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Chapter 1 General introduction 

General Introduction. 

1. The basis of cellular identity. 

Estimates for the number of genes in 
the human genome range from 40,000 to 
140,000 (22, 27). However, in a single cell 
not all these genes are active at the same 
time. While many genes are transcribed in a 
wide variety of cells, some are only 
expressed in specific cell types. The 
differences between these cell types 
originate in the genes they express. Thus the 
gene expression pattern within a certain 
type of cell forms the basis of the identity of 
these cells. To maintain the identity of cells 
the gene expression patterns that constitute 
that identity need to be heritably transmitted 
through cell division. That is, even 
throughout the life of an organism. Changes 
in chromatin structure constitute an 
important level at which the maintenance of 
these gene expression patterns is regulated. 

2. Chromatin structure and gene 
regulation. 

Gene regulation can roughly be 
divided into two different modes. One is a 
dynamic mode of gene regulation, where a 
gene is up- or down-regulated as the need in 
a cell arises. The other is a stable mode of 
regulation, where the on- or off-state of a 
gene is maintained through many cell 
divisions. The dynamic mode of gene 
regulation is largely established at the level 
of transcription factors and promoters. 
Transcription factors can be expressed, 
activated, or deactivated as a function of the 
cell cycle or in response to outside stimuli, 
giving rise to dynamic changes in gene 
expression. For example, as our skin is 
exposed to UV radiation from sunlight 

DNA-damage can be induced. This induces 
up-regulation of the tyrosinase gene, which 
is the rate-limiting enzyme for melanin 
pigment synthesis (21). The consequent 
melanin production causes skin to darken 
and limits the damaging effects of UV 
radiation (37). It is clear that pigment 
formation is an essential mechanism in the 
skin. 

However, in internal organs such as 
the heart or the pancreas there is no need for 
pigment formation to protect against the 
damaging effect of UV radiation from 
sunlight. It is therefore likely that the 
tyrosinase gene is stably repressed in these 
organs. There is accumulating evidence that 
stable repression of gene activity is 
established at the level of the structure of 
the DNA with its associated proteins, often 
referred to as chromatin. We will now 
discuss possible mechanisms by which gene 
expression is regulated at the level of 
chromatin structure. 

Euchromatin and heterochromatin. 
According to an early, but prevailing 

model, two different forms of chromatin can 
be distinguished: euchromatin and 
heterochromatin. Euchromatin was 
generally considered as an 'open' 
conformation of the chromatin. In this 
conformation the DNA would be accessible 
to transcription factors and the transcription 
machinery. Heterochromatin was 
considered to have a much more condensed 
structure. In this condensed form of 
chromatin transcription factors and 
polymerases would be prevented from 
accessing the DNA, 
transcription impossible 
Observations made 
microscipy supported the idea of an open 
and a more condensed form of chromatin. 

making gene 
(6, 46, 105). 

with electron 
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This technique revealed the hetero-
chromatin as an electron-dense structure 
along the inside of the nuclear envelope and 
dispersed in a granular pattern throughout 
the nucleus (Fig. 1). Parts of the genome 
that are always heterochromatin-ized, such 
as centromeres and telomeres are 
constitutive heterochromatin. Gene loci that 
consist of euchromatin or heterochromatin 
dependent on the cell type or gender are 
considered to be facultative hetero
chromatin. An example of such facultative 
heterochromatin is the inactive female X-
chromosome in mammals. One of the two 
X-chromosomes in females is condensed 
into an inactive heterochromatic structure. 
The other X-chromosome is left in an active 
euchromatic state. 

A recent study revealed that the 
actual size of the inactive X-chromosome is 
identical to the active X-chromosome (102). 
This indicates that the notion of 
heterochromatin being more condensed than 
euchromatin is too simplistic a view. More 
insight into the nature of chromatin 
structure can be obtained by studying the 
proteins that are associated with it. 

Changes in chromatin structure. 
One of the proteins associated with 

constitutive heterochromatin is 
Heterochromatin Protein 1 (HP1) (20). This 
protein binds to the chromatin through the 
so-called chromo-domain (chromatin 
organisation modifier) (30, 60). A possible 
model for heterochromatinisation involves a 
spreading mechanism, suggesting that the 
heterochromatin spreads along the 
chromatin fiber. A spreading mechanism is 
consistent with the phenomenon of Position 
Effect Variegation (PEV) (68). This effect 
consists of variegation in the on- or off-
state of a gene that has been relocated to the 
vicinity of heterochromatin. During 
development, the extent of hetero
chromatinisation is different in each cell. At 
a certain point in development the extent of 
heterochromatin-isation becomes fixed. In 
some cells the heterochromatin will have 

Figure 1. Electron micrograph of a cell nucleus. The 
heterochromatin is visible as dark electron-dense 
structures at the nuclear periphery and in a granular 
pattern throughout the nucleus. He, heterochromatin; 
Nu, nucleolus. 

spread out all the way towards the relocated 
gene, causing it to be repressed. In other 
cells the spreading won't have extended far 
enough to affect the relocated gene in the 
vicinity of heterochromatin. After this point 
in development the on- or off-state of the 
gene is stably transmitted to the daughter 
cells. In this way a mosaic or variegating 
pattern of gene expression develops. 
Proteins have been identified that suppress 
PEV, or in other words, that limit the 
amount of spreading when mutated. It is 
thought that these proteins are part of the 
heterochromatin or are involved in its 
regulation. These proteins are called 
suppressors of variegation (Su(var)s). One 
of these proteins was HP1 (Su(var)205). 
Another such proteins is Drosophila 
Su(var)3-9. The human homologue of 
Su(var)3-9, SUV39H1 is involved in the 
modification of chromatin. This protein 
methylates histone H3 through a conserved 
region called the SET domain (66). As 
exemplified by SUV39H1 the structure of 
the chromatin is not constant, but is subject 
to, for instance, modification of the 
histones. 

Other examples of modifications in 
chromatin structure are methylation of the 
DNA and acetylation of histones (13, 52, 
53). These alterations in chromatin structure 
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have a strong regulatory effect on gene 
expression. In general, methylated DNA is 
transcriptionally inactive, although this is 
not always the case. Both early and recent 
experiments suggest that methylation has a 
negative effect on gene expression. It has 
been shown that methylation of gene 
constructs causes loss of expression both in 
vitro and in vivo (80, 87). Furthermore, 
endogenous genes that are silenced become 
active after demethylation (14, 31). 

Apart from methylation, acetylation 
of histones also influences gene expression. 
Histone acetyl transferases (HATs) can 
acetylate histones. Protein complexes 
containing HATs can be recruited to the 
chromatin by transcription factors that are 
associated with the chromatin. Possibly 
acetylation of the histones gives rise to a 
structure of the chromatin that is more 
accessible to the basal transcription 
machinery, which can now initiate gene 
activity. On the other hand, histone 
deacetylases (HDACs) can deacetylate 
histones. Deacetylation of histones by 
HDAC-containing protein complexes 
perhaps gives rise to a structure of the 
chromatin that is not accessible to the 
transcription machinery, thus preventing 
genes from being transcribed. 

A protein that can tether a HDAC-
containing complex to the chromatin is 
MeCP2. It has been shown that MeCP2 is 
an integral part of a deacetylase-containing 
complex (32). MeCP2 binds specifically to 
methylated DNA and causes repression of 
gene activity (41, 50). The MeCP2 
mediated repression is alleviated in the 
presence of trichostatin A, which is an 
inhibitor of histone deacetylase (51). This 
indicates that MeCP2 repression is achieved 
at the level of histone deacetylation. Thus it 
is thought that MeCP2 can tether a histone 
deacetylase complex to the chromatin by 
binding to methylated DNA. Consequent 
deacetylation of the histones results in 
silencing of gene expression. In this way 
MeCP2 presents a functional link between 

DNA methylation and histone 
deacetylation. 

Covalently attaching methyl or 
acetyl groups to the DNA or the 
nucleosomes is not the only way chromatin 
structure can be changed. Multimeric 
protein complexes have been identified that 
mediate so-called chromatin remodeling. It 
is thought that chromatin remodeling 
temporarily disrupts or displaces 
nucleosomes, permitting transcription 
factors to more readily have access to the 
DNA and activate gene expression. The 
principal chromatin-remodeling complex 
that has been identified is the SWI/SNF 
complex. The Brahma protein from 
Drosophila is an integral part of this 
complex (90). Brahma belongs to a group of 
proteins that is involved in the stable 
maintenance of gene activity. This group of 
proteins is called the trithorax group (trxG), 
after its first identified protein trithorax (29, 
45, 91). The trithorax protein shares a 
functional domain with Su(var)3-9, the SET 
domain. In trithorax this domain doesn't 
confer histone-methyltransferase activity, 
but is involved in protein-protein 
interaction. Through the SET domain 
trithorax interacts with a protein that is part 
of the SWI/SNF complex. Another member 
of the trxG, GAGA factor, is also part of a 
chromatin-remodeling complex (94). Thus 
the trxG proteins are thought to maintain 
gene activity by establishing an open or 
accessible chromatin structure. 

Antagonistic to the trxG, the 
Polycomb group (PcG) of proteins 
maintains stable repression of gene activity 
(36, 40, 62, 84). Polycomb (Pc), the first 
identified PcG protein, contains a chromo
domain like HP1 (58). This suggested that 
PcG proteins might use a similar 
mechanism for heterochromatinisation as 
HP1 (47, 77). This was one of the first 
observations that indicated that stable gene 
repression by the PcG complex might 
involve changes in chromatin structure. 

11 
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3. The Polycomb group genes. 

The PcG genes have originally been 
identified in Drosophila as a group of 
mutations that give rise to a similar 
homeotic phenotype (33, 82). A homeotic 
phenotype consists of the change of identity 
of one or more body parts. Like many genes 
in Drosophila, also the name of the Pc gene 
originates from its mutant phenotype. The 
archetypal Pc mutation was already 
described in 1947 (42). The heterozygous 
Pc mutant is characteristic in that the 
sexcombs that are present on the hindlegs of 
the Drosophila male are now also present 
on the mid- and fore-legs (See Figure 2 for 
an example of a PcG-mutant) (18). The 
cause of these homeotic transformations lies 
in the mis-expression of homeotic genes 
(19, 88). The homeotic genes determine the 
identity of the body parts. In Drosophila, 
the body parts can be characterized by the 
combination of homeotic genes they express 
(Figure 3a) (24, 25). PcG mutations cause 
derepression of homeotic genes, which 
results in the expression of these genes 
outside their normal expression patterns. 
Concomitantly the body parts in which 
homeotic genes are mis-expressed obtain a 
different identity (Figure 3b). The term de
repression is quite factual. In PcG mutants 
the homeotic expression pattern is set up 
correctly during early embryogenesis (35, 
57). However, in later stages of 
development repression of homeotic genes 
is lost in some parts of the body. 
Heterozygous PcG mutants generally only 
give rise to slight mis-expression of 
homeotic genes, resulting in subtle changes 
in the body plan such as multiple sexcombs. 
The homozygous Pc mutant however, has a 
very severe phenotype. Homeotic gene 
expression patterning is disturbed in such a 
manner that all body segments completely 
transform into the most posterior segment, 
the anal plate (40). The observation that 
PcG mutants cause derepression of 
homeotic genes has led to the idea that PcG 

a 

Figure 2. The Polycomblike mutation. In wild type 
Drosophila males, sexcombs are present on the Is' 
tarsal segment of the hindleg (a), but not on the mid-
(b) and fore- leg (c). In heterozygous Pel mutant 
Drosophila males, sexcombs are not only present on 
the hindleg (d), but also on the mid- (e) and fore
leg, (f). 

genes are direct repressors of these genes. 
Experiments in which PcG proteins were 
targeted to a reporter gene in mammalian 
cell lines showed that PcG proteins are also 
general repressors of gene activity (8). 

Mammalian PcG homologues. 
Mammalian homologues of the 

Drosophila PcG genes have been identified. 
The first characterization of a human Pc 
homologue, HPC2, is described in this 
thesis (Chapter 3). This protein shares two 
regions of homology with Pc, the chromo
domain and the C-terminal end of the 
protein. It is this C-terminal domain in Pc 
that is responsible for its repressive capacity 
(69). Several other mammalian PcG 
homologues have been identified. The 
murine proto-oncogene Bmil is one of 
these homologues (28, 98). Bmil has 

12 
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Figure 3. Model for homeotic gene expression in 
Drosophila. Homeotic gene expression patterns and 
resulting phenotypes are shown for (A) a wild type, 
(B) a heterozygous, and (C) a homozygous PcG 
mutant. The combination of homeotic (Horn) genes 
expressed in a certain body part determines its 
identity. PcG mutation causes derepression of 
homeotic genes, which results in a change of identity 
of body segments. Note the additional sex combs on 
the mid- and front- leg (B). 

considerable sequence similarity with the 
Drosophila PcG protein Posterior sex 
combs (Psc) (99). The main regions of 
conservation consist of a RING finger and a 
helix-turn-helix domain. The RING finger 
is involved in protein interaction (70) and 
the helix-turn-helix domain is necessary for 
transcriptional repression (15). The murine 
homolgue of Pc is M33 (59). Like their 
Drosophila counterparts, M33 and Bmil are 
also repressors of gene activity (8, 73). 
Apart from being general repressors of gene 
expression, these mammalian PcG 
homologues are also involved in regulation 
of homeotic genes (4, 96). Mammalian 
homeotic genes are called Hox genes. lust 
like Drosophila PcG mutants, targeted 
disruption of the M33 or Bmil gene in mice 
also resulted in altered Hox gene 
expression. Unlike in Drosophila, 
homozygous PcG mutants only have a very 
subtle phenotype in mammals. In Bmil -/-
and M33 -/- mice the vertebrae have 
changed morphologically to look like 
vertebrae that are positioned more towards 
the tail (16, 95). A possible reason for this 
difference in phenotype severity might lie in 
the fact that multiple mammalian 
homologues exist for every Drosophila PcG 
gene. For example, apart from Bmil, mel-
18 is also a murine homologue of Psc (2). 
An elegant rescue experiment in Drosophila 
indicated that apart from the sequence also 
the function of PcG proteins is conserved 
between flies and mammals. In this 
experiment Pc mutant flies were made 
transgenic for M33. Supplementation of 
M33 to Pc deficient flies rescued the Pc" 
phenotype during embryogenesis (49). This 
shows that M33 can functionally substitute 
for Pc, indicating that apart from sequence 
and function, also the mechanism whereby 
PcG proteins exert their function is 
conserved between the species. 

Complex Formation. 
PcG proteins form multimeric 

protein complexes. This notion first arose 
from the observation that mutations from 

13 
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different PcG genes enhanced each other's 
phenotype (1, 35). This idea was 
strengthened by the finding that over-
expression of one PcG gene weakened the 
phenotype caused by the mutation in 
another PcG gene (9, 12). These dosage 
effects have also been described for murine 
PcG mutants (3). 

Colocalisation experiments on the 
Drosophila polytene chromosomes of the 
salivary gland provided evidence supporting 
the idea that PcG proteins formed 
multimeric complexes. The PcG proteins 
Pc, Pel and polyhomeotic (ph) have been 
found to be associated to the same loci on 
polytene chromosomes (17, 43, 104). This 
colocalisation suggested that indeed PcG 
proteins might act as multimeric complexes. 
Further evidence for PcG complex 
formation was found in the fact that PcG 
proteins coimmunoprecipitate, confirming 
that PcG proteins actually associate with 
each other (23). Many of the different 
Drosophila PcG proteins can engage in 
direct protein-protein interaction with one 
or more other PcG proteins (71, review). 
These direct interactions between PcG 
proteins again provide supportive evidence 
for the formation of multimeric PcG 
complexes. 

The number of PcG proteins that are 
part of such a multimeric protein complex is 
not known. Cofractionation experiments 
have revealed that the composition of the 
PcG complex is very heterogeneous, 
ranging from about 200 kD to well over 
1000 kD (23). This indicates that the 
number of PcG proteins within the complex 
can range from just a few to approximately 
15 proteins. Recently the Drosophila PcG 
complex has been purified using affinity 
chromatography (79). The purified complex 
was enriched for 11 different proteins. 
These proteins possibly constitute the main 
components of the PcG complex. In this 
thesis we will characterize human PcG 
proteins and test whether they form 
multimeric complexes like in Drosophila 
(Chapter 2 and 3). 

Does the PcG complex have a constant 
composition? 

The heterogeneity in the size of the 
PcG complex could be due to the existence 
of many different PcG complexes. The PcG 
proteins do not necessarily have to form one 
discrete PcG complex, but might form many 
different PcG complexes of varying 
composition. 

As new PcG proteins were identified 
and their binding sites on polytene 
chromosomes were analyzed it became 
clear that not all PcG proteins associate with 
the same loci as Pc. The PcG proteins 
Enhancer of zeste (E(z)) and extra sex 
combs (esc) only bind to about half of the of 
the loci that bind Pc (10, 92). Other PcG 
proteins like Psc, Additional sex combs 
(Asx), and Enhancer of Polycomb (E(Pc)) 
have overlapping binding sites to each other 
and to Pc (44, 65, 85, 86). So just as the 
polytene chromosome binding sites that are 
shared by Pc, Pel and ph were indicative of 
PcG complex formation, so does the fact 
that these binding sites only partially 
overlap with those of Psc, Asx, and E(Pc) 
indicate that there could be multiple PcG 
complexes with varying compositions. 

In vertebrates differences in PcG 
expression have been described. As the 
composition of the PcG complex is limited 
to the PcG genes that are expressed, distinct 
PcG expression patterns implicate the 
formation of PcG complexes with varying 
compositions. The Xenopus homologues of 
Bmil and Pc (XBmil and XPc) differ in 
expression pattern at the embryonic stage 
(67). In the spinal cord both XBmil and 
XPc are expressed, but in the somites only 
XPc is expressed. Thus in the spinal cord 
XBmil and XPc can be part of the PcG 
complex, whereas in the somites the PcG 
complex will lack XBmil. This indicates 
that PcG complexes with different 
compositions also exist in vertebrates. In 
this thesis we will explore the potential 
variation in the composition of PcG 
complexes at both the tissue and the cellular 
level (Chapter 6). 

14 
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Two separate PcG complexes. 
In humans two completely separate 

PcG complexes have been identified (76). 
There is the so-called HPC/HPH complex, 
which can contain human PcG proteins such 
as HPC1, HPC2, HPH1, HPH2, and BMI1 
and there is the so-called EED/EZH 
complex, which can contain EED, EZH1, 
and EZH2 (the mammalian homologues of 
esc and E(z) respectively) (39, 74, 75). 
Evidence for separate PcG complexes exists 
at various levels. At a molecular level the 
proteins that are part of one complex have 
extensive protein-protein interactions with 
the other PcG proteins from the same 
complex. However, no such interactions 
have been identified between PcG proteins 
that are part of different complexes. Also 
biochemically the HPC/HPH and the 
EED/EZH complexes are distinct. When 
one complex is immunoprecipitated, only 
proteins from that same complex are co-
precipitated. Proteins from the other 
complex are not present in the precipitate. 
Furthermore, at the level of nuclear 
localization the proteins belonging to the 
different complexes are distinct. In U-2 OS 
cells the PcG proteins from the HPC/HPH 
complex are localized in brightly staining 
nuclear domains, the so-called PcG 
domains. Proteins from the EED/EZH 
complex on the other hand have a diffuse 
nuclear distribution. Finally, also at the 
cellular level the two PcG complexes are 
separate. In tonsils for instance the 
EED/EZH complex has a mutually 
exclusive expression pattern from the 
HPC/HPH complex (64). The existence of 
separate PcG complexes has also been 
confirmed in Drosophila (38, 54, 92) and 
mice (26, 100). 

What could be the reason for these 
separate complexes? When we consider the 
expression pattern of the HPC/HPH 
complex and the EED/EZH complex in 
tonsils we notice that proteins from the 
HPC/HPH complex are expressed in resting 
cells and that proteins from the EED/EZH 
complex are expressed in rapidly dividing 

cells. This suggests that the two PcG 
complexes might have a different function. 
Perhaps the EED/EZH complex is 
responsible for maintaining the identity of 
proliferating cells, while the HPC/HPH 
complex is responsible for maintaining the 
identity of quiescent cells. 

4. Models for PcG function. 

In Drosophila, regulatory elements 
have been identified that mediate stable 
gene repression in a Pc dependent manner. 
Such an element is called a Polycomb 
Response Element (PRE) (11, 48, 83). It has 
been shown that PcG proteins associate 
with these PREs (89). However, how the 
PcG complex that is associated with a PRE 
exerts its repressive function on neighboring 
genes is largely unknown. 

Originally, it was thought that PcG 
proteins maintained the repressed state of 
their target genes by spreading over the 
chromatin fiber, completely covering the 
gene and making it inaccessible for 
transcription factors. Convincing evidence 
for this 'spreading' model was generated by 
Orlando and Paro in 1993 (55). According 
to them the PcG complex was associated 
with inactive chromatin along a stretch of 
two hundred kilobasepairs. However, when 
they increased the sensitivity and lowered 
the background of their assay they found 
that Pc is only locally associated with the 
chromatin at PREs (56). This indicated the 
PcG complex does not simply cover up the 
DNA fiber, rendering it inactive. Thus PcG 
complexes must exert their repressive 
function in some other way. 

Another model for PcG function is 
the looping model. In this model PcG 
proteins are associated with the chromatin 
at several sites throughout a gene locus. 
These sites can loop or aggregate together 
with a PcG complex that is associated with 
a PRE. This stabilizes the PRE-associated 
PcG complex. The stabilized structure of 

15 
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chromatin and PcG proteins renders the 
locus inactive. The idea that PcG proteins 
can be associated with the chromatin other 
than at a PRE is supported by the 
observation that over-expression of the PcG 
genes Psc and Suppressor 2 of zeste 
(Su(z)2) creates a near ubiquitous binding 
pattern of these proteins to the polytene 
chromosomes of Drosophila (61, 78). This 
suggests that there are many frequently 
occurring nucleotide sequences with weak 
affinity for PcG proteins dispersed 
throughout the genome. Such weaker sites 
of PcG interaction have indeed been 
identified. These elements display little 
PRE activity of their own, but are more 
effective in combination with other such 
elements (48, 63). Also PREs have been 
found to have this property. A PRE that is 
inserted twice into the genome is more 
effective than a PRE that is inserted only 
once, even if these PREs are present at 
different chromosomes (81). This suggests 
that PREs and weak PcG binding elements 
can associate with each other to form a 
more stable chromatin complex. 

Finally, it is possible that PcG 
proteins do not create higher order 
chromatin structures at all. A reporter gene 
that is being stably repressed by the PcG 
complex can be reactivated by a high dose 
of the Gal4 transcription factor that binds to 
its promoter (105). As the transcription 
factor is able to compete with PcG complex 
for binding to the chromatin, it seems 
unlikely that the PcG complex has rendered 
the chromatin completely inaccessible. 
Perhaps PcG proteins associate with the 
chromatin at PREs and confer local changes 
in euchromatin. 

Recently, it has become clear that 
histone deacetylation is involved in PcG 
function. It was not surprising the PcG 
functions at the level of nucleosomes, as the 
antagonistic trxG complex stably retains the 
active state of genes by chromatin 
remodeling (91, 93). Very simply put, when 
histones are acetylated the nucleosomes are 
more bulky. This creates an open structure, 

which is accessible to the basal transcription 
machinery. When histones are deacetylated 
the nucleosomes are more compact. This 
gives rise to a more dense chromatin 
structure that prevents transcriptional 
activation. In Drosophila the link between 
PcG function and histone deacetylation is 
somewhat circumstantial. The dMi-2 
protein is found to genetically interact with 
Pc (34). In Xenopus it has been shown that 
the homologue of dMi-2 is part of a histone 
deacetylase complex (103). In mammals the 
link between PcG proteins is more direct. 
The EED protein directly binds to the 
histone deacetylase HDAC2 (97). 
Furthermore, EED repression is dependent 

Spreading 

£iE3*SY?stfcS ^yRf^te*. 

Looping 

Histone Acetylation 

Figure 4. Models for PcG function. The spreading 
model: PcG protein complexes bind to the PRE and 
spread out along the chromatin fibre. The looping 
model: the main PcG complex binds to the PRE. PcG 
proteins associated at other sites loop to the PRE to 
create a more stable PcG complex. Histone 
acerylation model: acetylated histones give rise to an 
'open' chromatin structure. The PcG complex 
associated to a PRE recruits histone deacetylase. 
Deacetylated histones form a more compact 
chromatin structure that is inactive. 
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on histone deacetylase activity. HPC2 
repression however does not show this 
dependency. This indicates that 
mechanistically there might be a difference 
in the way the EED/EZH2 complex and the 
HPC/HPH complex repress gene activity. It 
has been suggested that the EED/EZH2 
complex is responsible for initiation of PcG 
repression and that the HPC/HPH complex 
is involved in the maintenance of that 
repressive state (5, 101). The idea that the 
EED/EZH2 complex might have an 
initiating role in stable gene repression is in 
line with the fact that murine EED and 
Drosophila esc are functional in early 
embryogenesis, while other PcG proteins 
become essential in late embryogenesis. 

Once maintenance of repression is 
established, how then is the repressed state 
of a gene transmitted through cell division? 
As the DNA is replicated there must be 
some kind of tag that remains on the DNA, 
signifying that that particular gene or locus 
has to retain its repressed status throughout 
many cell generations. It is possible that the 
acetylation status of histones or the 
methylation status of the DNA conveys the 
active or repressed state of a DNA region 
through mitosis (62, 97). Another possi
bility is that PcG proteins themselves form 
the tag on the DNA. It has been shown that 
in several mammalian cell lines some PcG 
proteins remain associated with the 
chromatin at the heterochromatin close to 
the centromeres (72). Furthermore, in 
Drosophila, residual amounts of PcG 
protein remain associated to the DNA 
during mitosis (7). Possibly they remain 
associated to transmit the repressed state of 
target loci through cell division. 

5. Outline of Thesis 

In this chapter an introduction to 
PcG proteins has been given. Still many 
questions concerning their function remain. 
Some of these questions are: 

> What is the role of multiple mammalian 
PcG orthologues? 

> Do PcG complexes have a constant 
composition? 

> How does the PcG complex 
composition provide target specificity? 

> To what extent are human PcG proteins 
involved in disease? 

Though these questions can already be 
answered to some extent, still much 
concerning PcG function in humans is 
largely unknown. The research that is 
presented in this thesis is aimed at gaining 
more insight into the questions posed 
relating the human PcG complex. Chapter 2 
provides the first evidence for the existence 
of a human PcG complex. HPH1 and 
HPH2, two human PcG genes, are identified 
and their interactions with each other and 
Bmil are characterized. In chapter 3 
RING1, a protein with a hitherto unknown 
function, is identified as a protein that is 
part of the human PcG complex. In chapter 
4 the novel gene XCtBPl is identified. 
XCtBPl and its human homologues CtBPl 
and QBP2 are repressors of gene activity 
that associate with the human PcG complex 
through their interaction with HPC2. 
Chapter 5 explores the relationship between 
PcG expression and the proliferation rate in 
a specific lymphoma as compared to the 
healthy tissue from which it is derived. In 
senescent lymphoma cells PcG expression 
is the same as in healthy lymphocytes. In 
proliferating lymphoma cells however, 
several PcG genes are mis-expressed. In 
chapter 6 an extensive study is performed of 
PcG expression in several tissues and cell 
types. PcG expression patterns vary 
extensively depending on the cell type and 
the developmental stage. This indicates that 
PcG complexes with different compositions 
exist. In conclusion, chapter 7 discusses 
how the research presented in this thesis 
gives possible answers to the questions that 
are posed in the general introduction. 
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