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Introduction n 

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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HPC22 | J H 

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. . 

16 6 



Introduction n 

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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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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Interactionn between PcG proteins Enx1/EZH2 and EED 

Characterizatio nn of interaction s betwee n the mammalia n 
polycomb-grou pp protein s Enx1/EZH2 and EED suggest s the 
existenc ee of differen t mammalia n polycomb-grou p protei n 
complexe s s 

Inn  Drosophila  melanogaster,  the Polycomb-group  (PcG) and trithorax-group  (trxG)  genes 
havee been identifie d as repressor s and activators , respectively , of gene expression . Bot h 
group ss of genes are require d for the stabl e transmissio n of gene expressio n pattern s to 
progen yy cell s throughou t development . Severa l line s of evidenc e sugges t a functiona l 
interactio nn betwee n the PcG and trx G proteins . For example , geneti c evidenc e indicate s 
thatt  the enhancer  ofzeste[E(z)]  gene can be considere d bot h a PcG and a trxG  gene. To 
bette rr  understan d the molecula r interaction s in whic h the E(z) protei n is involved , we 
performe dd a two-hybri d scree n wit h Enx1/EZH2, a mammalia n homolo g of E(z), as the 
target .. We repor t the identificatio n of the huma n EED protein , whic h interact s wit h 
Enx1/EZH2.. EED is the huma n homolo g of eed, a murin e PcG gene whic h has extensiv e 
homolog yy wit h the Drosophila  PcG gene extra  sex combs  (esc) . Enx1/EZH2 and EED 
coimmunoprecipitate ,, indicatin g that  they also interac t in vivo . However , Enx1/EZH2 and 
EEDD do not coimmunoprecipitat e wit h othe r huma n PcG proteins , suc h as HPC2 and 
BMI1.. Furthermore , unlik e HPC2 and BMI1, whic h colocaliz e in nuclea r domain s of U-2 OS 
osteosarcom aa cells , Enx1/EZH2 and EED do not colocaliz e wit h HPC2 or BMI1. Our 
finding ss indicat e that  Enx1/EZH2 and EED are member s of a clas s of PcG protein s that is 
distinc tt  fro m previousl y describe d huma n PcG proteins . 

Inn Drosophila melanogaster, the genes of the 
PolycombPolycomb group (PcG) and trithorax group 
(trxG)(trxG) are part of a cellular memory system, 
whichh is responsible for the stable inheritance 
off gene activity. The PcG and trxG genes 
havee been identified in Drosophila as 
repressorss (PcG) (18, 22, 27, 28, 38) and 
activatorss (trxG) (20, 21), respectively, of 
homeoticc gene activity. PcG and trxG genes 
weree originally found in Drosophila, but 
mammaliann homologs have also been 
identifiedd and appear to function like their 
DrosophilaDrosophila homologs (reviewed in reference 
37).. It has been proposed that PcG proteins 
represss gene expression through the 
formationn of multimeric protein complexes. 
Wee have recently shown that the human PcG 
proteinss HPH1 and HPH2 
coimmunoprecipitate,, cofractionate, and 
colocalizee in nuclear domains with the human 
PcGG proteins BMI1 (2, 12, 33) and HPC2, a 
recentlyy identified, novel human Polycomb 
proteinn (33, 34). Furthermore, we have found 
thatt the human RING1 protein 
coimmunoprecipitatess and colocalizes with 
HPC22 and other PcG proteins, indicating that 

RING11 is associated with, or is part of, the 
mammaliann PcG complex (33, 35). These 
resultss indicate that mammalian PcG proteins 
formm a multimeric protein complex. This 
observationn is in agreement with 
observationss that different PcG proteins, 
includingg Pc, bind in overlapping patterns on 
polytenee chromosomes in Drosophila salivary 
glandd cells (4,10,29). 

Interestingly,, also the trithorax gene 
productt trx colocalizes with Drosophila PcG 
proteinss at many sites on polytene 
chromosomess (6, 24). Even more strikingly, 
bindingg of the trx protein has been mapped to 
smalll DNA fragments that also contain 
bindingg sites for PcG proteins, the Polycomb 
responsee elements (5, 6). This finding is 
furtherr substantiated by the observation that 
GAGAA factor, the gene product of the trxG 
genee trithorax-like (Trf) (13), colocalizes with 
Pcc protein within the close vicinity of a 
Polycombb response element (41). 
Furthermore,, the PcG gene Enhancer of 
zestezeste [E(z)] contains a domain with sequence 
homologyy with the activator protein trx (17). 
Thiss observation is in agreement with genetic 
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GALA-TAD D 
fusionn (aa) 

EEDD (1-535) 
HPC22 (1-558) 
BMI11 (1-326) 
XbmMM (1-326) 
RING11 (1-377) 
HPH11 (1-676) 
HPH11 (713-1013) 
HPH22 (137^32) 
Enx11 (1-746) 
HPC22 (1-558) 
BMI11 (1-326) 
Xbmill (1-326) 
RING11 (1-377) 
HPH11 (1-676) 
HPH11 (713-1013) 
HPH22 (137-432) 

Colony y 
color3 3 

Blue e 
White e 
White e 
White e 
White e 
White e 
White e 
White e 
Blue e 
White e 
White e 
White e 
White e 
White e 
White e 
White e 

Relativee (3-
galactosidase e 
activity" " 

100 0 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 
100 0 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 
<1 1 

TABL EE 1. p-Galactosidase activities of Enx1 and EED 
interactionss in the two-hybrid system. 
aWhitee colonies were obtained on medium lacking both 
histidinee and 3-AT. Blue colonies were obtained on 
mediumm lacking histidine but in the presence of 3-AT. 
bThee average f5-galactosidase activity in a triplicate 
experimentt was 135 U. This activity was set at 100%. 

dataa which indicate that E(z) can be 
consideredd both a PcG gene and a trxG gene 
(26).. Double mutations of E(z) and trxG 
geness result in homeotic phenotypes which 
aree similar to the homeotic phenotypes which 
aree also observed in double mutants of trxG 
geness (26). Finally, polytene chromosome 
bindingg of the trx protein is strongly reduced 
inn homozygous E(z) mutants (4), and vice 
versa,, polytene chromosome binding of the 
E(z)) protein is reduced in trx mutants (24). 
Thesee data suggest functional interactions 
betweenn activators (trxG proteins) and 
repressorss (PcG proteins) that are important 
forr their mode of action. 

Too start to investigate these puzzling 
featuress of the E(z) gene product, we used 
thee two-hybrid system (8, 9) in order to 
identifyy proteins that interact with a 
mammaliann homolog of E(z), the Enx1/EZH2 
proteinn (15, 16). Here, we report the 
identificationn of the human EED protein, 
whichh interacts with Enx1/EZH2. EED is the 
humann homolog of eed, a murine PcG gene 
(7,, 36) which has extensive homology with 
thee Drosophila PcG gene extra sex combs 
(esc)(esc) (14, 32, 39). Whereas Enx1/EZH2and 
EEDD coimmunoprecipitate, they neither 

coimmunoprecipitatee nor colocalize with other 
humann PcG proteins, such as HPC2 and 
BMI1.. Our findings indicate that both 
Enx1/EZH22 and EED form a class of 
mammaliann PcG proteins that is distinct from 
previouslyy described human PcG proteins. 

MATERIAL SS AND METHODS 

Yeastt two-hybrid screen. The full-length 
codingg region of Enx1 (15, 16) was cloned 
intoo the pAS2 vector (8) (Clontech, Palo Alto, 
Calif.)) and used as the target to screen for 
interactingg proteins in a two-hybrid screen (8, 
9).. Plasmid pAS2-Enx1 was cotransformed 
withh a human fetal brain Matchmaker two-
hybridd library (Clontech) into Saccharomyces 
cerevisiaecerevisiae Y190. The transformants were 
platedd on selective medium lacking the 
leucine,, tryptophan, and histidine amino acid 
butt containing 30 mM 3-amino-1,2,4-triazole 
(3-AT)) (8, 12, 33). Approximately 5 * 105 

independentt clones were obtained; 
500 growing colonies were obtained, of which 
100 were p-galactosidase positive. After DNA 
isolationn and rescreening, three colonies 
remainedd histidine and B-galactosidase 
positive.. These clones were further 
characterizedd by sequencing and analyzed 
onn gene homology by using the BLAST 
database.. Two of these clones were the 
humann homolog of the vertebrate PcG gene 
eedeed (36) and it was therefore named EED. 
Thee entire EED cDNA insert was used to 
screenn a A-ACT human lymphocyte cDNA 
libraryy (Clontech). Filters were hybridized 
overnightt at C in 0.25* SSC ( 1 * SSC is 
0.155 M NaCI plus 0.015 M sodium citrate)-
10** Denhardt's solution-10% dextran sulfate-
0.1%% sodium dodecyl sulfate (SDS)-100 ug of 
denaturedd herring sperm DNA per ml-[a-
32P]ATP-labeledd probe (5 x 105 cpm/ml). 
Afterr being washed three times for 45 min at 

CC in 0.25* SSC-0.1% SDS, the filters 
weree autoradiographed with intensifying 
screenss for 2 days at . This led to the 
isolationn of the full-length EED cDNA. 
Potentiall interactions between Enx1 and EED 
andd other vertebrate PcG proteins were 
tested.. The transformants were plated on 
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mediumm lacking the leucine, tryptophan, and 
histidinee amino acids, with or without 30 mM 
3-AT.. Interactions that were scored negative 
failedd to grow in the presence of 30 mM 3-
AT.. Due to residual HIS3 promoter activity 
theyy are able, however, to grow on medium 
thatt does not contain 3-AT (8, 12, 33). Under 
thesee nonselective conditions, negative 
interactionss were B-galactosidase negative 
andd the colony color was indicated as white 
(Tablee 1). Positive interactions are 
characterizedd by growth in the presence of 
300 mM 3-AT and by being B-galactosidase 
positive.. To exclude the possibility that the 
negativee interactors did not produce either 
onee of the fusion proteins, we Western 
blottedd equal amounts of protein and 
incubatedd the blots with monoclonal 
antibodiess that specifically recognize the 
GAL44 DNA-binding domain (GAL4-DBD) or 
thee GAL4 transactivation domain (GAL4-
TAD)) protein (Clontech). All positive and 
negativee interactors expressed both GAL4-
DBDD fusions and the GAL4-TAD fusions at 
approximatelyy the same levels (data not 
shown). . 

RNAA analysis . Multitissue Northern blots 
containingg approximately 2 ug of poly(A)* 
RNAA from different human tissues or human 
celll lines per lane were obtained 
commerciallyy (Clontech). The U-2 OS 
osteosarcomaa cell line was not present on the 
commerciall Northern blot. Poly(A)+ RNA of U-
22 OS was isolated and blotted, and the 
expressionn pattern of EED was analyzed. To 
alloww a comparison with the commercial 
Northernn blot, we blotted poly(A)+ RNA of 
SW4800 cells, which is represented on the 
commerciall blot and in which the EED gene 
iss strongly expressed. The blots were 
hybridizedd with [a-32P]dATP-labeled DNA 
probes,, and the blots were autoradiographed 
withh intensifying screens at , using X-
rayy films. 

Productio nn of the Enx1/EZH2 and EED 
polyclona ll  rabbi t antibodies . Fusion 
proteinss were made of the N-terminal region 
off Enx1 (amino acids [aa] 1 to 286) and EED 
(aaa 95 to 283). cDNAs were cloned into pET-

233 expression vectors (Novagen, Madison, 
Wis.).. Fusion proteins were produced in 
EscherichiaEscherichia coli BL21(DE), and the purified 
fusionn proteins were injected into a rabbit. 
Serumm was affinity purified over an antigen-
coupledd CNBr-Sepharose column 
(Pharmacia,, Uppsala, Sweden). 

IPss and Wester n blotting . U-2 OS 
osteosarcomaa cells, which were grown to 
confluence,, were lysed in ELB lysis buffer 
(2500 mM NaCI, 0.1% Nonidet P-40, 50 mM 
HEPESS [pH 7.0], 5mM EDTA) containing 
0.55 mM dithiothreitol, 1 mM 
phenylmethylsulfonyll fluoride, and the 
proteasee inhibitors leupeptin, benzamidine, 
pepstatinn and aprotinin. The cell lysate was 
sonicatedd three times with bursts of 15 s. The 
lysatee was centrifuged at 14,000 x g at C 
forr 10 min, and the supernatant (500 pi) was 
aliquotedd and stored at ; 25 pi of the 
supernatantt was subsequently incubated with 
thee indicated antibodies for 2 h at . Goat 
anti-rabbitt immunoglobulin G (IgG) antibodies 
(Jacksonn ImmunoResearch Laboratories) 
weree added to the mixture and incubated for 
11 h at . Protein A-Sepharose CL-4B 
(Pharmacia)) and ELB buffer were added to 
enlargee the volume of the mixture to 300 pi. 
Thee mixture was incubated for 1 h at C 
underr continuous mixing. The mixture was 
centrifugedd at 1,500 * g at C for 1 min, 
washedd with 1 ml of ice-cold ELB buffer 
withoutt protease inhibitors, and centrifuged at 
1,5000 x g at C for 1 min. This washing 
proceduree was repeated five times. After 
heatingg and centrifugation to remove the 
proteinn A-Sepharose beads, the proteins 
weree separated by SDS-polyacrylamide gel 
electrophoresiss (PAGE) and transferred to 
nitrocellulose.. The blots were probed with a 
1:1,0000 dilution of affinity-purified rabbit 
antibodiess against EED and Enx1/EZH2(Fig. 
6AA and B, respectively) or chicken anti-BMM 
antibodyy (Fig. 6C). The secondary alkaline 
phosphatasee goat anti-rabbit or donkey anti-
chickenn IgG (heavy plus light chain) 
antibodiess (Jackson ImmunoResearch 
Laboratories)) were diluted 1:10,000, and 
nitrobluee tetrazolium-5-bromo-4-chloro-3-
indolylphosphatee (Boehringer) was used as 
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substratee for detection. The heavy chains of 
thee rabbit immunoprecipitation (IP) antibodies 
(approximatelyy 50 kDa) were recognized by 
thee rabbit antibodies against EED and 
Enx1/EZH2.. This lower molecular weight 
rangee is, however, not shown in Fig. 4A and 
B.. To determine the relative molecular weight 
off the EED protein, T7-tagged EED cDNAs 
weree transfected to U-2 OS cells. These cells 
weree harvested, and the cell lysates were 
separatedd by SDS-PAGE and transferred to 
nitrocellulose.. The blots were probed with a 
1:10,0000 dilution of mouse monoclonal 
antibodyy against T7 (Novagen). 

Immunofluorescenc ee labelin g of tissu e 
cultur ee cells . Coverslips with attached U-2 
OSS cells were rinsed once with phosphate-
bufferedd saline (PBS) and incubated with 
freshlyy prepared 2% (wt/vol) 
paraformaldehydee in PBS for 15 min at room 
temperature.. After fixation, cells were rinsed 
twicee with PBS and permeabilized with 0.5% 
(wt/vol)) Triton X-100 (Sigma) for 5 min at 
roomm temperature. Cells were subsequently 
rinsedd twice with PBS, incubated in PBS 
containingg 100 mM glycine for 10 min, and 
incubatedd for 10 min in PBG (PBS containing 
0.5%% bovine serum albumin and 0.05% 
gelatinn from cold-water fish skin [Sigma]). 
Fixedd cells were incubated for 2 h at room 
temperaturee with primary antibodies diluted in 
PBG.. Subsequently, cells were washed four 
timess for 5 min in PBG and incubated with 
secondaryy antibodies diluted in PBG for 1.5 h 
att room temperature. Secondary antibodies 
usedd were donkey anti-rabbit IgG coupled to 
fluoresceinn isothiocyanate and donkey anti-
chickenn IgG-coupled Cy3 (both from Jackson 
ImmunoResearchh Laboratories). After 
labeling,, cells were washed four times for 
55 min in PBG and twice for 5 min in PBS. 
Imagess of labeled cells were produced on a 
Leicaa confocal laser scanning microscope 
withh a 100*/1.35oil immersion lens. Pairs of 
imagess were collected simultaneously in the 
greenn and red channels. Single optical 
sectionss are shown. The first two pictures of 
eachh row (Fig. 7) represent the two different 
scannedd channels for imaging the double 
labeling,, whereas the last picture represents 

thee reconstituted image. To determine 
potentiall colocalization between the 
Enx1/EZH22 and EED proteins, we transiently 
transfectedd U-2 OS cells with T7-tagged EED 
protein.. Double labeling was performed with a 
mousee monoclonal antibody against T7 
(Novagen)) and affinity-purified rabbit 
antibodyy against Enx1/EZH2. 

LexAA fusio n reporte r gene-targete d 
repressio nn assay . The LexA repression 
assayy was performed as described 
previouslyy (3, 33, 34). U-2 OS cells were 
culturedd in a 25-cm2 flask and cotransfected 
withh 2 ug of the heat shock factor (HSF)-
induciblee luciferase (LUC) reporter plasmid 
(33,, 34), 4 ug of the LexA-fusion constructs, 
andd 2 ug of the pSV/B-Gal construct 
(Promega),, using the calcium phosphate 
transfectionn method. The HSF-inducible LUC 
reporterr plasmid was activated by exposure 
off the cells at r 1 h, followed by a 6-h 
recoveryy at . LUC activity was 
normalizedd to B-galactosidase activity. The 
LUCC activity in cells transfected with the LUC 
reporterr plasmid only was therefore set at 
100%,, and LUC activities in cells 
cotransfectedd with the indicated plasmids 
weree expressed as percentage of this control. 
Thee degree of repression by LexA-fusion 
proteinss is expressed as mean  standard 
errorr of the mean. 

RESULTS S 

Identificatio nn of the huma n EED protei n 
whic hh interacts  wit h Enx1 . To identify 
geness encoding proteins that interact with 
Enx1,, the vertebrate homolog of the 
DrosophilaDrosophila PcG protein E(z), we performed a 
two-hybridd screen (8). The full-length coding 
regionn of Enx1 (16) was cloned into the pAS2 
vectorr (8). Plasmid pAS2-Enx1 was 
cotransformedd with a human fetal brain 
Matchmakerr two-hybrid library (Clontech) into 
thee yeast strain Y190. The transformants 
weree plated on selective medium lacking 
histidine,, tryptophan, and leucine (8, 12, 33). 
Off approximately 5 * 105 independent clones, 
500 colonies were His+; of these, 10 were 6-
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GTGTCKCGGACWCCCeGCCCC«XK3ÏGCACCAACCnxx»GGG«Ka33GAGGAATA ^ ^ 
V W B R P B P R R Q l P C G t R l l I I W S l l I v s T A P X a T D N P A A I K Q i : : 

CCTaATaJU^crrTTACAeTTGTGCATOTACCTAT^TAGCAATACGAGCCATCCTCTCCTK ^ ^ 
A 0 1 « r r T C A H T Y D S K T S H P L L A V A a 8 » a i I t i : i i P I T « a C C 

II  K H T V 

1TCW^ATCAATTCAAAGAGAATGATGAATGCAATTAAG<»ATCTTATGATTATAATCCAAATAAAACT ^ ^ 
W P I H S K H K K K A I K I G Y D Y H P M K r W K P F I S Q S I H P P D P S T X X 

ArTAAACCCAGTGAATCTAATtïTtïACTA7TCnTJ(3GC^TTTC»TTACAGCCAGTGT ^ ^ 
Z K F S I S M V T 3 L a B . r D T I Q C D X W T I I f t r S l l D r i t O K H l A L 0 * Q Q 

GTTG(3CAAACTTrATGTTTGffl̂ TTTAGAAGTAGAACATCCT<aTAAAGCCAAATGTACAACACTGACTCATCATA ^ ^ 
V 8 K L T V « O L S V g O P S K A I C T t L T H > K C a A A S B Q T f r i l D t t 

FIG.. 1. Nucleotide sequence of EED and its predicted amino acid sequence. The point mutations (bp 872 and 881) 
inn eed that are found in the mutant eed mice are boxed. The stop codon of the EED gene is indicated with an 
asterisk. . 

galactosidasee positive. After DNA isolation 
andd rescreening, three colonies remained 
histidinee and B-galactosidase positive. Two 
1,628-bp-longg cDNA clones were identical. 
Thee entire EED cDNA insert was used to 
screenn a AACT human fetal brain cDNA 
libraryy (Clontech). We isolated a 1,837-bp-
longg cDNA (Fig. 1). The predicted 535-aa-
longg protein is identical to the mouse eed 
proteinn (7) and we therefore name the novel 
humann protein EED. The eed (for embryonic 
ectodermectoderm development) gene (7, 36) has 
beenn identified as being a vertebrate 
homologg of the Drosophila PcG gene esc (14, 
32,, 39). Within the 1,605-bp-long coding 
region,, EED is 93% identical with eed at the 
nucleotidee level. The N-terminal region of the 
proteinn (from aa 115 to 147) is rich in proline 
(P),, glutamic acid (E), serine (S), and 
threoninee (T), a potential PEST sequence, 
whichh has been implicated in protein 

degradationn (31). Most important is the 
presencee of five WD-40 domains throughout 
thee protein. In these domains, the homology 
betweenn EED and esc is highest, ranging 
fromm 54% identity in WD-40 repeat 1 to 83% 
identityy in WD-40 repeat 4 (36) (Fig. 2). 

Inn conclusion, a two-hybrid screen with 
thee Enx1 protein as the target resulted in the 
isolationn of a human cDNA which encodes a 
proteinn that is identical with the mouse PcG 
proteinn eed. We name this human protein 
EED. . 

Mappin gg of the domain s of interactio n 
betwee nn Enx1 and EED. To define the 
domainss that are responsible for the 
interactionn between Enx1 and EED, we 
subclonedd different parts of Enx1 and EED in 
framee with the GAL4-DBD and tested 
whetherr these proteins could still interact with 
full-lengthh EED or full-length Enx1. Enx1 
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E E DD VSRGRRENRPPGPRDGKQPGS 
EEDD RAGGRARARPFFSSVAGSHARPPRRLGAICDSGGSGGGGGAGSFAAGSGRACLTAVWRRPRPRRQEPGGRRRN 

21 1 
94 4 

EEDD MSKREV.qTAP&GTnMPAAKKOKLSSDENSNPDLSGDENDDAVSIESGTNTERPDTPTNTPNAPGRKSWGKGKW 

ESCC M S -- - - D K-K GDE S T - R - - - P R - - - G 

1 67 7 

EED D 
ESCC KSKK K KE 

WD-400 #1 
KSKKCKYSFKCWNSLKEbHNQPLFGVQFNWHSKEGDPLVFATVGSNdVTLYECHSQGEIRLLQSYVDADADEN N 

-HH FGV-FN P-VFAT-GSNI VT-YEC- -QG L L - - Y - D - D - D E-

EEDD FYTCAWTYDSNTSHPLLAVAGSRGIIRI 
ESCC F Y T C A W - Y D - - T S - P L L A - A G - R G - I R - I-

NN F WD-40 #2 
INP1TMQCII  KHYVtSHGNAINELKFHPRDPNLLLS VSKDHALRLWN 

3HG-AINELKFHPP LLLS-SKDHA-RLWN 

EED D 
ESCC IQ A I 

WD-400 #3 
IQTDTLVAIFGGVE}3HRDEVLSADYDLLGEKIMSCGMDHSLKLWR|INSKRPIMNAIKESYDYNPNKTNRPFISQ Q 

GGVE3HRDEVLS-DD G--I-S-GMDHSLKLW - NN l - - s K- - -PF -

EED D 
ESC C 

WD-400 #4 
rflHFPDFSTRDIHRNYVDCVRWLGDLILSKSCENAIVCWldPGKMEDDIDKIKPSESNVTILGRFDYSQCDIWY rflHFPDFSTRDIHRNYVDCVRWLGDLILSKSCENAIVCWldPGKMEDDIDKIKPSESNVTILGRFDYSQCDIWY 

-HFPDFSTRDIHRNYVDCV-W-G---LSKSCENAIVCWKPGG - - K P S - S - - T I - - - F - Y - - C - I W-

WD-400 #5 
EEDD MRFSMDFWQKMIJUjGNQVGKLYVWDLEVEDPHKAKCTTLTHIÉCCGAAIRQTSFSRDSSILIAVCDDASIWRWEfeLR S 35 
ESCC - RF W O K - - A I X 3 N Q - G K - Y W - L - - - D P - - A - - T T L - - 4 - - - A - - R Q - - F S R P - S - L - - V C D D A - - W R W - fc 

FIG.. 2. Comparison of the EED/eed protein with the Drosophila PcG protein esc. Identical amino acids are shown; 
nonidenticall amino acids are indicated with a dash. The five WD-40 repeats are indicated with boxes. A putative 
PESTT sequence is underlined. The point mutations (aa 287 and 290) in eed that are found in the mutant eed mice 
aree shaded in the boxed WD-40 domain 2. 

comprisess two N-terminal domains which 
showw strong homology between Drosophila 
E(z)) and its mammalian homologs. These 
domainss have been designated domains I 
andd II (25). Furthermore, Enx1 contains a C-
terminall cysteine-rich domain and a SET 
domain.. This last domain is found in a 
numberr of different proteins such as the 
trithoraxx protein (17). We found that the 
regionn encompassing both the cysteine-rich 
domainn and the SET domain (aa 498 to 746) 
didd not interact with EED (Fig. 3A). Also a 
regionn extended toward the N terminus (aa 
2855 to 746) did not interact with EED. In 
contrast,, the region encompassing domain I 
andd a part of domain II (aa 1 to 285) did 
interactt with EED. To analyze this region in 
moree detail, we made two constructs, one 
containingg homology domain I (aa 1 to 195) 
andd the other containing homology domain II 
(aaa 172 to 335). Only the region of Enx1 

whichh contains homology domain I interacted 
withh the EED protein (Fig. 3A). We conclude 
thatt EED binds to the N-terminal region of 
Enx11 which encompasses homology domain 
I. . 

EEDD contains five WD-40 domains which 
aree thought to be involved in protein-protein 
interactionss (14). We tested the importance of 
thesee WD-40 domains for the interaction 
betweenn Enx1 and EED. We made truncated 
EEDD protein constructs that contain an 
increasingg number of WD-40 domains. We 
foundd that none of the truncated EED 
proteinss that contain up to four WD-40 
domainss interacted with Enx1 (Fig. 3B). Only 
whenn all five WD-40 domains were present 
wass this truncated EED protein (aa 184 to 
535)) able to interact with Enx1 (Fig. 3B). The 
mostt N-terminal region of EED (aa 1 to 184), 
whichh does not contain WD-40 domains, was 
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FIG.. 3. Mapping of interaction domains between Enx1 and EED. (A) Indicated portions of Enx1 were fused to the 
GAL4-DBDD (GAL4-DBD fusion protein). These Enx1 regions include homology domains I (aa 94 to 159), homology 
domainn II (aa 218 to 329), a cysteine-rich domain (aa 498 to 612), and the SET domain (aa 613 to 742). Constructs 
thatt encompass different portions of the Enx1 protein are indicated. The plasmids were cotransformed with full-length 
EEDD (aa 1 to 535), which is fused to the GAL4-TAD (GAL4-TAD fusion protein). Interactions were positive (+) when 
thee transformants were able to grow on selective medium lacking histidine and when they were also B-galactose 
positive.. (B) Full-length Enx1 (aa 1 to 746) fused to the GAL4-DBD was tested for interaction against indicated 
portionss of EED fused to the GAL4-TAD. (C) Indicated point mutations in the second WD-40 domain of EED were 
madee and tested against the full-length Enx1 protein. 
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nott important for mediating the interaction 
betweenn Enx1 and EED (Fig. 3B). 

Thiss last result implies that all WD-40 
domainss of EED are necessary for interaction 
withh Enx1. We tested this notion further by 
creatingg mutant EED proteins that contain 
pointt mutations in the second WD-40 domain. 
AA recessive embryonic-lethal eed mutation 
hass been shown to be due to point mutations 
thatt result in altered aa 287 or 290 (36). 
Thesee mutations represent a null or 
hypomorphicc allele, respectively. In the null 
mutant,, aa 287 is changed from isoleucine (I) 
too asparagine (N) by a change in the codon 
ATCC to AAC (Fig. 1 and 2). In the 
hypomorphicc mutant, aa 290 is changed from 
leucinee (L) to proline (P) by a change in the 
codonn CTG to CCG. We created these 
mutationss by using PCR primers which 
containedd the respective mutations and 
testedd whether the mutant EED proteins are 
stilll able to interact with Enx1 in the two-
hybridd system. We found that both point 
mutationss abolished the interaction with Enx1 
inn the two-hybrid system (Fig. 3C). This result 
underliness the importance of intact WD-40 
domainss of EED for the interaction with Enx1. 

Inn conclusion, we find that the N-terminal 
regionn of Enx1 that encompasses homology 
domainn I mediates the interaction between 
Enx11 and EED. For this interaction, all five 
WD-400 domains of EED are necessary. 
Furthermore,, the WD-40 domains need to be 
intactt since point mutations in the second 
WD-400 domain abolish the interaction 
betweenn Enx1 and EED. 

Noo interaction s betwee n Enx1 and EED 
andd other , previousl y identifie d PcG 
proteins .. We next tested whether we could 
identifyy interactions between Enx1 or EED 
withh other, previously identified PcG proteins. 
Thiss was done by cloning Enx~\ and EED in 
framee with either the GAL4-DBD or the 
GAL4-TAD.. Enx1 and EED interacted equally 
stronglyy with each other, no matter whether 
theyy were fused to GAL4-DBD or GAL4-TAD 
(Tablee 1). However, we found no interactions 
betweenn Enx1 or EED and the vertebrate 
PcGG proteins HPC2 (34), BMI1 (1), Xbmil 
(30),, RING1 (33), or HPH1 or HPH2 (12) 

(Tablee 1). We conclude that there are no 
interactionss between Enx1 and EED and 

1 2 3 4 5 6 7 88 9 10 

FIG.. 4. Expression patterns of EED in human tissues 
(A)) and in human cancer cell lines (B). (A) Expression 
levelss in spleen (lane 1), thymus (lane 2), prostate (lane 
3),, testis (lane 4), ovary (lane 5), small intestine (lane 
6),, colon (lane 7), and peripheral blood leukocytes (lane 
8).. (B) Expression levels in promyelocytic leukemia HL-
600 (lane 1), HeLa cell S3 (lane 2), chronic myelogenous 
leukemiaa K-562 (lane 3), lymphoblastic leukemia 
MOLT-44 (lane 4), Burkitt's lymphoma Raji (lane 5), 
colorectall adenocarcinoma SW480 (lane 6), lung 
carcinomaa A549 (lane 7), and melanoma G361 (lane 8) 
celll lines. Lanes 1 to 8 represent a commercially 
obtainedd Northern blot. We also isolated and blotted 
poly(A)** RNA from U-2 OS (lane 10). To allow 
comparisonn with the commercial multiple-tissue 
Northernn blot, we isolated and blotted poly(A)* RNA 
fromm SW480 cells (lane 9). The filters were rehybridized 
withh a probe for glyceraldehyde-3-phosphate 
dehydrogenasee (GAPDH) to verify the loading of RNA 
inn each lane. 
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otherr human PcG proteins in the two-hybrid 
system. . 

Distributio nn of EED transcripts  in huma n 
tissue ss and cance r cel l lines . We next 
studiedd the expression level of the EED gene 
byy analyzing multiple-tissue Northern blots 
containingg poly(A)+ mRNA from different 
humann tissues or human cell lines 
(Clontech).. As the probe we used the entire 
EEDEED cDNA. We detected two transcripts of 
approximatelyy 1.5 and 2 kb in all the tissues 
andd cell lines tested (Fig. 4). In normal tissue 
alsoo higher transcripts were detected, but at a 
muchh weaker level (Fig. 4A). Only in 
peripherall blood leukocytes were these 
higherr transcripts of approximately 3 and 
3.55 kb expressed at a higher level (Fig. 4A, 
lanee 8). The significance of this observation is 
nott clear. One possibility is that these 
transcriptss selectively arise from different cell 
typess such as granulocytes or lymphocytes 
withinn the heterogeneous peripheral blood 
leukocytes.. In normal human tissues, the 
highestt level of EED expression is found in 
thee testis (Fig. 4A, lane 4). Expression levels 
aree still well pronounced in the spleen (lane 
1),, prostate (lane 3), ovary (lane 5), and 
smalll intestine (lane 6). The expression levels 
off EED are somewhat lower in the thymus 
(lanee 2), colon (lane 7), and peripheral blood 
leukocytess (lane 8). The differences in 
abundancee of EED transcripts are more 
pronouncedd in human cell lines than in 
normall human tissues (Fig. 4B). Highest 
expressionn levels are observed in the 
colorectall adenocarcinoma SW480 (lane 
66 and 9), K-562 (lane 3), and U-2 OS 
osteosarcomaa (lane 10) cells. In Burkitt's 
lymphomaa Raji (Fig. 4B, lane 5), lung 
carcinomaa (lane 7), and melanoma G361 
(lanee 8) cells, EED is expressed at a lower 
level. . 

Compariso nn betwee n differen t EED 
proteins .. The first published eed cDNA 
encodess a 441-aa-long protein (36). 
However,, a more recent report describes a 
longerr version of the eed protein, which 
containss an additional 94 N-terminal amino 
acidss (7). This longer protein starts from a 
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FIG.. 5. Comparison between different EED proteins. 
Twoo T7-tagged EED constructs which potentially 
encodee the EED441 protein and EED535 protein were 
made.. U-2 OS cells were transfected with T7-EED441 

(lanee 1) and T7-EED535 (lane 2) cDNAs, and the 
respectivee cell lysates were analyzed by Western 
blotting.. Blots were probed with a mouse monoclonal 
antibodyy against T7 («T7; lanes 1 and 2). The 
endogenouss EED protein was detected in a cell lysate 
off U-2 OS cells (lane 3), using an affinity-purified 
antibodyy against EED (rxEED). Molecular weights are 
indicatedd in thousands. 

codonn that encodes valine (7). For 
convenience,, we will call the smaller eed 
proteinn eed441 and the larger protein eed535. 
Thee cDNA clone that we isolated potentially 
encodess the EED535 protein (Fig. 1 and 2). To 
testt this notion, we created two EED 
constructss which contain a T7 tag at the N 
terminus.. One construct contains the EED 
cDNAA starting from the GTG, thus potentially 
encodingg the EED535 protein. The other 
constructt contains the EED cDNA starting 
fromm the ATG (at putative aa position 94), 
thuss encoding the EED441 protein. Both 
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FIG.. 6. Enx1/EZH2 and EED coimmunoprecipitate 
fromm extracts of U-2 OS cells. IP experiments were 
performedd with extracts of U-2 OS human 
osteosarcomaa cells. (A) IP performed with polyclonal 
rabbitt antibodies against Enx1/EZH2 (Enx1/EZH2 IP), 
HPC22 (HPC2 IP), and BMI1 (BMI1 IP) or with 
preimmunee serum (Mock IP). The resulting IPs were 
Westernn blotted and incubated with rabbit anti-EED 
antibody.. The 68-kDa EED protein was detected in the 
U-22 OS cell extract (Input) and in the Enx1/EZH2 IP but 
nott in the HPC2 IP and BMI1 IP. (B) IP performed with 
polyclonall rabbit antibodies against EED (EED IP), 
HPC22 (HPC2 IP), and BMI1 (BMI1 IP) or with 
preimmunee serum (Mock IP). The resulting IPs were 
Westernn blotted and incubated with rabbit anti-Enxl 
antibody.. The approximately 90-kDa Enx1/EZH2 
proteinn was detected in the U-2 OS cell extract (Input) 
andd in the EED IP, but not in the HPC2 IP and BMI1 IP. 
(C)) IP performed using polyclonal rabbit antibodies 
againstt Enx1/EZH2 (Enx1/EZH2 IP), EED (EED IP), 
andd HPC2 (HPC2 IP) or with preimmune serum (Mock 
IP).. The resulting IPs were Western blotted and 
incubatedd with chicken anti-BMI1 antibody. The 
approximatelyy 44- to 47-kDa BMI1 protein was detected 
inn the U-2 OS cell extract (Input) and in the HPC2 IP, 
butt not in the Enx1/EZH2 IP and the EED IP. Molecular 
weightss are indicated in thousands. 

constructss were transiently transfected to U-2 
OSS cells to determine the relative molecular 
weightss of the T7-tagged EED proteins. The 
cellss were harvested, and the cell lysates 
weree separated by SDS-PAGE and 
transferredd to nitrocellulose. The blots were 
probedd with a mouse monoclonal antibody 
againstt T7 (Fig. 5, lane 1 and 2). A 53-kDa 
proteinn was recognized in extracts from 17-
EED^-transfectedd U-2 OS cells (Fig. 5, lane 
1),, and a 65-kDa protein was recognized in 
extractss from T7-EED535-transfected cells 
(Fig.. 5, lane 2). It being taken into account 
thatt the T7 tag encodes an approximately 2-
kDaa protein fragment, this finding indicates 
molecularr masses of 51 kDa for the EED441 

proteinn and 63 kDa for the EED535 protein. On 
Westernn blots, an affinity-purified antibody 
againstt EED recognizes a protein of 68 kDa 
(Fig.. 5, lane 3). This result suggests that the 
endogenouss 68-kDa EED protein is encoded 
bytheEED535cDNA. . 

Enx1/EZH22 and EED coimmunoprecipitat e 
fro mm extract s of U-2 OS cells . To test 
whetherr Enx1 and EED exist in vivo as part 
off a protein complex, we performed IP 
experimentss using antibodies raised against 
thee EED and Enx1 proteins. We used 
extractss from U-2 OS cells in which PcG 
proteinss are expressed at a high level (2, 12, 
33,, 34) and in which a high expression level 
off the EED gene is found (Fig. 3). On 
Westernn blots, the affinity-purified antibody 
againstt EED recognizes a protein of 68 kDa 
(Fig.. 6A). 

Differentt splicing variants of the human 
Em\Em\ homolog result in proteins of different 
sizess (15, 25), and there is confusion in the 
literaturee concerning the nomenclature of 
thesee genes and their corresponding 
proteins.. The human homolog of Enx1 has 
beenn named EA/X1, but it encodes a protein 
thatt is 133 aa shorter than the Enx1 protein 
(15).. Recently another Enx1 homolog, called 
EZH2,, has been isolated (25). The EZH2 
cDNAA encodes a protein that is 98.3% 
identicall with the Enx1 protein and contains 
thee 133 N-terminal aa which are lacking from 
thee ENX1 protein (25). The C-terminal part of 
thee EZH2 protein from aa 133 to 746 is 100% 
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identicall with the ENX1 protein, supporting 
thee idea that the two proteins arise from 
differentiall splicing (25). We raised antibodies 
againstt the first 286 N-terminal aa of the 
Enx11 protein, which includes the 133 N-
terminall aa that are missing from the ENX1 
protein.. Within these 133 N-terminal aa, the 
Enx11 and EZH2 proteins are 97% identical. In 
humann cells, the antibodies raised against 
Enx11 (aa 1 to 286) are therefore more likely 
too recognize the larger EZH2 protein than the 
smallerr ENX1 protein. We found that the 
affinity-purifiedd antibody recognizes a protein 
off approximately 90 kDa (Fig. 6A), which is 
closee to the predicted 85 kDa of the EZH2 
proteinn (7, 25). We will therefore refer to this 
humann protein, which is recognized by the 
antibodyy against the mouse Enx1 protein, as 
Enx1/EZH2. . 

Wee found that EED was present in the 
Enx1/EZH22 IP (Fig. 6A) and that Enx1/EZH2 
waswas present in the EED IP (Fig. 6B). In 
contrast,, in IPs with the HPC2 and BMI1 
antibodies,, we did not detect the presence of 
EEDD (Fig. 6A) or Enx1/EZH2 (Fig. 6B). In the 
reciprocall experiment, we did not detect BMI1 
inn the Enx1/EZH2 and EED IPs (Fig. 6C). In 
thiss experiment we did, as observed 
previouslyy (33), detect BMI1 in the IP with the 
HPC22 antibody (Fig. 6C). Finally, no antigens 
weree detected when the specific IP 
antibodiesantibodies were replaced by preimmune sera 
(Fig.. 6, Mock IP) or unrelated antibodies or 
whenn the first antibody was merely omitted 
fromm the IPs (data not shown). This result 
underliness the specificity of the IPs. 

Inn conclusion, we show that Enx1/EZH2 
andd EED coimmunoprecipitate from extracts 
off U-2 OS human osteosarcoma cells. The 
resultss indicate that Enx1/EZH2 and EED are 
inn vivo part of a protein complex, but that they 
aree not included in complexes which contain 
thee human PcG proteins HPC2 and BMI1. 

Enx1/EZH22 and EED do not colocaliz e 
wit hh HPC2 in nucle i of U-2 OS cells . We 
nextt analyzed the subcellular localization of 
thee Enx1/EZH2 and EED proteins in relation 
too the PcG protein HPC2 by performing 
immunofluorescencee labeling experiments. 
Wee used U-2 OS cells, in which we found that 

Enx1/EZH22 and EED coimmunoprecipitate 
(Fig.. 6). The use of chicken anti-HPC2 (33) 
andd rabbit anti-Enx1/EZH2 and anti-EED 
allowss double-labeling experiments. Both 
Enx1/EZH22 and EED proteins were found in 
thee nuclei of U-2 OS, throughout the 
nucleoplasmm in a fine granular pattern (Fig. 
7AA and D, respectively). In striking contrast, 
thee HPC2 protein is found in a punctate, fine 
granularr pattern, but also in large, brightly 
labeledd domains (Fig. 7B, E, and H). In these 
largee domains, we and others observed 
completee colocalization between the human 
PcGG proteins HPC2 and BMI1 (Fig. 7G to I) 
ass well as between HPC2, BMI1, RING1, 
HPH1,, and HPH2 (2, 12, 33-35). No 
colocalizationn between Enx1/EZH2 or EED 
andd HPC2 or other human PcG proteins 
(dataa not shown) in these large domains was 
found,, since neither Enx1/EZH2 nor EED is 
localizedd in large domains. 

Sincee both antibodies against Enx1/EZH2 
andd EED are rabbit derived, it is not possible 
too directly test for potential colocalization 
betweenn those two proteins. However, to 
determinee potential colocalization between 
thee Enx1/EZH2 and EED proteins, we 
transientlyy transfected U-2 OS cells with the 
T7-taggedd EED535 protein. Double labeling 
wass performed with a mouse monoclonal 
antibodyy against T7 (Fig. 7J) and the affinity-
purifiedd rabbit antibody against Enx1/EZH2 
(Fig.. 7K). We observed complete 
colocalizationn between T7-EED535 and 
Enx1/EZH22 (Fig. 7L), which indicates that 
endogenouss EED and Enx1/EZH2 also 
colocalizee with each other. 

Wee conclude that Enx1/EZH2 and EED 
doo not colocalize with known human PcG 
proteinss in large nuclear domains of U-2 OS 
cells.. This is in striking contrast with previous 
observationss which showed that the human 
PcGG proteins HPC2, BMI1, RING1, HPH1, 
andd HPH2 all colocalize in these domains. 
Thesee results are in agreement with the 
observationn that Enx1/EZH2 and EED do not 
coimmunoprecipitatee with the other human 
PcGG proteins, and they strengthen the notion 
thatt Enx1/EZH2 and EED form a distinct 
proteinn complex. 
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FIG.. 7. Enx1/EZH2 and EED do not colocalize with the PcG protein HPC2 in nuclear domains of U-2 OS cells. 
Confocall single optical sections of double-labeled cells are presented. (A to C) Rabbit anti-Enx1/EZH2 and chicken 
anti-HPC22 double labeling. Enx1/EZH2 (A), like HPC2 (B), is homogeneously distributed in the nucleus, but unlike 
HPC2,, Enx1/EZH2 is not concentrated in large, brightly labeled domains (B and C). (D to F) Rabbit anti-EED and 
chickenn anti-HPC2 double labeling. EED (D), like HPC2 (E), is homogeneously distributed in the nucleus, but unlike 
HPC2,, EED is not concentrated in large, brightly labeled domains (E and F). Rabbit anti-BMI1 (G) and chicken anti-
HPC22 (H) double labeling demonstrates colocalization of HPC2 and BMI1 in the large bright domains (I) (indicated by 
yellow).. We transiently transfected U-2 OS cells with the T7-tagged EED535 protein. Double labeling was performed 
withh a mouse monoclonal antibody against T7 (J) and the affinity-purified rabbit antibody against Enx1/EZH2 (K). We 
observedd complete colocalization between T7-EED535 and Enx1/EZH2 (L). 

Repressio nn of HSF-induce d LUC gene the PcG proteins have been identified as 
activit yy  by Enx1 and EED. In Drosophila, repressors of gene activity. So far, no PcG 
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proteinn has been found to bind directly to 
DNA.. Nevertheless, the ability of PcG 
proteinss to repress gene activity can be 
testedd by targeting LexA fusion proteins to 
reporterr genes (3). Previously, we have 
foundd that a LexA-HPC2 as well as LexA-
RING11 fusion proteins repress gene activity 
whenn targeted to a reporter gene (33, 34). 
Wee therefore analyzed the ability of LexA-
Enx1,, LexA-EED441, and LexA-EED535 fusion 
proteinss to repress gene activity when 
targetedd to a reporter gene. 

U-22 OS human osteosarcoma cells were 
transfectedd with a construct containing a 
tandemm of four LexA operators, binding sites 
forr the HSF transcriptional activator, and the 
hsp70hsp70 TATA promoter region, immediately 
upstreamm of the LUC reporter gene (3, 33, 
34).. As a transcriptional activator, the 
endogenouss HSF was used. In the absence 
off HSF, no LUC activity was observed (data 
nott shown). Maximum LUC activity in the 
presencee of HSF was set at 100%. 
Cotransfectionn of LexA alone had no 
significantt influence on HSF-induced LUC 
activityy (Fig. 8; 96%  6% [n = 3]). We found 
thatt LexA-Enx1 was not able to repress LUC 
expressionn significantly (Fig. 8; 93%  3% 
[n[n = 3]). We also found that whereas LexA-
EED5355 was able to significantly repress LUC 
expressionn (Fig. 8; 25%  4% [n = 3]), LexA-
EED4411 was not able to repress LUC 
expressionn (78%  5% [n = 3]). In the same 
experiments,, LexA-HPC2 repressed LUC 
expressionn most efficiently (Fig. 8; 10%  5% 
[n[n = 3]). This degree of repression has been 
observedd previously (3, 33, 34). 

Thesee results are in agreement with the 
previouss report in which the eed535 protein 
butt not the eed441 protein was able to repress 
genee activity when targeted to a reporter 
genee (7). We conclude that the EED535 

proteinn but not the Enx1 protein is able to 
represss gene activity when targeted to a 
reporterr gene. 

DISCUSSION N 

Identificatio nn of an interactio n betwee n 
Enx1/EZH22 and EED. In this report, we 
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FIG.. 8. Repression of HSF-induced LUC gene activity 
byy Enx1 and EED. Activation of LUC reporter 
expressionn is maximally induced by endogenous HSF 
inn the absence of any LexA fusion protein and was set 
att 100%. LUC activities in cells cotransfected with other 
plasmidss were expressed as a percentage of this 
controll value. Bars represent the average degree of 
repressionn by LexA, LexA-Enx1, LexA-EED535, LexA-
EED441,, or LexA-HPC2 in three independent 
experimentss (mean  standard error of the mean). 

describee the identification of an interaction 
betweenn Enx1/EZH2 and EED, mammalian 
homologss of, respectively, the Drosophila 
PcGG proteins E(z) and esc. Our interest in 
searchingg for proteins that interact with 
Enx1/EZH22 is inspired by observations that in 
Drosophila,Drosophila, E(z) can be considered to be a 
PcGPcG and a trxG gene. Double mutations of 
E(z)E(z) and a trxG gene result in homeotic 
phenotypess which are similar to the homeotic 
phenotypess which are also observed in 
doublee mutants of trxG genes (26). Also, 
withinn imaginal discs of larvae hemizygous 
forr certain mutant alleles of E(z) there is no 
accumulationn of homeotic proteins such as 
Antennapediaa and Ultrabithorax (26). Lack of 
accumulationn of these homeotic proteins is a 
hallmarkk for trxG mutations. Another line of 
evidencee that points toward a functional 
convergencee between PcG and trxG proteins 

45 5 



Chapterr 2 

iss the observation that E(z) contains the SET 
domain,, a stretch of 114 aa in the C-terminal 
regionn of the E(z) protein, which is 48% 
identicall and 68% similar with the 
correspondingg region in the trx protein (17). 
Finally,, polytene chromosome binding of the 
trxx protein is strongly reduced in homozygous 
E(z)E(z) mutants (4), and vice versa, polytene 
chromosomee binding of the E{z) protein is 
reducedd in trx mutants (24). These data 
suggestt a role for the E(z) which may differ 
considerablyy from other PcG proteins, 
providingg an important rationale to perform a 
two-hybridd screen with a mouse homolog of 
E(z)) as the target. 

Here,, we report the identification of EED, 
thee human homolog of the murine eed 
protein,, a homolog of the Drosophila esc 
protein.. EED interacts with the Enx1 protein, 
bothh in the two-hybrid assay and in vivo, esc 
iss a PcG protein which also stands apart from 
otherr PcG proteins. PcG genes play a crucial 
roiee in the maintenance of homeotic gene 
activityy during later phases of embryonic 
development,, but for esc an earlier role has 
beenn proposed (14, 32, 39,40). First, the esc 
genee is expressed only during a limited, very 
earlyy developmental phase of Drosophila 
developmentt (39). Absence of the esc gene 
productt during this short period results in 
homeoticc transformations which are very 
similarr to those of other PcG mutations. 
However,, when the esc protein is missing 
duringg earlier or, most importantly, during 
laterr phases in development, no phenotypical 
defectss are observed (39, 40). This finding 
indicatess a role for esc which is different from 
thesee other PcG genes. It may be significant 
thatt the two atypical PcG proteins Enx1 and 
EEDD interact with each other and not with 
otherr PcG proteins. 

Doo Enx1/EZH2 and EED for m a clas s of 
PcGG protein s that diffe r fro m other , 
previousl yy  identifie d mammalia n PcG 
proteins ??  We found that Enx1/EZH2 and 
EEDD interact in vivo but not with other, 
previouslyy identified human PcG proteins. 
Wee base this conclusion on the observations 
thatt Enx1/EZH2 and EED do not interact with 
otherr human PcG proteins in the two-hybrid 

systemm and that they do not 
coimmunoprecipitatee or colocalize in 
interphasee nuclei with any of these other 
humann proteins. This is in striking contrast 
withh the other, previously identified human 
PcGG proteins HPC2, BMI1, RING1, HPH1, 
andd HPH2, which all coimmunoprecipitate 
withh each other and colocalize in large 
nuclearr domains of several human cell lines 
(2,, 12, 33-35). 

Itt is important to point out that the E(z) 
proteinn colocalizes with other PcG proteins 
onn only a subset of PcG binding sites on 
polytenee chromosomes. Whereas the 
DrosophilaDrosophila PcG proteins Pc, Psc, Su(z)2, and 
Phh are found at 80 to 90 specific cytological 
sites,, E(z) is found at only 42 of these sites 
(4).. Only two additional E(z) binding sites do 
nott overlap with PcG sites. The localization of 
thee esc protein has not been reported as yet. 
Althoughh E(z) and other PcG proteins bind to 
422 common cytological sites, this does not 
automaticallyy imply that E(z) is part of a 
commonn PcG protein complex. Also the trx 
proteinn has cytological binding sites in 
commonn with PcG proteins (6), but a direct, 
physicall interaction between trx and PcG 
proteinn has not been established. Even within 
thee resolution of Polycom b response 
elementss (24, 41), there is probably still room 
forr distinct protein complexes that have no 
physicall interactions. Taken together, our 
currentt data and those from previous reports 
suggestt that both the E(z) homolog 
Enx1/EZH22 and the esc homologs eed/EED 
behavee differently from other PcG proteins. 

Functiona ll  significanc e of the Enx1/EZH2 
andd EED interaction . It has been proposed 
thatt esc interacts with the transcriptional 
machineryy through the WD-40 domains (14). 
Thiss model is based on the homology that is 
foundd between esc and Tup1, a yeast protein 
whichh also contains seven WD-40 domains. 
Thesee WD-40 domains are important for the 
involvementt of the Tup1 protein in the 
repressionn of gene activity and in its binding 
too the DNA-binding homeodomain protein a2 
(19,, 23). Also, in several esc mutants point 
mutationss in the WD-40 domains have been 
foundd (32). We find that either one of two 
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pointt mutations in the second WD-40 domain 
completelyy abolishes the interaction in the 
two-hybridd system between Enx1 and EED. 
Preciselyy these two point mutations are 
responsiblee for the severe developmental 
defectss in eed mutant mice (36). It is 
significantt that the ability of the eed535 protein 
too repress gene activity is also completely 
abolishedd by these point mutations (7). It is 
thereforee tempting to speculate that both the 
interferencee with the binding capacity and the 
repressingg abilities of the eed/EED protein 
throughh these point mutations contribute to 
thee developmental defects in eed mutant 
mice.. One immediate consequence of these 
pointt mutations can be that the Enx1 protein 
iss no longer able to bind to eed with the 
subsequentt loss of integrity of the protein 
complexx of which Enx1/EZH2 and eed are 
part. . 
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C-termina ll  Bindin g Protei n is a transcriptiona l represso r that 
interact ss wit h a specifi c clas s of vertebrat e Polycom b 
protein s s 

Polycom bb (Pc) is part of a Pc grou p (PcG) protei n comple x that  is involve d in repressio n 
off  gene activit y durin g Drosophila  and vertebrat e development . To identif y protein s that 
interac tt  wit h vertebrat e Pc homologs , we performe d two-hybri d screen s wit h Xenopus  Pc 
(XPc)) and huma n Pc 2(HPC2). We fin d tha t the C-termina l bindin g protei n (CtBP) 
interact ss wit h XPc and HPC2, that CtBP and HPC2 coimmunoprecipitate , and that CtBP 
andd HPC2 partiall y colocaliz e in larg e PcG domain s in interphas e nuclei . CtBP is a protei n 
wit hh unknow n functio n that  bind s to a conserve d 6-amino-aci d moti f in the C terminu s of 
thee adenoviru s E1A protein . Also , the Drosophila  CtBP homolo g interacts , throug h thi s 
conserve dd amin o acid motif , wit h severa l segmentatio n protein s that act as repressors . 
Similarly ,, we fin d that CtBP bind s wit h HPC2 and XPc throug h the conserve d 6-amino -
acidd motif . Importantly , CtBP does not interac t wit h anothe r vertebrat e Pc homolog , M33, 
whic hh lack s thi s amin o acid motif , indicatin g specificit y amon g vertebrat e Pc homologs . 
Finally ,, we sho w that CtBP is a transcriptiona l repressor . The result s are discusse d in 
term ss of a mode l that bring s togethe r PcG-mediate d repressio n and repressio n system s 
thatthat  requir e compressor s suc h as CtBP. 

Inn Drosophila the Polycomb (Pc) group (PcG) 
geness have been identified as being part of a 
cellularr memory system that is responsible for 
thee stable and heritable repression of gene 
expressionn (3, 16). The PcG genes are 
requiredd for maintenance of the repressed 
statee of certain homeotic genes. Mutations in 
PcGG genes result in derepression of these 
homeoticc genes, which leads to homeotic 
transformations.. In recent years vertebrate 
homologss of PcG genes have been identified 
andd characterized. Mutations in these 
vertebratee PcG genes also lead to homeotic 
transformations,, indicating that the vertebrate 
PcGG genes have a function similar to that of 
theirr Drosophila homologs (reviewed in 
referencess 8 and 24). 

Despitee the extensive knowledge 
concerningg the identity of Drosophila and 
vertebratee PcG genes, the molecular 
mechanismm of how PcG proteins achieve 
inheritablyy stable transcriptional repression of 
targett genes is not understood. Several 
modelss in which the PcG proteins can 
packagee target genes in a heterochromatin-
likee conformation or induce modifications of 
thee nucleosomal organization have been 
consideredd (16). It also is not understood 
howw PcG proteins interfere with transcription 
regulation.. In theory, the PcG proteins might 
directlyy interact with enhancer proteins, with 

proteinss of the basal transcription machinery, 
orr with proteins that modify chromatin 
structure,, such as histonedeacetylases. 

Insightt into the molecular mechanisms 
underlyingg PcG action comes from 
observationss indicating that PcG proteins 
functionn as large multimeric complexes. In 
Drosophila,Drosophila, several PcG proteins share 60 to 
1000 sites on polytene chromosomes of the 
salivaryy gland (18, 28), and coimmunopreci-
pitationn experiments have shown that the Pc 
proteinn is present in a large protein complex 
thatt also includes the PcG protein 
Polyhomeoticc (Ph) (6). The vertebrate PcG 
proteinss also form multimeric protein 
complexes.. Recently, we have shown that 
theree are at least two distinct human PcG 
proteinn complexes (25). On the one hand, 
theree is a complex which consists of human 
Pcc 2 (HPC2), a human Pc homolog; a human 
homologg of the murine Pc protein M33 (21); 
HPH11 and HPH2, human homologs of the 
DrosophilaDrosophila PcG protein Ph; and BMI1, a 
humann homolog of the Drosophila PcG 
proteinn Posterior sex combs (1, 9). This 
complexx also contains the RING1 protein 
(20).. All of these proteins coimmunoprecip-
itatee with each other and colocalize in large 
nuclearr domains termed PcG domains (9, 20, 
21).. On the other hand, Enx1/EZH2 and EED, 
mammaliann homologs of the Drosophila PcG 
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proteinss Enhancer of zeste and Extra sex 
combs,, respectively, appear to be part of a 
distinctt PcG complex. Enx1/EZH2 and EED 
coimmunoprecipitatee and colocalize with 
eachh other but not with the above-mentioned 
PcGG proteins (25, 27). 

Too identify additional proteins that interact 
withh the PcG complex, we screened two-
hybridd cDNA libraries with vertebrate Pc 
homologss as targets. We found that a 
XenopusXenopus homolog of C-terminal binding 
proteinn 1 (XCtBPI) (22) interacts with 
XenopusXenopus Pc (XPc) (19) and that human 
CtBP22 (11) interacts with HPC2 (21). The 
CtBP11 protein has previously been identified 
ass a protein that binds to the extreme C 
terminuss of the adenovirus type 2 and 
55 (Ad2/5) E1A protein, and CtBP1 attenuates 
transcriptionall activation and tumorigenesis 
mediatedmediated by the E1A protein (2, 22, 26). We 
showw that the CtBP proteins coimmunopreci-
pitatee with HPC2, that the CtBP proteins 
partiallyy colocalize in nuclear domains with 
HPC2,, and, finally, that CtBP is able to 
represss gene activity. These findings are of 
particularr interest since the recently identified 
DrosophilaDrosophila homolog of CtBP is able to 
interactt with the Drosophila pair-rule 
segmentationn protein Hairy (17) and the gap 
segmentationn protein Knirps and the zinc 
fingerr protein Snail (14). Remarkably, all of 
thesee Drosophila CtBP-interacting proteins 
are,, like HPC2 and XPc, repressors of gene 
activity.. Our data suggest that HPC2-
mediatedd repression involves an association 
withh corepressors such as CtBP. 

MATERIA LL AND METHODS 

Yeastt  two-hybri d screen . The full-length 
codingg regions of XPc (19) and HPC2 (21) 
weree cloned into the pAS2 vector (5) 
(Clontech)) and were used separately as 
targetss to screen for interacting proteins (9, 
20,, 25). The other Pc and CtBP hybrids were 
derivedd by PCR (Expand; Boehringer) and 
weree sequenced entirely. The pAS2-XPc 
plasmidd was cotransformed with a Xenopus 
oocytee Matchmaker two-hybrid library 
(Clontech),, and the pAS2-HPC2 plasmid was 
cotransformedd with a human fetal brain 
Matchmakerr two-hybrid library (Clontech), 

intoo Saccharomyces cerevisiae Y190. The 
transformantss were plated on selective 
mediumm lacking the amino acids leucine, 
tryptophan,, and histidine but containing 
300 mM 3-amino-1,2,4-triazole (3-AT) (9, 20, 
25).. Potential interactions between different 
subcloness of CtBP and HPC2 were tested. 
Thee transformants were plated on medium 
lackingg the amino acids leucine, tryptophan, 
andd histidine with or without 30 mM 3-AT. 
Cellss with interactions that were scored as 
negativee failed to grow in the presence of 
300 mM 3-AT. Due to residual HIS3 promoter 
activity,, however, they are able to grow on 
mediumm without 3-AT (9, 20, 25). Under 
thesee nonselective conditions, cells with 
negativee interactions were p-galactosidase 
negativee and the colony was white. Positive 
interactionss meet the two criteria of growth in 
thee presence of 3-AT and B-galactosidase 
positivity. . 

GSTT fusio n protein s and in vitr o bindin g 
assay .. The previously described (19) 
glutathionee S-transferase-XPc (GST-XPc) 
(aminoo acids [aa] 1 to 521) and GST-XPc (aa 
11 to 178) fusion proteins contain, 
respectively,, the full-length XPc and the N-
terminall first 178 aa of XPc, encompassing 
thee chromodomain (19). Expression of the 
GSTT fusion proteins was induced for 3 h at 

CC with 0.4 mM isopropyl-p-D-thiogalacto-
pyranosidee as described previously (19). The 
cellss were pelleted, resuspended in binding 
bufferr (phosphate-buffered saline containing 
11 mM EDTA, 1 mM dithiothreitol, 2 mM 
phenylmethylsulfonyll fluoride, 10 ug of 
leupeptinn per ml, 10 ug of benzamidine per 
ml,, 10 ug of trypsin inhibitor per ml, and 
100 ug of aprotinin per ml), and sonicated. 
Tritonn X-100 was added to a final 
concentrationn of 1% (vol/vol), and the lysate 
wass incubated for 30 min on ice. Cell debris 
wass removed by centrifugation for 10 min at 
14,0000 x g, the supernatant was added to 
glutathione-Sepharosee 4B, and the mixture 
wass incubated for 30 min at . The beads 
weree collected by centrifugation and washed 
extensivelyy with binding buffer. Capped 
syntheticc CtBP2 mRNA was made by in vitro 
transcriptionn and translated at 20 ug/ml in a 
rabbitt reticulocyte lysate in the presence of 
[35S]methioninee (19). A 10-ul slurry of GST 
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fusionn protein (immobilized on glutathione-
Sepharose)) was preincubated for 30 min on 
icee in a final volume of 200 ul of binding 
buffer,, containing 0.5% Nonidet P-40 and 
11 mg of bovine serum albumin per ml. 
Subsequently,, 3 pi of the reticulocyte lysate 
waswas added to the mixture and incubated for 
300 min at C with rotation. The beads were 
washedd five times with 1 ml of ice-cold 
bindingg buffer. The complexes were 
separatedd on sodium dodecyl sulfate (SDS)-
polyacrylamidee gels, which were subjected to 
fluorography. fluorography. 

RNAA analysis . Multitissue Northern blots 
containingg approximately 2 ug of poly(A)+ 

RNAA from different human tissues or human 
celll lines per lane were obtained 
commerciallyy (Clontech). The U-2 OS 
osteosarcomaa cell line was not present on the 
commerciall Northern blot. Poly(A)+ RNA of U-
22 OS was isolated and blotted, and the 
expressionn patterns of CtBP1 and CtBP2 
weree analyzed. To allow a comparison with 
thee commercial Northern blot, poly(A)+ RNA 
off SW480 cells, which is also represented on 
thee commercial blot and in which both the 
CtBP1CtBP1 gene and the CtBP2 gene are strongly 
expressed,, was blotted. We used part of the 
3'' untranslated region (3' UTR) of CtBP1 or 
CtBP2CtBP2 as a probe. To obtain these probes, a 
PCRR was performed on a human fetal brain 
Matchmakerr two-hybrid library (Clontech). 
CtBP1CtBP1 primers were 5'-
CGCCAGTGACCAGTTGTAGC-3'' and 5'-
CGTGATGATGCCGTCTTCA-3',, extending 
fromm bp 1324 to 1884. CtBP2 primers were 
5'-TGCCAGAAGGTAATCAC-TCA-3'' and 5'-
AATCCTATGCGTGCAGGTGT-3',, extending 
fromm bp 1365 to 1835. The blots were 
hybridizedd with [a32P]dATP-labelled DNA 
probes,, and the blots were autoradiographed 
withh intensifying screens at C with X-ray 
films. . 

Productio nn of the CtBP polyclona l 
antibodies .. A fusion protein was made from 
thee full-length cDNA of XCtBPI encoding aa 
11 to 440. The cDNA was cloned in frame into 
aa pET-23 expression vector (Novagen). The 
fusionn protein was produced in Escherichia 
colicoli BL21(DE), and the purified protein was 
injectedd into a rabbit. Serum was affinity 

purifiedd over an antigen-coupled CNBr-
Sepharosee column (Pharmacia) to determine 
whetherr the rabbit anti-XCtBP1 polyclonal 
antibodiess recognize both CtBP1 and CtBP2. 
T7-taggedd CtBP1 and T7-tagged CtBP2 were 
expressedd in E. coli BL21(DE). The bacterial 
celll lysates were separated by SDS-
polyacrylamidee gel electrophoresis (SDS-
PAGE)) and transferred to nitrocellulose. The 
blotss were probed with a 1:10,000 dilution of 
eitherr mouse monoclonal antibody against T7 
(Novagen)) or a 1:1,000 dilution of the rabbit 
polyclonall antibody against XCtBPI. 

Immunoprecipitation ss and Wester n 
blotting .. COS-7 cells were transiently 
transfectedd with either T7-tagged HPC2 or 
T7-taggedd CtBP2 or with both, using the 
calcium-phosphatee transfection method 
(Gibcoo BRL). Both constructs were cloned in 
thee pcDNA3 plasmid (Invitrogen). At 48 h 
afterr transfection, COS-7 cells were 
harvestedd and lysed in ELB lysis buffer 
(2500 mM NaCI, 0.1% Nonidet P-40, 50 mM 
HEPESS [pH 7.0], 5mM EDTA) containing 
0.55 mM dithiothreitol, 1 mM phenylmethyl-
sulfonyll fluoride, and the protease inhibitors 
leupeptin,, benzamidine, and aprotinin. The 
celll lysate was sonicated three times with 
burstss of 15 s. The cell lysate was centrifuged 
att 14,000 x g at C for 10 min, and the 
supernatantt was subsequently aliquoted and 
storedd at . Fifty microliters of the 
supernatantt was incubated with the indicated 
antibodiess for 4 h at . Goat anti-rabbit 
immunoglobulinn G (IgG) antibodies or goat 
anti-chickenn IgG antibodies (Jackson 
ImmunoResearchh Laboratories) were added 
too the mixture and incubated for 1 h at . 
Proteinn A-Sepharose CL-4B (Pharmacia) and 
ELBB lysis buffer with protease inhibitors were 
addedd up to 300 ul. The mixture was 
incubatedd for 1 h at C with continuous 
mixing.. Next, the mixture was centrifuged for 
11 min at 1,500 * g at , the supernatant 
wass transferred to a fresh tube, and the 
immunoprecipitatee was washed with 1 ml of 
ice-coldd ELB buffer without protease 
inhibitors.. The mixture was then centrifuged 
forr 1 min at 1,500 * g at . This washing 
proceduree was repeated five times. After 
heatingg and removal of the protein A-
Sepharosee beads, the proteins were 

55 5 



Chapterr 3 

separatedd by SDS-PAGE and transferred to 
nitrocellulose.. The blots were probed with a 
mousee monoclonal antibody against T7 
(Novagen).. The secondary alkaline 
phosphatase-conjugatedd goat antimouse 
antibodiess or goat antichicken antibodies 
(Jacksonn ImmunoResearch Laboratories) 
weree diluted 1:10,000, and nitroblue 
tetrazolium-5-bromo-4-chloro-3--
indolylphosphatee (Boehringer) was used as 
substratee for detection. 

Immunofluorescenc ee labelin g of tissu e 
cultur ee cells . U-2 OS cells were cultured 
andd labelled as described previously (9, 20, 
21,, 25). The labeling was analyzed by 
confocall laser scanning microscopy, and 
opticall sections were made (see Fig. 8, 
wheree the first two pictures of each row 
representt the two different scanned channels 
forr imaging the double labelling and the last 
picturee in each row represents the 
reconstitutedd image). For labelling CtBP and 
BMI1,, donkey anti-rabbit IgG coupled to Cy3 
(Jacksonn Immunoresearch Laboratories) was 
used.. For labelling HPC2, donkey anti-
chickenn IgG coupled to fluorescein 
isothiocyanatee (Jackson Immunoresearch 
Laboratories)) was used. To discriminate 
betweenn the CtBP1 protein and the CtBP2 
protein,, U-2 OS cells were transiently 
transfectedd with either T7-tagged CtBP1 or 
T7-taggedd CtBP2, and cells were double 
labelledd with antibodies against HPC2 and 
mousee monoclonal antibodies against T7 
(Novagen). . 

LexAA fusio n reporte r gene-targete d 
repressio nn assay . The LexA repression 
assayy was performed as described 
previouslyy (20, 21, 25). U-2 OS cells were 
culturedd in a 25-cm2 flask and cotransfected 
withh 2 ug of the heat shock factor (HSF)-
induciblee luciferase (LUC) reporter plasmid 
(20,, 21), 4 ug of the LexA fusion constructs, 
andd 2 ug of the pSV/p-Gal construct 
(Promega),, using the calcium phosphate 
transfectionn method. The HSF-inducible LUC 
reporterr plasmid was activated by exposure 
off the cells C for 1 h, followed by a 6-h 
recoveryy at . LUC activity was 
normalizedd to p-galactosidase activity. The 
LUCC activity in cells transfected with only the 

LUCC reporter plasmid was therefore set at 
100%,, and LUC activities in cells 
cotransfectedd with the indicated plasmids 
weree expressed as percentages of this 
controll value. The degree of repression by 
LexAA fusion proteins is expressed as the 
meann  standard error of the mean. All 
experimentss were performed seven times 
independently,, including thetransfections. 

Nucleotid ee sequenc e accessio n numbers . 
Thee GenBank accession numbers for 
XCtBPII and CtBP1 are AF091554 and 
AF091555,, respectively. 

RESULTS S 

Identificatio nn of CtBP1 and CtBP2 as 
protein ss that interac t wit h the vertebrat e 
Pcc homolog s XPc and HPC2. To identify 
geness encoding proteins that interact with 
HPC22 and XPc, both of which are vertebrate 
homologss of the Drosophila PcG protein Pc, 
wee performed two-hybrid screens. The full-
lengthh coding regions for XPc (19) and HPC2 
(21)) were cloned into the pAS2 vector (5). 
Thee plasmids pAS2-XPc and pAS2-HPC2 
weree cotransformed with, respectively, a 
XenopusXenopus oocyte and a human fetal brain two-
hybridd library. Approximately 106 independent 
cloness were obtained for each screen. One 
hundredd thirty-six growing colonies were 
obtainedd from the two-hybrid screen with 
XPc.. Twelve colonies, of which eight colonies 
containedd similar cDNA inserts, remained 
histidinee and J3-galactosidase positive after 
DNAA isolation and rescreening. From the 
two-hybridd screen with HPC2, 100 growing 
coloniess were obtained, of which 3 colonies 
remainedd histidine and B-galactosidase 
positivee after DNA isolation and rescreening. 
AA 1,519-bp cDNA clone that we isolated from 
thee two-hybrid screen with HPC2 was 
identicall to CtBP2 (11). The isolated CtBP2 
clonee encodes aa 1 to 445 of the 445-aa 
CtBP22 protein. A 1,414-bp cDNA clone 
obtainedd from the XPc screen was 
homologouss to CtBP1 and CtBP2 (11, 22). 
Thee predicted 440-aa protein is 85% identical 
too CtBP1 based on the encoding sequence 
publishedd by Schaeper et al. (22) and is 78% 
identicall to CtBP2 (11) (Fig. 1). However, 
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comparisonn of the open reading frames of 
XCtBPP and CtBP1 revealed potential 
frameshiftss in the reading frame. We 
thereforee searched for different EST clones in 
thee database of CtBP1 and compared these 
withh CtBP1 and XCtBP. Comparison of 
differentt EST clones (accession no. H46860, 
AA282011,, and AA312167) indeed revealed 
thatt there are several frameshifts in the 
publishedd sequence of CtBP1. We confirmed 
thesee differences by sequencing the CtBP1 
cDNA,, which we obtained by PCR. When the 
correctionss are taken into account, the 
XCtBPP protein is 96% identical to CtBP1 
insteadd of 85%. Based on the extensive 
homologyy between CtBP1 and XCtBP we 
thereforee named the novel Xenopus protein 
XCtBPL L 

Inn conclusion, a two-hybrid screen with 
XPcc as a target resulted in the isolation of 
XCtBPI,, a Xenopus homolog of CtBPL A 

two-hybridd screen with HPC2 as a target 
resultedd in the isolation of the CtBP2 protein. 

AA specifi c 6-amino acid moti f in HPC2 is 
crucia ll  for bindin g of CtBP. To define 
domainss that are responsible for the 
interactionn of the Pc proteins and the CtBP 
proteins,, we cloned different parts of HPC2 in 
framee with the GAL4 DNA binding domain 
(GAL44 DBD) and tested whether these 
proteinss could still interact with full-length 
CtBP22 (Fig. 2). HPC2 comprises two 
functionall domains. The first domain is the N-
terminall chromodomain, which is essential 
forr binding of the Pc protein to chromatin 
(12).. The other domain is the C-terminal 
COOHH box (aa 540 to 558). This COOH box 
iss necessary for the repression of gene 
activityy (4, 13, 21) and is also the domain to 
whichh the RING1 protein binds (20, 23). We 
foundd that an HPC2 mutant (aa 1 to 540) 
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FIG.. 1. Comparison of the XCtBPI and the human CtBP1 and CtBP2 proteins. Identical amino acids are indicated 
ass black boxes. 
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whichh lacks the COOH box is still able to 
interactt with CtBP2 (Fig. 2). In contrast, a 
smallerr portion of the HPC2 protein (aa 1 to 
468)) does not interact with CtBP2, whereas a 
C-terminall fragment (aa 459 to 558) is able to 
interactt with CtBP2. Thus, CtBP2 interacts 
withh a part of the C terminus of HPC2 but not 
withh the extreme C-terminal COOH box (aa 
5400 to 558), which is involved in gene 
repressionn and RING1 binding. 

Withinn the C-terminal fragment to which 
CtBP22 binds, we observed a 6-aa motif 
(PIDLRS)) (aa 470 to 475) (Fig. 2) which is 
veryy similar to a 6-aa motif (PLDLSC) present 
inn the extreme C terminus of the Ad2/5 E1A 
protein.. This motif is essential for the 
interactionn between E1A and CtBP1 (22). 

Mutationss within the first four amino acids of 
thee E1A motif completely abolish the 
interactionn between E1A and CtBP1 (22). We 
createdd a similar mutation within this 
correspondingg 6-aa motif of HPC2 by 
changingg the motif from PIDLRS to PIASRS, 
usingg PCR primers which contained the 
specificc mutations. Subsequently, we tested 
whetherr the HPC2(DL->AS) mutant protein is 
stilll able to interact with CtBP2. We found 
thatt the DL-to-AS mutation in the HPC2 
proteinn completely abolishes the interaction 
withh CtBP2 in the two-hybrid system. 
Importantly,, the mutation within the 6-aa motif 
leavess intact the C-terminal COOH box of the 
HPC22 protein to which the RING1 protein 
bindss (20). We therefore tested whether the 

GAL4-DB DD fusio n protei n GAL4-TA DD fusio n protei n Interactio n 
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FIG.. 2. Mapping of the CtBP2 interaction domain in the HPC2 protein and specificity among vertebrate Pc homologs 
forr binding CtBP. The indicated portions of HPC2 were fused to the GAL4 DBD. The HPC2 regions include the 
shadedd chromodomain (aa 6 to 58), a 6-aa motif (PIDLRS) (aa 470 to 475), and the shaded COOH box (aa 540 to 
554).. The mutation from DL to AS within the 6-aa motif is indicated. The full-length vertebrate Pc proteins M33 and 
XPcc were also fused to the GAL4 DBD. The conserved 6-aa motif (PIDLRC) in the XPc protein is indicated. The three 
dehydrogenasee homology domains within CtBP2 and XCtBPI are shaded. Constructs that encompass different 
portionss of the HPC2 protein are indicated. The plasmids were cotransformed with full-length CtBP2 (aa 1 to 445) or 
XCtBPII (aa 1 to 440), which is fused to the GAL4 TAD. Interactions were positive when cells grew on selective 
mediumm lacking histidine and when they were also p-galactosidase positive. When a negative interaction is indicated, 
noo p-galactosidase activity was detected. 
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RING11 protein is still able to interact with the 
HPC2(DL^AS)) mutant protein. We observed 
noo loss of interaction between this mutant 
HPC22 protein and RING1 (data not shown), 
underliningg the specificity of the interaction 
betweenn CtBP2 and the conserved 6-aa motif 
inn HPC2. 

Wee have identified the XCtBPI protein in 
aa two-hybrid screen with the XPc protein as 
thee target. The XPc protein encompasses a 
specificc 6-aa motif, PIDLRC, related to the 6-
aaa motif in HPC2 which is crucial for binding 
CtBPP (Fig. 2). We also tested whether the 
CtBPP protein could interact with another 

murinee homolog, M33, which is more 
homologouss to the human Pc homolog, 
CBX2/HPC1,, than to HPC2 (7, 15, 21). 
Surprisingly,, we observed no interaction 
betweenn M33 and CtBP2 in the two-hybrid 
systemm (Fig. 2) or between M33 and CtBP1 
(dataa not shown). Importantly, M33 does not 
encompasss the conserved 6-amino-acid motif 
thatt is present in HPC2 and that is crucial for 
thee interaction with CtBP. It is therefore likely 
thatt the lack of this conserved 6-aa motif in 
M333 is responsible for the lack of interaction 
betweenn M33 and CtBP. This result is the first 
indicationn that, despite the high degree of 
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FIG.. 3. Mapping of domains of interaction of CtBP2 with HPC2 (A) and CtBP2 (B). (A) The indicated portions of 
CtBP22 were fused to the GAL4 TAD. These CtBP2 regions include three dehydrogenase homology domains. 
Plasmidss were cotransformed with full-length HPC2 which was fused to the GAL4 DBD. (B) Full-length CtBP2 which 
wass fused to the GAL4 DBD was tested for interaction against the indicated portions of CtBP2. When a negative 
interactionn is indicated, no p-galactosidase activity was detected. 
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homologyy in the chromodomain and the 
COOHH box, there is specificity among 
differentt vertebrate Pc proteins, particularly in 
theirr ability to interact with other proteins. 

Inn conclusion, the highly homologous 
proteinss CtBP1, CtBP2, and XCtBPI interact 
withh HPC2 and XPc. Strikingly, no interaction 
couldd be observed between CtBP and M33, a 
murinee Pc homolog, indicating specificity 
amongg the different vertebrate Pc proteins. 

CtBP11 and CtBP2 are able to homo - and 
heterodimerize ,, and the interactio n 
domai nn differ s fro m the domai n 
responsibl ee for interactio n wit h HPC2. To 
determinee which part of the CtBP proteins is 
responsiblee for the interaction with HPC2, we 
subclonedd different protein fragments of 
CtBP22 in frame with the GAL4 transactivating 
domainn (GAL4 TAD) (Fig. 3A). The C-
terminall region of CtBP2 encompassing aa 
3611 to 445 is not capable of interaction with 
HPC2,, whereas the N-terminal region 
containingg aa 1 to 362 is still able to interact 
withh HPC2. This region encompasses three 
domainss which have strong homology with 

K.. V » 

82--

49--

33--

1 22 3 4 
FIG.. 4. XPc and CtBP2 interact directly in vitro. 
[35S]methionine-labelledd CtBP2 protein (lane 1) was 
incubatedd with GST-Sepharose alone (lane 2), GST-
XPcc aa 1 to 521 (lane 3), or GST-XPc aa 1 to 178 (lane 
4).. The GST-XPc aa 1 to 521 but not the GST-XPc aa 
11 to 178 fusion protein is able to interact with in vitro-
translatedd [35S]methionine-labelled CtBP2 protein. 
Molecularr weights in thousands are indicated on the 
left. . 

variouss NAD-dependent D-isomer-specific 2-
hydroxyy acid dehydrogenases (11, 22). To 
analyzee whether these dehydrogenase 
homologyy domains are responsible for the 
interactionn with HPC2, we made three 
constructss containing different sets of these 
dehydrogenasee homology domains. 

Wee found that a region of CtBP2 
encompassingg aa 81 to 362, which contains 
alll three dehydrogenase homology domains, 
iss not able to interact with HPC2. Also, a 
CtBP22 region (aa 1 to 233) encompassing the 
NN terminus and the first two dehydrogenase 
homologyy domains and a CtBP2 region (aa 
1622 to 337) encompassing the second and 
thee third dehydrogenase homology domains 
aree not able to interact with HPC2. These 
resultss indicate that a large region of CtBP2 
(aaa 1 to 362), which encompasses both the 
extremee N-terminal part and the 
dehydrogenasee homology domains, is 
responsiblee for the interaction with HPC2. 

Thee HPC2 protein (20, 21) is part of a 
complexx which constitutes the mammalian 
homologss of the Drosophila Ph protein, HPH1 
andd HPH2. These two proteins are able to 
homo-- and heterodimerize with each other 
(9).. To address the question of whether this is 
alsoo true for CtBP1 and CtBP2, we cloned 
thee full-length coding region for CtBP2 in 
framee with the GAL4 DBD and tested 
whetherr CtBP2 could interact with itself or 
CtBPLL Both CtBP1 (data not shown) and 
CtBP22 (Fig. 3B) are able to interact with 
CtBP22 in the two-hybrid system, indicating 
thatt these proteins are able to homodimerize 
andd to heterodimerize. 

Too define the domains that are 
responsiblee for the interaction between 
CtBP22 and CtBP2, we subcloned different 
partss of CtBP2 in frame with the GAL4 TAD 
andd tested whether these domains are still 
ablee to interact with full-length CtBP2. The C-
terminall region of CtBP2 encompassing aa 
3611 to 445 is not able to interact with CtBP2, 
whereass the N-terminal region containing aa 
11 to 362 is still able to interact with CtBP2 
(Fig.. 3B). A region containing only the three 
dehydrogenasee homology domains (aa 81 to 
361)) still interacts with CtBP2. Detailed 
analysiss of this region showed that CtBP2 aa 
811 to 233, encompassing the first two 
dehydrogenasee homology domains, exhibits 
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FIG.. 5. Expression patterns of Cf6P7 and CffiP2 in human tissues (A) and in human cancer cell lines (B). (A) 
Expressionn levels in spleen (lane 1), thymus (lane 2), prostate (lane 3), testis (lane 4), ovary (lane 5), small intestine 
(lanee 6), colon (lane 7), and peripheral blood leukocytes (lane 8). (B) Expression levels in promyelocyte leukemia HL-
600 (lane 1), HeLa S3 (lane 2), chronic myelogenous leukemia K-562 (lane 3), lymphoblastic leukemia MOLT-4 (lane 
4),, Burkitt's lymphoma Raji (lane 5), colorectal adenocarcinoma SW480 (lane 6), lung carcinoma A549 (lane 7), and 
melanomaa G361 (lane 8) cell lines. Lanes 1 to 8, commercially obtained Northern blot. We also isolated and blotted 
poly(A)++ RNA from U-2 OS cells (lane 10) and SW480 cells (lane 9), the latter to allow comparison with the 
commerciall multiple-tissue Northern blot. To verify the loading of RNA in each lane, the blots were hybridized with a 
probee for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

noo interaction with CtBP2. In contrast, CtBP2 
aaa 162 to 337, containing dehydrogenase 
homologyy domains two and three, still 
interactss with CtBP2. Also, CtBP2 aa 225 to 
337,, containing only the third dehydrogenase 
homologyy domain, is still able to interact with 
CtBP22 (Fig. 3B). These data indicate that a 
regionn in CtBP2 encompassing the third 
dehydrogenasee homology domain is sufficient 
forr the interaction with full-length CtBP2. 
Interestingly,, this relatively small interaction 
domain,, which is necessary to convey 
homodimerizationn between CtBP2 and 
CtBP2,, differs from the domain for interaction 
withh HPC2. Above we showed that a much 
largerr region of CtBP2, containing the N 
terminuss as well as all three dehydrogenase 
domains,, is necessary for the interaction with 
HPC22 (Fig. 3A). 

Inn summary, the CtBP1 protein and the 
CtBP22 protein each can interact with itself, 
andd they are also able to interact with each 
other.. The domain responsible for this 
interactionn is a region encompassing the third 

dehydrogenasee homology domain. This 
interactionn domain differs from the domain 
thatt is responsible for the interaction with 
HPC2,, which involves the N terminus and all 
threee dehydrogenase homology domains. 

Thee XPc and CtBP2 protein s interac t 
directl yy  in vitro . To determine whether the 
interactionn between the vertebrate Pc 
homologss and CtBP is a direct interaction, we 
employedd an in vitro pull-down assay. The 
previouss described (19) fusion protein of GST 
andd full-length XPc (aa 1 to 521) was 
expressedd in bacteria. The affinity-purified 
proteinn was subsequently immobilized on 
GST-Sepharosee and incubated with 
[35S]methionine-labelled,, in vitro-translated 
CtBP2.. After extensive washing, the 
[35S]methionine-labelledd proteins bound to 
GST-XPcc were analyzed by SDS-PAGE. The 
inn vitro-translated full-length CtBP2 protein of 
488 kDa (Fig. 4, lane 1) was able to bind to the 
immobilizedd GST-XPc (lane 3) but did not 
bindd to the immobilized GST alone (lane 2). 
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Wee also tested whether CtBP interacted with 
anotherr GST-XPc (aa 1 to 178) fusion protein 
(19).. This portion of the XPc protein 
encompassess the chromodomain of XPc but 
lackslacks the entire C-terminal domain that 
containss the 6-amino-acid motif to which 
CtBPP binds. CtBP does not bind to such a C-
terminall deletion HPC2 mutant in the two-
hybridd assay (Fig. 2). Importantly, we found 
thatt the GST-XPc aa 1 to 178 protein does 
nott interact with CtBP2 (Fig. 4, lane 4). These 
resultss confirm the two-hybrid assay data 
(Fig.. 2) and underline the specificity of the in 
vitroo pull-down assay. 

Expressio nn of CtBP1  and CtBP2  in huma n 
tissue ss and huma n cance r cel l lines . To 
investigatee the expression patterns of CtBP1 
andd CtBP2, we needed unique cDNA 
fragmentss in order to avoid cross-
hybridizationn between CtBP1 and CtBP2 
mRNAA species. Since there is no homology 
betweenn the UTRs of CtBP1 and CtBP2, we 
usedd a 560-bp fragment of the 3' UTR of 
CtBP1CtBP1 and a 470-bp fragment of the 3' UTR 
off CtBP2 as probes. These probes were 
hybridizedd to Northern blots containing 
poly(A)++ mRNAs from different human cancer 
celll lines or human tissues (Clontech). We 
detectedd single transcripts of approximately 
2.44 kb for CtBP1 and approximately 3.0 kb for 
CtBP2.CtBP2. In all human tissues present on the 
commerciall Northern blot (Fig. 5A), CtBP1 
wass expressed at approximately the same 
levell as CtBP2, with the exception of the 
thymuss and peripheral blood leukocytes. In 
thesee two tissues, the CtBP2 transcript was 
hardlyy detectable (Fig. 5A, lanes 2 and 8), 

Inn human cancer cell lines, differences in 
expressionn of either CtBP1 or CtBP2 were 
moree pronounced than in normal tissues. In 
thee case of CtBP1, high expression of the 
commerciall blot was detected in HL-60 cells 
(Fig.. 5B, lane 1) and in the adenocarcinoma 
SW4800 cell line (lane 6). Expression of 
CtBP1CtBP1 was still well pronounced in HeLa S3 
cellss (Fig. 5B, lane 2), K-562 cells (lane 3), 
MOLT-44 cells (lane 4), and U-2 OS cells (lane 
10).. Low expression of CtBP1 was detected 
inn Raji cells (lane 5) and G361 cells (lane 8), 
whereass almost no CtBP1 expression was 
foundd in A549 cells. In the case of CtBP2, 
highh expression was detected in HeLa S3 

cellss (Fig. 5B, lane 2) and SW480 cells (lane 
6),, whereas significantly lower expression 
waswas detected in HL-60 (lane 1), G361 (lane 
8),, and U-2 OS (lane 10) cells. A very low 
levell of CtBP2 expression was found in A549 
cellss (lane 7), but no detectable CtBP2 
transcriptt could be observed in K-562 (lane 
3),, MOLT-4 (lane 4), and Raji (lane 5) cells. 
Interestingly,, CtBP2 was highly expressed in 
thee spleen (Fig. 5A, lane 1), whereas no 
expressionn could be observed in a B-cell-
derivedd cell line, Raji (Fig. 5B, lane 5). 
Strikingly,, in all tissues or cell lines either one 
orr two CtBP transcripts could be detected, 
withh the exception of lung carcinoma cells 
(lanee 7), in which both CtBP transcripts were 
hardlyy detectable. 

AA polyclona l antibod y raise d agains t 
XCtBP II recognize s bot h CtBP1 and 
CtBP2.. To determine the distribution of the 
CtBPP proteins in the cell nucleus and to be 
ablee to detect CtBP proteins in 
immunoprecipitates,, we raised a polyclonal 
antibodyy against full-length XCtBPI. To test 
whetherr the polyclonal antibody also 
recognizess both CtBP1 and CtBP2, we 
createdd constructs containing the full-length 
codingg region for either CtBP1 or CtBP2, with 
aa T7 tag at the N terminus. Fusion proteins 
weree produced in E. coli BL21(DE), and the 
bacteriall cell lysates were subsequently 
separatedd by SDS-PAGE and transferred to 
nitrocellulose.. The blots were probed with 
eitherr a mouse monoclonal antibody against 
T77 (Fig. 6, lanes 1 and 2) or our rabbit 
polyclonall antibody against XCtBPI (lanes 
33 to 7). The T7 antibody recognizes both the 
48-kDaa T7-tagged CtBP1 (lane 1) and T7-
taggedd CtBP2 (lane 2) proteins. Also, the 
anti-XCtBP11 polyclonal antibody recognizes 
thee 48-kDa T7-tagged CtBP1 (lane 3) and 
T7-taggedd CtBP2 (lane 4) proteins, indicating 
thatt both CtBP1 and CtBP2 are recognized 
byy the polyclonal antibody raised against 
XCtBPI.. We further analyzed cell extracts of 
XenopusXenopus X1 cells (Fig. 6, lane 5), SW480 
cellss (lane 6), and U-2 OS cells (lane 7). In all 
threee cell extracts a doublet protein band of 
approximatelyy 48 kDa was observed. We 
concludee that the antibody against XCtBPI 
recognizess both the CtBP1 and CtBP2 
proteins. . 
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aT77 aCtBP 

FIG.. 6. A rabbit polyclonal antibody recognizes 
XCtBPI,, CtBP1, and CtBP2. T7-tagged CtBP1 (lanes 
11 and 3) and T7-tagged CtBP2 (lanes 2 and 4) were 
expressedd in E. coli. Cell lysates were analyzed by 
Westernn blotting and probed with either a mouse 
monoclonall antibody against T7 (aT7) (lanes 1 and 2) 
orr the polyclonal antibody against CtBP (aCtBP) (lanes 
33 and 4). In cell lysates of Xenopus X1 cells (lane 5), 
colorectall adenocarcinoma SW 480 cells (lane 6), and 
osteosarcomaa U-2 OS cells (lane 7), the polyclonal 
antibodyy against CtBP recognizes a doublet of 48 kDa. 
Molecularr weights in thousands are indicated on the 
left. . 

Ann in viv o interactio n betwee n CtBP2 and 
HPC2.. To determine whether the interaction 
betweenn CtBP proteins and HPC2 also exists 
inn vivo, we performed coimmunoprecipitation 
experiments.. We transiently transfected 
COS-77 cells with T7-tagged HPC2 and T7-
taggedd CtBP2. We used polyclonal rabbit 
antibodiess directed against XCtBPI and 
HPC22 for the immunoprecipitations and a 
mousee monoclonal antibody against T7 to 
detectt either the 82-kDa T7-HPC2 (21) or the 
48-kDaa T7-CtBP2 protein. 

Wee found that CtBP2 and HPC2 
coimmunoprecipitatee with each other (Fig. 7). 
Thee anti-HPC2 antibody coimmunoprecipi-
tatedd both T7-CtBP2 and T7-HPC2 (Fig. 7, 
lanee 1) from cells expressing both T7-HPC2 
andd T7-CtBP2 (lane 7), as was detected with 
thee anti-T7 monoclonal antibody. No T7-
CtBP22 could be detected in the anti-HPC2-
immunoprecipitatedd material (lane 2) when 
T7-CtBP22 but not T7-HPC2 was expressed 
(lanee 8). Also, no T7-CtBP2 could be 
detectedd in the anti-HPC2 immunoprecipi-

tatedd material (lane 3) when T7-HPC2 but not 
T7-CtBP2wass expressed (lane 9). 

Similarly,, the anti-CtBP antibody 
immunoprecipitatedd both T7-HPC2 and T7-
CtBP22 (Fig. 7, lane 4) from cells expressing 
bothh T7-HPC2 and T7-CtBP2 (lane 7). No T7-
HPC22 could be detected in the anti-CtBP-
immunoprecipitatedd material (lane 5) when 
T7-CtBP22 but not T7-HPC2 was expressed 
(lanee 8). Finally, no T7-HPC2 could be 
detectedd in the anti-CtBP-immunoprecipitated 
materiall (lane 6) when T7-HPC2 but not T7-
CtBP22 was expressed (lane 9). 

Also,, in extracts of SW480 cells, in which 
thee PcG proteins are highly expressed (9, 21) 
andd in which the CtBP proteins are 
expressed,, we observed coimmunoprecipi-
tationn of either HPC2and CtBP or BMI1 and 
CtBPP (data not shown). However, in both 
casess the recovery of the proteins in the 
immunoprecipitationss was approximately 20% 
off the input. This result further strengthens 
thee notion that an interaction between CtBP 
andd HPC2 exists in vivo. The low recovery 
mightt indicate that the interaction between 
CtBPP and the PcG complex is of a transient 
nature. . 

Inn conclusion, we show that CtBP2 and 
HPC22 coimmunoprecipitated with each other 
fromm extracts of COS-7 cells in which we 
overexpressedd CtBP2 and HPC2. These 

aHPC22 IP aCtBP IP Input 

T7-HPC22 + - + + - + + . + 
T7-CtBP22 + + - + + - + + -

1 2 3 4 5 6 7 8 9 9 

FIG.. 7. In vivo interaction between HPC2 and CtBP2. 
Immunoprecipitationn (IP) was performed with polyclonal 
rabbitt antibodies against HPC2 (K.HPC2) (lanes 1 to 3) 
orr polyclonal rabbit antibodies against XCtBPI («CtBP) 
(laness 4 to 6). The resulting immunoprecipitates were 
Westernn blotted and analyzed with mouse monoclonal 
antibodiess against T7. The total cell extracts (Input) are 
shownn in lanes 7 to 9. COS-7 cells were transiently 
transfectedd with both pcDNA3-T7-HPC2 and pcDNA3-
T7-CtBP22 (lanes 1, 4, and 7) or with either pcDNA3-T7-
CtBP22 (lanes 2, 5, and 8) or pcDNA3-T7-HPC2 (lanes 
3,6,, and 9). Molecular weights in thousands are 
indicatedd on the right. 
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FIG.. 8. HPC2 and CtBP partially colocalize in nuclear domains of U-2 OS cells. Confocal single optical sections are 
shown.. (A to C) Rabbit anti-XCtBP1 and chicken anti-HPC2 double labelling. CtBP (A) colocalizes with HPC2 (B) in 
largee nuclear PcG domains (C; indicated by yellow), but CtBP is also abundantly expressed in a fine granular pattern 
throughoutt the nucleus (B and C). (D to F) Rabbit anti-BMI1 (D) and chicken anti-HPC2 (E) double labelling 
demonstratess colocalization (F) of BMI1 and HPC2 in large nuclear PcG domains. We transiently transfected U-2 OS 
cellss with either T7-tagged CtBP1 (G) or T7-tagged CtBP2 (J). Double labelling was performed with a mouse 
monoclonall antibody against T7 (G and J) and the chicken anti-HPC2 antibody (H and K). We observed 
colocalizationn of HPC2 with either T7-CtBP1 (I) or T7-CtBP2 (L) in large nuclear PcG domains. 

findingss indicate that CtBP2 and HPC2 
interactt with each other in vivo. 

CtBP11 and CtBP2 partiall y colocaliz e wit h 
HPC22 in nucle i of U-2 OS cells . To 
determinee the subcellular distribution of the 
CtBP11 protein and the CtBP2 protein in 
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relationn to the HPC2 protein, we performed 
immunofluorescencee labelling experiments. 
Previouslyy we have shown that the HPC2 
proteinn colocalizes in large nuclear domains, 
termedd PcG domains, with BMI1, HPH1, 
HPH2,, and RING1 (9, 20, 21). To compare 
thee distributions of the CtBP proteins relative 
too the distribution of HPC2, we performed 
double-labellingg experiments with the rabbit 
anti-XCtBP11 antibody, which recognizes both 
CtBP11 and CtBP2 (Fig. 6), and a chicken 
anti-HPC22 antibody (20, 21). We found that 
thee CtBP proteins are abundantly present in 
nucleii of U-2 OS cells in a fine granular 
patternn but also in larger nuclear domains 
(Fig.. 8A). Within these larger nuclear 
domains,, the CtBP proteins colocalize with 
HPC22 (Fig. 8B and C). However, the 
colocalizationn within these domains differs 
slightlyy from the colocalization of the BMI1 
proteinn (Fig. 8D) with the HPC2 protein (Fig. 
8EE and F). The BMI1 and HPC2 proteins 
completelyy colocalize in bright, sharply edged 
PcGG domains (Fig. 8F). This specific labelling 
patternn has also been observed with 
antibodiess against the human PcG homologs 
HPH11 and HPH2 (9) and the RING1 protein 
(20).. The nuclear domains that are detected 
byy the anti-XCtBP1 antibody and that 
colocalizee with the more sharply edged PcG 
domainss have a more diffuse shape (Fig. 8A, 
B,, and C). Another difference between the 
CtBPP and PcG labelling patterns is that most 
off the BMI1 and HPC2 proteins appear to be 
concentratedd within the large PcG domains 
(Fig.. 8D, E, and F). In contrast, most of the 
CtBPP labelling is detected in the smaller 
domainss throughout the nucleoplasm and not 
inn the larger domains that colocalize with the 
PcGG domains. This fine granular pattern is 
tooo complex to allow analysis of any 
systematicc colocalization. 

Sincee the rabbit anti-CtBP antibody 
recognizess both the CtBP1 protein and the 
CtBP22 protein, it is not possible to directly 
testt for differences in nuclear localization of 
thee CtBP1 protein and the CtBP2 protein. In 
orderr to distinguish between the distributions 
off the CtBP1 protein and the CtBP2 protein, 
wee transiently transfected U-2 OS cells with 
eitherr the T7-tagged CtBP1 protein (Fig. 8G) 
orr the T7-tagged CtBP2 protein (Fig. 8J). 
Doublee labelling was performed with a mouse 

monoclonall antibody against T7 and the 
affinity-purifiedd chicken antibody against 
HPC2.. We found that T7-tagged CtBP1 (Fig. 
8G)) colocalizes with HPC2 (Fig. 8H) in the 
largee PcG domains (Fig. 81). Also, T7-tagged 
CtBP22 (Fig. 8J) colocalizes with HPC2 (Fig. 
8K)8K) within these large PcG domains (Fig. 8L). 
Thesee results indicate that there are no major 
detectablee differences in the localizations of 
CtBP11 and CtBP2 and that both proteins are 
presentt in the same PcG domains. 

CtBPP acts as a transcriptiona l represso r 
whenn targete d to a reporte r gene. The PcG 
proteinss are involved in the repression of 
genee expression, but the identified PcG 
proteinss do not bind directly to DNA. 
Nevertheless,, the ability of the PcG proteins 
too repress gene activity can be tested by 
targetingg LexA fusion proteins to a reporter 
genee (20, 21, 25). Previously, we have 
shownn that LexA-HPC2 was able to repress 
genee activity (20, 21). We asked whether this 
iss also true for the CtBP proteins. We 
thereforee tested whether LexA-CtBP1 was 
ablee to repress gene expression when 
targetedd to a reporter gene. U-2 OS human 
osteosarcomaa cells were transfected with a 
constructt containing a tandem of four LexA 
operators,, binding sites for the HSF 
transcriptionall activator, and the hsp70 TATA 
promoterr region, immediately upstream of the 
LUCC reporter gene. The endogenous HSF 
waswas used as transcriptional activator. In 
absencee of this activator, no LUC expression 
couldd be measured (data not shown). In the 
presencee of the HSF, expression was 
maximall and was set at 100%. 
Cotransfectionn with LexA alone had no 
significantt effect on LUC expression (Fig. 9) 
(97%% % [n = 7]). We found that LexA-
CtBP11 was able to repress LUC expression 
significantlyy (16%  4% [n = 7]). This degree 
off LUC repression was also found for LexA-
CtBP22 (data not shown). In the same 
experimentt we found that LexA-HPC2 could 
represss LUC activity most efficiently 
(9%% % [n = 7]). Previously, we have 
shownn that a LexA-HPC2 mutant which lacks 
thee C-terminal domain, to which the RING1 
proteinn binds, was no longer able to repress 
LUCC expression (21). We tested whether the 
HPC2(DL^AS)) mutant also has lost the 

65 5 



Chapterr 3 

abilityy to repress LUC expression. In this 
HPC22 mutant the specific 6-aa motif is 
mutated,, which leads to abolishment of the 
interactionn with CtBP (Fig. 2). We observed a 
slightt but significant decrease in the ability of 
thee HPC2 protein to repress gene activity 
whenn the DL->AS mutation is introduced. 
However,, the LexA-HPC2(DL^AS) mutant 
stilll represses LUC activity significantly 
(20%% + 5%[n=7]). 

Wee conclude that CtBP is able to repress 
genee activity when targeted to a reporter 
gene,, almost as efficiently as HPC2. 
Furthermore,, mutating the specific 6-aa motif 
withinn HPC2 which is crucial for CtBP binding 
hass a significant but small effect on the ability 
off HPC2 to repress gene activity. 

DISCUSSION N 

Ann interactio n betwee n CtBP and 
vertebrat ee Pc homologs . The Pc protein is 
partt of a multimeric PcG protein complex 
whichh is involved in the stable and heritable 
repressionn of gene activity during Drosophila 
andd vertebrate development. To identify 
proteinss that interact with vertebrate Pc 
proteins,, we employed two-hybrid screens 
withh a Xenopus Pc homolog, XPc, and a 
humann Pc homolog, HPC2. Here, we 
describee the identification of two closely 
relatedd proteins, the Xenopus homolog of 
CtBP1,, XCtBPI, and CtBP2, which interact 
withh XPc and HPC2. This interaction also 
existss in vivo, since the proteins 
coimmunoprecipitatee with each other and 
partiallyy colocalize in large PcG domains in 
interphasee nuclei. However, our data also 
indicatee that the interactions between CtBP 
andd HPC2 differ substantially from the 
interactionn between human PcG proteins that 
wee previously described. The human PcG 
homologss BMI1, HPH1, HPH2, and HPC2, as 
welll as the RING1 protein, almost 
quantitativelyy coimmunoprecipitate with each 
otherr from extracts of SW480 and U-2 OS 
cellss (9, 20, 21). Furthermore, BMI1, HPH1, 
HPH2,, and HPC2 completely colocalize 
withinn large nuclear domains of interphase 
cellss termed PcG domains. The in vivo 
interactionn between CtBP and HPC2 differs 
inn both aspects. Only a small amount of the 
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FIG.. 9. Repression of HSF-induced LUC gene activity 
byy CtBP. Activation of LUC expression is maximally 
inducedd by endogenous HSF in the absence of any 
LexAA fusion protein. This LUC activity was set at 100%. 
LUCC activities in cells cotransfected with the indicated 
plasmidss were expressed as percentages of this control 
value.. Bars represent the average degree of repression 
byy LexA, LexA-CtBP1, LexA-HPC2, or LexA-
HPC2(DL->AS)) in seven independent experiments 
(meanss  standard errors of the means). 

endogenouss CtBP and HPC2 proteins 
coimmunoprecipitatee from cell extracts. This 
mayy indicate that the interaction between 
CtBPP and HPC2 is of a transient nature, 
whereass BMI1, HPH1, HPH2, HPC2, and 
RING11 form a more stable protein complex. 
Also,, the partial colocalization between the 
CtBPP proteins and HPC2 points towards 
differences.. First of all, the CtBP proteins are 
moree abundantly distributed than the PcG 
proteinss outside the PcG domains in a fine 
granularr pattern throughout the nucleoplasm. 
Further,, even within the large PcG domains 
thee CtBP proteins only partly colocalize with 
HPC2,, since the large CtBP domains have a 
moree diffuse shape than the sharply edged 
PcGG domains. Therefore, although our data 
indicatee that the CtBP proteins interact with 
HPC2,, the differences in colocalization and 
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thee only partial coimmunoprecipitation of the 
endogenouss proteins point towards a broader 
rangee of CtBP function. This notion is 
supportedd by the fact that the Drosophila 
homologg of CtBP, dCtBP, has been found to 
interactt with repressors such as Hairy and 
Knirps(14,, 17). 

Thee conserve d amin o acid moti f that  is 
crucia ll  fo r bindin g CtBP determine s 
specificit yy  of structurall y relate d protein s 
too interac t wit h CtBP. Within the extreme C 
terminuss of the Ad2/5 E1A protein, a specific 
6-aaa motif which is crucial for binding CtBP is 
presentt (2, 22). We find that within the C 
terminuss of the vertebrate Pc homologs 
HPC22 and XPc, a similar 6-aa motif that is 
cruciall for binding CtBP is present. Mutation 
off this 6-aa motif completely abolished the 
interactionn with CtBP. Interestingly, the 
interactionn between CtBP and its interacting 
proteinss seems to be evolutionary conserved 
throughh this 6-aa motif. A conserved amino 
acidd motif is crucial for binding the Drosophila 
homologg of CtBP, dCtBP. This amino acid 
motiff within the Drosophila repressors Knirps 
(P-DLS-K)) and Snail (P-DLS-K) (14) and 
Hairyy (PLSLV) (17) is similar to the 6-aa motif 
foundd within HPC2 (PIDLRS), XPc (PIDLRC), 
andd E1A (PLDLSC) and is crucial for binding 
dCtBP. . 

Remarkably,, another vertebrate Pc 
homolog,, M33, which is very homologous to 
thee human CBX2/HPC1 protein (7, 21), is not 
ablee to interact with CtBP. A likely 
explanationn for this lack of interaction 
betweenn CtBP and M33 is that the M33 
proteinn does not encompass a conserved 6-
aaa motif that is found in HPC2 or XPc. 
Notably,, this is the first indication that despite 
thee high degree of homology between the 
differentt vertebrate Pc homologs, there is 
specificityy among these proteins, particularly 
inn their ability to interact with other proteins. 
Thiss difference in their ability to interact with 
CtBPP is not of a general nature, since 
previouslyy it has been shown that the HPC2, 
XPc,, and M33 proteins are all able to interact 
withh the RING1 protein (20, 23). 

Thee specificity of the CtBP interaction 
raisess the question of whether there exists an 
interactionn between dCtBP and Drosophila 
Pc.. The fact that the Drosophila Pc protein 

doess not encompass a conserved 6-aa motif 
suggestss that the interaction between dCtBP 
andd Pc does not exists in Drosophila. If this is 
true,, then the interaction with CtBP is 
restrictedd to a particular class of vertebrate 
Pcc homologs. However, it is still possible that 
aa slightly degenerated amino acid sequence 
iss present in Drosophila Pc, which could be 
responsiblee for a potential interaction with 
dCtBP. . 

Interestingly,, a similar kind of specificity 
hass been observed for the interaction 
betweenn dCtBP and members of the 
Hairy/Enhancerr of split [E(spl)]/Deadpan 
proteinn class (17). These proteins are 
structurallyy related basic helix-loop-helix 
proteinn and are all required as transcriptional 
repressorss of genes necessary for processes 
suchh as sex determination, segmentation, 
andd neurogenesis. At least seven members 
off the E(spl) basic helix-loop-helix class have 
beenn identified. However, of this class only 
thee E(spl) mö/C protein is able to interact with 
dCtBP,, whereas all proteins are able to 
interactt with Groucho (17). All of these data 
suggestt a high degree of selectivity in the 
interactionss of CtBP proteins with specific 
memberss of larger protein families. 

Involvemen tt  of CtBP in HPC2-mediate d 
genee repression . We have identified 
vertebratevertebrate CtBP proteins that interact with a 
specificc class of vertebrate Pc proteins, which 
aree involved in repression of gene activity. It 
iss not clear from our results to what degree 
CtBPP proteins are involved in mediating the 
repressingg abilities of these vertebrate Pc 
proteins.. A mutation within the 6-aa motif that 
mediatess the binding between CtBP and 
HPC22 results in a significant but only small 
decreasee in the repressing abilities of HPC2 
(Fig.. 9). This result is in agreement with 
previouss findings by us and others (4, 13, 21) 
showingg that the main domain that mediates 
repressionn resides in the conserved, extreme 
C-terminall 30 aa of Pc proteins. Such a 
mutant,, which we previously termed AHPC2, 
losess approximately 80% of its repressing 
ability,, while it still retains the 6-aa motif to 
whichh CtBP binds. We are tempted to 
concludee that although our results indicate 
thatt CtBP contributes to the repressing ability 
off the HPC2 protein, this contribution is small 
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comparedd to the contribution of the extreme 
C-terminall COOH box. 

Alternatively,, the significance of the 
interactionn may be a targeting function of 
CtBPP for the PcG complex. The recent 
findingg that the dCtBP protein interacts with 
thee repressors Knirps and Snail (14) and 
Hairyy (17) supports this notion. These 
DrosophilaDrosophila repressors are all sequence-
specificc DNA binding proteins. It is 
conceivablee that CtBP proteins target HPC2, 
andd thereby the PcG complex, to particular 
locii in the chromatin that contain binding sites 
forr specific repressors such as human 
homologss of Knirps and Hairy. The result 
wouldd be a complex between these 
repressorss and the PcG complex, with CtBP 
ass a bridging protein. Such a model would not 
bee feasible when CtBP proteins act as 
monomers,, since HPC2 and these repressors 
interactt through the same interaction domain 
withinn CtBP. This in turn would result in 
competitionn between HPC2 and these 
repressors.. However, since the CtBP 
proteinss have the ability to homo- and 
heterodimerize,, both HPC2 and other CtBP-
interactingg repressor proteins could 
simultaneouslyy bind to a CtBP homo- or 
heterodimer.heterodimer. This scenario permits enormous 
flexibilityy in the range of PcG action. For 
instance,, the specificity of the interaction 
betweenn CtBP and only a subclass of 
vertebratee Pc homologs allows targeting of 
distinctt PcG complexes. Inclusion of HPC2 in 
thee complex would permit recruitment to a 
CtBP-repressorr target site, whereas inclusion 
off the M33 Pc homolog excludes such a 
recruitment. . 

Althoughh the Ad E1A protein is involved 
inn transcriptional activation and repression of 
severall viral and cellular promoters, the E1A 
proteinn is not able to bind DNA by itself. The 
knownn transforming and transcriptional 
activitiess appear to be related to the ability of 
thee E1A protein to interact with various 
cellularr proteins (reviewed in reference 10). It 
iss tempting to speculate that in vivo, the E1A 
proteinn disturbs the interaction between CtBP 
andd the PcG complex by disrupting the 
interactionn between CtBP and the HPC2 
protein.. Particularly, since the interaction 
betweenn E1A and CtBP is stronger than the 
interactionn between the vertebrate Pc 

homologss and CtBP (data not shown), E1A 
mightt be a strong competitor for binding with 
CtBP.. A significant feature of the interference 
off E1A with the transcription machinery of the 
infectedd cell may involve interference with 
PcG-mediatedd repression, through the 
disruptionn of the CtBP-PcG interaction. 
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SUV39H11 interacts with vertebrate Polycomb homologs 

Selectiv ee interaction s betwee n vertebrat e Polycom b 
homolog ss and the SUV39H1 HMTase sugges t histon e H3-K9 
methylatio nn to contribut e to chromosoma l targetin g of 
Polycomb-grou pp protein s 

Polycomb-grou pp (PcG) protein s for m multimeri c chromati n associate d protei n 
complexe ss that are involve d in heritabl e repressio n of gene activity . Two distinc t huma n 
PcGG complexe s have been characterized . The EED/EZH/YY1 PcG comple x utilize s 
histon ee deacetylatio n to repres s gene activity . The HPC/HPH PcG comple x contain s the 
HPH,, RING1, BMI1, and the HPC proteins . Here we sho w that the vertebrat e Polycom b 
homolog ss HPC2 and XPc2, but not M33/MPc1, interac t wit h the histon e lysin e 
methyltransferas ee (HMTase) SUV39H1 bot h in  vitro  and in  vivo.  We furthe r fin d that 
overexpressio nn of SUV39H1 induce s selectiv e nuclea r re localizatio n of HPC/HPH PcG 
proteins ,, but not of the EED/EZH/YY1 PcG proteins . This SUV39H1-dependen t 
relocalizatio nn concentrate s the HPC/HPH PcG protein s to the larg e pericentromeri c 
heterochromati nn domain s (1q12) on huma n chromosom e 1. Withi n thes e larg e PcG 
domain ss we observ e increase d H3-K9 methylation . Finally , we sho w that H3-K9 HMTase 
activit yy  is associate d wit h endogenou s HPC2. Our finding s sugges t a rol e for the 
SUV39H11 HMTase and histon e H3-K9 methylatio n in contributin g to the targetin g of 
huma nn HPC/HPH PcG protein s to modifie d chromati n structures . 

Duringg embryonic development many 
differentt cell types arise from a single 
fertilizedd egg. Once a cell establishes its 
specificc differentiation status, it requires a 
cellularr memory system to allow the 
maintenancee of a proper and stably inherited 
genee expression (16). The Polycomb-group 
proteinss (PcG) and the trithorax-group 
proteinss (trxG) are part of such a memory 
system.. Initially, they have been identified in 
DrosophilaDrosophila as being either repressors (PcG), 
orr activators (trxG), of gene expression and 
inn particular of the homeotic genes (25, 38). 
Mutationss in PcG or trxG genes result in a 
generall misexpression of target genes, 
resultingg in a change of the specific gene 
expressionn pattern, which eventually leads to 
transformationss of the body plan (10, 35). 
Thee PcG proteins repress gene activity 
throughh the formation of large multimeric 
chromatinn associated protein complexes. In 
recentt years, much evidence has 
accumulatedd about the composition of PcG 
complexess both in Drosophila and in 
vertebratess (32). There are at least two 
distinctt PcG complexes (22, 37, 47). The first 
humann PcG complex, termed the EED/EZH 
PcGG complex, contains EED (37), EZH2 (37), 

andd YY1 (30). The second human PcG 
complex,, termed the HPC/HPH PcG 
complex,, contains HPC (31), HPH (12), BMI1 
(48),, and RING1 (29). Associated with the 
latterr complex is the CtBP corepressor (36). 

Despitee the extensive knowledge 
concerningg the identity of the PcG proteins 
andd proteins that are associated with these 
complexes,, evidence about the molecular 
mechanismm how these proteins achieve a 
stablee and heritable state of gene repression 
iss scarce. Recently it has been shown, both 
inn human and Drosophila that the EED/EZH 
PcGG complex is associated with histone 
deacetylasee (HDAC) activity through a 
specificc interaction between the EED/esc and 
HDACC proteins (44, 46). This indicates an 
importantt role for changes in chromatin 
structuree via histone deacetylation in PcG 
mediatedd gene repression. Insight into the 
molecularr mechanism underlying the action 
off the HPC/HPH PcG complex is, however, 
lacking.. However, the Polycomb protein was 
ablee to interact in vitro with nucleosomal core 
particless specifically via its repression domain 
(4).. Furthermore, since Polycomb and the 
heterochromatin-associatedd protein HP1 
sharee a homologous domain, i.e. the 
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chromodomainn (23), several models have 
suggestedd that PcG proteins can package 
targett genes in a heterochromatin like 
conformationn (25, 26). A mechanism 
underlyingg the establishment of different 
chromatinn states involves modifications of 
histoness (6, 14, 15, 40, 45, 50). One of these 
modificationss is methylation of histones, 
whichh can be accomplished by different 
histonee methyltransferases (14, 27, 41, 43, 
49).. Interestingly, the heterochromatin-
associatedd protein HP1 specifically interacts 
withh the histone lysine methyltransferase 
(HMTase),, SUV39H1, and interacts with H3-
K99 di-methylated N-termini via its 
chromodomain,, providing insight about the 
establishmentt of heterochromatin (3, 18, 27). 
Onn the basis of these parallels, we screened 
forr potential interactions between SUV39H1 
andd PcG proteins. We found that SUV39H1 
iss able to interact directly with a specific class 
off vertebrate Polycomb proteins, specifically, 
HPC22 (31) and XPc2 (28). Overexpression of 
SUV39H11 causes PcG proteins belonging to 
thee HPC/HPH PcG complex to relocalize to 
largee PcG domains. These domains, in which 
HPC2,, BMI1, RING1, HPH1, and HPH2 co-
localize,, also contain methylated histone H3-
K99 at DNA sequences that are associated 
withh pericentromeric regions (1q12) on 
humann chromosome 1. A SUV39H1 mutant 
lackingg HMTase activity was not able to 
relocalizee these PcG proteins. Finally, we find 
thatt HMTase activity is also associated with 
thee HPC/HPH PcG complex. Taken together, 
ourr findings suggest a role for SUV39H1 and 
histonee H3-K9 methylation in the selective 
targetingg of PcG proteins to specific 
chromosomee regions. 

MATERIAL SS AND METHODS 

Yeastt  two-hybri d analysis . The full-length 
codingg region of SUV39H1 was cloned in 
framee with the GAL4 transactivation domain 
(GAL4-TAD)(GAL4-TAD) in the pGADIO vector 
(Clontech).. The cDNAs encoding EZH2, 
EED,, YY1, HPH1, HPC2, CtBP, RING1, 
BMI1,, and M31 proteins were cloned in frame 
withh the GAL4-DNA binding domain (GAL4-

DBD)) in the pAS2 vector or the pGBKT7 
vectorr (Clontech) (12, 29, 36, 37). The p53 
proteinn (pVA3; Clontech) and SV40 large 
antigenn (pTD1; Clontech) served as a 
positivee control. We co-transformed plasmids 
intoo the yeast strain Y190 (Clontech) and 
platedd the transformants on selective medium 
lackingg histidine, tryptophan, and leucine. 
Afterr 5 days cells were grown to OD600 1.0-
1.22 in selective medium and subsequently 
permeabilized.. (3-Galactosidase activity was 
measuredd as described previously (12). All 
proteinss were expressed at approximately the 
samee level as determined by Western 
blottingg using monoclonal antibodies that 
recognizee either GAL4-DBD or GAL4-TAD 
(Clontech;; data not shown). Potential 
interactionss were subjected to a more 
detailedd analysis. Therefore, different 
portionss of the cDNA of SUV39H1, M31 and 
HPC2,, which were obtained by PCR 
(Expand,, Roche), were cloned in either the 
pGADIOO or pGBKT7 vector. Plasmids are co-
transformedd into yeast AH 109 and plated on 
selectivee medium for 5-10 days. Cells 
displayingg ability to grow on selective 
mediumm and expressing 6-galactosidase are 
indicativee of a protein-protein interaction. 

GST-fusio nn protein s and in  vitro  bindin g 
assay .. The previously described fusion 
proteins,, glutathione S-transferase-XPc2 
(GST-XPc2)) (28, 36), GST-HPC2, GST-
EZH2,, and GST-RING1 (30) were used for 
ann in vitro binding assay. As a negative 
control,, GST alone was used. Expression of 
thee GST fusion proteins was induced for 3 h 
att C with 0.4 mM isopropyl-p-D-
thiogalactopyranosidee as described 
previouslyy (12). The cells were pelleted, 
resuspendedd in binding buffer (phosphate 
bufferedd saline containing 1mM EDTA, 1 mM 
dithiothreitol,, 2 mM phenylmethylsulfonyl 
fluoride,, 10 ug of leupeptin per ml, 10 ug of 
benzamidinee per ml, 10 ug of trypsin inhibitor 
perr ml, and 10 ug of aprotinin per ml), and 
sonicated.. Triton X-100 was added to a final 
concentrationn of 1%(v/v) and the lysate was 
incubatedd for 30 min on ice. Cell debris was 
removedd by centrifugation for 10 min at 
14,0000 x g. The supernatant was added to 
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glutatahione-Sepharosee 4B and the mixture 
wass incubated for 30 min at . The beads 
weree collected by centrifugation and washed 
extensivelyy with binding buffer. Capped 
syntheticc SUV39H1 mRNA was made by in 
vitrovitro transcription and translated at 20 ug per 
mll in a rabbit reticulocyte lysate in the 
presencee of [^S] methionine (28). A 10 pi 
slurryy of the immobilized GST fusion protein 
wass preincubated for 30 min on ice in a final 
volumee of 200 pi of binding buffer containing 
0.5%% Nonidet P-40 and 1 mg of bovine 
serumm albumin per ml. Subsequently, 3 pi of 
thee reticulocyte lysate was added to the 
mixturee and incubated for 30 min at C 
usingg an end-over-end incubation. The beads 
weree washed five times with 1 ml of ice-cold 
bindingg buffer. The complexes were 
separatedd on sodium dodecyl sulfate (SDS)-
polyacrylamidee gels and analyzed using a 
Personall Molecular Imager (BioRad). 

Immunoprecipitatio nn assay . For 
immunoprecipitationn we used the previously 
describedd HeLa cells which stably express 
eitherr triple myc tagged-SUV39H1 ((myc)3-
SUV39H1),, (myc)3-SUV39H1 (N-chromo) 
underr the control of the CMV promoter (19). 
Cellss were grown to confluence, harvested 
andd lysed in ELB buffer (250 mM NaCI, 0.1% 
Nonidett P-40, 50 mM Hepes [pH 7.0], 5mM 
EDTA)) containing 0.5 mM dithiothreitol, 1 mM 
phenylmethylsulfonyll fluoride, and the 
proteasee inhibitors leupeptin, benzamidine, 
pepstatinn and aprotinin. The cellysates were 
sonicatedd three times with 10 second pulses. 
Too remove the debris, the lysates were 
centrifugedd at 14,000 x g for 10 min at . 
Thee supernatants were aliquoted and stored 
att . 50 pi of the different cellysates was 
incubatedd with a monoclonal antibody against 
thee myc epitope (9E10) and the mixtures 
weree incubated for 2 h at . 30 pi of Goat-
anti-mousee immunoglobulin G (IgG) agarose 
wass added and ELB buffer with protease 
inhibitorss was added to increase the volume 
off the mixtures to 300 pi. The mixtures were 
incubatedd for 2 h at C under continuous 
mixingg using an end-over-end incubation. 
Thee mixtures were centrifuged at 1,500 x g at 

CC for 30 seconds, washed with 1 ml of ELB 

bufferr without protease inhibitors, and 
centrifugedd again at 1,500 x g at C for 30 
seconds.. This washing procedure was 
repeatedd five times. After heating and 
centrifugationn to remove the agarose beads, 
thee proteins were separated by SDS-
polyacrylamidee gel electrophoresis (PAGE) 
andd blotted to nitrocellulose. The blot was 
probedd with a rabbit polyclonal antibody 
directedd against HPC2 (30, 37). The 
secondaryy alkaline phosphatase conjugated 
goatt anti-rabbit antibodies (Jackson 
ImmunoResearchh Laboratories) were diluted 
1:10,0000 and nitroblue tetrazolium-5-bromo-
4-chloro-3-indolylphosphatee (Roche) was 
usedd as substrate for detection. 

Generatio nn and purificatio n of a-4x-
methH3-K 99 antibodies . To generate methyl-
specificc antibodies against the histone H3 
lysinee 9 position, we generated a hexameric 
peptide,, -TARK(Me)2ST-cys, containing a di-
methylatedd lysine (Bachem) and a terminal 
cysteine.. To increase the antigenicity and 
immunogenicity,, we also synthesized a 
'branched'' peptide that consists of four -
TARK(Me)2ST-- 'fingers' which are linked at 
theirr C-termini via lysine residues. The 
sequencee of this 'branched' peptide is 
[TARK(Me)2ST]4-K2-K-cys.. Peptides were 
coupledd to KLH and rabbit polyclonal antisera 
weree raised, indicating that the 'branched' 
peptidee was much more immunogenic than 
thee linear peptide. 

Crudee antisera from two positive rabbits 
(#22333 and #2236) were batch-absorbed 
againstt a 'branched', but unmodified control 
peptide,, followed by affinity purification 
againstt the di-methylated 'branched' antigen 
thatt had been crosslinked to a Poros™ 
columnn (18). Bound antibodies were eluted 
withh 100 mM glycine pH 2.5 and neutralized 
withh 1/10 vol. of 2 M Hepes pH 7.9. The 
methyl-specificityy of the antibodies was 
confirmedd on slotblots presenting unmodified 
orr K9-dimethylated histone H3 peptides and 
onn protein blots containing nuclear extracts 
fromm wt or Suv39h double null PMEFs (data 
nott shown). The affinity-purified a-methH3-K9 
antibodiess (concentration " 0.6 mg/ml) detect 
H3-K99 methylation in a wide variety of 
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speciess (D. Schweizer, unpublished) and can 
bee used at 1:1,000 dilutions for Western blot 
analysiss or at 1:1,000 to 1: 5,000 dilutions for 
indirectt immunofluorescence. 

Immunofluorescenc ee labelin g of tissu e 
cultur ee cells . The above described HeLa cell 
liness were cultured and labeled as described 
previouslyy (12, 29, 37). The labeling was 
analyzedd by confocal laser scanning 
microscopyy and single optical sections were 
made.. For labeling HPC2, BMI1, RING1, 
HPC1,, EED, and EZH2, rabbit polyclonal 
antibodiess were used (12, 30, 36, 37). For 
labelingg YY1 a commercially available rabbit 
polyclonall antibody was used (Santa Cruz 
Laboratory).. For double labeling methylated 
histonee H3-K9 and BMI1, we used rabbit 
polyclonall antibodies directed against 
methylatedd H3-K9 (see above) and a mouse 
monoclonall antibody directed against BMI1 
(11).. To analyze the effect of transient 
expressionn of SUV39H1 and the mutant 
SUV39H11 (H324L), HeLa cells were 
transientlyy transfected with either pCMV-
(myc)3-SUV39H11 or pCMV-(myc)3-

SUV39H1(H324L)) using the 
calciumphosphatee transfection method 
(Gibco-BRL)(Gibco-BRL) 48 h prior to the labeling. To 
detectt the triple myc-tagged SUV39H1 
proteins,, cells were labeled with a mouse 
monoclonall antibody against the myc tag 
(9E10).. For labeling the PcG proteins, 
donkeyy anti-rabbit IgG either coupled to Fitc 
orr Cy3 was used (Jackson ImmunoResearch 
Laboratories).. For labeling the myc-tagged 
SUV39H11 proteins, donkey anti-mouse IgG 
coupledd to Fitc was used (Jackson 
ImmunoResearchh Laboratories). 

InIn  vitro  histon e methyltransferas e 
(HMTase)) assay . Prior to the in vitro 
HMTasee assay, we enriched either the 
HPC2,, EZH2 or myc-tagged SUV39H1 
proteinss by immunoprecipitations on nuclear 
extractss of either HeLa, U-2 OS, or HeLa 
cellss which stably express (myc)3-SUV39H1. 
Wee performed the in vitro HMTase assay as 
describedd previously (27, 42), using the wild 
typee N-terminus of human histone H3 
(ARTKQTARKSTGGKAPRKQL)) and a 

mutantt peptide (K9L), in which lysine 9 is 
substitutedd for leucine, as substrates. 
Immunoprecipitationss were probed for activity 
too transfer a labeled methyl group from S-
adenosyl-[methyl-14C]-L-methioninee to these 
substrates.. Reaction products were 
separatedd by SDS-polyacrylamide gel 
electrophoresiss (PAGE) and visualized by 
fluorography. . 

Immuno-FISH .. After the immunostaining 
slidess were rinsed in 1xPBS, fixed in 4% 
paraformaldehydee for 10 min at room 
temperature,, washed in 1xPBS, dehydrate in 
ann EtOH-series (70%-90%-96%) and air-
dried.. RNAse-treatment (50 ug/ml 2x SSC) 
waswas performed in a moist chamber at C 
forr 30-45min. After 3 times washing in 2x 
SSCC Proteinase K-treatment (1 ug/ml in 20 
mMM TrisHCI, pH 7.5; 2mM CaCI2) was done 
att C for 15 min in a moist chamber, 
followedd by three times 2x SSC washes. 
Denaturationn was performed in 70% 
formamidee for 2 min at , dehydrated in 
ice-coldd EtOH-series (70%-90%-96%) and 
air-dried.. The human chromosome 1-specific 
probee pUC 1.77 for highlighting the region 
1q122 was labelled with biotin-11-dUTP via 
nick-translationn according to standard 
protocols.. The air dried biotinylated probe 
wass resuspended in 50% formamide, 10% 
dextrann sulphate and 2x SSC, denatured at 

CC for 5 min and immediately kept on ice. 
Thee denatured probe was dropped on air 
driedd slides, covered with a coverslip, sealed 
withh a rubber cement and again 
simultaneouslyy denatured at . 
Hybridisationn was performed overnight at 

CC in a humid chamber. Post-
hybridisationall washes were done in 2x SSC, 
twoo times in 50% formamide and two times in 
0.1xx SSC (5 min each). After 30min of 
blockingg (4x SSC, 3% BSA, 0.1 Tween20), 
biotinn was detected with Avidin-Cy3 (10 ug/ml 
4xx SSC, 1% BSA, 0.1% Tween20) at C 
forr 1h. Slides were washed three times in 4x 
SSC,, 0.1% Tween20 at C for 5 min each 
andd mounted in antifading solution 
supplementedd with DAPI (1 ug/ml). 
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AA specifi c clas s of vertebrat e Polycom b 
homolog ss interact s wit h SUV39H1. 
Polycomb-groupp (PcG) protein complexes 
aree involved in repression of gene 
expression.. Since Polycomb and HP1 share 
aa homologous domain, the chromodomain 
(23),, several models have been suggested in 
whichh PcG proteins may package target 
geness in a heterochromatin like conformation 
(25).. Mammalian homologs of HP1 interact 
withh the HMTase SUV39H1 (1, 19). On the 
basiss of the structural parallels between 
Polycombb and HP1, we investigated potential 
interactionss between human PcG proteins 
andd SUV39H1, by employing a directed two-
hybridd screen. As a positive control we used 
thee M31 protein, a mouse homolog of HP1fS 
(13),, which is able to interact with SUV39H1 
(1,, 19). We found that SUV39H1 was able to 
interactt with HPC2, but not with the PcG 
proteinss EZH2, EED, YY1, HPH1, RING1, 
andd BMI1 or with the PcG associated protein 
CtBPP (Fig. 1). The interaction between 
SUV39H11 and the C-terminal part of HPC2 
(aaa 459-558) was higher than between 
SUV39H11 and the full length HPC2 (aa 1-
558)) protein (Fig. 1). 

Too test whether other vertebrate 
Polycombb homologs are able to interact with 
SUV39H11 in the two-hybrid system, we 
testedd the mouse Polycomb protein 
M33/MPc11 (24) and the Xenopus Polycomb 
proteinn XPc2 (28) (Fig. 2A). XPc2 is more 
homologouss to HPC2 than M33/MPc1, which 
inn turn is more homologous to the human Pc 
homologg CBX2/HPC1 (31, 36). Interestingly, 
XPc2,, but not M33/MPc1, was able to 
interactt with SUV39H1 (Fig. 2A), indicating 
thatt despite the high degree of homology 
betweenn the Pc proteins in the 
chromodomainn and the COOH-box, these Pc 
proteinss differ significantly at least in their 
abilityy to interact with other proteins. This is 
howeverr not the first indication that there is 
specificityy among Pc proteins, since we 
previouslyy found that both XPc2 and HPC2 
weree able to interact with CtBP while 
M33/MPc11 was not (36). 

Inn conclusion, these experiments show 
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FIG.. 1. Two-hybrid interaction between SUV39H1 and 
vertebratee Polycomb-group proteins. Two-hybrid 
analysiss with SUV39H1 and human PcG proteins show 
aa positive interaction between SUV39H1 and HPC2. 
Thee PcG cDNA were cloned in frame with the GAL4-
DNAA binding domain (GAL4-DBD), whereas the 
SUV39H11 cDNA was cloned in frame with the GAL4-
transactivatingg domain (GAL4-TAD). As a positive 
controll for the two-hybrid system we used the p53 and 
SV400 large antigen. As a positive control for the 
SUV39H11 protein we used the mouse homolog of HP1, 
M31/HP1(5.. No interactions were found between 
SUV39H11 and other PcG proteins. 

thatt SUV39H1 is able to interact with the 
vertebratee Pc proteins HPC2 and XPc2, but 
nott with the mouse Pc protein M33/MPc1, 
indicatingg specificity among the different Pc 
proteins. . 

SUV39H11 bind s the C-termina l regio n of 
HPC2.. To determine which part of HPC2 is 
responsiblee for the interaction with SUV39H1, 
wee subcloned different protein fragments of 
HPC22 in frame with the GAL4-DNA binding 
domainn (GAL4-DBD) (Fig. 2B). HPC2 
comprisess three defined protein domains. 
Thee chromodomain, which is essential for 
bindingg of the Pc protein to chromatin, is 
locatedd at the N-terminus (20). A highly 
conservedd COOH-box (aa 540 to 558) is 
locatedd at the extreme C-terminus. This 
COOH-boxx is the domain to which the PcG 
proteinn RING1 binds (29, 34), the domain 
withinn Pc which in vitro is able to bind to 
nucleosomall core particles (4) and also the 
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FIG.. 2. (A) SUV39H1 is able to interact with a specific class of vertebrate Polycomb proteins. The indicated 
vertebratee Pc homologs, HPC2, XPc2, and M33/MPc1, were cloned in frame with the GAL4-DBD, whereas the 
SUV39H11 protein was cloned in frame with the GAL4-TAD. The indicated domains of SUV39H1 represent the 
chromoo domain (stippled box), the SET domain (black box) and the Cysteine rich regions adjacent to the SET domain 
(greyy boxes). The indicated domains of the vertebrate Pc homologs represent the chromodomain (grey box) and the 
COOH-boxx (black box). Whereas the more related HPC2 and XPc2 proteins were able to interact with SUV39H1, the 
M33/MPc11 protein was not able to interact with SUV39H1. (B) Mapping of the interaction domain of HPC2 with 
SUV39H1.. The indicated portions of the HPC2 protein were fused with the GAL4-DBD domain (GAL4-DBD fusion 
protein).. The regions in HPC2 include the chromodomain, the CtBP binding domain (CBD), and the C-terminal 
domainn (COOH-box). Constructs were co-transformed with SUV39H1, which was fused to the GAL4-TAD (GAL4-
TADD fusion protein). (C) Mapping of the interaction domain of M31/HP1P with SUV39H. The indicated portions of the 
M31/HP1pp protein were fused with the GAL4-DBD domain. The indicated domains of M31/HP1p are the 
chromodomainn (grey box) and the chromo shadow domain (striped box). Constructs were co-transformed with 
SUV39H1,, which was fused to the GAL4-TAD (GAL4-TAD fusion protein). Interactions were positive when growing 
onn selective medium lacking histidine and when they were also (3-galactosidase positive. 

domainn which is necessary for gene 
repressionn (5, 21, 31). The third domain 
withinn HPC2 is a six amino acid motif (amino 
acidd 470 to 475) to which the CtBP proteins 
bindd (36). This six amino acid motif, termed 
CtBP-bindingg domain (CBD), is well 
conservedd among different proteins of 
differentt species. 

Wee found that a C-terminal fragment (aa 
4599 to 558) is able to interact with SUV39H1, 

andd that a HPC2 mutant (aa 1 to 468) lacking 
thee C-terminus was not able to interact with 
SUV39H1.. We further defined the C-terminal 
regionn that is crucial for binding SUV39H1. 
Wee tested a fragment (aa 459 to 540) that 
lackss the COOH-box to which the RING1 
proteinn binds (34), and data not shown). This 
fragmentt was still able to bind to SUV39H1, 
indicatingg that the binding domain of 
SUV39H11 differs from the conserved Pc 
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FIG.. 3. (A) Mapping of the interaction domain of SUV39H1 with HPC2. Indicated portions of SUV39H1 were fused to 
thee GAL4-TAD (GAL4-TAD fusion protein). The indicated domains of SUV39H1 represent the chromo domain 
(stippledd box), the SET domain (black box) and the Cysteine rich regions adjacent to the SET domain (grey boxes). 
Thee HPC2 regions include the chromodomain (grey box), the six amino acid CtBP binding domain (CBD) and COOH-
boxx (black box). Constructs that encompass different portions of the SUV39H1 protein are indicated. The plasmids 
weree co-transformed with full-length HPC2, which is fused to the GAL4-DBD (GAL4-DBD fusion protein). Interactions 
weree positive when growing on selective medium lacking histidine and when they were also p-galactosidase positive. 
(B)) Schematic representation of the interaction domains of SUV39H1 and HPC2. Both the extreme N-terminal part 
andd the chromodomain of SUV39H1 are necessary for binding HPC2. SUV39H1 binds to a region within the C-
terminuss of HPC2 that differs from the C-terminal repression region to which the RING1 protein binds and the binding 
sitee of the CtBP protein. 

repressionn domain to which RING1 binds. 
Wee further tested a HPC2 mutant protein 
(HPC22 DL>AS) in which the CtBP binding 
regionn is changed in such a way that the 
interactionn with CtBP is abolished (36). We 
foundd that also this HPC2 mutant was able to 
interactt with SUV39H1, indicating that the 
CtBPP binding domain is not involved in 
SUV39H11 binding (Fig. 2B). 

Inn summary, the SUV39H1 protein binds 
too a region within the C-terminus of HPC2 
thatt differs from the C-terminal repression 
regionn to which the RING1 protein binds (29) 
andd the binding site of the CtBP protein (36). 

Thee chromoshado w domai n of HP1 is 
involve dd in bindin g SUV39H1. The mouse 
homologg of the Drosophila HP1 protein, 
M31/HP1PP has been shown to interact with 

SUV39H11 (19). To define the domain in 
HPip,, to which the SUV39H1 protein binds, 
wee cloned different parts of M31/HP1p in 
framee with the GAL4-DBD domain (Fig. 2C). 
M31/HP1PP contains two functional domains, 
thee N-terminal chromodomain, which is able 
too bind to H3-K9 methylated peptides (3, 18), 
andd the chromoshadow domain, which is 
involvedd in interaction with other protein 
partnerss (2, 17). We found that a portion of 
M31/HP1p,, encompassing the 
chromodomain,, was not able to interact with 
SUV39H1.. Instead, the chromoshadow 
domainn was able to interact with SUV39H1 
(Fig.. 2C). In conclusion, neither the 
chromodomainss of HPC2 or M31/HP1P are 
involvedd in binding with SUV39H1. In both 
casess the C-terminal region of the proteins 
aree involved in binding SUV39H1. 
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Thee N-terminu s of SUV39H1 interact s wit h 
HPC2.. To define the domains within 
SUV39H11 that are responsible for the 
interactionn with HPC2 and XPc2, we cloned 
differentt parts of the SUV39H1 protein in 
framee with the GAL4-TAD domain. SUV39H1 
comprisess two defined domains, of which the 
N-terminall chromodomain has been shown to 
providee an interaction surface for M31/HP1p\ 
whereass the C-terminal SET domain 
comprisess the catalytic motif, required for 
HMTasee activity (Fig. 3A) (27). We found that 
aa mutant SUV39H1 lacking the extreme N-
terminall 41 amino acids, but retaining the 
chromodomainn was still able to interact with 
HPC22 (Fig. 3A). However, a mutant 
SUV38H11 (aa 88 to 412) that lacks the 
chromodomainn was not able to interact with 
HPC2.. Vice versa, a fragment that 
encompassess the N-terminal 92 amino acids 
withh the chromodomain was still able to 
interactt with HPC2 (Fig. 3A). In order to more 
preciselyy determine the regions within the N-
terminuss of SUV39H1 that are responsible for 
thee interaction with HPC2 we made two 
constructs.. One contains the extreme N-
terminall 46 amino acids and the other 
encompassingg the chromodomain (amino 
acidss 42 to 92). We found that both 
constructss are able to interact with HPC2, 
indicatingg that both the chromodomain and 
thee adjacent, extreme N-terminus of 
SUV39H11 are responsible for the interaction 
withh HPC2. 

Too summarize the interactions, the 
regionn within SUV39H1 to which HPC2 binds 
iss located within the N-terminus of the 
protein.. Within this region, both the extreme 
N-terminall part and the chromodomain are 
ablee to bind HPC2 (Fig 3B). SUV39H1 binds 
too a region within the C-terminus of HPC2 
thatt differs from the C-terminal repression 
regionn to which the RING1 protein binds and 
thee binding site of the CtBP protein (Fig 3B). 
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FIG.. 4. Both HPC2 and XPc2 bind SUV39H1 directly in 
vitro.vitro. [35S] Methionine-labelled SUV39H1 (lane 1), was 
eitherr incubated with GST alone (lane 2), GST-HPC2 
(lanee 3), GST-XPc2 (lane 4), GST-RING1 (lane 5) or 
GST-EZH22 (lane 6). The in vitro translated [ S] 
methionine-- labelled SUV39H1 was able to bind to 
immobilizedd GST-HPC2 and GST-XPc2. Molecular 
weightss are indicated in kDa on the left. 

pulll down assay (Fig. 4). For this we used the 
previouslyy described fusion proteins of GST, 
andd HPC2, XPc2, RING1, and EZH2 (28, 30, 
36,, 46). All proteins were immobilized on 
GST-sepharosee and incubated with [35S] 
methionine-labeledd in vitro translated 
SUV39H1.. After extensive washing the 
proteinss were separated by SDS-PAGE and 
thee gel was analyzed using a 
phosphorimager.. The in vitro translated 
SUV39H11 protein (Fig. 4, lane 1) was able to 
bindd GST-HPC2 (lane 3) and GST-XPc2 
(lanee 4). SUV39H1 did not bind to GST alone 
(lanee 2), indicating the specificity of the 
interactionn between SUV39H1 and both 
HPC22 and XPc2. Furthermore, both GST-
RING11 (lane 5) and GST-EZH2 (lane 6), did 
nott bind the SUV39H1. In summary, these 
resultss confirm the data obtained from the 
two-hybridd assay (Fig. 1 and 2), and indicate 
thatt SUV39H1 is able to bind either HPC2 or 
XPc22 directly. 

Bot hh HPC2 and XPc2 directl y interac t wit h 
SUV39H1.. To determine whether the 
interactionn between SUV39H1 and the 
vertebratee Pc homologs, HPC2 and XPc2, is 
aa direct interaction, we employed an in vitro 

SUV39H11 and HPC2 interac t in  vivo.  In 
orderr to demonstrate an in vivo interaction 
betweenn SUV39H1 and HPC2, we performed 
co-immunoprecipitationn experiments (Fig. 5). 
Forr this purpose we used previously 
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FIG.. 5. In vivo interaction between HPC2 and 
SUV39H1.. HeLa cell lines were used which stably 
expressess myc-tagged SUV39H1 amino acid 3 to 412 
[SUV39H1]] (lane 1 and 2), myc-tagged SUV39H1 
aminoo acid 3 to 118 [SUV39H1 N-Chromo] (lane 3 and 
4),, or no ectopic protein [control] (lane 5 and 6). We 
usedd a mouse monoclonal antibody against the myc tag 
(9E10)) to immunoprecipitate the respective myc-tagged 
protein.. The resulting immunoprecipitates were 
Westernn blotted and analysed with a rabbit polyclonal 
antibodyy against HPC2. Lane 7 represents a prestained 
proteinn molecular weight marker (Biorad), of which the 
molecularr weights are indicated in kDa on the right. 

describedd HeLa cell lines (19), which stably 
expresss myc-tagged SUV39H1 amino acid 3 
too 412 [(myc)3-SUV39H1] (lane 1 and 2), 
myc-taggedd SUV39H1 amino acid 3 to 118 
[(myc)3-SUV39H11 N-Chromo] (lane 3 and 4), 
orr no ectopic protein (lane 5 and 6). We used 
aa mouse monoclonal antibody against the 
mycc tag (9E10) to immunoprecipitate the 
respectivee myc-tagged protein and a rabbit 
polyclonall antibody against HPC2 for 
Westernn blot analysis (31, 36). All the cell 
liness used in this study express the HPC2 
proteinn at approximately the same level (lane 
1,, 3, and 5). Our results show that HPC2 and 
SUV39H11 are able to interact with each other 
inin vivo (lane 2). The anti-myc antibody, which 
recognizess the myc-tagged SUV39H1, was 
ablee to pull down the HPC2 protein (lane 2). 
Whenn using the control cell line, no HPC2 
proteinn could be detected on the Western blot 
afterr immunoprecipitation with the anti-myc 
antibodyy (lane 6), demonstrating that this 
interactionn is specific. We also performed 
immunoprecipitationn on the cell line that 

containss the (myc)3-SUV39H1 N-chromo 
construct,, that lacks HMTase activity. We 
weree able to detect the HPC2 protein (lane 
4),, indicating that a truncated SUV39H1 
proteinn encoding aa 3 to 118 is also able to 
interactt with HPC2 in vivo. This part of the 
SUV39H11 protein also interacts with HPC2 in 
thee two-hybrid system (Fig. 3), underlying the 
importancee of this domain for the interaction 
withh HPC2. Consistently, it has been found 
thatt also the mouse homolog of HP1, 
M31/HP1BB protein, was able to co-
immunoprecipitatee with this truncated version 
ofSUV39H11 (19). 

Inn conclusion, we show that SUV39H1 
andd HPC2 co-immunoprecipitate from 
extractss of HeLa cells stably expressing myc-
taggedd SUV39H1. Moreover, HPC2 is also 
ablee to interact with a truncated version of 
SUV39H11 encompassing the extreme N-
terminuss and the chromodomain. These data 
confirmm that HPC2 and SUV39H1 are able to 
interactt with each other in vivo. 

Overexpressio nn of SUV39H1 alter s the 
nuclea rr  localizatio n of HPC2 and othe r 
HPC/HPHH PcG proteins . Overexpression of 
SUV39H11 has been shown to disperse the 
nuclearr localization of HP1 (19). To examine 
thee subnuclear distribution of PcG proteins in 
relationn to ectopic SUV39H1 protein, we 
performedd immunofluorescence-labeling 
experiments.. For this purpose we used the 
samee cell lines that were used for the co-
immunoprecipitationn experiments, namely the 
myc-taggedd SUV39H1, the myc-tagged 
SUV39H11 N-chromo and the control (Fig. 6A, 
Fig.. 7). We used rabbit polyclonal antibodies 
directedd against HPC2, BMI1, RING1 (Fig 
6A),, HPC1, EED, EZH2, and YY1 (Fig. 7) for 
labeling. . 

Inn both the control cell line and the N-
chromoo cell line (Fig. 6A), HPC2, BMI1, 
RING11 (Fig. 6A), as well as HPH1 and HPH2 
(dataa not shown), show a fine granular 
nuclearr distribution. In the SUV39H1 cell line, 
thee distribution of these HPC/HPH PcG 
proteinss is altered (Fig. 6A). HPC2, BMI1, 
RING11 (Fig. 6A), as well as HPH1 and HPH2 
(dataa not shown) now localize to large 
nuclearr domains. Moreover, within these 
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FIG.. 6. (A) Ectopic expression of SUV39H1 alters the nuclear localization of the HPC/HPH PcG proteins. Confocal 
singlee optical sections are shown. HeLa cells [control, left panel], HeLa cells stably expressing (myc)3-SUV39H1 (aa 
33 to 412) [SUV39H1, middle panel] or (myc)3-SUV39H1 (aa 3 to 118) [SUV39H1 N-chromo, right panel] were used. 
Cellss were stained with rabbit polyclonal antibodies directed against HPC2 (A, B, C), BMI1 (D, E, F), and RING1 (G, 
H,, I) The HPC2, BMI1, and RING1 proteins were redistributed in the nucleus from fine granular domains towards 
largee domains in the cell line which expressed the myc-tagged SUV39H1 protein, but not the cell line expressing 
eitherr the myc tag alone or the myc-tagged SUV39H1 N-chromo. (B) Rabbit anti-HPC2 and mouse anti-BMI1 double 
labelingg demonstrates co-localization of HPC2 and BMI1 in large nuclear domains of HeLa cells stably expressing 
SUV39H1 1 
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FIG.. 7. Ectopic expression of SUV39H1 does not alter the nuclear localization of both HPC1 and the EED/EZH PcG 
proteins.. Confocal single optical sections are shown. HeLa cells [control, left panel], HeLa cells stably expressing 
(myc)3-SUV39H11 (aa 3 to 412) [SUV39H1, middle panel] or (myc)3-SUV39H1 (aa 3 to 118) [SUV39H1 N-chromo, 
rightt panel] were used. Cells were stained with rabbit polyclonal antibodies directed against HPC1 (A, B, C), EED (D, 
E,, F), EZH2 (G, H, I) and YY1 (J, K, L). Comparison of the different cell lines demonstrates that the nuclear 
distributionn of these proteins did not alter. 

largee domains, these PcG proteins of the 
HPC/HPHH PcG complex co-localize (Fig. 6B). 
Thee domains are also observed for the 
osteosarcomaa cell line U-2 OS and are 
remarkablyy similar to the PcG domains 
observedd in HT-1080 cells (12, 29, 31, 33, 
37). . 

Theree is however one exception. In 
contrastt to the other HPC/HPH PcG proteins, 
thee nuclear staining of the HPC1 protein (Fig. 
7)) is not altered. Similarly, the nuclear 
stainingg pattern of the PcG proteins EED, 
EZH2,, and YY1 (Fig. 7), which are members 
off the EED/EZH PcG complex (30, 37), 
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displayedd the same immunofluorescent 
characteristicss in the SUV39H1 cell line as in 
thee control and the N-chromo cell line. 

Inn summary, we show that ectopic 
expressionn of SUV39H1 redistributes the 
HPC/HPHH PcG proteins, with exception of 
HPC1,, to large chromosomal, PcG domains. 
Sincee only the full-length SUV39H1 protein 
andd not the truncated SUV39H1 N-chromo 
proteinn causes this relocalization of the 
HPC/HPHH PcG proteins, it reveals an 
importantt role for its SET domain. These 
findingss indicate that the abilities of 
SUV39H11 to interact with HPC2 and to 
relocalizee the HPC/HPH PcG proteins are 
independentt functions and further suggest 
thatt a functional HMTase activity is required 
too induce PcG protein redistribution, as has 
beenn observed for mammalian HP1 
homologss (1,19). 

Ann activ e SUV39H1 HMTase is require d to 
alterr  the nuclea r localizatio n of HPC/HPH 
PcGG proteins . The SUV39H1 protein 
specificallyy methylates lysine 9 on histone 
H3.. For this, both the SET-domain and the 
adjacentt cysteine rich regions are necessary. 
AA point mutation within the SET-domain 
(H324L)) abolishes the HMTase activity of 
SUV39H11 (18). To test whether the SET 
domainn is of importance in the relocalization 
off HPC/HPH PcG proteins, we transiently 
overexpressedd myc-tagged SUV39H1 
(H324L)) mutant in HeLa cells. We double-
labeledd these cells with rabbit polyclonal 
antibodiess directed against the indicated PcG 
proteinss (Fig. 8A) and a mouse monoclonal 
antibodyy (9E10) directed against the myc-tag 
inn the H324L mutant protein (Fig. 8A). We 
observedd no change in the nuclear 
localizationn of HPC2 (Fig. 8A), as well as for 
RING1,, HPH1, HPH2, and BMI1 (data not 
shown),, in cells overexpressing the SET-
domainn mutant SUV39H1 (H324L). The 
mutantt SUV39H1 (H324L) also has no effect 
onn the localization of EZH2 (Fig. 8A). 

Too ensure that the inability of mutant 
SUV39H11 (H324L) to relocate the HPC/HPH 
PcGG proteins is really due to the mutation 
withinn the SET domain of SUV39H1 and not 
duee to a potential artifact, we determined 

whetherr the functional SUV39H1 protein is 
ablee to relocate the HPC/HPH PcG proteins 
underr similar experimental conditions. We 
thereforee transiently overexpressed myc-
taggedd SUV39H1 in HeLa cells and double 
labeledd these cells as described above (Fig. 
8B).. We observed that cells expressing the 
SUV39H11 protein display a redistribution of 
HPC22 to large nuclear domains (Fig. 8B). 
Thiss also occurs with RING1, HPH1, HPH2 
andd BMI1 proteins (data not shown). 
Transientt overexpression of SUV39H1 has 
noo effect on the nuclear localization of the 
EZH22 protein (Fig. 8B). 

Inn conclusion, the SUV39H1 (H324L) 
mutantt is not able to alter the nuclear 
localizationn of the HPC2, RING1, BMI, HPH1, 
andd HPH2 proteins, whereas SUV39H1 is 
ablee to alter the nuclear localization of these 
proteinss under similar experimental 
conditions.. These findings indicate that an 
intactt and functionally active SET domain of 
SUV39H11 is a prerequisite for this activity. 

Thee HPC/HPH PcG protein s co-localiz e in 
PcGG domain s wit h methylate d histon e H3-
K99 concentrate d at pericentromeri c 
heterochromati nn region s (1q12) on 
chromosom ee 1. To examine whether the 
SUV39H11 -induced relocalization of the 
HPC/HPHH PcG proteins coincides with the 
presencee of increased H3-K9 methylation in 
thesee chromosomal domains, we performed 
immunofluorescencee double labeling 
experimentss on HeLa cells stably expressing 
(myc)3-SUV39H11 [Fig. 9A (SUV39H1)]. We 
usedd rabbit polyclonal antibodies directed 
againstt di-methylated H3-K9 termini and a 
mousee monoclonal antibody against BMI1 
(11).. We observed that H3-K9 methylation in 
nucleii of (myc)3-SUV39H1 HeLa cells in a 
finee granular pattern but also in larger nuclear 
domainss (Fig. 9A). Within these larger 
nuclearr domains, the BMI protein co-localizes 
withh methylated H3-K9 (Fig. 9A, top panel). 

Thee HPC/HPH PcG proteins all localize 
inn large nuclear PcG domains in U-2 OS cells 
(12,, 29, 31, 37), in which the endogenous 
SUV39H11 enzyme is expressed at 
considerablyy higher levels as compared to 
HeLaa cells (1). To examine whether 

84 4 



SUV39H11 interacts with vertebrate Polycomb homologs 

HeLaa + pCMV (mvc)3 SUV39H1 (H324Ü 
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FIG.. 8. An intact and functionally active SET domain of SUV39H1 is a prerequisite for altering the nuclear distribution 
off HPC/HPH PcG proteins. (A) HeLa cells were transiently transfected with myc-tagged SUV39H1 (H324L). This 
specificc SET-domain mutation abolishes the ability of the SUV39H1 protein to methylate histones. Cells were double 
stainedd with rabbit polyclonal antibodies against HPC2, and EZH2 (left panel) and a mouse monoclonal antibody 
againstt the myc-tag to allow detection of the myc-tagged SUV39H1 (H324L) (right panel). Transient expression of the 
mutantt SUV39H1 protein did not alter the localization of HPC2, suggesting an important role for the SET-domain of 
SUV39H11 in determining the nuclear localization of the HPC/HPH PcG proteins. (B) HeLa cells were transiently 
transfectedd with myc-tagged SUV39H1. Cells were double stained with rabbit polyclonal antibodies against HPC2, 
andd EZH2 (left panel) and a mouse monoclonal antibody against the myc-tag to allow detection of the myc-tagged 
SUV39H11 (right panel). Under similar experimental conditions as for the SUV39H1 (H324L) mutant, transient 
expressionn of SUV39H1 was sufficient to alter the nuclear localization of HPC2. 
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FIG.. 9. HPC/HPH PcG proteins partially co-localize with methylated historie H3-K9 and associates with DNA 
sequencess specific for pericentromeric heterochromatin regions (1q12) on chromosome 1. (A) HeLa cells stably 
expressingg (myc)3-SUV39H1 (SUV39H1 in figure), and U-2 OS cells were used for double labeling experiments with 
aa rabbit polyclonal antibody directed against methylated histone H3-K9 (methylated H3-K9 in figure) and a mouse 
monoclonall antibody directed against BMI1. BMI1 partially co-localizes with methylated histone H3-K9 in the large 
PcGG domains, but methylated histone H3-K9 is also abundantly present outside these nuclear domains (Merge). (B) 
HeLaa cells stably expressing (myc)3-SUV39H1 were stained with a polyclonal antibody directed against HPC2 and a 
DNAA probe specific for the pericentromeric region 1q12 on chromosome 1 using a combined immunofluorescence-
FISHH technique. Nuclei were counterstained with DAPI. 

methylatedd H3-K9 is present in these large 
PcGG domains in U-2 OS cells, we performed 
double-labelingg experiments similar as 
describedd above [Fig. 9A (U-2 OS)]. We 
observedd that methylated H3-K9 is present in 
nucleii of U-2 OS cells in a fine granular 
patternn but also in the larger domains in 
whichh BMI1 and methylated H3-K9 largely 
co-localizedd (Fig. 9A). 

Inn a number of cell lines, such as U-2 
OSS and HT-1080, the HPC/HPH PcG 
proteinss co-localize in PcG domains, 
chromosomall domains with DNA sequences 
thatt are associated with pericentromeric 
heterochromatinn (1q12) on chromosome 1 
(33).. To examine whether the HPC/HPH PcG 
proteinss co-localize with 1q12 sequences in 
thee (myc)3-SUV39H1 expressing HeLa cells, 
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wee performed a combined immuno-
fluorescencee / in situ hybridization technique 
too allow simultaneous detection of the HPC2 
proteinn and the 1q12 DNA [Fig. 9B 
(SUV39H1)].. We used a rabbit polyclonal 
antibodyy directed against HPC2 and the DNA 
probee pUC1.77, which recognizes the 
pericentromericc region q12 of chromosome 1 
(7,, 33). Nuclei were counterstained with DAPI 
(Fig.. 9B). We observed that HPC2 co-
localizess in the PcG domains with DNA 
sequencess that are associated with the 1q12 
regionn (Fig. 9B), similar as described for U-2 
OSandHT-1080cells(33). . 

Inn conclusion, overexpression of 
SUV39H11 in HeLa cells causes a 
redistributionn of HPC/HPH PcG proteins to 
largee PcG domains in which they co-localize 
withh methylated histone H3-K9 and DNA 
sequencess which are associated with 
pericentromericc regions (1q12) on 
chromosomee 1. We observe similar co-
localizationss in PcG domains inU-2 OS cells. 

HPC22 co-immunoprecipitate s endogenou s 

HMTasee activity . HPC2 is able to interact 
withh the SUV39H1 HMTase both in vitro and 
inin vivo, raising the intriguing possibility that 
theree may also be endogenous HMTase 
activityy associated with HPC2. We performed 
immunoprecipitationss with rabbit polyclonal 
antibodiess directed against HPC2 on nuclear 
extractss from both HeLa and U-2 OS cells, 
followedd by a HMTase activity assay. As a 
positivee control we used HeLa cells stably 
expressingg (myc)3-SUV39H1 (Fig. 10A) and 
IPss with a myc (9E10) monoclonal antibody 
(Fig.. 10A). To determine whether the 
immunoprecipitatess possess H3-K9 HMTase 
activity,, we used an unmodified histone H3 
N-terminall peptide [H3(1-20)] and a mutant 
histonee H3 N-terminal peptide (K9L) as 
substratess in the presence of S-adenosyl-
[methyl-14C]-L-methionine.. The reaction 
productss were separated by SDS-PAGE and 
visualizedd by fluorography. The 
immunoprecipitatedd (myc)3-SUV39H1 

displayedd H3-K9 HMTase activity using the 
histonee H3 peptide but not using the mutant 
histonee H3 peptide (Fig. 10A), indicating that 
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FIG.. 10. HPC2 immunoprecipitates display histone H3-K9 methyltransferase activity. Immunoprecipitations were 
performedd on nuclear extracts of either HeLa cells stably expressing (myc)3-SUV39H1 (A), HeLa cells (B), or U-2 OS 
cellss (C), using antibodies against myc (A), or HPC2 (B and C). The immunoprecipitations were probed for HMTase 
activityy to transfer a labelled methyl group to a 20 amino acid N-terminal peptide of histone H3 [H3(1-20)] and a 
mutantt 20 amino acid N-terminal peptide of histone H3 (K9L). The upper part of each figure represents the equal 
loadingg of the immunoprecipitated material, which was subjected to the HMTase activity assay (bottom part of each 
figure). . 
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thee methyltransferase activity is specific for 
lysinee 9, as described previously (27). 
Notably,, in both HeLa (Fig. 10B) and U-2 OS 
cellss (Fig. 10C), we observed endogenous 
H3-K99 HMTase activity associated with the 
HPC22 immunoprecipitates using the histone 
H33 peptide but not when using the mutant 
K9LL peptide. We also performed 
immunoprecipitationss using rabbit polyclonal 
antibodiess directed against EZH2 on both 
HeLaa and U-2 OS cells under identical 
conditionss as for the HPC2 
immunoprecipitations.. In both HeLa cells and 
U-22 OS cells the EZH2 immunoprecipitates 
displayedd HMTase activity, albeit much 
weakerr as observed for HPC2 
immunoprecipitatess (data not shown). 

DISCUSSION N 

SUV39H11 selectivel y interact s wit h a 
specifi cc  clas s of vertebrat e Pc homologs . 
Thee Polycomb-group proteins (PcG) are 
involvedd in the stable and heritable 
repressionn of gene expression by forming 
multimericc chromatin associated protein 
complexes.. At least two distinct PcG 
complexess exists, the HPC/HPH PcG 
complexx and the EED/EZH PcG complex (37, 
47).. Repression mediated by the EED/EZH 
PcGG complex involves histone deacetylation 
(46).. Polycomb contains a chromodomain, 
whichh it shares with the heterochromatin-
associatedd protein HP1 (23). It has previously 
beenn shown that mammalian HP1 is 
associatedd with the histone 
methyltransferasee protein SUV39H1 (1). This 
associationn results in targeting HP1 to 
specificc nuclear domains (19). Based on the 
parallelss between the Polycomb protein and 
thee HP1 protein, we ensued to screen for 
potentiall interactions between PcG proteins 
andd the histone methyltransferase SUV39H1 
usingg the yeast two-hybrid system. Here we 
demonstratedd that SUV39H1 interacts 
specificallyy with the human Polycomb protein 
HPC2.. We found no interactions in the two-
hybridd system with other human PcG 
proteins.. We substantiated the two-hybrid 
interactionn between HPC2 and SUV39H1 by 

performingg GST pull-down assays and in vivo 
co-immunoprecipitations.. The observed 
interactionn between in vitro translated and 
radioactivee labeled SUV39H1 and GST-
HPC22 and GST-XPc2 confirmed that the 
interactionn is a direct one. In the case of the 
inin vivo immunoprecipitation we needed to 
usee overexpressed myc-tagged SUV39H1. 
Unfortunately,, we could not detect a co-
immunoprecipitationn between endogenous 
SUV39H11 and HPC2. This is probably due to 
thee low abundance of the endogenous 
SUV39H11 protein. Alternatively, the 
interactionn is of a transient nature, implying 
thatt very high levels of a protein needs to be 
presentt to detect an interaction in an in vivo 
co-immunoprecipitation. . 

Thee specificity of the SUV39H1 
interactionn for HPC2 but not M33/MPc1 
raisess the question whether an interaction 
betweenn Drosophila Pc and Drosophila 
Su(var)3-99 exists. It has been reported that 
theree are similarities between PcG genes and 
modifierss of PEV to which the Su(var)3-9 
belongss (39). This suggests that a link 
betweenn PcG proteins and the Su(var)3-9 
proteinn may exist in Drosophila. Su(var)3-9 
mutantss enhance the homeotic phenotype of 
Pcc mutants (G. Reuter, personal 
communication,, 15). The histone deacetylase 
(HDAC)) Rpd3 has been classified as 
belongingg to the Su(var) group (8). HDAC is 
partt of the human EED/EZH PcG complex 
(46),, and the histone deacetylase Rpd3 is 
partt of the Drosophila Esc/E(z) PcG complex 
(44).. This demonstrates that proteins 
belongingg to the Su(var) group can also be 
associatedd with Polycomb-group proteins. 

Wee cannot, however, rule out the 
possibilityy that the interaction with SUV39H1 
iss restricted to a particular class of Polycomb 
proteins.. Polycomb homologs all possess the 
highlyy conserved N-terminal chromodomain 
andd a C-terminally located repression 
domain.. However, outside the bounds of 
thesee conserved regions, the proteins differ 
considerablyy in amino acid sequence. This 
resultss in the classification of distinct 
vertebratee Pc proteins that only share 
extensivee homology in the chromodomain 
andd the C-terminal repression domain. The 
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XPc22 and HPC2 proteins share, outside 
thesee domains, extensive homology in other 
partss of the respective proteins (36). In 
contrast,, there is hardly any homology 
betweenn M33/MPc1 and HPC2 outside the 
chromodomainn and the C-terminal domain (9, 
24,, 31, 36). Therefore these vertebrate Pc 
homologss are defined as separate classes. 
Bothh XPc2 protein and HPC2 protein were 
ablee to bind SUV39H1, but the mouse 
M33/MPc11 protein was not able to interact 
withh SUV39H1. This is very reminiscent to 
ourr previous findings that HPC2 and XPc2, 
butt not M33/MPc1 are able to interact with 
thee common co-repressor protein CtBP (36). 
Thee work presented here thus reiterates the 
interactionn differences that exist within a 
groupp of PcG proteins, which are grouped in 
thee same functional class. An explanation for 
thee lack of interaction between M33/MPc1 
andd CtBP is that M33/MPc1 does not 
possesss a CtBP binding domain within its 
primaryy sequence. This, however, offers no 
explanationn as to the lack of interaction 
betweenn M33/MPc1 and SUV39H1. A HPC2 
mutantt that did not possess the CtBP binding 
domainn was still able to interact with 
SUV39H1,, indicating that the domain of 
interactionn between HPC2 and SUV39H1 
residess outside the CtBP binding domain. 
Potentially,, the interaction between 
SUV39H11 and HPC2 and the absence of 
interactionn between SUV39H1 and 
M33/MPc11 could provide differential targeting 
off PcG complexes containing either HPC2 or 
M33/HPc1.. This is not an unlikely scenario. 
Extensivee analysis of the expression of 
humann PcG proteins, including HPC1 and 
HPC2,, has shown that they are differentially 
expressedd in a wide variety of cell types (11). 
Forr example, in the thyroid HPC2 is 
expressedexpressed but HPC1 is not expressed (11). 
Vicee versa, in the distal tubules of the kidney, 
HPC11 is expressed but HPC2 is not 
expressedd (11). This implies the existence of 
differentiallyy composed HPC/HPH PcG 
complexes,, of which the HPC2 containing 
HPC/HPHH PcG complex could be targeted to 
methylatedd histone H3 and a HPC/HPH PcG 
complexx containing HPC1/M33 might not be 
targeted.. This notion is reinforced by our 

observationn that overexpression of SUV39H1 
inn HeLa cells induces relocalization of the 
PcGG proteins HPC2, BMI1, RING1, HPH1 
andd HPH2, but not of HPC1/M33. This further 
mightt indicate that in these cells HPC1/M33 
iss not part of the HPC/HPH PcG complex. 

SUV39H11 target s HPC/HPH PcG protein s 
too nuclea r domain s that contai n 
methylate dd histon e H3-K9 and sequence s 
thatt  are associate d wit h chromosom e 1 
regio nn q12. Overexpression of SUV39H1 in 
HeLaa cells leads to an altered nuclear 
localizationn of HP1 (19). Based upon our 
immunofluorescentt studies we demonstrate 
thatt ectopic overexpression of SUV39H1 also 
inducess a relocalization of the HPC/HPH PcG 
complexx to large nuclear domains. This 
phenomenonn is specific for the HPC/HPH 
PcGG complex, since the nuclear localization 
off EED, E2H2 or YY1, which are members of 
thee EED/EZH PcG complex, is not affected 
byy the overexpressed SUV39H1. To address 
thee question whether histone 
methyltransferasee activity of SUV39H1 is of 
importancee to relocalrze the HPC/HPH PcG 
proteins,, we transiently overexpressed 
SUV39H11 (H324L) in HeLa cells. This 
SUV39H11 (H324L) contains a mutation within 
thee SET domain, which abolishes the histone 
methyltransferasee activity. Overexpression of 
thee mutant SUV39H1 (H324L) does not 
inducee a relocalization of the HPC/HPH PcG 
proteins,, indicating that a functional and 
intactt SET domain is required for relocating 
thee HPC/HPH PcG proteins towards the large 
nuclearr PcG domains. The requirement of an 
intactt functional SET domain also suggests 
ann important role for histone methylation in 
targetingg the PcG complex. This is 
strengthenedd by our finding that methylated 
histonee H3-K9 is present within these large 
nuclearr PcG domains in SUV39H1-
overexpressingg HeLa cells. 

Whatt is the nature of these large nuclear 
domains?? These domains, in which HPC2, 
BMI1,, RING1, HPH1, and HPH2 co-localize, 
lookk very similar to the PcG domains that are 
foundd in HT-1080 (33). In HT-1080, the PcG 
domainss are associated with pericentromeric 
heterochromatinn regions (1q12) on 
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chromosomee 1 (33). We therefore tested 
whetherr these regions are also associated 
withh the PcG domains in the SUV39H1 
overexpressingg HeLa cells. We indeed found 
thatt the induced PcG domains co-localize 
withh pericentromeric heterochromatin regions 
(1q12)) on chromosome 1. This is not specific 
forr HT-1080 or the HeLa cells in which 
SUV39H11 is overexpressed. Also in U-2 OS 
cells,, the endogenous HPC/HPH PcG 
proteinss co-localize with DNA sequences that 
aree part of chromosome region 1q12 (33). 
Thee endogenous PcG domains in U-2 OS 
andd the induced PcG domains in HeLa cells 
overexpressingg SUV39H1 also contain 
methylatedd histone H3-K9. This further 
underliness the similar molecular make up of 
thesee PcG domains. Our results suggest that 
thee HPC/HPH PcG proteins are specifically 
targetedd to methylated H3-K9 at the 
chromosomall region 1q12. 

Significanc ee of the functiona l lin k betwee n 
SUV39H11 and HPC2. Based on homology 
betweenn the heterochromatin-associated 
proteinn 1 HP1 and Polycomb, several models 
havee suggested that Polycomb-group 
proteinss are able to repress genes by the 
formationn of heterochromatin like structures. 
Itt has previously been reported that HP1 is 
ablee to interact with SUV39H1 (1). Here we 
showw that a human Pc homolog, HPC2, is 
ablee to interact with SUV39H1. What is the 
functionall significance of this interaction? 
Onee obvious role could be that the interaction 
betweenn SUV39H1 and HPC2 is crucial for 
targetingg the HPC/HPH PcG proteins to the 
PcGG domains. However, HPC2 was still able 
too interact with the truncated SUV39H1 
proteinn that is not capable to relocate the 
HPC/HPHH PcG proteins. This mutant 
SUV39H11 protein lacks the SET domain, 
whichh possesses histone methyltransferase 
activity.. It is this activity that is essential to 
relocatee the HPC/HPH PcG proteins to PcG 
domains.. These results indicate that the 
SUV39H1-HPC22 interaction and the 
observedd nuclear relocalization of the 
HPC/HPHH PcG proteins in the SUV39H1 
overexpressingg cells are distinct and 
potentiallyy unrelated phenomena. Our results 

evenn suggest a hierarchical order between 
thesee two events. The presence of 
methylatedd histone H3-K9 that is modified by 
SUV39H11 seems to be a prerequisite for the 
relocalizationn of the PcG proteins to the large 
nuclearr PcG domains. In HeLa cells 
overexpressingg the mutant SUV39H1 protein 
thatt lacks histone methyltransferase activity, 
thee HPC/HPH PcG proteins are not directed 
towardss the large PcG domains, 
notwithstandingg the occurrence of the 
interactionn between SUV39H1 and HPC2. 
Thesee apparently unrelated capacities have 
alsoo been observed for HP1 and SUV39H1. 
HP11 was still able to interact with a truncated 
SUV39H11 protein that was not able to 
relocatee the HP1 protein (19). Therefore 
intactt histone methyltranferase activity 
appearss to be a more pivotal characteristic of 
thee SUV39H1 protein for relocating HP1 or 
HPC22 than its physical interaction with the 
respectivee proteins. 

SUV39H11 possesses histone H3-K9 
methyltransferasee activity (27). We found that 
histonee H3-K9 methyltransferase activity is 
presentt in HPC2 immunoprecipitates but also 
inn EZH2 immunoprecipitates. Since 
SUV39H11 is not able to interact with EZH2 
norr able to alter the nuclear localization of the 
EED/EZHH PcG proteins to which EZH2 
belongs,, this observed activity is probably not 
duee to SUV39H1. In addition, EZH2 does not 
possesss histone methyltransferase activity 
(27).. It is therefore plausible that the 
observedd activity in the EZH2 
immunoprecipitatee is due to the presence of 
ann as yet unidentified histone 
methyltransferase.. Despite these 
uncertainties,, our data offer the first 
experimentall evidence for a functional 
interactionn between PcG proteins and 
HMTases. . 
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Generall  Discussio n 

Chapterr 1 of this thesis describes the 
fundamentall characteristics of Polycomb-
groupp proteins and their presumed function. 
Thiss chapter will focus on areas that are still 
largelyy unknown within the research field of 
Polycomb-groupp proteins. In general, the 
Polycomb-groupp proteins are considered to 
bee part of a cellular memory system that 
allowss the stable and heritable repression of 
genee expression (94, 95, 121). Although this 
generall view seems solid as it stands, the 
mechanismss underlying this statement 
remainn largely elusive. To address these 
mechanisms,, we will discuss three important 
questionss in this chapter: 

•• How do PcG protein complexes form? 
•• Histone modifications: a targeting or 

repressingg function? 
•• How do PcG proteins stably silence 

genee expression? 

Wee will discuss how the data that were put 
forwardd in this thesis as well as recent 
findingss from other research groups within 
bothh the Drosophila and vertebrate Polycomb 
field,, help to provide answers to these 
questions.. Using these data, we hypothesize 
howw PcG proteins achieve stable and 
heritablee repression of gene activity. 

1.. How do PcG complexe s form ? 

1.11.1 At  least  two  distinct  PcG complexes 
existexist  The Polycomb-group proteins have 
originallyy been identified in Drosophila as 
beingg structurally unrelated proteins that form 
multimericc protein complexes (36, 121). 
Geneticc evidence from Drosophila indicates 
thee existence of a single PcG protein 
complexx (121). In recent years much 
evidencee has accumulated about the 
compositionn of both mouse and human PcG 
complexes.. We and others have found that at 
leastt two distinct mammalian PcG complexes 
existt (Chapter 2) (116, 148) (Figure 1). This 
hass subsequently been confirmed in 

DrosophilaDrosophila (59, 117, 140). The first human 
PcGG complex, designated the EED/EZH PcG 
complexx contains EED, the human homolog 
off the Drosophila PcG protein extra sex 
combss (esc), EZH2, the human homolog of 
thee Drosophila PcG protein enhancer of 
zestee (E(z)) and YY1, the human homolog of 
thee Drosophila PcG protein pleiohomeotic 
(pho).. Associated with this complex are 
histonee deacetylases (145). The second 
humann PcG complex, designated the 
HPC/HPHH PcG complex, contains HPC, 
HPH,, BMI1, and RING1, which are human 
homologss of the Drosophila PcG proteins 
Polycombb (Pc), Polyhomeotic (Ph), Posterior 
sexx combs (Psc), and dRINGI respectively. 
Wee further identified the CtBP (Chapter 3) 
andd SUV39H1 (Chapter 4) proteins, as 
proteinss that are associated with this 
complex.. Proteins belonging to the EED/EZH 
PcGG complex all co-immunoprecipitate and 
co-localizee with each other in human cells, 
butt not with members of the HPC/HPH PcG 
complex.. In Drosophila, a PcG complex has 
beenn purified from nuclear extracts (109, 
117).. This Drosophila PcG complex was 
termedd Polycomb Repressive Complex 1 
(PRC1).. The PRC1 complex contains the 
DrosophilaDrosophila homologs of human PcG proteins 
whichh all belong to the human HPC/HPH 
PcGG complex. Analysis of this complex in 
moree detail revealed that the stoichiometry of 
thee PcG proteins Pc, Psc, Ph and dRINGI is 
equal,, suggesting that these PcG proteins 
formm the core of this PcG complex (109). The 
PRC11 complex did not contain pleiohomeotic, 
thee Drosophila homolog of YY1, or E(z). 
Thesee data suggest that it is most likely that 
thee Drosophila PRC1 complex and the 
humann HPC/HPH PcG complex are true 
homologouss PcG complexes. 

Untill now, all the published cloned PcG 
homologss in both Caenorhabditis elegans 
andd Arabidopsis thaliana belong to the 
EED/EZHH PcG complex. In C.elegans the 
MES-22 and MES-6 genes are homologous to 
humann EZH and EED, respectively (53, 67, 
69).. As in human, both proteins are able to 
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EED/EZHH PcG comple x HPC/HPHH PcG comple x 

FIG.. 1. Schematic representation of the two distinct human PcG complexes and proteins that are associated with 
them.. Overlapping spheres indicate the ability of the proteins to interact with each other. Proteins that are not 
classifiedd as PcG proteins, but are associated with either of the two PcG complexes are drawn in grey. For simplicity, 
thee target DNA is drawn as a straight line. Note that YY1 is directly linked to this straight line, to signify that YY1 is 
ablee to bind DNA. 

interactt with each other. In A. thaliana, three 
PcGG genes have been described so far. The 
firstt two cloned A. thaliana PcG genes were 
CURLYY LEAF (43) and MEDEA (45), both 
homologss of human EZH. The third cloned A. 
thalianathaliana PcG gene, FIE, is homologous to 
humann EED (88). Consistent with findings in 
otherr organisms, the FIE and MEDEA 
proteinss are able to interact with each other 
(125,, 153). 

Workk presented in this thesis and other 
workk from our group has started to provide a 
moree detailed view on the composition of 
humann PcG complexes group (48, 105-108). 
However,, the overall picture is still far from 
complete.. Other PcG proteins like 
Polycomblikee (76) or Enhancer of Polycomb 
(126)) have also been cloned though we still 
doo not know how or if they fit in either of the 
twoo distinct PcG complexes. 

1.21.2 Do the two  distinct  PcG complexes 
havehave  different  functions?  Based on 
phenotypicc analysis in both Drosophila and 
mice,, it is thought that the EED/EZH PcG 
complexx has a different function than the 
HPC/HPHH PcG complex during development. 
Althoughh both complexes are required to 
stablyy and inheritably maintain the repression 
off genes, the results of these analyses 
suggestt that the EED/EZH PcG complex is 
requiredd at an earlier developmental stage 
thann the HPC/HPH PcG complex (7, 

147)(Figuree 2). The EED/EZH PcG complex 
iss already required at the onset of 
maintenancee when PcG repression needs to 
takee over the repression mediated by the 
earlyy acting transient gap repressors like 
HunchbackHunchback or Kruppel (see Chapter 1), 
whereass the HPC/HPH PcG complex is only 
justt required later in development (44, 113) 
(Figuree 2). 

Thee Drosophila protein extra sex combs 
(esc)) is unique among the Drosophila PcG 
proteinss in that it is only expressed transiently 
andd required only during the time when 
transitionn from transient to stable repression 
iss occurring (132, 133). Such an early role 
hass also been observed for its mammalian 
homologg EED (32, 71), though in contrast 
withh esc, EED is also expressed in adult 
tissuess (112). Furthermore, differences in the 
severityy of phenotypes of PcG mutants in 
micee also suggest a different role for the 
distinctt PcG complexes. The more severe 
phenotypicc changes observed for EED/EZH 
PcGG mutant mice fits well with an early role 
andd contrast the more mild and 
phenotypicallyy distinct defects observed in 
HPC/HPHH PcG mutant mice. In mouse, the 
EEDD protein was identified by positional 
cloningg of a mid-gastrulation lethal mutation 
(112).. Similar, mouse Ezh2 null mutation 
resultss in lethality at early stages of mouse 
developmentt (87). In addition, targeted 
disruptionn of mouse YY1 results in early 
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FIG.. 2. Model of requirement of the two PcG complexes 
throughoutt embryonic development. (A) Early transient 
GAPP proteins, such as Hunchback and Kruppel, 
represss gene activity. (B) When these early acting 
repressorss disappear, repression must be taken over 
byy PcG proteins to maintain the repressive state of the 
gene.. Since the proteins of the EED/EZH PcG complex 
seemss to be involved in early repression at the onset of 
maintenance,, these proteins are therefore drawn in this 
picturee as intermediate proteins that take over the 
repressingg effect of the Gap proteins, to allow the 
subsequentt assembly of the HPC/HPH PcG complex 
(C).. Note that the Gap proteins indeed disappear as 
indicatedd by the arrow. However, this does not 
necessarilyy account for the EED/EZH PcG proteins as 
indicatedd by the question mark next to the arrow. The 
EED/EZHH PcG proteins may either disappear from the 
targett gene or may still be involved in repression of the 
targett gene next to the HPC/HPH PcG proteins. Note 
thatt the target gene remains repressed during the 
differentt transition steps of protein assembly. 

lethalityy (29). These observations fit well with 
ann early initiating role in repression for the 
EED/EZHH PcG complex (Figure 2). Mutations 
inn the HPC/HPH PcG proteins lead to milder 
andd phenotypically distinct defects as seen 
forr the EED/EZH PcG proteins (5, 23, 26, 44, 

112,, 113, 144, 146). However, there seems 
too be an exception on this rule. Whereas 
Ringg 1a -/- mice leads to subtle changes, as 
observedd for other components of the 
HPC/HPHH PcG complex (26), Ring 1b -/-
micee fail to progress beyond day 9 of 
gestationn (Vidal, personal communication), 
indicatingg that Ringla and Ringlb are 
functionallyy different. A plausible explanation 
forr this observation is that deletion of Ringlb 
leadss to a more severe phenotype due to its 
broaderr spectrum of protein-protein 
interactions.. Namely, Ringlb is able to 
interactt with HPH2 whereas Ringla is not 
(51).. Alternatively, this finding suggests that 
Ringlbb may be required earlier than Ring 1a 
duringg embryonic development. Ringlb might 
bee one of the first HPC/HPH PcG proteins 
thatt take over the early repressing events 
initiatedd by the EED/EZH PcG complex 
(Figuree 2 and 3). If this is true, it may help to 
explainn the severe phenotype observed in the 
Ringlbb mice. 

AA protein that may accomplish such a 
linkk between the EED/EZH PcG complex and 
thee HPC/HPH PcG complex, is RYBP, which 
standss for RING1 YY1 binding protein (39). 
Usingg the yeast two-hybrid system, a direct 
interactionn was observed between RYBP and 
YY1,, and between RYBP and RING1. This 
suggestt a possible indirect interaction 
betweenn YY1, a member of the EED/EZH 
PcGG complex, and RING1, a member of the 
HPC/HPHH PcG complex, via RYBP. In vivo 
evidencee for the interaction between RING1, 
YY11 and RYBP is lacking, since experiments 
likee co-immunoprecipitations has not been 
performedd (39). It is, however, not unfeasible 
thatt a direct interaction between the two 
distinctt PcG complexes exist. This interaction 
shouldd then be restricted to a small 
developmentall timeframe (Figure 3). 
Unfortunately,, at present, no such analysis 
hass been performed in either Drosophila or 
mice. . 

1.31.3 Do PcG complexes  have one unique 
composition?composition?  Evidence presented in this 
thesiss and elsewhere now clearly points 
towardss the existence of at least two distinct 
PcGG complexes (Chapter 2)(116) (59, 117, 
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FIG.. 3. Schematic representation of a model in which the HPC/HPH PcG complex is able to directly interact with the 
EED/EZHH PcG complex within a small timeframe during development, as illustrated by the overlapping spheres. The 
smalll grey square represents a small time of period during development in which both complexes interact with each 
other.. The large white square represents the onset of maintenance during development, whereas the large dark grey 
squaree represents the maintenance stage of development. 

140,, 148). However, this in no way is meant 
too imply that in all cell-types and at all target 
geness these complexes are compositionally 
identical.. In other words, the composition of 
forr instance a HPC/HPH PcG complex on a 
certainn target gene or within a specific cell 
typee can differ significantly from the 
compositionn of a HPC/HPH PcG complex on 
anotherr target gene or within another cell 
type. . 

Onee of the first lines of evidence that the 
compositionn of PcG complexes might vary 
camee from cytological studies in Drosophila. 
Antibodyy staining of polytene chromosomes 
allowss the visualization of some 100 loci that 
aree binding sites for PcG proteins. Many of 
themthem are common to several proteins, but 
somee of these sites appear to bind some but 
nott other PcG proteins (25, 36, 77, 102, 155, 
156).. For instance, the binding pattern of 
Posteriorr sex combs does not overlap 
completelyy with that of Polycomb (102). 
Supportt for different compositions of PcG 
complexess in more detail came from binding 
patternss of PcG proteins on the engrailed 
locuss of Drosophila (136). Within this locus 
threee genes, i.e. VI, invected and en, can be 
found.. While at all three genes, polyhomeotic 

couldd be detected; posterior sex combs could 
bee detected at two of these genes, the en 
andd VI gene, and polycomb could only be 
detectedd at one gene, the en gene. . 

Evidencee for differences in the 
compositionn in human PcG complexes was 
obtainedd by analyzing the gene expression 
levelss of both the HPC/HPH PcG proteins 
HPH1,, HPH2, BMI1 (48) and HPC2 (107) 
andd the EED/EZH PcG protein EED (Chapter 
2)) in 8 separate tissues. These analyses 
revealedd that the expression of these PcG 
proteinss differed significantly between the 
tissuee types. Later this analysis was 
extendedd to 23 tissues (47). Moreover, to 
obtainn a more complete view on the 
expressionn of human PcG proteins, the 
expressionn of the HPC/HPH PcG proteins, 
RING11 and HPC1, and the expression of the 
EED/EZHH PcG protein EZH2, was also 
includedd in this analysis (47). The result of 
thiss extensive analysis was that some PcG 
proteinss are expressed in almost all tissues, 
whereass others are only expressed in a few 
tissues.. For example, in bone marrow no 
PcGG expression could be detected at all. 
Thesee results suggest that expression of PcG 
proteinss not only varies from tissue to tissue, 
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FIG.. 4. Immunohistochemical detection of human PcG proteins in the kidney. PcG expression was detected with 
specificc antibodies as indicated in the upper left corner. Positive nuclei are stained red. Negative nuclei are blue, due 
too hematoxylin counterstaining. Cell comprising the distal tubules (Dt), proximal tubules (Pt), and the glomerulus (Glo) 
aree indicated. Schematic representation of possible compositions of the HPC/HPH PcG complex in different cells in 
thee kidney. Overlapping spheres indicate the possibility of direct protein-protein interactions. (Figure adapted from 
Gunsterr ef a/., 2001). 
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Bithoraxx cluster 
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FIG.. 5. Schematic representation of PREs in the Drosophila bithorax cluster. The bithorax cluster encompasses three 
homeoticc genes, Ubx, Abd-A, and Abd-B, which are indicated as thick black lines. The PREs bxd, iab-2, mcp, and 
iab-77 are indicated by crossed bars. (Figure adapted from Satijn & Otte, 1999, in a modified form). 

butt the composition of the PcG complexes 
themselvess can also vary. There is however 
onee limitation to this analysis. Since tissues 
aree composed of many different cell types, it 
iss not unlikely that PcG proteins that are co-
expressedd in a certain tissue do not co-
expresss in distinct cell types of that same 
tissue.. To circumvent this problem, several 
tissuess were analyzed using 
immunohistochemistryy to detect the 
expressionn of PcG proteins in distinct cell 
typess within the same tissue (47, 101). 
Analysiss of the levels of PcG proteins in 
pancreas,, kidney, and thyroid, revealed that 
withinn these organs the level of expression of 
PcGG proteins varies between the distinct 
tissuess and cell types. For example, analysis 
off the kidney showed that in the proximal 
tubules,, only BMI1 and RING1 of the 
analyzedd HPC/HPH PcG proteins could be 
detectedd (Figure 4). In the glomerulus, 
RING1,, BMI1 and HPH1 could be detected, 
whereass in the distal tubules HPH1, BMI1, 
RING1,, and HPC1 could be detected (Figure 
4).. Although in the proximal tubules only 
BMI11 and RING1 could be detected this does 
nott imply that the PcG complex only 
comprisess of BMI1 and RING1. Other PcG 
proteins,, which were not analyzed or which 
stilll have to be identified could be part of that 
complex.. Nevertheless, the differential 
expressionn of PcG proteins, as revealed by 
thesee kinds of immunohistochemical studies 
impliess that more than one individual human 
HPC/HPHH PcG complex or one individual 
humann EED/EZH PcG complex probably 
exists.. Since highly related proteins such as 

HPC11 and HPC2, Ringla and Ringlb, 
possesss individual characteristics of protein-
proteinn interaction (Chapter 2) (Chapter 3) 
(51,, 115, 116), another level of complexity 
andd specificity can be added to the 
compositionn of human PcG complexes. 

Inn conclusion, although two distinct PcG 
complexess exist, the composition of both 
complexess can vary between cell types. 
Basedd on differences in the binding pattern of 
PcGG proteins on the engrailed locus of 
Drosophila,Drosophila, the composition of both 
complexess presumably also vary on target 
geness within the same cell type. The high 
diversityy in the composition of PcG 
complexess and the high diversity in the 
availabilityy of PcG proteins in the different cell 
typess will also determine a variety in the 
assemblyy of PcG complexes on target genes. 

1.41.4 PREs and PcG DNA binding  proteins: 
aa too  simplistic  view  on targeting  PcG 
proteins?proteins?  An important issue of silencing 
mediatedd by PcG proteins, is how PcG 
proteinss assemble on a target gene to obtain 
aa repressed chromatin state. In Drosophila, 
elementss have been characterized that 
mediatee the maintenance of the repressed 
statee of homeotic genes (83) (Figure 5). In 
PcGG mutant embryos, silencing of genes that 
iss mediated by these elements is abolished 
(14,, 62, 83, 122). Since silencing mediated 
byy these elements is dependent on PcG 
proteins,, the elements are referred to as 
Polycombb response elements (PRE) (19, 
123)) (Figure 5). PREs have been identified in 
thee regulatory regions of several genes 
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amongg which the homeotic genes from the 
DrosophilaDrosophila Bithorax cluster (Figure 5). The 
3000 kb Bithorax cluster encompasses the 
homeoticc genes, ultrabithorax (Ubx), 
abdominal-AA (Abd-A), and abdominal-B (Abd-
B).. Within this locus, the Bxd, iab-2, mcp, and 
iab-77 PREs have been identified (Figure 5). 
Although,, it was shown that PREs are 
physicallyy associated with PcG proteins at 
thee chromatin level (136), it has been an 
enigmaa for a long time how these proteins 
aree directly linked to the PRE DNA. Such a 
DNAA binding role has been suggested for the 
mousee Mel-18 protein, like Bmi1, a homolog 
off Drosophila Posterior sex combs (64). 
However,, these findings were based on in 
vitrovitro data. A direct in vivo link between this 
proteinn and a PRE was lacking. The identified 
DrosophilaDrosophila protein pleiohomeotic (pho) 
providedd the first PcG protein capable of 
mediatingg DNA:protein interaction (12). This 
proteinn is a sequence specific DNA binding 
proteinn with significant homology to the 
vertebratee transcription factor YY1. Several 
PREss identified to date have been shown to 
possesss a consensus YY1 binding site (37, 

81).. Point mutations within the pho 
consensuss binding site in an Ubx reporter 
genee abolishes PcG repression (37). 
However,, deletion of a part which does not 
containn pho/YY1 binding sites also results in 
losss of silencing of a reporter gene, indicating 
thatt the pho/YY1 binding sites alone are not 
sufficientt to establish a fully repressed state. 
Thiss suggests that also other additional 
factorss are required (12) (81, 100, 119). The 
latterr is however not surprising. Since PcG 
proteinss are differentially expressed in 
differentt cell types and since the PcG 
complexess can differ significantly in their 
composition,, it suggest that pho or YY1 
cannott be present in all cells or at al target 
genes.. It is, therefore, not likely that just a 
singlee defined protein is able to convey full 
repression. . 

Inn addition, it seems that PREs are very 
complexx elements. Several lines of evidence 
suggestsuggest that PREs are intermingled with 
elementss that are associated with the 
trithoraxx group proteins (trxG), a group of 
proteinss that is involved in the stable and 
inheritablee activation of genes (142) (Figure 

// I \ 

FIG.. 6. Schematic representation of a maintenance element showing the interspersed PREs and TREs. Specific DNA 
bindingg proteins such as YY1, GAGA, and Zeste, which are involved in PcG mediated repression, are targeted to 
thesee binding sites. A stippled arrow indicates that the respective link has not yet been identified. Targeting of these 
proteinss to their specific binding sites can result in the assembly of PcG complexes. 
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6).. These elements are therefore called 
trithoraxx response elements (TREs). It has 
beenn observed that PcG and trxG proteins 
sharee many sites on polytene chromosomes 
(17,, 22, 89, 135, 142). These findings 
suggestt that both the PcG and the trxG 
proteinss may use similar proteins for their 
assemblyy on target genes. Since YY1 is able 
too repress gene expression as well as able to 
activatee gene expression, YY1 may also be 
involvedd in the assembly of trxG proteins. 
Anotherr protein with such a dualistic 
characterr is GAGA factor. GAGA factor, a 
DNAA binding protein and a member of the 
trxGG proteins (31), is able to bind PREs (54, 
89,, 135) (Figure 6). In the case of the iab-7 
PREE (Figure 5), it has been shown that 
GAGAA is important for silencing mediated by 
thiss PRE (49). To strengthen this notion, fine 
mappingg the bxd PRE to a smaller fragment, 
stilll revealed GAGA binding sites (54). 
Moreover,, it has been shown that GAGA 
factorr is able to co-immunoprecipitate with 
Polycombb in some PcG complexes (54). 
Anotherr intriguing DNA binding protein that 
mightt be involved in recruiting PcG proteins 
too PREs is the Drosophila protein Zeste (68, 
96,, 102) (Figure 6). Zeste is a DNA binding 
proteinn of which its binding sites are found in 
manyy PRE regions (102). Furthermore, Zeste 
colocalizess with Pc, Psc and Ph at many sites 
onn polytene chromosomes (102). Recently, it 
hass been shown that Zeste is an integral part 
off the he Drosophila PcG complex PRC1, 
whichh is homologous to the human HPC/HPH 
PcGG complex (109). Zeste may also be 
involvedd in the assembly of trxG proteins at 
TREs,, since Zeste is able to tether trxG 
proteinss to in vitro reconstituted nucleosomal 
templatess (63). 

Inn conclusion, to elucidate the function of 
PREss by focusing on the DNA binding PcG 
proteinss alone would be too simplistic, since 
alsoo a trxG protein seems to be involved in 
PREE function. Although, since the DNA 
bindingg PcG protein YY1 is part of the 
EED/EZHH PcG complex, it suggests that this 
PcGG complex can be targeted to PREs by 
YY1.. Unfortunately, at the moment it is not 
possiblee to elucidate its role at PREs in 
mammaliann cells, since no mammalian PREs 

havee been identified, although putative direct 
targett genes have been identified (56). All 
characterizedd PREs are derived from 
Drosophila.Drosophila. It is very likely that also proteins 
otherr than PcG proteins will be involved in 
thee assembly of PcG proteins on a PRE to 
obtainn a stable and heritable repressed state. 

1.51.5 PREs and TREs:  who's  on First? 
Althoughh PcG and trxG proteins have a 
distinctt effect on gene expression, i.e. 
repressionn and activation respectively, the 
observationn that PREs and TREs are 
interspersed,, implies that the assembly of 
eitherr PcG proteins or trxG proteins on either 
aa PRE or a TRE is much more complicated. 
Theree is a simple theoretical explanation for 
thiss notion. As mentioned in Chapter 1, the 
identityy of the different cell types is caused by 
differencess in gene expression patterns. In 
moree detail, whereas a certain gene must be 
stablyy active in one cell-type, it must be 
stablyy inactive in another cell type (Figure 7). 
Itt is therefore not so surprising that an 
interspersedd arrangement of PREs and TREs 
inn the vicinity of target genes exists. Based 
onn this, it is has been suggested that these 
elementss should be renamed as 
maintenancee elements, since both the trxG 
andd the PcG proteins are involved in the 
maintenancee of stable and heritable gene 
expressionn (11). Importantly, to date there is 
noo evidence to suggest that these two 
antagonizingg complexes function by a 
competitivee inhibition method whereby the 
bindingg of one prevents the binding of the 
other. . 

Inn line with the interspersed PREs and 
TREs,, recent findings suggest that several 
PcGG proteins could be involved in both the 
assemblyy of PcG complexes and trxG 
complexess resulting in either repression or 
activationn of the respective target gene. This 
iss based on extensive genetic studies in 
Drosophila.Drosophila. It has been put forward that a 
neww class of proteins, the Enhancers of 
Irithoraxx and Polycomb (ETP), must be 
establishedd to recognize proteins needed for 
bothh activation and repression (42, 74, 82) 
(Figuree 8). This study screened deletions of 
thee Drosophila genome for their ability to 
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A .. Activation of gene X in cell type A 

B.. Repression of gene X in cell type B 

FIG.. 7. Schematic representation of the expression of gene X, encompassing a regulatory element possessing the 
interspersedd PREs and TREs, in two distinct cell types. (A). In cell type A, where gene X needs to be active, TrxG 
proteinss are able to bind to TREs and subsequently will activate gene X. (B). In cell type B, gene X must be 
inactivate.. Therefore PcG complexes will bind to PRE sequences and will subsequently repress gene X. 

eitherr enhance or repress phenotypes of trxG 
mutations.. Since PcG and trxG proteins are 
involvedd in repression and activation of gene 
activity,, respectively, mutations in PcG genes 
leadss to derepression of target genes and 
mutationss in trxG genes leads to deactivation 
off target genes. Surprisingly, in double 
mutantt flies, mutations in six PcG genes 
enhancedd phenotypes of trxG mutations, 
suggestingg that these PcG proteins are not 
onlyy required to repress gene activity but also 
requiredd to activate gene activity, similar as 
suggestedd for the trxG protein GAGA. 

However,, since the evidence is based 
onn solely a genetic study, the possibility 
cannott be ruled out that the identified 
interactionss are indirect in nature. 
Remarkably,, several of these six proteins are 
memberss of the EED/EZH PcG complex as 
welll as the HPC/HPH PcG complex, 
indicatingg that members of both distinct 
complexess are genetically capable of 

enhancingg trxG phenotypes. These findings 
suggestt that these ETP proteins have an 
importantt role in determining the fate of gene 
expressionn at the onset of maintenance 
(Figuree 8). 

1.61.6 Do gap proteins  have a role  in  the 
assemblyassembly  of  PcG proteins  on a PRE? 
Duringg early embryogenesis the expression 
off genes is determined by transient 
transcriptionn factors. At a certain stage in 
developmentt these transcription factors 
disappear.. To stably maintain the gene 
expressionn profiles, proteins of the PcG and 
trxGG complexes come into play. The PcG 
complexess must maintain repression 
establishedd by the early gap repressors, 
whereass the trxG complexes must maintain 
activationn established by the early activators. 
Itt is therefore feasible that these early 
transcriptionn factors may have an important 
rolee in determining whether the interspersed 
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FIG.. 8. Schematic overview of the role of Enhancers of 
Trithoraxx and Polycomb (ETP) proteins in both 
activationn of gene expression through targeting of trxG 
complexess and repression of gene activity through 
targetingg of PcG complexes. The mechanism that 
underliess the decision whether trxG or PcG complexes 
aree targeted is unknown. 

PREss and TREs become associated with 
eitherr PcG or trxG proteins (Figure 6). An 
importantt issue is: Is there a direct link 
betweenn the early gap repressors and the 
PcGG proteins? Although at the molecular 
levell this remains largely elusive, 
advancementt in our understanding has been 
broughtt about by the identification of the 
DrosophilaDrosophila protein dMi-2, which is able to 
interactt with the gap protein Hunchback. 
Genetically,, dMi-2 mutants enhance several 
PcGG mutations, indicating a genetic 
interactionn between dMi-2 and PcG proteins, 
thoughh direct biochemical interactions, by for 
instancee co-immunoprecipitations, remain to 
bee shown (66). Recruitment of dMi-2 may 
servee as a link between gap proteins and 
PcGG proteins (Figure 9). It remains to be 

seenn whether this also counts for mammals, 
sincee mammalian Mi-2 complexes were not 
shownn to contain mammalian PcG proteins 
(134).. To date no mammalian homolog of 
Hunchbackk has been identified. PRE 
constructss lacking Hunchback binding sites 
weree able to establish silencing by PcG 
proteinss (99), indicating that Hunchback is 
nott essential for the establishment of 
silencingg by PcG complexes. Beside 
Hunchback,, also other early acting 
repressors,, like Knirps or Kruppel, may be 
involvedd in establishing repression that 
subsequentlyy is taken over by the PcG 
proteins. . 

Wee identified the CtBP proteins, which 
aree able to interact specifically with HPC2 
(Chapterr 3). In Drosophila, it has been shown 
thatt dCtBP interacts with gap proteins like 
Knirpss and Kruppel and also with other early 
regulatoryy proteins, all of which are sequence 
specificc DNA binding proteins (85, 98). It is 
conceivablee that CtBP proteins target HPC2, 
andd thereby a HPC/HPH PcG complex to 
particularr loci that contain binding sites for 
thesee specific repressors (Figure 9). 
Remarkably,, HPC1 is not able to interact with 
CtBP,, indicating that if CtBP is capable of 
targetingg PcG complexes, this is restricted to 
PcGG complexes that contain at least HPC2. It 
iss feasible that this interaction is vertebrate 
specific,, since we were not able to observe 
ann interaction between CtBP and Drosophila 
Pc. . 

1.71.7 In conclusion:  How do PcG complexes 
assembleassemble  at PREs?  In conclusion, PcG 
assemblyy at the PRE remains an enigma. On 
thee basis of biochemical, 
immunohistochemicall and genetic data, there 
aree many possible ways for the assembly of a 
functionall PcG complex at a target locus. 
Sincee a high variety in the composition of 
PcGG complexes exists, this suggests that a 
highh variety in assembling PcG proteins on 
targett genes exists. Nevertheless, it is clear 
thatt PcG DNA binding proteins such as YY1 
aree involved. Whether the PcG proteins 
assemblee sequentially or whether the 
differentt PcG complexes assemble, as a 
wholee remains elusive. A putative role in the 
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FIG.. 9. Schematic representation of possible links between the early transient gap repressors and the two distinct 
PcGG protein complexes, which are involved in maintaining the repressive state of genes. A possible link between the 
gapp repressors, like Hunchback and Kruppel, and the EED/EZH PcG complex is dMi-2. Both CtBP and dMi-2 may 
providee a possible link between the gap repressors and the HPC/HPH PcG complex. Furthermore, RYBP may 
providee a link between the EED/EZH PcG complex and the HPC/HPH PcG complex (see section 1.2). Note that for 
simplicityy repressed target genes are omitted. 

assemblyy of PcG complexes for proteins 
suchh as dMi-2 and CtBP remains to be 
elucidated.. Based on genetic data mentioned 
inn the previous sections, we can sketch two 
distinctt models that PcG proteins take over 
thee repressing events of early repressors 
duringg development. (I) Two distinct PcG 
complexess exist that act at different stages in 
development,, suggesting that the HPC/HPH 
PcGG complex take over the more earlier 
repressingg effects of the EED/EZH PcG 
complexx (Figure 2 and 3) (II) Members of 
bothh distinct PcG complexes are part of the 
ETPP class of proteins, suggesting that both 
distinctt PcG complexes are somehow 
involvedd in the early onset of the 
maintenancee stage (Figure 8). Although both 
modelss do not exclude each other, much 
moree evidence is needed to solve this issue. 
However,, since PcG proteins repress gene 
activityy at the level of chromatin structure, it is 
veryy likely that chromatin proteins such as 
histoness could provide an important link for 

thee assembly of PcG complexes. This role for 
histoness will be discussed in the next section. 

2.. Histon e modifications : a targetin g 
orr  repressin g function ? 

2.12.1 Histone  modifications  and gene 
regulation.regulation.  It has been suggested that PcG 
proteinss are able to stably repress gene 
expressionn by creating a higher order 
chromatinn structure. However, how do we 
exactlyy define higher order chromatin 
structure?? Higher order chromatin structure is 
essentiall for the structural and functional 
organizationn of chromosomes. Key 
determinantss of this higher order chromatin 
structuree include the covalent modifications 
off histones. These modifications include 
acetylation,, phosphorylation, methylation 
(Figuree 10), ubiquitination, and ADP-
ribosylationn (21). Since many types of histone 
modificationss exist, it is likely that specific 
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combinationss of modifications encode 
regulatoryy information. The different 
modifications,, such as phosphorylation and 
acetylation,, correlate with distinct regions of 
interphasee and metaphase chromatin (52, 
58).. Acetylation and phosphorylation occur at 
specificc positions in histones, which could 
thereforee comprise specific epigenetic 
information.. In accordance with this, position 
specificc modifications in histone H3 correlate 
withh distinct functions, such as transcriptional 
regulationn (Lys 14 acetylation), histone 
depositionn (Lys 9 acetylation), chromosome 
segregationn or condensation (Ser 10 
phosphorylation),, and targeting of 
heterochromatinn proteins (Lys 9 methylation) 
(4,, 72, 128). The different histone 
modificationss influence one another, as 
exemplifiedd by the interference of Lys 9 
methylationn with phosphorylation of Ser 10 of 
histonee H3 (55, 103). For instance, when 
Lys99 is methylated, Ser 10 cannot be 
phosphorylatedd and vice versa. When Lys 14 
iss acetylated it is even a better substrate than 
unmodifiedd Lys14 to phosphorylate Ser 10. 
Becausee the modifications occur at specific 
positionss in the histone N-termini, it has been 
suggestedd that they hold a 'histone code' for 
thee restructuring of chromatin (128, 143). In 
otherr words, combinations of the different 
modificationss harbor a 'message' similar as 
forr specific DNA sequences. When only 

consideringg acetylation of histone H4 and at 
fourr positions and phosphorylation of histone 
H33 at two positions, there are more than 
40000 combinations in which just one 
nucleosomee can be modified. It is not unlikely 
thatt PcG mechanisms include covalent 
histonee modifications, given the ubiquitous 
naturee of this class of mechanism for gene 
regulation.. In this section we will therefore 
discusss the role of histones and their 
modificationss in relation to PcG function. 

2.22.2 Histones  and PcG function.  A direct link 
betweenn histones and PcG proteins came 
fromm studies in which the ability of Drosophila 
Pc,, a member of the Drosophila HPC/HPH 
PcGG complex, to interact with purified 
histoness or reconstituted nucleosomes in 
vitrovitro was tested. Polycomb and its vertebrate 
homologss comprise two important domains, 
whichh are important for its function. The N-
terminall chromodomain is involved in 
targetingg Pc to chromatin, whereas the 
extremee C-terminal domain is necessary for 
genee repression. A direct in vitro biochemical 
interactionn was found between in vitro 
reconstitutedd nucleosomal particles and Pc 
throughh its C-terminal repression domain (9). 
Deletionn of this C-terminus of Pc abolishes 
thee interaction with these nucleosomal 
particles.. The associated binding of the PcG 
proteinn Posterior sex combs (Psc) with these 

Mee Me 
Histon ee H3 Ac AC P AC AC AC Me 

II I I I I I I 
NN terminus X-X-X-K-X-X-X-X-K-S-X-X-X-K-X-X-X-K-X-X-X-X-K-X-X-X- K 

44 9 10 14 18 23 27 

Histon ee H4 PP Ac Ac Ac Ac Me 

II I I I I I 
NN terminus S-X-X-X-K-X-X-K-X-X-X-K-X-X-X-K-X-X-X- K 

11 5 8 12 16 20 

FIG.. 10. Histone H3 and H4, and their modifications. Sites of acetylation (Ac), methylation (Me), and Phosphorylation 
(P)) are shown. The positions of the lysines (K) and serines (S) are indicated. For simplicity, amino acids other than 
lysiness or serines are indicated with X. 
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nucleosomall particles suggests the 
interactionn of an entire PcG complex with 
thesee nucleosomal particles. By testing the 
abilityy of Pc to interact with purified histones 
fromm Drosophila embryos, it was shown that 
Pcc was able to interact with histone H3 (9). 
Unfortunately,, it is unclear whether the 
histonee H3 was modified or not. 
Nevertheless,, these data provide a direct link 
betweenn PcG proteins and chromatin. 

2.32.3 Histone  acetylation  and PcG function. 
Onee of the best-characterized histone 
modificationss is acetylation. Specific proteins 
calledd histone acetyltransferases (HATs) are 
ablee to acetylate histones, whereas histone 
deacetylasess (HDACs) are able to 
deacetylatee acetylated histones. Acetylation 
occurss at lysines in the N-terminal tails of 
histoness H3 and H4, which lead to a 
reductionn in net positive charge resulting in a 
weakerr association with the DNA. Indeed, 
hyperacetylationn of the core histone tails 
leadss to subtle changes in nucleosomal 
conformation,, thereby creating a chromatin 
environment,, accessible to DNA-binding 
proteinss such as activators or transcriptional 
complexes.. This may also open the 
chromatinn region and make it more available 
forr interaction with other chromatin proteins, 
includingg silencing proteins such as PcG 
proteins.. In general, trends of increased 
acetylationn leads to higher expression levels, 
whereass decreased acetylation leads to 
lowerr expression levels. However, acetylation 
att lysine 12 of histone H4 was shown to be 
requiredd for efficient silencing (8). This fits 
welll with the idea that for the assembly of 
activatingg and repressing complexes like PcG 
complexes,, the chromatin needs to be 
modifiedd to a certain extent, since DNA 
wrappedd around unmodified histones is not 
accessiblee (46, 70). A candidate for such a 
chromatin-openingg role is YY1. Since YY1 is 
ablee to interact with histone 
acetyltransferasess (HATs) (38, 139), the 
acetylationn of histones might be one of the 
firstt steps in the assembly of human PcG 
proteinss at a target region, though 
deacetylationn of histones is known to be an 
importantt mechanism involved in PcG 

mediatedd gene repression. Recently, it has 
beenn shown that the human PcG protein 
EEDD is able to interact with the histone 
deacetylasess HDAC1 and HDAC2 both in 
vitrovitro and in vivo (145). A HDAC inhibitor, 
trichostatinn A (TSA), is able to relieve the 
repressionn of a reportergene, which was 
mediatedd by EED, indicating that EED is able 
too repress gene activity by deacetylation of 
histoness through its associated HDACs 
(145).. The observation that EED is able to 
interactt with HDACs has subsequently been 
confirmedd in Drosophila (141). Here, its was 
shownn that the Drosophila PcG protein Extra 
sexx combs (Esc), which is homologous to the 
humann EED protein, is able to interact with 
thee Drosophila HDAC protein Rpd3 (141). 
Purificationn of the Esc complex, which also 
containss E(z), shows that it also contains 
Rpd33 (141). Furthermore, it has been found 
thatt Rpd3 and E(z) are bound to the Ubx 
PREE in vivo, and that Rpd3 is required for 
PREE mediated silencing. The YY1 protein is 
alsoo part of the human EED/EZH PcG 
complexx (106). Since YY1 is, like EED, also 
ablee to interact with HDACs, these findings 
suggestt that one of the mechanisms that 
underliee transcriptional repression mediated 
byy the EED/EZH PcG complex involves 
deacetylationn of histones. However, it 
remainss unclear whether pho, the Drosophila 
homologg of YY1, is also part of the 
DrosophilaDrosophila EED/EZH PcG complex. 
Moreover,, it is unclear whether YY1 is the 
truee vertebrate homolog of pho since YY1 
containss several functional domains that are 
absentt in pho, specifically the domains 
importantt for HDAC activity (12) and 
transcriptionall activation (38). Therefore 
muchh more insight is still needed to establish 
thee role of YY1 in the EED/EZH PcG 
complex.. Nevertheless, since in both 
DrosophilaDrosophila and human, HDACs are 
associatedd with a member of the EED/EZH 
PcGG complex, i.e. Drosophila Esc and human 
EED,, a mechanism underlying repression by 
thiss PcG complex involves histone 
deacetylation.. The vertebrate HPC/HPH PcG 
complexx and the Drosophila HPC/HPH PcG 
complex,, termed PRC1, do not possess 
histonee deacetylase activity (117, 131, 145), 
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thoughh it has been shown that HDAC is 
associatedd with the Drosophila PRC1 
complexx as revealed by mass spectrometry 
(109).. However, it is unknown whether HDAC 
cofractionatess with the PRC1 complex (109). 
Takenn together, the functions and features 
ascribedd to these two distinct PcG complexes 
illustratee the possible existence of different 
waysways to repress gene activity. 

2.42.4 Histone  methylation  and PcG function. 
Althoughh the methylation of histones was 
describedd many years ago, the first histone 
methyltransferasess have only recently come 
too light (20, 84, 103, 137). SUV39H1 is one 
suchh protein (103) (Chapter 4). Histone 
methylationn can occur on either Lys or on Arg 
residuess in the N-termini of histones H3 and 
H44 (Figure 10), and to a lesser extent in 
histonee H1. H3 can be methylated at lysines 
4,, 9, and 27, whereas H4 can only be 
methylatedd at a single lysine Ly$20. 
Interestingly,, Lys9 of histone H3 can also be 
acetylatedd (21). Methylation of histones is 
bothh correlated with activation and repression 
off gene activity. CARM1, an Arg histone 
methyltransferase,, can enhance reporter 
genee expression when artificially recruited to 
aa promoter, and this enhancement is 
dependentt on its methyltransferase activity 
(20).. Furthermore, robust methylation of Lys4 
inn histone H3 has been shown to occur in 
transcriptionallyy active macronuclei in 
TetrahymenaTetrahymena (129). On the other hand, 
SUV39H1,, which specifically methylates Lys9 
off histone H3, can repress gene activity when 
targetedd to reportergenes (34) and is able to 
interactt with the heterochromatin-associated 
proteinn HP1 (1) and with the PcG protein 
HPC22 (Chapter 4). The methyltransferase 
activityy of SUV39H1 resides in a domain, 
termedd the SET domain, a domain that is 
sharedd by many proteins for instance the 
PcGG protein EZH (61, 73) and the trxG 
proteinn trithorax (127). It has been shown that 
EZHH does not possess histone 
methyltransferasee activity (103). 

Sincee the turnover of the methylgroup is 
relativelyy low compared with the turnover of 
ann acetyl or phosphoryl group, methylation of 
histoness appears to be a more stable histone 

modificationn than acetylation or 
phosphorylationn (16, 57, 152), thus providing 
ann ideal epigenetic marker for stable 
maintenancee of chromatin states. It has been 
shownn that HP1 is able to interact with 
methylatedd Lys9 of histone H3 through the 
chromodomainn (1, 79), which is found in 
manyy proteins such as Pc (91). In both the 
HP11 and Pc protein, the chromodomain is 
necessaryy for the correct localization of these 
proteinss to chromatin (60, 80, 91, 97). 
Heterochromatinn association of HP1 is lost in 
thee absence of Suv39h-dependent histone 
methyltransferasee activity (72), indicating that 
thiss mark on histone H3 is of great 
importancee in retaining a stable 
heterochromatinn structure. Chromodomain 
mutationss in HP1 impair the recognition of 
thee methylated Lys9 of histone H3, which 
strengthenss the importance of this domain for 
thee localization of HP1. Since Polycomb and 
thee heterochromatin-associated protein HP1 
sharee the chromodomain (91), several 
modelss have suggested that PcG proteins 
cann package target genes in a 
heterochromatinn like conformation (92, 93, 
97)) (see also section 3). It is therefore of 
interestt that we identified an interaction 
betweenn the human Polycomb protein HPC2 
andd SUV39H1, both in vitro and in vivo 
(Chapterr 4). Neither the chromodomain nor 
thee C-terminal repression domain of HPC2 
aree involved in binding SUV39H1. 
Overexpressionn of SUV39H1 leads to a 
redistributionn of not only HPC2, but also of 
otherr proteins belonging to the HPC/HPH 
PcGG complex, suggesting that the SUV39H1 
proteinn is involved in targeting proteins of the 
HPC/HPHH PcG complex (Chapter 4). In line 
withh this, overexpression of SUV39H1 has 
alsoo been shown to redistribute the nuclear 
localizationn of HP1 (79). The HPC/HPH PcG 
proteinss were redistributed to large nuclear 
domainss termed PcG domains, which 
partiallyy colocalize with methylated histone 
H33 and are associated with pericentromeric 
heterochromatinn regions (1q12) on 
chromosomee 1. This redistribution was not 
observedd for proteins belonging to the 
EED/EZHH PcG complex, indicating that the 
localizationn of these proteins is independent 
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off SUV39H1. Since a histone 
methyltransferasee inactive SUV39H1 mutant 
showedd an inability to redistribute the 
HPC/HPHH PcG proteins, this suggests an 
involvementt of methylated Lys9 of histone H3 
inn targeting PcG proteins. Since HP1 is also 
ablee to bind the methylated Lys9 of histone 
H3,, this would allow a competition between 
HP11 and the HPC/HPH PcG complex. 
However,, this seems not a feasible scenario, 
ass HP1 and Pc are present at different 
chromosomall locations, indicating that 
additionall factors must play an important role 
(91).. In addition, histone methyltransferase 
activityy was associated with HPC2 
immunoprecipitatess and to a lesser extent 
withh EZH2 immunoprecipitates. Based on the 
identifiedd interaction between SUV39H1 and 
HPC2,, it is plausible that the observed 
histonee methyltransferase activity in the 
HPC22 immunoprecipitate is at least in part 
duee to the presence of SUV39H1. In contrast, 
sincee we were not able to observe an 
interactionn between SUV39H1 and EZH2, the 
observedd histone methyltransferase activity 
inn the EZH2 immunoprecipitate is probably 
duee to another, as yet unidentified, histone 
methyltransferase. . 

2.52.5 Histone  phosphorylation  and PcG 
function.function.  The most important progress made 
inn the field of study of histone modifications 
hass been acetylation and methylation, though 
thee importance of other types of modifications 
cannott be neglected. Phosphorylation of 
histonee H3 has long be correlated with mitotic 
chromosomee condensation (55) and 
maintenancee of chromatin structure in 
DrosophilaDrosophila (151). It has been shown that the 
phosphorylationn of Ser 10 of histone H3 is 
involvedd in regulation of specific genes (104) 
andd in general, phosphorylation of histone H3 
correlatess with transcriptionally active loci 
(86).. As mentioned in section 2.1, there is 
alsoo compelling evidence that modifications 
otherr than phosphorylation influence or 
interferee with phosphorylation. For instance, 
deletionn of the histone methyltransferase 
SUV39H11 leads to abnormal chromosome 
condensationn and increased mitotic H3 
phosphorylationn (72). Methylation of Lys 9 

hass also been shown to interfere with 
phosphorylationn of Ser 10. In addition, it has 
beenn shown in yeast that a HAT, termed 
Gcn5p,, displays increased activity on 
phosphorylatedd substrates and mutation of 
Serr 10 leads to decreased activation of 
geness regulated by Gcn5p in vivo (21, 75). 
Althoughh modification of histones by 
phosphorylationn is correlated with processes 
thatt might be important for PcG function, 
evidenceevidence that supports this notion is lacking. 
However,, we identified the phosphatase 1a 
(PP1a)) protein as an interacting partner of 
thee PcG protein BMI1 in the yeast two-hybrid 
systemm (Otte, unpublished results). PP1a has 
beenn considered a role in heterochromatin 
(3).. We have not yet been able to observe an 
inin vivo interaction between BMI1 and PP1a 
byy co-immunoprecipitation. 

2.62.6 A model  for  histones  modifications 
andand  PcG function.  There is substantial 
evidenceevidence that both acetylation and 
methylationn play an important role in 
targetingg PcG proteins and in the 
transcriptionall repression mediated by PcG 
proteins.. Based on these findings we are 
ablee to derive a hypothetical model in which 
histonee modifications meet both distinct PcG 
complexes,, the EED/EZH PcG complex and 
thee HPC/HPH PcG complex. In this model 
(Figuree 11), we speculate that the 
modificationn of Lys 9 of histone H3 provides a 
molecularr link for targeting the EED/EZH PcG 
complexx and the HPC/HPH PcG complex. 
Beforee the EED/EZH PcG complex might be 
ablee to deacetylate the acetylated Lys9 of 
histonee H3, this complex must first be 
targetedd to this site. Candidates that might 
fulfilll such a targeting role are DNA binding 
proteinss such as YY1. The HPC/HPH PcG 
complexx is now targeted to this site as a 
consequencee of methylation of Lys9 by the 
HPC22 associated SUV39H. The EED/EZH 
PcGG complex may also be targeted to this 
sitee as a consequence of the EZH2 
associatedd histone methyltransferase activity. 
Priorr to methylation by SUV39H1 at this 
residue,, the activity of HDACs is required to 
generatee unmodified histone H3 termini, 
sincee the substrate specificity of SUV39H1 is 
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FIG.. 11. A stepwise model of the involvement of 
modifiedd lysine 9 of histone H3 in stable and inheritable 
repressionn mediated by human PcG proteins. In this 
modell both the EED/EZH PcG and the HPC/HPH PcG 
complexx are involved. Note that, for simplicity, only a 
feww key proteins are indicated in the figure. (A) 
Acetylationn of histones results in a higher accessibility 
off the chromatin structure. (B) Subsequently, DNA 
bindingg proteins such as YY1 can be recruited to the 
DNAA and will target HDACs, which in turn are able to 
deacetylatee the acetylated Lys9 of histone H3. Note 
thatt HDACs, which are bound to EED, can be involved 
ass well. (C) The histone methyltransferase SUV39H1 
specificallyy methylates Lys9 of histone H3. Note that 
thee mechanism how SUV39H1 is specifically recruited 
too this site is unclear. Furthermore, EZH2 associated 
histonee methyltransferases or HPC2 associated histone 
methyltransferasess other than SUV39H1 could be 
involvedd as well. (D) Proteins of either the EED/EZH 
PcGG complex or the HPC/HPH PcG complex are 
targetedd to the methylated histone H3 resulting in a 
stablee and heritable repressed chromatin state. Based 
onn parallels between Pc and HP1, a likely candidate of 
thee HPC/HPH PcG complex for direct binding to this 
methylatedd histone H3 is HPC2. 

impairedd by pre-existing modifications such 
ass acetylation and phosphorylation (103). 
Thee EED/EZH PcG complex shown to 
possesss HDAC activity could provide such a 

functionn and thereby provide an ideal 
mechanisticallyy prerequisite to allow to 
assemblyy of the HPC/HPH PcG complex on 
thesee methylated histones, mediated by 
HPC2.. Although highly speculative, PP1a, 
whichh interacts with BMI1, might provide the 
phosphatasee activity that removes the 
phosphorylation.. In conclusion, since the two 
distinctt PcG complexes possess different 
capacitiess with respect to the modification of 
histones,, this allows a two-step model in 
whichh the final stage harbors the 
maintenancee of stable repression by these 
PcGG proteins, in which methylation of 
histoness plays an important role. 

3.. How do PcG protein s silenc e gen e 
expression ? ? 

Oncee PcG complexes are recruited to their 
targets,, how do they interfere or compete 
withh transcriptional activity in adjacent 
regions?? Or in more detail: how do they 
silencee enhancers or promoters? 
Furthermore,, how do PcG complexes 
maintainn stable gene repression throughout 
celll division? As mentioned in the previous 
section,, an important feature for silencing 
mediatedd by PcG proteins, is the involvement 
off histone modifications. However, these 
modificationss do not fully address the above-
describedd questions. In this section we will 
discusss mechanisms other than histone 
modificationss to clarify the question: How do 
PcGG proteins silence gene expression? 

3.13.1 Do PcG proteins  cover  genes,  making 
thethe  chromatin  inaccessible?  One of the 
firstt suggestions how PcG proteins are able 
too silence gene activity originates from the 
identificationn of a protein motif within Pc, the 
chromodomain,, shared by the 
heterochromatinn associated protein HP1 (91, 
124).. HP1 belongs to a class of proteins that 
iss involved in position-effect variegation 
(PEV)) (30). PEV is known as a phenomenon 
thatt occurs when a euchromatic gene is 
relocatedd or placed next to or within 
heterochromatin.. During development, the 
extentt of heterochromatinization is different in 
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eachh cell. At a certain point in development 
thiss extension of heterochromatinization 
becomess fixed. In some cells the gene will be 
repressedd by heterochromatin since it was 
ablee to spread over this gene. In other cells 
thiss heterochromatin spreading was not 
extendedd far enough to affect the gene in the 
vicinityy of heterochromatin. After this point in 
developmentt the on- and off-state of the 
genee is stably transmitted to the daughter 
ceils.. Hence, the gene is expressed in some 
celll but repressed in other cells, resulting in a 
mosaicc expression of the gene. Therefore 
thiss phenomenon has been designated 
position-effectt variegation. The discovery of 
thee chromodomain in Pc, which is shared by 
HP1,, suggested that Pc and HP1 operate 
throughh common mechanisms, which may 
involvee the formation of heterochromatin. 
PEVV induced silencing results from spreading 
off the heterochromatin into regions that 
previouslyy show transcriptional activity. This 
spreadingg is able to cover several hundreds 
off kilobases. Similar in yeast telomeric 
silencing,, the Silent Information Regulatory 
(SIR)) complexes recruited at telomeric 
repeatss can spread over distances of more 
thann 15 kilobasepairs (50, 130). In 
accordancee with this, one of the models of 
howw PcG proteins might silence gene 
expressionn is that PcG proteins are able to 
spreadd over the chromatin fiber by 
polymerization,, completely covering 
otherwisee transcriptionally active genes 
makingg them inaccessible for transcription 
factorss and the transcriptional machinery 
(Figuree 12A). This model is termed 'the 
spreadingg model'. Indeed, using an in vivo 
chromatinn immunoprecipitation (ChIP) 
techniquee it has been shown that PcG 
proteinss are associated with inactive 
chromatinn along a stretch of two hundred 
kilobasepairss (90). However, when increasing 
bothh the sensitivity and the background of 
thiss assay, Pc is only found locally at PREs 
andd thus covering only several kilobasepairs 
(89,, 90, 135, 136) (Figure 12B). Recently it 
hass been suggested that a similar picture 
appliess for heterochromatin (2). Using a 
GAL4-dependentt promoter near 

heterochromatinn it was shown that GAL4 is 

ablee to activate gene expression in the 
presencee of nearby heterochromatin. 
Whereass GAL4 was able to bind and activate 
thee respective reportergene, another nearby 
reporterr gene remained silenced. This result 
indicatess that the notion that heterochromatin 
domainss are spread continuous and 
extensivee must be rephrased, since based on 
thiss finding, it seems that silencing by 
heterochromatinn is, like PcG silencing, a local 
event. . 

Thee next question is whether PcG 
associatedd chromatin is inaccessible for 
transcriptionn factors or proteins of the 
transcriptionall machinery (Figure 12C). 
Analysiss of heterochromatin in Drosophila, 
revealedd that silencing of a reporter gene, 
whichh was inserted in a heterochromatic 
position,, was associated with a reduced 
accessibilityy at certain restriction enzyme 
sitess (150). In another study such an effect 
wass not observed for both heterochromatin 
andd PcG silenced chromatin (111). Possibly, 
thee differences in accessibility for the 
respectivee restriction enzymes are due to 
specificc positions of the restriction enzyme 
sites,, rather than a global inaccessibility for 
thee restriction enzymes of the repressed 
regions.. In another study, it was shown that 
bacteriophagee T7 RNA polymerase could still 
recognizee the promoter of a reporter gene, 
whichh was inserted within the silenced 
homeoticc Ultrabithorax (Ubx) transcription 
unitt (78). However, since the T7 RNA 
polymerasee is a much smaller protein than 
thee large protein complex required initiating 
transcriptionn from a pol II promoter, this may 
nott reflect the in vivo situation. Nevertheless, 
thesee data indicate that PcG mediated 
repressionn blocks activated polymerase II 
transcription,, but does, however, not simply 
excludee all proteins. Recently, it has been 
shownn that binding of PcG proteins to 
repressedd promoters does not exclude 
generall transcription factors like TBP, TFIIB 
andd TFIIF (10). In addition, the PcG proteins 
Pc,, Ph and Psc co-immunoprecipitated with 
TBPP (10) and the Drosophila HPC/HPH PcG 
complex,, PRC1, is associated with numerous 
TBPP associated factors (TAFs), which are 
componentss of the general transcription 
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factorr TFIID (109). These findings suggest 
thatt PcG mediated repression is 
accomplishedd through binding of PcG 
proteinss to general transcription factors, 
whichh in turn are not able to activate gene 
expressionn anymore. Similarly, 
heterochromatinn in yeast is permissive to 
activatorr binding (114). Using ChIP to 
investigatee the identity of proteins that are 
associatedd with the HSP82 heat shock 
promoter,, it was shown that normal level of 
thee heat shock factor and two components of 
thee basal transcription machinery, i.e. TBP 
andd Polll remain associated despite the gene 
beingg silenced and the promoter covered with 
heterochromatinn proteins (114). 

Inn conclusion, both forms of chromatin 
silencingg described here, i.e. heterochromatin 
andd PcG silenced chromatin, though distinct 
inn chromosomal localization, share important 
characteristics.. First, silencing is probably a 
locall effect. Second, the silenced chromatin 
appearss to remain accessible for proteins of 
thee transcriptional machinery. Third, the 
heterochromatinn associated protein HP1 and 
thee PcG protein HPC2 are both able to 
interactt with SUV39H1 (Chapter 4) (1, 79). 
Thesee findings would seem to suggest that 
bothh heterochromatin-associated proteins 
andd PcG proteins are able to repress gene 
activityy at a level beyond activator binding. 

3.23.2 Are different  PREs able to  cross 
interactinteract  with  each other?  Another model 
describingg a mechanism how PcG proteins 
accomplishh repression of gene activity is 'the 
loopingg model' (Figure 12D). In this model, 
PcGG complexes at several PREs and near 
promoterss are brought together by 
interactionss among the complexes. Thereby, 
aa series of loops covering the repressed 
locuss are formed which may result in a more 
stabilizedd complex. Overexpression of the 
PcGG genes Psc and Suppressor 2 of zeste 
(Su(z)2)) results in a more ubiquitous binding 
patternn of these proteins to polytene 
chromosomess (92, 118), suggesting that 
theree are alternative, weaker binding sites for 
PcGG proteins throughout the genome. 
Indeed,, these weaker binding sites have 
beenn identified. These elements though not 
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FIG.. 12. Models of PcG mediated repression. (A) The 
spreadingg model: PcG complexes are able to spread 
alongg the chromatin fiber and thereby repressing many 
geness that are lying underneath. (B) PcG complexes 
aree only localized at specific regulatory regions, for 
instancee near promoters, resulting in an inaccessible 
chromatinn structure. (C) PcG complexes are only 
localizedd at specific regulatory regions, but the 
chromatinn structure is still accessible for transcription 
factorss (TF), indicated by yellow spheres. Although the 
transcriptionn factors are still able to access the 
chromatin,, the gene remains repressed by the PcG 
proteins.. (D) The looping model: PcG complexes bound 
too a PRE can form a more stable complex by looping to 
otherr PcG complexes at other sites. For simplicity, 
transs interactions between PREs are omitted from this 
picture.. (E) A consequence of these cis- or trans-
interactionss between PREs might be that PcG proteins 
cann be observed as large nuclear domains as indicated 
byy the arrow. Notably, in all models target genes are 
omittedd since in this picture PcG proteins repress all 
putativee target genes. 

capablee of initiating a full gene repression, 
aree effective in combination with other such 
elementss (83, 99). Strikingly, this low level of 
PcGG binding may not have been detectable in 
thee above-described ChIP experiments. The 
hypothesiss that the interaction between PREs 
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strengthenn the repressive effect of PcG 
complexess on gene expression, was 
supportedd by the notion that PREs that are 
insertedd at different sites or even on different 
chromosomess can interact with each other 
andd repress gene activity more effectively 
(19,, 33, 65, 120). Since Zeste is able to 
mediatee transvection and is part of the 
DrosophHaDrosophHa PcG complex PRC1, it suggests 
thatt Zeste might accomplish the interaction 
betweenn PREs on different chromosomes. 

3.33.3 Does PcG mediated  repression 
involvesinvolves  establishment  of,  or  recruitment 
to,to,  nuclear  domains?  An important issue is 
thee organization of PcG complexes in the 
contextt of nuclear architecture. In DrosophHa, 
itt has been suggested that the stable 
inactivationn of the brown gene, which was 
subjectedd to PEV, is correlated with its 
positioningg close to the centromeric territory 
withinn the nucleus (24, 27). Similarly, studies 
onn the function of the Gypsy insulator 
sequencee in DrosophHa and studies of 
telomericc silencing in yeast indicate that 
thesee processes might be linked to specific 
nuclearr domains (40, 41). Studies in 
mammaliann cells suggest the recruitment of 
geness to centromeric heterochromatin as a 
mechanismm to silence gene expression (35). 
Althoughh it is at present unclear whether PcG 
mediatedd repression involves recruitment to 
nuclearr domains, there is evidence that PcG 
mediatedd silencing might correlate with the 
establishmentt of specific nuclear domains. 
Thee first evidence was obtained by 
immunostainingg of PcG proteins in several 
mammaliann cell lines (48, 105, 107) (Chapter 
22 to 4). Whereas proteins belonging to the 
EED/EZHH PcG complex display a fine 
granularr pattern throughout the nucleus, 
proteinss belonging to the HPC/HPH PcG 
complexx were shown to be localized to large 
nuclearr domains, which were designated 
PcGG domains. Remarkably, these PcG 
domainss appear to localize to defined areas 
withinn the nucleus (110). The PcG proteins 
withinn these domains associate with the 
pericentromericc heterochromatic q12 region 
off chromosome 1 (110) (Chapter 4). In 
addition,, in Chapter 4 we show that the 

histonee methyltransferase SUV39H1 might 
playy an important role in targeting HPC/HPH 
PcGG proteins to these large PcG domains. 
Thiss is strengthened by the observation that 
withinn these domains the HPC/HPH PcG 
proteinss colocalize with methylated histone 
H33 (Chapter 4). In DrosophHa embryos, 
immunostainingg of HPC/HPH PcG proteins 
indicatedd that these proteins are distributed in 
aa number of small nuclear domains similar as 
thee number of bands detected on polytene 
chromosomess (13). In contrast, using GFP 
taggedd Pc; PcG domains were only just 
observedd at later developmental stages (28). 
Althoughh all this data points to clustering of 
PcGG proteins in nuclear domains, more 
evidencee is needed to understand the nature 
andd the origination of these nuclear domains. 
However,, the observation that in HeLa cells 
stablyy overexpressing SUV39H1, the 
HPC/HPHH PcG proteins are redistributed to 
thesee large nuclear PcG domains, suggesting 
ann important role for histone methylation. The 
originn of the smaller EED/EZH PcG domains 
remains,, however, unclear. 

3.43.4 How do PcG complexes  maintain 
repressionrepression  throughout  cell  division?  Once 
maintenancee of repression mediated by PcG 
proteinss in certain cells is established, this 
maintenancee profile must be transmitted to 
daughterr cells in a stable manner throughout 
celll division. Since replication and mitosis 
disruptt chromatin structure and nuclear 
architecturee and can even lead to 
reprogrammingg of the expression profiles, 
howw is this PcG dependent repression 
informationn transmitted to the daughter cell 
duringg cell division? The simplest hypothesis 
wouldd be that PcG proteins just remain tightly 
associatedd with their template. During 
replicationn they would divide between the two 
strandss and subsequently recruit new PcG 
proteinss to reconstitute a full repressive 
complex.. However, this scenario is unlikely, 
sincee in DrosophHa it has been shown that 
mostt Ph, Pc, Psc, and cramped protein 
leavess the chromosomes during mitosis and 
iss retained in the cytoplasm (13, 28, 154). 
Thiss would imply that most if not all PcG 
complexess do not remain at their target 
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genes.. However, small amounts of certain 
PcGG proteins are known to remain associated 
withh chromosomes during mitosis (28, 149), 
presentingg a slight conundrum. In addition, 
thee signal or mark that is important for the 
stablee and heritable repression must reside 
withinn the PRE region. The excision of a PRE 
duringg development results in a loss of 
silencingg (15). This indicates that PREs are, 
nextt to their requirement for the onset of the 
maintenancee of gene repression, also 
requiredd for PcG complex re-establishment 
afterr cell division. As a consequence, this 
suggestss that a certain marker, which 
conveyss the repressed state through mitosis, 
mustt reside within the PRE. 

AA feasible scenario could be the 
involvementt of modified chromatin and in 
particularr modified histones, such as 
acetylatedd or methylated histones. Since both 
off these modifications are linked to PcG 
function,, they may provide a kind of 
epigeneticc marker. The most interesting of 
thesee modifications is histone methylation, 
since,, as mentioned in section 2.4, this 
modificationn appears to be a more stable 
modificationn than acetylation or 
phosphorylationn (16, 57, 138). Recent data 
providee the first evidence that a stable and 
inheritablee tag might indeed be involved in 
PcGG mediated repression (6). Removal of 
severall PcG proteins from proliferating cells 
resultss in an ectopic expression of homeotic 
geness (6, 10). Re-addition of these PcG 
proteinss within a few cell generations results 
inn re-establishment of transcriptional 
repression,, indicating that the epigenetic 
marker,, which is involved in the recruitment 
off PcG proteins, is still present. Based on the 
observationss that a stable marker for 
longtermm stable and inheritable PcG 
mediatedd repression exists and that histone 
methylationn represents a relatively stable 
modification,, it is tempting to speculate that 
suchh an epigenetic marker could be 
establishedd by methylation of histones. 
Similarly,, it has been shown for the trxG 
proteins,, which are involved in the stable and 
heritablee activation of gene expression, that 
hyperacetylationn of histone H4 may represent 
aa heritable epigenetic tag (18). Since either 

trxGG or PcG complexes can be targeted to a 
PREE resulting in either activation or 
repressionn of the target gene, the decision 
whetherr either PcG proteins or trxG proteins 
willl be assembled on the PRE could reside in 
thee modificated histones at the PRE. As a 
consequence,, disruption of these decision 
markerss could change the fate of gene 
expression. . 

Inn conclusion, in recent years evidence 
hass been obtained which provide insight into 
thee possible mechanisms how PcG proteins 
aree able to transmit gene repression in a 
stablee and inheritable manner through cell 
division.. The involvement of modifications of 
histones,, and especially methylation, may 
playy a central role. 

4.. Concludin g remark s 

Inn recent years evidence has accumulated 
aboutt the function and the composition of 
PcGG complexes of different species. This 
thesiss provided more insight concerning the 
compositionn of human PcG complexes. 
Characterizationn of the interaction between 
EEDD and EZH2 revealed that at least two 
distinctt human PcG complexes exist (Chapter 
2)) (116). Analysis of vertebrate Polycomb 
proteinss showed that the HPC/HPH PcG 
complexx was associated with the co-
repressorr CtBP and revealed that the 
differentt Polycomb homologs display 
differencess in specificity for interacting 
proteinss (Chapter 3) (115). Finally, studying 
thee relation between a histone 
methyltransferasee and human PcG proteins 
showedd an important role for histone 
methyltransferasess in targeting human 
HPC/HPHH PcG proteins (Chapter 4). In 
conclusion,, the results presented in this 
thesiss are of significant interest to understand 
thee function of human PcG complexes. 

Althoughh we have gained much more 
insightt about the composition of PcG 
complexess the past years, still many aspects 
havee to be explored to fully understand the 
mechanismss underlying PcG mediated gene 
repression.. No human PREs have been 
identifiedd so far, though many PREs have 
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beenn characterized in Drosophila. Functional 
analysiss of these Drosophila PREs revealed 
manyy interesting data, among which possible 
mechanismss for assembly of PcG complexes, 
possiblee mechanisms how the onset of 
maintenancee of stable repression during 
developmentt could be established and 
possiblee mechanisms that explain the nature 
off cellular memory. It will, therefore, be of 
interestt to identify human PREs. This would 
alloww us to analyze the relation between the 
compositionn of the two distinct human PcG 
complexess and their target specificity. 

Anotherr field that will be further explored 
thee next years is the role of histone 
modificationss in PcG mediated gene 
repression.. Analysis of the different histone 
modificationss and their combinations will be 
importantt to unravel the underlying histone 
codee which lead to an understanding of the 
naturee of higher order gene regulation. Taken 
together,, all these fields, which are ready to 
bee further explored, will possibly help to 
obtainn a better understanding of how PcG 
proteinss achieve a stable and inheritable 
repressionn state. 
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Ann organism comprises many different cell 
types,, which originate from a single fertilized 
egg.. Once a cell obtained its specific 
differentiationn status during development, it 
hass to maintain its identity after each cell 
divisionn during its lifetime. What determines 
thee identity of a cell? An important, if not 
crucial,, parameter is which cell type specific 
geness are expressed or not. The on and off 
statee of genes defines a specific gene 
expressionn pattern, which is unique for each 
differentt cell type. A heart cell, for instance, is 
definedd by a different gene expression 
patternn than as skin cell. Importantly, when a 
particularr cell, like a skin cell, divides, a new 
skinn cell will arise. At the molecular level this 
meanss that the specific gene expression 
patternn of the skin cells must be transmitted 
properlyy to its progeny cells. To 'remember' 
whatt type of cell it is meant to be, the cell 
mustt thus possess a sort of cellular memory, 
inn order to maintain its specific gene 
expressionn pattern in a stable and heritable 
manner.. This is important, since failure or 
defectss in this cellular memory can have 
severee consequences for the cell's identity 
leadingg to disorders like cancer. 

Mechanismss underlying this cellular 
memoryy likely involve changes in chromatin 
structure.. Chromatin is a generic term for a 
complexx structure that comprises of DNA, 
histoness and non-histone proteins. Several 
classess of protein complexes have been 
identifiedd which are involved in the regulation 
off gene activity by changes of chromatin 
structure.. Among them are the Trithorax-
groupp (trxG) proteins and the Polycomb-
groupp (PcG) proteins. The trxG proteins are 
involvedd in the stable and heritable 
maintenancee of gene activation, whereas the 
PcGG proteins are involved in the stable and 
heritablee maintenance of gene repression. 
PcGG proteins have originally been identified 
inn the fly Drosophila melanogaster. At the 
beginningg of this study, only a few vertebrate 
PcGG proteins were known. The aim of this 
thesiss was the identification of additional 
humann PcG proteins as well as proteins that 

associatee with human PcG proteins in order 
too unravel mechanisms underlying PcG 
mediatedd gene repression. 

Inn Chapter 1, I describe the fundamental 
characteristicss of the different PcG proteins, 
theirr interacting partners and their role in the 
regulationn of gene expression. 

Inn Chapter 2, we employ the yeast two-
hybridd system to identify human proteins that 
aree able to interact with the mammalian PcG 
proteinn Enhancer of Zeste 2 (Ezh2). We 
describee the identification of a human 
homologg of the Drosophila PcG protein Extra 
sexx combs (Esc). Since the identified human 
PcGG gene is 93% identical with its mouse 
PcGG homolog Embryonic ectoderm 
developmentt (Eed) at the DNA level and 
100%% identical at the protein level, we term 
thiss novel human PcG protein EED. To 
examinee whether an in vivo interaction 
betweenn EZH2 and EED exists, we have 
performedd co-immunoprecipitation 
experiments.. Both EZH2 and EED co-
immunoprecipitatee with each other but not 
withh the human PcG proteins, BMI1 and 
HPC2,, which are part of a PcG complex that 
alsoo contains the PcG proteins HPH and 
RING1.. Using immunofluorescence we show 
thatt both EED and EZH2 are distributed in a 
finee granular pattern throughout the cell 
nucleus,, whereas the PcG proteins BMI1 and 
HPC22 co-localizes to large nuclear domains. 
Finally,, we show that EED, but not Ezh2, was 
ablee to repress gene activity. These findings 
suggestt that the EZH2 and EED proteins are 
partt of a PcG complex, which is distinct from 
aa PcG complex containing the PcG proteins 
HPH,, HPC, BMMandRINGL 

Inn Chapter 3, we describe two-hybrid 
screenss with vertebrate homologs of 
DrosophilaDrosophila Pc, XPc2 and HPC2. With XPc2 
wee have identified a novel protein Xenopus 
XCtBPI,, with homology to human C-terminal 
bindingg protein 1 (CtBP1), and with HPC2, 
wee have identified the human CtBP2 protein. 
Thee CtBP proteins interact with XPc2 and 
HPC22 through a conserved 6 amino acid 
sequencee that is also found in other CtBP 
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bindingg proteins. Another vertebrate Pc 
homolog,, M33/MPc1, is not able to interact 
withh CtBP proteins, since M33/MPc1 does 
nott possess the conserved 6 amino acid 
sequence.. This was the first indication that 
specificityy among vertebrate Pc homologs 
exists.. We further show that the CtBP 
proteinss are able to interact with each other. 
Thee interaction between the CtBP proteins 
andd the interacting Pc homologs has been 
verifiedd by co-immunoprecipitation and co-
localizationn studies. The CtBP proteins are 
repressorss of gene activity. The Drosophila 
homologg of dCtBP is able to repress gene 
activityy through binding with DNA binding 
proteins,, such as the developmentally active 
transcriptionall repressors knirps and snail. 
Thee interaction between CtBP and HPC2 is, 
however,, not essential for HPC2 to repress 
genee activity. A HPC2 mutant that lacks the 
CtBPP binding motif is still able to repress 
genee activity when targeted to a reporter 
gene.. We therefore speculate that the 
interactionn between the CtBP proteins and 
HPC22 is important for assembly of the human 
PcGG complex at target genes. 

Inn Chapter 4, we describe the 
characterizationn and the functional analysis 
off the interaction between HPC2 and the 
histonee methyltransferase SUV39H1. We 
showw that SUV39H1 is able to interact with a 
specificc class of vertebrate Pc homologs, 
similarr as observed for the CtBP proteins. 
SUV39H11 does not interact with the 
vertebratee Pc homolog M33/MPc1 or any 
otherr member of the PcG proteins. 
Overexpressionn of SUV39H1 redistributes 
proteinss of the HPC/HPH PcG complex, but 
nott proteins of the EED/EZH PcG complex, to 
largee PcG domains. Also the human homolog 
off M33/MPc1 is not redistributed to these 
domains.. The redistribution of the HPC/HPH 
PcGG proteins is due to SUV39H1's ability to 
methylatee histone H3. A SUV39H1 mutant 
thatt lacks histone methyltransferase activity 
iss not able to redistribute proteins of the 
HPC/HPHH PcG complex to PcG domains. We 
alsoo find methylated histone H3 to be present 
inn the PcG domains. In addition we show that 
thesee domains are associated with 
pericentromericc heterochromatin regions 

(1q12)) on chromosome 1. Finally, we show 
thatt histone methyltransferase activity is 
associatedd with the HPC/HPH PcG complex 
andd to a lesser extent with the EED/EZH PcG 
complex.. These findings suggest a role for 
SUV39H11 in targeting PcG proteins to 
modifiedd chromatin that includes methylated 
histonee H3. 

Inn Chapter 5, I discuss how PcG 
complexess form and what the relationship 
betweenn PcG proteins and the different 
histonee modifications is in order to help 
understandd how the PcG proteins achieve a 
stablee and heritable state of gene repression. 

Withh the finding that at least two distinct 
humann PcG complexes exist, this thesis has 
providedd more understanding of the nature of 
thee interactions between human PcG 
proteins.. We further show that differences 
betweenn PcG orthologs exist as exemplified 
byy differences between HPC2 and 
M33/MPC11 with respect to CtBP and 
SUV39H11 binding. We have gained more 
insightt in the origin and the nature of the 
largee nuclear PcG domains. Finally, the 
functionall relation between a histone 
methyltransferasee and PcG proteins may 
helpp us to understand how PcG proteins 
achievee a stable and heritable state of gene 
repression. . 
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Eenn organisme is opgebouwd uit 
verschillendee soorten cellen. Al deze cellen 
vindenn hun oorsprong in een enkele 
bevruchtee eicel. Als een cel eenmaal zijn 
differentiatiee status heeft bereikt, dan is het 
vann belang dat het zijn identiteit behoudt na 
elkee celdeling. Wat bepaalt de identiteit van 
eenn cel? De identiteit van een cel wordt 
bepaaldd doordat celtype afhankelijke genen 
well of niet tot expressie komen. Deze 'uit' en 
'aan'' situatie van genen definieert een 
specifiekk genexpressie patroon dat uniek is 
voorr elk verschillend celtype. De identiteit 
vann een hartcel wordt bepaald door een 
anderr genexpressie patroon dan een huidcel. 
Alss deze huidcel deelt, ontstaat er een 
nieuwee huidcel. Op moleculair niveau 
betekentt dit dat het specifieke genexpressie 
patroonn van de huidcel op een juiste manier 
moett worden overgedragen naar de nieuw 
gevormdee huidcel. Cellen moeten dus een 
geheugenn hebben om hun genexpressie 
patroonn op een stabiele en overerfbare 
manierr vast te houden. Dit is belangrijk, 
omdatt defecten in dit geheugen ernstige 
consequentiess kunnen hebben voor de 
identiteitt van een cel en zelfs kunnen leiden 
tott allerlei afwijkingen zoals kanker. 

Veranderingenn in chromatine structuur 
zijnn waarschijnlijk een belangrijk onderdeel 
vann het mechanisme dat ten grondslag ligt 
aann dit cellulaire geheugen. Chromatine is 
eenn algemene term voor een complexe 
structuurr dat DNA, histonen en andere 
eiwittenn bevat. Er zijn verschillende klassen 
vann eiwitten geïdentificeerd die betrokken zijn 
bijj de regulatie van genexpressie op het 
niveauu van chromatine. Twee klassen van 
dezee eiwitten zijn de Trithorax-groep (trxG) 
eiwittenn en de Polycomb-groep (PcG) 
eiwitten.. De trxG eiwitten zijn betrokken bij de 
stabielee en overerfbare activatie van genen, 
terwijll de PcG eiwitten betrokken zijn bij de 
stabielee en overerfbare repressie van genen. 
Dee PcG eiwitten zijn oorspronkelijk 
geïdentificeerdd in de fruitvlieg Drosophila 
melanogaster.melanogaster. Aan het begin van deze studie 
warenn slechts enkele vertebrate PcG eiwitten 

bekend.. Het doel van dit onderzoek was dan 
ookk om zowel nieuwe PcG eiwitten als PcG 
bindendee eiwitten te identificeren. 

Inn hoofdstuk 1 beschrijf ik de basale en 
fundamentelee eigenschappen van PcG 
eiwittenn en hun rol in de regulatie van 
genexpressie. . 

Inn hoofdstuk 2 beschrijven we een two-
hybridd screen om eiwitten te identificeren die 
eenn interactie kunnen aangaan met het PcG 
eiwitt Enhancer of zeste 2 (Ezh2). We 
beschrijvenn de identificatie van een humaan 
eiwitt dat homoloog is aan het Drosophila 
PcGG eiwit Extra sex combs (Esc). Omdat het 
humanee PcG eiwit voor 100% identiek is aan 
hett muizen PcG eiwit Embryonic ectoderm 
developmentt (Eed), hebben wij dit humane 
PcGG eiwit EED genoemd. Om te bepalen of 
dee interactie tussen EED en EZH2 ook in 
vivovivo bestaat, zijn co-immunoprecipitaties 
uitgevoerd.. EED en EZH2 co-
immunoprecipiterenn met elkaar, maar niet 
mett de humane PcG eiwitten BMI1 en HPC2, 
diee samen met RING1 en HPH onderdeel 
uitmakenn van een PcG complex. Met behulp 
vann immunofluorescentie laten we zien dat 
EEDD en EZH2 een fijn-granulair patroon 
vertonenn in de celkern. De PcG eiwitten BMI1 
enn HPC2 zijn daarentegen gelocaliseerd in 
grotee domeinen in de celkern. Verder blijkt 
datt EED in staat is om de expressie van 
genenn te represseren, terwijl EZH2 dat niet 
is.. Op basis van deze bevindingen 
suggererenn we dat EED en EZH2 onderdeel 
uitmakenn van een ander PcG complex dan 
dee PcG eiwitten HPC, HPH, BMI1 en RING1. 

Inn hoofdstuk 3 beschrijven we twee two-
hybridd sereens met vertebrate homologen 
vann Drosophila Polycomb, te weten het 
XenopusXenopus eiwit XPc2 en het humane eiwit 
HPC2.. Met behulp van XPc2 is een eiwit 
geïdentificeerdd dat we XCtBPI hebben 
genoemd,, omdat het homoloog is aan het 
humanee eiwit C-terminal binding protein 1 
(CtBP1).. Met behulp van HPC2 hebben we 
CtBP22 geïdentificeerd. De CtBP eiwitten 
bindenn met XPc2 en HPC2 door middel van 
eenn geconserveerde 6 aminozuur sequentie 
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datt ook in andere CtBP bindende eiwiten 
wordtt gevonden. Een andere homoloog van 
Polycomb,, M33/MPc1, kan geen interactie 
mett CtBP aangaan omdat het niet deze 
geconserveerdee 6 aminozuur sequentie 
bevat.. Dit was de eerste indicatie dat er 
specificiteitt tussen de verschillende 
Polycombb homologen bestaat. We laten 
verderr zien dat de CtBP eiwitten ook een 
interactiee met elkaar kunnen aangaan. De 
interactiee tussen de CtBP eiwitten en de 
vertebratee Polycomb homologen is bevestigd 
doorr middel van co-immunoprecipitaties en 
co-localisatiee studies in humane cellen. De 
CtBPP eiwitten zijn repressoren van 
genexpressie.. De Drosophila homoloog van 
CtBP,, dCtBP, is in staat genen te 
represserenn door een binding aan te gaan 
mett DNA bindende eiwitten, waaronder de 
repressorr eiwitten knirps en snail. De 
interactiee tussen HPC2 en CtBP is niet 
essentieell voor HPC2 om genen te 
represseren,, omdat een HPC2 mutant dat 
geenn CtBP kan binden nog steeds in staat is 
genenn te represseren. We denken dat de 
interactiee tussen de CtBP eiwitten en HPC2 
belangrijkk zou kunnen zijn voor de opbouw 
vann PcG complexen op target genen. 

Inn hoofdstuk 4 beschrijven we de 
karakterisatiee en de functionele analyse van 
dee interactie tussen HPC2 en de histon 
methyltransferasee SUV39H1. We laten zien 
datt SUV39H1 een interactie kan aangaan 
mett een specifieke klasse van Polycomb 
homologen,, zoals we dat ook hebben gezien 
voorr CtBP. SUV39H1 gaat geen interactie 
aann met het vertebrate Polycomb M33/MPc1 
eiwitt of andere PcG eiwitten. Overexpressie 
vann SUV39H1 in humane cellen resulteert in 
eenn verandering van de localisatie van de 
HPC/HPHH PcG eiwitten naar grote domeinen 
inn de celkern. De localisatie van M33/MPc1 
enn de EED/EZH PcG eiwitten wordt niet 
veranderd.. De verandering van de lokalisatie 
vann de HPC/HPH PcG eiwitten naar grote 
PcGG domeinen is te wijten aan de capaciteit 
vann SUV39H1 om histone H3 te methyleren. 
Wee laten zien dat in de domeinen ook 
gemethyleerdd histone H3 aanwezig is en dat 
dee domeinen geassocieerd zijn met 
pericentromeree heterochromatine regios 

(1q12)) op chromosoom 1. Als laatste laten 
wee zien dat histon methyltransferase activiteit 
iss geassocieerd met het HPC/HPH PcG 
complexx en in mindere mate met het 
EED/EZHH PcG complex. Op basis van deze 
bevindingenn stellen we voor dat SUV39H1 
eenn belangrijke rol speelt in het gericht sturen 
vann PcG eiwitten naar gemodificeerd 
chromatine,, waarbij gemethyleerd histon H3 
betrokkenn is. 

Inn hoofdstuk 5, bediscussieer ik hoe PcG 
complexenn gevormd kunnen worden en wat 
dee relatie is tussen PcG eiwitten en de 
verschillendee mogelijke histon modificaties 
omm te begrijpen hoe PcG eiwitten de 
expressiee van genen stabiel en overerfbaar 
kunnenn represseren. 

Dee ontdekking dat er tenminste twee 
verschillendee humane PcG complexen 
bestaan,, heeft er toe geleid dat we nu meer 
wetenn over de verschillende mogelijke 
interactiess tussen PcG eiwitten. We hebben 
verderr laten zien dat er verschillen bestaan 
tussenn vertebrate Polycomb homologen, 
zoalss de verschillen tussen M33/MPc1 en 
HPC22 met betrekking tot hun binding met 
CtBPP en SUV39H1. We hebben meer inzicht 
verkregenn in het tot stand komen en de aard 
off eigenschappen van de grote PcG 
domeinenn in de celkern. De functionele 
relatiee tussen een histone methyltransferase 
enn PcG eiwitten zou ons verder kunnen 
helpenn te begrijpen hoe PcG eiwitten een 
stabielee en overerfbare status van 
genrepressiee bereiken. 
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Ted,, Paul, Marike, Tim, Rienk, Wesley, Ephie, Angele, Valerie, David H., en de inmiddels 
alweerr "oude" collega's: Menno en Arthur. 

Enn hier is je alinea: Janynke bedankt voor je hulp en je pre-stress-tips tijdens het lay-outen. 

Alss laatste en belangrijkste wil ik iedereen van het "thuisfront" bedanken. Dennis en Roos, laat 
ikk het heel kort houden: het is niet voor niets dat jullie naast me zitten! Arno, Bob en John: 
zonderr jullie, afijn...jullie horen het wel. Peter en Agnes, het ijs breken doe je met een goede 
fless VSOP. Wanneer mag ik weer? 

Simone,, je bent mijn liefste zus (ja ik weet het, ik heb er maar een). 
Maa en Pa, ik zou niet weten wat ik zonder jullie moest. Ma, deze is voor jou!!! 

Alss allerlaatste en allerbelangrijkste, Margit. Voor altijd, want das 

A A 

P.S.. en wie niet springt fyr fyr 
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