatine is 
gecondenseerd gedurende de gehele celcyclus, 
is gen-arm, rijk aan repetitieve elementen en 
wordt verondersteld repressief voor 
genexpressie te zijn. Wij hebben 
bindingsprofielen van een van de 
hoofdcomponenten van heterochromatine, HP1, 
gemaakt. HP1 vormt grote domeinen van 
binding rondom het centromeer, maar het bindt 
ook aan individuele genen op de chromosoom 
arm en aan repetitieve elementen. De binding 
van HP1 aan genen is gecorreleerd met de 
dichtheid van repetitieve elementen in de 
flankerende sequentie. Door de binding van 
HP1 in verschillende stadia van de ontwikkeling 
te meten (larven en volwassen vliegen) hebben 
we ontdekt dat de binding aan genen 
geflankeerd door repetitieve elementen stabiel is 
door de ontwikkeling heen. Binding aan genen 
die niet geflankeerd worden door repetitieve 
elementen is echter dynamisch. Een 
onverwachte observatie was dat HP1 in 
mannelijke vliegen een sterke voorkeur heeft 
voor het X chromosoom. 

Om verder te bepalen welke factoren 
betrokken zijn bij de rekrutering van HP1 naar 
het chromatine, hebben we een hoge resolutie 
kaart gemaakt van HP1 binding. Dit heeft ons 
geleerd dat in de gebieden rondom het 
centromeer, HP1 aan de genen bindt, maar ook 
aan de flankerende sequenties. De resultaten 
van onze eerdere studie in acht nemend, 
speculeren wij dat de initiële rekrutering 
plaatsvindt aan de repetitieve elementen en zich 

van daaruit verspreidt naar de omliggende 
genen. In gebieden die verder weg liggen van 
het centromeer bindt HP1 hoofdzakelijk aan de 
genen en niet aan de flankerende sequentie. Dit 
maakt het waarschijnlijk dat het signaal voor 
rekrutering in het gen zelf ligt en niet in de 
flankerende sequentie. Het genexpressie niveau 
van de genen die worden gebonden door HP1 is 
verglijkbaar met de expressie niveaus van genen 
die niet door HP1 worden gebonden. Het is 
daarom onwaarschijnlijk dat HP1 zich gedraagt 
als een repressieve factor op de genen waar het 
in natuurlijke context aan bindt. 

Ook de bindingplaatsen van het chromatine 
eiwit Polycomb hebben we met hoge resolutie 
in kaart gebracht. Dit laat zien dat binding 
verspreid is over grote aaneengesloten gebieden 
van meer dan 100 kb (chromatine domeinen). 
De genen in deze domeinen coderen voor 
eiwitten betrokken bij de regulatie van 
ontwikkeling en signaaltransductie. Een 
overgrote meerderheid van de genen komt niet 
of laag tot expressie, wat overeenkomt met de 
rol van Polycomb als een repressief eiwit. 

Ook genen die zich bevinden aan de rand 
van de kern zijn geclusterd in het genoom en 
zijn ook inactief. De genen die zich in een 
dergelijk cluster bevinden zijn met elkaar 
gecoreguleerd door de ontwikkeling heen. Deze 
resultaten verschaffen inzicht in de manier 
waarop kern organisatie een rol speelt bij de 
regulatie van genexpressie. 

De observering dat binding van veel 
eiwitten geclusterd is in het genoom, heeft ons 
ertoe aangezet om dit op een systematische 
manier te onderzoeken. Hiervoor hebben wij 
allereerst een brede collectie van 
bindingsprofielen aangelegd. Vervolgens 
hebben we een algoritme ontwikkeld om te 
bepalen welke gebieden verrijkt zijn voor 
binding van een bepaalde factor. Gebieden die 
verrijkt zijn voor binding van chromatine 
eiwitten kunnen meer dan honderd genen 
beslaan. De tot dusverre geïdentificeerde 
domeinen omvatten ~34% van het genoom. 
Functionele analyse van de chromatine 
domeinen leert ons dat: 1) de genen in 
domeinen significante coregulatie vertonen, 2) 
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bepaalde functionele klassen verrijkt zijn in 
domeinen en 3) de genvolgorde sterk 
geconserveerd is in domeinen. Chromatine 
domeinen zijn dus functionele modules in het 
genoom en een extra aanwijzing voor een hoge 
mate van genoomorganisatie. 

De resultaten uit dit proefschrift laten zien 
dat bioinformatica analyse van chromatine 
profielen leidt tot een beter begrip van de relatie 
tussen verscheidene chromatine componenten 
en hun plek in het genoom. 
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“If I have seen further it is by standing on ye shoulders of Giants.” 
-- Sir Isaac Newton in een brief aan Robert Hooke 

15 februari 1676 
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