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Generall Discussion 

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 

107 7 



Chapterr 5 

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. 

108 8 



Genera ll  Discussio n 

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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