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Introductio n n 

1.. Cellula r identit y and chromati n 
structur e e 

Ann organism comprises many different types 
off cells, all of which possess specific 
functions.. It is obvious that the role of a skin 
celll differs from the role of a heart cell. It's 
lesss logical, when one considers that all the 
differentt cell types originate from just a single 
cell,, the fertilized egg, and that all different 
celll types of an individual organism contain 
thee same DNA and therefore also the same 
geneticc information. The differences in the 
diversee cell types must therefore reside in the 
utilizationn of a specific, but limited, share of 
thee genetic information. The differences 
betweenn these cell types originate in the 
geness they express. Whereas genes for the 
functionn of the skin must be active, these 
geness must remain repressed in heart cells. 
Thee expression patterns established in a 
certainn cell type, thus determine the identity 
off that cell. These specific gene expression 
patternss must be correctly transmitted to 
progenyy cells to maintain the cellular identity. 
Skinn injury, for example, eventually leads to 
woundd healing by the formation of newly 
formedformed skin at the respective site of injury. 
Thesee skin cells must therefore harbor a 
cellularr memory system, which possess all 
thee necessary information in order to secure 
aa correct transmission of the genetic 
information.. Disruption or defects in this 
cellularr memory will lead to changes of the 
genee expression profiles that eventually may 
resultt in dramatic changes of a respective 
tissue.. For example, in teratocarcinomas, 
differentt kinds of cell types are found that are 
normallyy only present in other tissues. One of 
thee most striking observations in this type of 
carcinomaa is the presence of teeth tissue. It 
iss of vital importance to properly maintain 
cellularr memory throughout cell division. It 
hass become clear that the mechanism 
underlyingg cellular memory involves changes 
inn chromatin structure, rather than changes at 
thee level of promoters or enhancers. 
Chromatinn is a generic term for a complex 

structuree that comprises of DNA, histones 
andd non-histone proteins. In general, 
chromatinn can be roughly divided up into two 
classes:: euchromatin and heterochromatin. 
Euchromatinn is considered as an 'open' 
conformationn of the chromatin template in 
whichh the DNA is accessible for transcription 
factorss and components of the basal 
transcriptionn machinery. Most of the 
transcriptionallyy active genes are found in 
euchromatin.. Heterochromatin is considered 
ass a 'closed' conformation. Genes located in 
heterochromatinn are transcriptionally 
silenced.. Specific chromosomal regions such 
ass telomeres and centromeres always 
consistt of heterochromatin. There are also 
partss of the genome that can either consists 
off heterochromatin or euchromatin, 
dependingg on the cell type. For instance, 
geness specific for the function of the skin 
mustt be active in skin cells and thus reside in 
euchromatin,, whereas in heart cells, these 
samee genes must reside in a 
heterochromatinn environment to be properly 
silenced.. This type of chromatin is therefore 
oftenn referred to as facultative 
heterochromatin,, though facultative 
euchromatinn would also be a correct 
description.. The best example for facultative 
heterochromatinn is the mammalian X 
chromosome.. In females, the inactive X 
chromosomee is perpetuated in a 
heterochromaticc state, whereas the active X 
chromosomee consists of euchromatin. 
Notably,, in both chromatin states, identical 
sequencess are involved. A likely scenario to 
explainn the differences between 
heterochromatinn and euchromatin may lie in 
modificationss of chromatin and proteins that 
aree associated with it. 

Chromatin-associatedd proteins are 
believedd to be involved in regulation of gene 
expression,, keeping specific genes either 
heritablyy and stably repressed or heritably 
andd stably active in a cell type specific 
manner.. Several classes of chromatin-
associatedd protein complexes have been 
identifiedd which are involved in this 
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maintenancee of gene expression. Among 
themm are the Polycomb group (PcG) complex 
andd the Trithorax group (trxG) complex. The 
PcGG proteins are involved in the maintenance 
off gene repression, whereas the trxG 
proteinss are important to maintain activation 
off gene expression. Although it is currently 
unknownn how many genes are repressed by 
PcGG proteins or activated by trxG proteins 
theirr role in maintenance of gene expression 
cann be explained on the basis of a model. 
Whenn reminiscing the example of skin 
specificc genes, a model is that proteins such 
ass the PcG proteins would stably repress 
transcriptionn of the skin specific genes in the 
heartt cells, whereas other proteins such as 
thee trxG proteins would stably activate their 
expressionn in skin cells (Figure 1). Since the 
expressionn of these genes must be 
maintainedd throughout cell division, the PcG 
andd the trxG proteins are therefore part of a 
cellularr memory system that allows the stable 
andd inheritable expression of gene activity. It 
is,, however, unknown whether skin specific 
geness are among the genes that are 
regulatedd by the PcG and trxG proteins. 

Inn this Chapter, the fundamental 
characteristicss of Polycomb-group proteins 
andd their presumed function will be 
described.. This will include the identification 
off the PcG proteins and their role in the 
regulationn of a specific class of genes, the 
homeoticc genes, as well as their presumed 
rolee in the regulation of other genes and 
processes.. Further, it is shown that the PcG 
proteinss differ significantly in their amino acid 
sequencess as well as in the proteins that are 
associatedd with them and it is shown that the 
differentt PcG proteins form multimeric PcG 
complexes. . 

2.. The Polycom b grou p gene s regulat e 
th ee expressio n of homeoti c gene s 

Thee PcG genes were originally identified in 
DrososphilaDrososphila melanogaster as a group of 
geness that are involved in the regulation of 
thee homeotic genes. Homeotic genes encode 
forr transcription factors that determine the 
identityy of the different segments or body 

A.. Repression of skin specific genes in heart cells 

S*ifl^iJijcg|ee flwiej 

B.. Activation of skin specific genes in skin cells 

FIG.. 1. PcG and trxG proteins are involved in stable 
andd heritable regulation of gene expression as 
illustratedd in this model. (A) The expression of skin 
specificc genes is repressed by the PcG proteins in 
heartt cells, whereas (B) the expression of the skin 
specificc genes is activated by the trxG proteins in skin 
cells. . 

partss of the fly (54). These distinct body parts 
aree easily to be distinguished (Figure 2A). 
Duringg Drosophila development, cascades of 
manyy different transcription factors are 
responsiblee for the first segmentation and 
patterningg of the segments of the embryo. 
Thee body parts can be characterized by the 
combinationn of the homeotic genes they 
expresss (34, 36). The homeotic genes do not 
affectt the number or size of the segments. 
Sincee the homeotic genes determine the 
identityy of the segments, mutations in 
homeoticc genes lead to changes in the 
identityy of the segments, which are called 
homeoticc transformations (29, 99). An 
examplee of such a homeotic transformation is 
shownn in figure 2B. In this particular case, a 
triple-mutationn in homeotic genes converts 
thee third thoracic segment into the second 
thoracicc segment, which carries the wings, 
hencee resulting in a four-winged fly. This 
indicatess that the expression of homeotic 
geness in the fly must be properly regulated, 
sincee misexpression of these genes results in 
changess of the identity of the segments. The 
earlyy expression of the homeotic genes is 
regulatedd by a network of transcription 
factorss among which the pair rule genes and 
thee gap genes (Figure 3). The pair rule genes 
aree involved in the activation of the homeotic 
genes,, whereas the gap genes are involved 
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FIG.. 2. (A) Picture of a wildtype Drosophila 
melanogaster,melanogaster, showing that the fly consists of distinct 
segments.. The adult fly has a head, three thoracic 
segmentss and eight abdominal segments. (B) Mutation 
off homeotic genes leads to changes in the identity of 
segmentss and therefore to changes in the body plan. In 
thiss particular case, a triple-mutation in homeotic genes 
convertss the third thoracic segments into the second 
thoracicc segments, which carries the wings, hence 
resultingg in a four-winged fly. 

inn the repression of the homeotic genes 
(Figuree 3). The early expressed pair rule and 
gapgap transcription factors, which drive the 
expressionn of homeotic genes, decay by mid 
embryogenesiss (Figure 3). However, the 
homeoticc proteins are required throughout 
embryogenesis.. In order to properly maintain 
thee expression patterns of the homeotic 
geness as set by the pair rule and gap 
proteins,, other fundamental proteins must be 
involved.. These proteins are the PcG 
proteinss and the trxG proteins. The PcG 
proteinss take over the repressing effects 
establishedd by the gap proteins, whereas the 
trxGG proteins take over the activating effects 
off the pair rule proteins (Figure 3). 

Mutationss within PcG genes give rise to 
aa similar homeotic transformation (27, 28, 54, 
63).. The prototype Polycomb (Pc) mutation 
wass already described in 1947 (64). The PcG 

groupp is named for the presence of sex 
combss on the second and the third leg of 
heterozygouss PcG mutant adult males. The 
presencee of these sex combs is presumably 
causedd by the expression of the homeotic 
genee Sex combs reduced in the specific 
segmentss of the fly to which the second and 
thee third leg belong. The expression of this 
homeoticc gene in these segments leads to 
changess in the identity of these segments 
andd thus results in a homeotic 
transformation.. This implies that in wild type 
flies,, the PcG genes are able to repress this 
genee in these segments (11, 98). However, in 
PcGG mutant flies, the Sex combs reduced 
genee cannot be silenced, resulting in the 
expressionn of this gene and consequently 
leadingg to a homeotic transformation as 
observedd by the presence of sex combs on 
thee mid and fore leg. 

Generally,, the expression of the 
homeoticc genes is initially normal in PcG 
mutants,, since the gap proteins regulate the 
earlyy expression of the homeotic genes. 
However,, at later developmental stages, 
whenn the gap proteins decay and the PcG 
proteinss have to take over their repressing 
activities,, the expression of the homeotic 
geness in PcG mutants is altered in such a 
wayy that some homeotic genes are 
expressedd in body segments where they are 
normallyy being repressed (58, 72). A few 
mutants,, such as Pc itself, causes dramatic 
changess of the body plan. The homozygous 
Pcc mutation causes such severe changes in 
thee expression of the homeotic genes that all 
bodyy segments are completely transformed 
intoo the most posterior segment (63). 
However,, most heterozygous PcG mutants 
displayy only a weak homeotic transformation. 
Whenn more than one PcG gene is mutated, 
thee observed homeotic transformations are 
moree severely enhanced (17), indicating a 
synergisticc effect. Furthermore, in some 
casess additional copies of a PcG gene can 
compensatee for the decrease in dosage of 
anotherr PcG gene (21). 

Thee homeotic genes and the PcG genes 
aree not exclusive for Drosophila. Although 
increasinglyy more is known about the 
regulationn of homeotic genes by the PcG 
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proteinss in Drosophila, in recent years much 
evidencee has accumulated that also in 
mammalss and plants, PcG genes regulate 
homeoticc genes (37, 38, 65, 76, 89). In 
mammals,, these homeotic genes are called 
HOXX genes. Similar as in Drosophila, 
disruptionn of the expression of mouse HOX 
geness leads to homeotic transformations 
(19).. Disruption of mammalian PcG genes 
leadss to an altered HOX gene expression 
andd thus results in homeotic transformations 
(2,, 23, 89, 106). Moreover, in double PcG 
mutantt mice, the HOX gene expression 
profiless are more severely affected (10). 
Similarr as for PcG mutants in Drosophila, 
PcGG mutants in mice display changes in the 
bodyy plan. However, the phenotypic changes 
inn homozygous PcG mutant mice is much 
moree subtle as observed for PcG mutants in 
Drosophila.Drosophila. For example, targeted disruption 
off M33/MPc1, a murine homolog of 
DrosophilaDrosophila Pc, leads to subtle changes such 
ass changes in the vertebrae. Here, the 
vertebraee have changed morphologically to 
vertebraee that are normally localized more 
towardss the tail of the mice (23). A likely 
explanationn for the observed differences in 
phenotypicc changes in the body plan 
betweenn Drosophila and mice is that multiple 
mammaliann homologs of each Drosophila 
PcGG protein exist. So far at least three 
homologss of Drosophila Pc have been 
identified,, both in human and mice (see also 
sectionn 3.1). Moreover, whereas in 
DrosophilaDrosophila one homeotic cluster exists, in 
vertebratess four clusters homologous to the 
homeoticc cluster in Drosophila exist. These 
differencess do not imply that the mechanism 
wherebyy PcG proteins exert their function is 
differentt between species, since the mouse 
Pcc protein M33/MPc1 is able to rescue Pc 
deficientt flies, indicating that M33/MPc1 can 
functionallyy substitute for Drosophila Pc (67). 

3.. PcG proteins : thei r interactin g 
partner ss and thei r functio n in 
vertebrate s s 

Thee first members of the PcG proteins were 
identifiedd more than 50 years ago. To date, 

gap p 
|| [Hornet Homeoticc gene j 

PcG G 

gap p 

II [ Hqroeoti 

|| j'H.Qmec j.Hpmeoiicget t 

trx G G 

^ ^ pai rr  rul e 

l̂ i-lpraepBcgfengg

FIG.. 3. During early embryogenesis, the homeotic 
geness are regulate by the gap and pair rule proteins. 
Thee gap proteins are involved in the repression of the 
homeoticc genes, whereas the pair rule proteins are 
involvedd in the activation of gene expression. By mid 
embryogenesis,, the early acting gap and pair rule 
proteinn decay. In order to properly maintain the 
expressionn of homeotic genes, the PcG proteins take 
overr the repressing effects of the gap proteins and the 
trxGG proteins take over the activating effects of the pair 
rulee proteins. 

177 PcG genes have been identified in 
Drosophila.Drosophila. Possibly more PcG genes will be 
identifiedd in the future since cytological 
locationn other than the identified PcG genes 
havee been identified that enhance the Pc 
phenotype.. Previously, it has been estimated 
thatt there may up to 30-40 PcG genes in total 
(54).. For 12 of the Drosophila PcG proteins, 
mammaliann PcG homologs have been 
identified.. It has been shown that all 
geneticallyy studied mammalian PcG proteins 
aree involved in the regulation of homeotic 
geness similar as observed for their 
DrosophilaDrosophila homologs (38, 84, 108). 

Thee Drosophila PcG genes have been 
identifiedd by their similar homeotic 
transformations,, which occur upon mutation 
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off a PcG gene (54, 63, 97). Mutations in 
moree than one Drosophila PcG gene result in 
ann enhancement of homeotic 
transformations.. In addition, overexpression 
off one PcG gene weakened the phenotype 
causedd by the mutation in another PcG gene 
(17).. These findings have been interpreted as 
suchh that PcG proteins are able to form 
muttimericc protein complexes. This idea was 
supportedd by a study in which it was shown 
thatt PcG proteins such as Pc, Ph, and Psc 
bindd in overlapping patterns on polytene 
chromosomess in the salivary glands of 
DrosophilaDrosophila (24, 77). Further evidence for 
PcGG complex formation was obtained by 
coimmunoprecipitationn experiments. Here, it 
wass shown that Pc and Ph are associated 
withh each other in vivo (30). 

Inn this section we show that many PcG 
proteinss are able to interact with multiple PcG 
proteinss and that these interacting PcG 
proteinss form muttimeric PcG complexes. We 
showw that the distinct PcG proteins 
themselvess differ significantly in their amino 
acidd sequence and in the proteins that 
associatee with them. The identification of 
differentt protein motifs within the PcG 
proteinss and the identification of proteins that 
associatee with the PcG proteins provide more 
insightt in the function of PcG proteins and the 
mechanismm underlying PcG mediated 
repression.. Moreover, functional analysis of 
severall vertebrate PcG proteins revealed 
that,, besides to the homeotic genes, other 
geness are likely to be regulated by vertebrate 
PcGG proteins as well. 

3.13.1 Polycomb (Pc) and its vertebrate 
homologs homologs 
Severall vertebrate homologs of the 
DrosophilaDrosophila Pc protein have been identified so 
far.. These include the human HPC1 (35), 
HPC22 (83), and HPC3 (8), the mouse 
M33/MPc11 (74), MPc2 (5), and MPc3 (44), 
andd the Xenopus XPd (96) and XPc2 (79) 
proteins.. The Drosophila Polycomb (Pc) 
proteinn and its vertebrate homologs comprise 
twoo evolutionary conserved domains (Figure 
4).. Outside these domains, the homology, 
basedd on the amino acid sequences, is 
hardlyy existent. The first domain is the N-

terminall chromodomain, which is also found 
inn the heterochromatin-associated protein 
HP11 (73, 74). Based on this homology it is 
thoughtt that PcG proteins are able to repress 
genee activity through the formation of 
heterochromatinn like structures. The 
chromodomainn is important for the binding of 
thee Polycomb proteins with the chromatin 
template.. Deletion or mutation of this 
chromodomainn results in the abolishment of 
itss ability to bind chromatin. This was shown 
byy immunostaining of Drosophila polytene 
chromosomes.. Whereas wild type Polycomb 
iss found at specific chromosomal loci, 
mutationn of the chromodomain completely 
abolishedd chromosomal binding (31, 66). The 
secondd domain within Polycomb is the C-
terminall domain in which its capability to 
represss gene activity resides. Polycomb 
mutantss that lack this domain are unable to 
represss gene expression (16, 67, 83). A 
directt biochemical interaction was found 
betweenn in vitro reconstituted nucleosomal 
particless and Drosophila Pc through this C-
terminall repression domain (13), indicating 
thatt besides the N-terminal domain also the 
C-terminall domain is involved in binding of 
thee Pc protein to chromatin. Deletion of the 
C-terminuss of Pc abolishes the interaction 
withh these nucleosomal particles. 

Bothh in mouse and human it has been 
shownn that the PcG protein RING1 is able to 
interactt with the C-terminal domain of 
M33/MPc11 (87), HPC2 (81), HPC3 (8), and 
XPc22 (81) (Figure 4). This suggests that 
RING11 may have an important contribution to 
thee repression mediated by the Polycomb 
proteins.. Drosophila Pc and its vertebrate 
homologss are also able to interact with the 
DrosophilaDrosophila PcG protein Posterior sex combs 
(Psc)) and its vertebrate homolog BMI1, 
respectivelyy (42, 60, 79) (Figure 4). 
Interactionn between Polycomb and Psc or 
BMI11 does not involve either of the two 
conservedd domains in Polycomb. Do the 
Polycombb proteins also interact with proteins 
otherr than PcG proteins? In chapter 3 and 4 
off this thesis we describe that HPC2 is able 
too interact with the corepressor CtBP and the 
histonee methyltransferase SUV39H1. 
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FIG.. 4. HPC2 interacts with BMI1 and RING1. HPC2 
comprisess two conserved domains, the chromodomain 
andd the C-terminal domain, to which RING1 binds. A 
domainn outside these domains is involved in the 
interactionn with BMI1. 

Fromm genetic studies both in Drosophila 
andd mice, it has been shown that PcG 
proteinss are involved in the repression of 
homeoticc genes. However, functional studies 
alsoo revealed that these proteins are also 
involvedd in other processes, implying that 
theirr function is not limited to the repression 
off the homeotic genes. Functional analysis of 
HPC22 in human cell lines revealed that HPC2 
iss either directly or indirectly involved in the 
regulationn of the c-myc oncogene. 
Overexpressionn of a mutant HPC2 protein, 
whichh lacks the c-terminal repression 
domain,, resulted in an increase of the 
expressionn of c-myc, whereas 
overexpressionn of wild type HPC2 protein 
resultedd in a decrease of the expression of c-
mycmyc (83). Moreover, overexpression of this 
mutantt HPC2 protein resulted in cellular 
transformationn and apoptosis (83). In mice, a 
similarr mutation of the M33/MPC1 protein 
wass studied (56). About 50% of the mice 
homozygouss for this mutation in M33/MPc1 
diedd before weaning. Interestingly, mice that 
survivedd showed male-to-female sex reversal 
(56).. Although direct target genes other than 
thee homeotic genes have not been found yet, 
thesee findings indicate that the Polycomb 
proteinss are also involved in the regulation of 
geness other than the homeotic genes. 

3.23.2 Posterior sex combs (Psc) and its 
vertebratevertebrate homologs BMI1 and Mel-18 
Thee Drosophila PcG proteins Posterior sex 
combscombs (Psc) and Suppressor 2 of zeste 
(Su(z)2)) are homologous to each other (15) 
andd with several vertebrate proteins. These 
proteinss are the mice Bmi1 (109) and mel-18 
(100),, the human BMI1 (6) and Mel-18 (49), 
andd the Xenopus XBmi (79) proteins. These 

proteinss share two conserved domains 
(Figuree 5). The first is a conserved N-terminal 
zincc finger domain, the RING finger, which is 
involvedd in protein-protein interactions. A 
similarr RING finger is also found in the PcG 
proteinn RING1. The second domain is a 
centrall helix-turn-helix motif that is necessary 
forr transcriptional repression (22). 

BMI11 is able to interact with multiple 
PcGG proteins (Figure 5). As described in the 
previouss section, BMI1 is able to interact with 
XenopusXenopus and murine Pc homologs (42, 60, 
79).. The domain of interaction comprises a 
regionn between the RING finger and the 
helix-turn-helixx motif. Using the yeast two-
hybridd system, mouse and human homologs 
off the Drosophila PcG protein Polyhomeotic 
(Ph)) were found to interact with BMI1 (42) (3, 
40,, 45). Analysis of the interaction in more 
detaill revealed that the murine Ph proteins 
interactt with the helix-turn-helix motif within 
BMI1.. Such a directed analysis also revealed 
ann interaction between BMI1 and RING1 (45, 
81,, 85) as well as an interaction between 
BMI11 and BMI1 itself (85). In both cases the 
RINGG finger of BMI1 is involved. In the latter 
casee also a region encompassing the helix-
turn-helixx motif is involved (85). 

Sincee the stable and heritable 
transmissionn of the repressive state of genes 
byy PcG proteins is essential for maintaining 
thee identity of cells, misexpression of PcG 
proteinss results in loss of cellular identity. It is 
thereforee not surprising that Bmi1 was 
identifiedd through its involvement in disease. 
Bmi11 was first isolated as an oncogene that 

HPH H 

BMI11 i 

(( KPC2 ) 

FIG.. 5. Multiple interactions between BMI1 and several 
otherr PcG proteins. BMI1 contains two conserved 
domains,, a RING finger and a helix-turn-helix motif, 
whichh are involved in binding RING1 and HPH 
respectively.. BMI1 is able to interact with itself through 
aa region between the RING finger and the helix-turn-
helixx motif. This region is also involved in binding 
HPC2. . 
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cooperatess with the proto-oncogene c-myc 
(43,, 111). Transgenic mice overexpressing 
Bmi11 develop lymphomas (4) and Bmi1 is 
ablee to transform rodent fibroblast cells (22, 
50).. Overexpression of Bmi1 leads to a 
downregulationn of the tumor suppressors p16 
andd p19arf, explaining the potent oncogenic 
capacityy of Bmi1 in vivo, in the induction of 
lymphomass in transgenic mice (50). In line 
withh this is the recent finding that the 
expressionn of BMI1 remains high during the 
activationn and the proliferation of the mantle 
cellss in mantle cell lymphomas (MCL), 
whereass BMI1 is downregulated in healthy 
cellss (112). Bmi1 act as an oncogene, though 
thee opposite effect has been suggested for its 
closelyy related partner Mel-18. Mel-18 is 
consideredd as being a tumor suppressor, 
sincee downregulation of Mel-18 resulted in a 
tumorigenicc phenotype in fibroblasts. 
Overexpressionn of Mel-18 in transgenic mice 
resultss in a down-regulation of the c-myc 
proto-oncogenee (55, 101). However, the fact 
thatt no tumorigenesis has been reported in 
homozygouss Mel-18 mutant mice, suggest 
thatt its role as tumor suppressor might be 
limitedd (2). These findings clearly show that 
interferencee with expression with PcG 
proteinss like BMI1 results in dramatic 
changess of the cell's identity, underlining the 
importancee of these proteins in maintaining 
cellularr identity. 

3.33.3 Polyhomeotic (Ph) and its vertebrate 
homologshomologs PH and Rae-28 
Thee sequence homology between the 
DrosophilaDrosophila PcG protein Polyhomeotic (Ph) 
(28),, its mouse homologs MPh1/Rae-28 (3, 
70),, MPh2 (45), and human HPH1 and HPH2 
(40),, is restricted to three domains, which lie 
inn a conserved order in their C-terminal part 
(Figuree 6). These domains are homology 
domainn I and II, and a zinc finger motif that is 
locatedd between these two homology 
domains.. Outside these domains, homology 
iss limited. Homology domain II is often 
referredd to as SPM domain, since it is also 
presentt in the PcG protein Sex combs on 
midlegg (Scm) and lethal(3) malignant brain 
tumorr (l(3)mbt) (12). 

Phh and its mammalian homologs are 
ablee to interact with several other PcG 
proteinss (Figure 6). Drosophila Ph and its 
humann and mouse homologs were identified 
ass interacting partners of the PcG protein Psc 
andd its homolog BMI1 (3, 40, 42, 45, 60). 
Bothh human HPH1 and HPH2, and mouse 
Rae-28/Mph11 and MPh2 are able to interact 
withh either human BMI1 or mouse Bmi1. It 
wass found that both the conserved homology 
domainss of the mammalian Ph homologs are 
involvedd in the interaction with BMI1 (40). A 
directedd protein-protein interaction analysis 
revealedd that Drosophila Ph was also able to 
interactt with the PcG protein Scm, which like 
Ph,, contains the highly conserved SPM 
domainn (61, 75). Scm and Ph interact with 
eachh other through this domain (61, 75). 
Consistently,, mouse Mph1 is able to interact 
withh mouse Scm (104). In addition, mouse 
Mph22 was able to interact with the mouse 
PcGG protein Ringlb (45). The domain within 
MPh22 to which Ringlb is able to interact is 
unknown.. Both Drosophila Ph and mouse 
Mph11 are also able to interact with itself (3, 
61).. This homodimerization occurs through 
thee SPM domain. In addition, the human 
proteins,, HPH1 and HPH2, are able to 
heterodimerizee with each other, through this 
SPMM domain (40). These data indicate a 
centrall role for the SPM domain in mediating 
multiplee protein-protein interactions between 
PcGG proteins. 

! ! ZSnc--
finger r 

FIG.. 6. The PcG protein HPH1 comprises three 
conservedd domains, a zinc-finger and two homology 
domains,, H-l and H-ll (or SPM), of which the latter is 
involvedd in binding the SCM protein and the HPH 
proteins.. BMI1 is able to bind the zinc-finger, which 
residess between the two homology domains. 
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3.43.4 RING1 
Thee human PcG protein RING1 (81), and its 
mousee homologs Ringla (87) and 
dinG/Ringlbb (45, 87), share the N-terminal 
RINGG finger (Figure 7), a specific conserved 
zinc-fingerr domain, which has also been 
foundd in the Drosophila PcG proteins Psc 
andd Su(z)2, as well as in their mammalian 
homologs,, BMI1 and Mel-18. This RING 
fingerr is involved in protein-protein 
interactions.. Apart from this RING-finger, the 
proteinss share only two regions of similarity in 
thee C-terminal end. Since PcG proteins are 
originallyy classified based on Drosophila 
genetics,, this raised the question whether a 
DrosophilaDrosophila homolog of the mammalian RING 
proteinss exist. For several years this was 
unknown,, which made it hard to prove that 
thee mammalian RING proteins are true PcG 
proteins.. Nevertheless, the mammalian RING 
proteinss are able to interact with several PcG 
proteinss (see below) and it has been 
observedd that targeted deletion of Ringla 
givess rise to similar homeotic phenotypes as 
observedd for other mouse PcG genes (25). 
Thesee findings suggest that RING1 is indeed 
aa true PcG member, though it was still 
unknownn whether a Drosophila homolog of 
RING11 exists. Only recently, it has been 
shownn that a Drosophila homolog of RING1 
exists,, which was termed dRINGI (86). 
Unlikee other Drosophila PcG proteins, which 
weree identified based on Drosophila genetics, 
dRINGII was identified by the purification of a 
DrosophilaDrosophila PcG complex. (86)(See also 
sectionn 3.5). A possible reason that 
DrosophilaDrosophila RING1 has never been identified 
inn Drosophila, is that dRING has probably 
escapedescaped genetic screens in Drosophila. 
Theree are simply no known mutations in 
dRINGII and neither has a transposon been 
identifiedd in the neighborhood of the dRINGI 
gene. . 

Ass mentioned above, RING1 is able to 
interactt with several PcG proteins (Figure 7). 
Mammaliann RING1 proteins have been 
identifiedd in the yeast-two hybrid system as 
interactingg with the mammalian Pc proteins 
HPC22 and M33/MPc1 (81, 87). The human 
Pcc protein HPC3 has been identified in a two-
hybridd screen for interacting partners of 

FIG.. 7. Multiple interactions between RING1 and 
severall PcG proteins. The RING1 proteins contain a 
conservedd N-terminal RING-finger, which is next to a 
regionn outside this RING-finger, involved in the 
interactionn with RING1 itself. In addition, the RING1 
proteinss are able to interact with BMI1 and HPC2, with 
thee exception of HPH2, since this protein binds only 
withRINGIB. . 

RING11 (8). In addition, RING1 is also able to 
interactt with Xenopus XPc2 (81) and mouse 
Mpc33 (44), underlining the conservation of 
thee interaction between RING1 and 
vertebratee Pc homologs. The vertebrate Pc 
proteinss bind to the C-terminal region of 
RING11 (8, 81, 87). Other PcG proteins to 
whichh RING1 is able to interact are BMI1 and 
MPh22 (45, 85). A region near the RING finger 
off the RING1 protein is responsible for this 
interactionn with BMI1 (85). The Ringlb 
proteinn has been found to interact with 
mousee Polyhomeotic MPh2 through a 
domainn outside the RING-finger (45). 
Strikingly,, Ringla was not able to interact 
withh MPh2 (45). RING1 is also able to 
homodimerize.. The domains that are 
involvedd in this interaction are the RING 
fingerr domain and a region within the C-
terminuss (85). Through this C-terminal 
domain,, both Ringla and Ringlb are also 
ablee to interact with a novel protein RYBP, 
whichh stands for RING1 YY1 binding protein 
(33).. Whether RYBP is a PcG protein is 
unknown,, since, at present, the function of 
RYBPP is unclear. 

Functionall analysis of RING1 revealed 
thatt it also possesses tumorigenic properties. 
Overexpressionn of RING1 resulted in cellular 
transformationn of cells, which was 
accompaniedd by strong enhancement of the 
expressionn levels of the oncogenes c-jun, 
andd c-fos, but not of c-myc (85). 
Overexpressionn of RING1 in nude mice 
resultss in induction of tumors (85). In line with 
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thiss is the role of RING1 in mantle cell 
lymphomass (MCL). In MCL, the expression of 
RING11 remains high during the activation 
andd the proliferation of the mantle cells, 
whereass in healthy cells RING1 is 
downregulatedd (112). This may help to 
explainn the malignancy of MCL. As the 
mantlee cells are stimulated to proliferation, 
RING11 with oncogenic potential is not down 
regulatedd (112). These findings, once again, 
reveall an important role for PcG proteins like 
RING11 in controlling cellular identity. 

3.53.5 The Drosophila Pc, Ph, Psc, and 
dRINGdRING proteins as well as their vertebrate 
homologshomologs form a PcG complex 
Inn the previous sections we have shown that 
multiplee interactions between the PcG 
proteinss exist. These interactions suggest 
thatt these proteins are part of a complex. A 
wayy to demonstrate the existence of such a 
PcGG complex is to purify it biochemically. A 
DrosophilaDrosophila PcG complex has been purified 
byy affinity chromatography (92). Transgenic 
flies,, which express an epitope tagged Psc or 
Phh protein, were used to facilitate the 
purification.. The purified complex, which was 
termedd Polycomb repressive complex 1 
(PRC1),, contains the PcG proteins Psc, Ph, 
Pcc and Scm. Other examined PcG proteins 
likee E(z) and Polycomblike (Pel), were not 
partt of this complex. Recently, additional 
proteinss were identified using mass 
spectrometryy and the completed Drosophila 
genomee within the purified material, one of 
whichh was dRINGI, the Drosophila homolog 
off the mammalian RING1 proteins (86). 
Analysiss of this complex in more detail 
revealedd that the stoichiometry of the PcG 
proteinss Pc, Psc, Ph and dRINGI is equal, 
suggestingg that these PcG proteins form the 
coree of this PcG complex (86). Gel filtration 
analysess of PcG complexes from mouse 
embryoss and a mouse derived cell line 
revealedd that murine PcG complexes can 
varyy in size ranging from 200 kDa to well 
overr 1000 kDa (42). The gel filtration 
fractionss contained the murine PcG proteins, 
Rae-28/MPh1,, M33/MPc1, and Bmi1, 
indicatingg that also in mice multimeric PcG 
complexess exist. Human PcG proteins are 

FIG.. 8. The PcG proteins HPC, HPH, BMI1 and RING1 
formm a multimeric protein complex. Overlapping 
spheress indicate the ability of the proteins to interact 
withh each other. For simplicity, only the human proteins 
aree indicated. Their Drosophila and mouse homologs 
aree also able to form a multimeric complex similar as 
illustratedd here. 

alsoo part of multimeric PcG complexes 
(Figuree 8). Using antibodies directed against 
severall human PcG proteins, it has been 
shownn that the human HPC, HPH, BMI1, and 
RING11 proteins co-immunoprecipitate with 
eachh other and that these proteins co-localize 
inn large nuclear domains of several cell lines. 

3.66 Extra sex combs (Esc) and its 
vertebratevertebrate homolog EED 
Thee Drosophila PcG protein Extra sex combs 
(Esc)) (41, 80, 93) is homologous to human 
EEDD (Chapter 2 of this thesis) (91), mouse 
Eedd (88), and Xenopus Xeed (82). Esc is 
uniquee among Drosophila PcG proteins in 
thatt it is only expressed transiently early in 
development,, whereas other Drosophila PcG 
proteinss remain expressed. Unlike other PcG 
proteinss Eed deficiency in mice is visible 
beforee HOX gene expression during early 
embryonicc development (88). The Esc 
proteinn and its vertebrate homologs contain 
mostlyy of a set of WD-40 repeats, which are 
involvedd in protein-protein interactions 
(Figuree 9). This WD-40 motif is found in many 
otherr proteins, not ail of them nuclear (41). 
Structurall analysis of Esc shows that the 
WD-400 repeats arrange to form the blades of 
propellerr structure (69). The homology 
betweenn Drosophila Esc and its vertebrate 
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EEDD • _ ! ! 
f'f' YY1 

FIG.. 9. EED consists of multiple WD-40 domains, which 
itt shares with its homologs of different species. These 
WD-400 domains are involved in binding the PcG 
proteinss EZH2 and YY1. 

homologss is highly conserved within these 
WD-400 domains. Outside these domains the 
overalll identity is rather high (55%), except 
forr a unique N-terminal part within vertebrate 
EEDD proteins that is not present in the 
DrosophilaDrosophila Esc protein. Comparison of the 
vertebratee EED proteins revealed that these 
proteinss are almost 100% identical, making 
EEDD the most conserved PcG protein among 
thee vertebrate PcG proteins. Homology with 
DrosophilaDrosophila protein Esc is not restricted to 
vertebrates,, since Esc homologs have also 
beenn identified in Caenorhabditis elegans 
andd Arabidopsis thaliana. These proteins are 
namedd MES-6 and FIE, respectively (59, 95, 
113). . 

Inn this thesis we show that EED is able 
too interact with vertebrate homologs of 
DrosophilaDrosophila E(z)(Chapter 2 of this thesis)(91) 
(Figuree 9). Similarly, in Drosophila and mice, 
Escc and Eed are able to interact with E(z) 
andd Ezh respectively (26, 51, 110). 
Consistently,, in C.elegans, MES-6 is able to 
interactt with a C.elegans homolog of 
DrosophilaDrosophila E(z) (48, 57, 59). In A. thaliana, 
FIEE is able to bind with A.thaliana homologs 
off E(z) (37, 39). A study in which mouse Eed 
wass introduced in Drosophila to determine 
whetherr it could rescue the esc mutant 
phenotypee revealed that mouse Eed is not 
ablee to interact with Drosophila E(z). This 
suggestss that the interaction between esc 
andd E(z) and the interaction between their 
mammaliann homologs is evolutionary 
conserved,, though the homologous proteins 
themselvess are apparently not conserved 
enoughh to substitute for each other. It has 
beenn shown that for the interaction between 

Escc and E(z), all WD-40 domains of Esc are 
necessary,, similar as observed for the 
interactionn between EED and the EZH 
proteinss (Chapter 2 of this thesis) (91, 110). 
AA specific point mutation within the second 
WD-400 domain of mouse or human EED 
abolishess the interaction with mammalian 
EZHH proteins (Chapter 2 of this thesis) (26, 
91).. Mice carrying this specific mutation 
withinn mouse Eed die early in development 
(88).. This severe phenotype might be a 
consequencee of the lack of interaction 
betweenn Eed and the EZH proteins or other 
interactingg proteins such as YY1. Recently it 
hass been shown that EED is also able to 
interactt with the DNA binding protein YY1, a 
mammaliann homolog of the Drosophila PcG 
proteinn Pleiohomeotic (Pho) (82) (Figure 9). 
Disruptionn of one of the WD-40 domains 
resultedd in the abolishment of interaction 
betweenn EED and YY1 (82), again indicating 
thatt for interaction with EED, all WD-40 
domainss of EED need to be present and 
intact. . 

Thee identification of histone 
deacetylasess (HDACs) as interacting 
partnerss of human EED, revealed the first 
mechanisticc insight how PcG proteins might 
achievee a stable repression of gene activity 
(107).. In general, acetylation of histones 
correlatess with gene expression, whereas 
deacetylationn of histones correlates with 
genee repression. Therefore, the observed 
interactionn between EED and HDACs is of 
particularr interest. Similar as observed for 
YY11 and EZH, all WD-40 domains within 
EEDD need to be present an intact (107). 

3.73.7 Drosophila Enhancer of zeste (E(z)) 
andand its homologs 
Severall vertebrate homologs of the 
DrosophilaDrosophila PcG protein Enhancer of zeste 
(E(z))) (53) exist. These are the mouse Ezh1 
(62,, 71) and Ezh2 (47), the human EZH1 (1, 
71)) and EZH2 (18, 20), and the Xenopus 
XEZXEZ (9) protein. In addition, E(z) homologs 
havee been identified in the nematode 
C.elegans,C.elegans, MES-2 (48, 59), and in the plant 
A.thaliana,A.thaliana, CURLY LEAF (37) and MEDEA 
(39).. Enhancer of zeste and its homologs 
holdd a particular position among the PcG 
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proteins,, since they all possess a highly 
conservedd SET-domain that is also found in a 
trxGG protein (Figure 10). Originally, this 
domainn was found in the proteins Su(var)3-9, 
Enhancerr of zeste and Trithorax, hence the 
namee SET-domain (52, 105). Since then this 
domainn has been found in many other 
proteins.. It has been shown that the SET-
domainn of a mammalian homolog of 
Su(var)3-99 displays histone 
methyltransferasee activity (78). However, 
analysiss of mouse Ezh2 revealed that it does 
nott possess histone methyltransferase 
activity,, indicating that this activity is not a 
generall property for SET-domain containing 
proteinss such as Enhancer of zeste (78). The 
homologyy between the Enhancer of zeste 
proteinss is not restricted to the C-terminal 
locatedd SET-domain. Drosophila E(z) and its 
homologss all share two additional domains 
whichh are located at the N-terminus. These 
domainss are designated homology domain I 
andd II (Figure 10). E(z) and its homologs are 
ablee to interact with Esc and its homologs 
respectivelyy (51) (48, 59, 91, 95, 110, 113) 
(Figuree 10). The domain of interaction 
residess within homology domain I of the 
Enhancerr of zeste proteins (51,91, 110). 

Sincee PcG proteins are essential for 
maintainingg the cell's identity, misexpression 
off PcG proteins can lead to proliferative 
defectss and tumorigenesis. A study of PcG 
proteinss in mantle cell lymphoma (MCL) 
showss that there is a correlation between the 
ratee of proliferation and the expression of 
EZH22 (112). Resting MCL cells did not 
expresss EZH2, whereas in proliferating MCL 
cellss a strongly enhanced expression of 
EZH22 has been observed. In addition, 

H-li i SET T 

FIG.. 10. The PcG protein EZH2 shares three domains 
withh its homologs from different species. These 
domainss are two N-terminal located homology domains 
andd a C-terminal SET domain. EZH2 is able to interact 
withh EED through homology domain I. 

ectopicc overexpression of EZH2 in the B-cell 
derivedd cell line Ramos resulted in an 
increasee in the proliferation rate. EZH2 might 
havee its effect on proliferation through its 
interactionn with the proto-oncogene Vav (46). 
Itt is unclear whether EZH2 cooperates with 
Vavv to increase proliferation or whether 
EZH22 attenuates the effect of Vav on 
proliferation. . 

3.83.8 Pleiohomeotic (Pho) and YY1 
Thee PcG protein Pleiohomeotic (Pho) (94) 
hass been identified as the first bona fide DNA 
bindingg protein (14). Pho is a homolog of the 
vertebratee protein YY1, a zinc finger-
containingg transcription factor that can both 
represss and activate transcription, through 
bindingg with mutiple different proteins (see 
revieww (102)). YY1 contains two N-terminal 
locatedd acidic domains and a spacer region, 
whichh are involved in transcriptional 
activationn (7) (Figure 9). The four C-terminal 
zincc fingers of YY1 have been identified as a 
transcriptionall repression domain (32). Pho 
alsoo contains the four C-terminal zinc fingers, 
andd the region encompassing these zinc 
fingerss is almost 100% identical with YY1 
(14)) (Figure 11). In addition, Pho also 
encompassess a domain homologous to the 
spacerr region of YY1. Pho does not contain a 
knownn transcriptional activation domain as 
observedd for YY1 (14), suggesting that YY1 
mayy not be a true homolog of Pho. The 
activationn properties of YY1 may be restricted 
too vertebrates, since no Drosophila YY1 
transcriptionall activity was detected in a 
studyy in which YY1-driven transcriptional 
initiationn of reporter constructs was required 
(90).. Biochemical analysis in human cells 
andd genetic analyses in Xenopus suggest 
thatt YY1 is a PcG protein (82). YY1 is able to 
interactt with the PcG protein EED (Figure 11) 
andd is part of a PcG complex that also 
containss the PcG protein EZH2 (see also 
sectionn 3.9). The domain within YY1 that is 
involvedd in EED binding is the region 
encompassingg the four zinc fingers, which 
aree involved in transcriptional repression. 
XenopusXenopus homologs of YY1 and EED, termed 
XYY11 and Xeed, possess similar 
phenoptypess when overexpressed in 
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FIG.. 11. YY1 comprises two acidic domains and a 
spacerr region, which are involved in transcriptional 
activation.. YY1 shares a C-terminal domain 
encompassingg four zinc-fingers with Drosophila Pho. 
Thesee zinc-fingers are involved in transcriptional 
repressionn as well as interaction with the PcG protein 
EED. . 

XenopusXenopus embryos. Overexpression of Xeed 
orr XYY1, as well as XEZ, induces ectopic 
neurall tissue in Xenopus embryos (9, 82). A 
directt biochemical interaction was found 
betweenn in vitro reconstituted nucleosomal 
particless and Drosophila Pc through the C-
terminall repression domain (13), indicating 
thatt besides the N-terminal domain also the 
C-terminall domain is involved in binding of 
thee Pc protein to chromatin. Deletion of the 
C-terminuss of Pc abolishes the interaction 
withh these nucleosomal particles. Although 
differencess between Pho and YY1 exist, 
particularr in the ability of YY1 to activate 
genee expression, these findings indicate or at 
leastt suggest that YY1 is a member of the 
PcGG proteins. 

3.93.9 The EED, EZH and YY1 proteins form a 
distinctdistinct PcG complex 
Inn the previous sections we have shown that 
interactionss between the vertebrate PcG 
proteinss EED, EZH and YY1 exist, as well as 
interactionss between their homologs from 
otherr species. These interactions suggest 
thatt these proteins are part of a complex. In 
thiss thesis (Chapter 2), we show that the 
vertebratee PcG complex containing EED and 
EZHH is distinct from the PcG complex that 
containss the PcG proteins HPC, HPH, BMI1 
andd RING1 (91). The EED and EZH 
containingg PcG complex also contains YY1 
(82)) (Figure 12) and the histone deacetylases 
HDAC11 and HDAC2 (107). The existence of 
distinctt PcG complexes has also been 
confirmedd in Drosophila (60, 68, 103) and 
micee (42, 110). 

4.. Outlin e of thesi s 

Inn this chapter the fundamental 
characteristicss of Polycomb-group proteins 
andd their presumed functions have been put 
forward.. The aim of this thesis was the 
identificationn of novel human PcG proteins as 
welll as proteins that associate with human 
PcGG proteins in order to unravel mechanisms 
underlyingg PcG mediated gene repression. 
Chapterr 2 provides the first evidence for the 
existencee of two distinct human PcG 
complexes.. EED, a human PcG protein is 
identifiedd and its interaction with the PcG 
proteinn EZH2 is described. In Chapter 3, the 
novell gene XCtBPI is identified through an 
interactionn with XPc2. XCtBPI and its human 
homologss CtBP1 and CtBP2 are repressors 
off gene activity. The human CtBP proteins 
aree associated with a human PcG complex 
throughh HPC2. In Chapter 4, the interaction 
betweenn the histone methyltransferase 
SUV39H11 and the human PcG protein HPC2 
iss described. Functional analysis of 
SUV39H11 in relation to HPC2 suggests a role 
forr histone methylation in targeting PcG 
proteinss to specific chromosomal loci. Finally, 
Chapterr 5 discusses how the results 
presentedd in this thesis may provide insights 
inn the mechanism underlying PcG mediated 
repression. . 

FIG.. 12. The PcG proteins EED, EZH and YY1 form a 
multimericc PcG protein complex that is distinct from the 
PcGG complex, which contains the HPC, HPH, BMI1 and 
RING11 proteins. Overlapping spheres indicate the 
abilityy of the proteins to interact with each other. For 
simplicity,, only the human proteins are indicated. 
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