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Chapter 1 General introduction 

General Introduction. 

1. The basis of cellular identity. 

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

2. Chromatin structure and gene 
regulation. 

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

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

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

Euchromatin and heterochromatin. 
According to an early, but prevailing 

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

making gene 
(6, 46, 105). 

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

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

Changes in chromatin structure. 
One of the proteins associated with 

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

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

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

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

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

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

DNA methylation and histone 
deacetylation. 

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

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

11 
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3. The Polycomb group genes. 

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

a 

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

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

Mammalian PcG homologues. 
Mammalian homologues of the 

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

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

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

Complex Formation. 
PcG proteins form multimeric 

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

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

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

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

Does the PcG complex have a constant 
composition? 

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

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

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

14 
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Two separate PcG complexes. 
In humans two completely separate 

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

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

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

4. Models for PcG function. 

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

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

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

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

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

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

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

Spreading 

£iE3*SY?stfcS ^yRf^te*. 

Looping 

Histone Acetylation 

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

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

5. Outline of Thesis 

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

> What is the role of multiple mammalian 
PcG orthologues? 

> Do PcG complexes have a constant 
composition? 

> How does the PcG complex 
composition provide target specificity? 

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

Though these questions can already be 
answered to some extent, still much 
concerning PcG function in humans is 
largely unknown. The research that is 
presented in this thesis is aimed at gaining 
more insight into the questions posed 
relating the human PcG complex. Chapter 2 
provides the first evidence for the existence 
of a human PcG complex. HPH1 and 
HPH2, two human PcG genes, are identified 
and their interactions with each other and 
Bmil are characterized. In chapter 3 
RING1, a protein with a hitherto unknown 
function, is identified as a protein that is 
part of the human PcG complex. In chapter 
4 the novel gene XCtBPl is identified. 
XCtBPl and its human homologues CtBPl 
and QBP2 are repressors of gene activity 
that associate with the human PcG complex 
through their interaction with HPC2. 
Chapter 5 explores the relationship between 
PcG expression and the proliferation rate in 
a specific lymphoma as compared to the 
healthy tissue from which it is derived. In 
senescent lymphoma cells PcG expression 
is the same as in healthy lymphocytes. In 
proliferating lymphoma cells however, 
several PcG genes are mis-expressed. In 
chapter 6 an extensive study is performed of 
PcG expression in several tissues and cell 
types. PcG expression patterns vary 
extensively depending on the cell type and 
the developmental stage. This indicates that 
PcG complexes with different compositions 
exist. In conclusion, chapter 7 discusses 
how the research presented in this thesis 
gives possible answers to the questions that 
are posed in the general introduction. 
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Identification and Characterization of Interactions 
between the Vertebrate Polycomb Group Protein BMI1 

and Human Homologs of Polyhomeotic 

In Drosophila melanogaster, the Polycomb-group (PcG) genes have been identified as repressors 
of gene expression. They are part of a cellular memory system that is responsible for the stable 
transmission of gene activity to progeny cells. PcG proteins form a large multimeric, chromatin-
associated protein complex, but the identity of its components is largely unknown. Here, we 
identify two human proteins, HPH1 and HPH2, that are associated with the vertebrate PcG 
protein BMI1. HPH1 and HPH2 coimmunoprecipitate and cofractionate with each other and 
with BMI1. They also colocalize with BMI1 in interphase nuclei of U-2 OS human osteosarcoma 
and SW480 human colorectal adenocarcinoma cells. HPH1 and HPH2 have little sequence 
homology with each other, except in two highly conserved domains, designated homology 
domains I and II. They share these homology domains I and II with the Drosophila PcG protein 
Polyhomeotic (Ph), and we, therefore, have named the novel proteins HPH1 and HPH2. HPH1, 
HPH2, and BMI1 show distinct, although overlapping expression patterns in different tissues 
and cell lines. Two-hybrid analysis shows that homology domain II of HPH1 interacts with both 
homology domains I and II of HPH2. In contrast, homology domain I of HPH1 interacts only 
with homology domain II of HPH2, but not with homology domain I of HPH2. Furthermore, 
BMI1 does not interact with the individual homology domains. Instead, both intact homology 
domains I and II need to be present for interactions with BMI1. These data demonstrate the 
involvement of homology domains I and II in protein-protein interactions and indicate that 
HPH1 and HPH2 are able to heterodimerize. 

In Drosophila melanogaster, the genes of 
the Polycomb group (PcG) and trithorax 
group (trxG) are part of a cellular memory 
system that is responsible for the stable 
inheritance of gene activity. The PcG and 
trxG genes have been identified in 
Drosophila as repressors (PcG) (17, 22, 
30) and activators (trxG) (16) of homeotic 
gene activity. In PcG mutants, the 
expression patterns of homeotic genes are 
initially normal, but in later embryonic 
phases, homeotic genes become expressed 
in regions of the embryo where they 
normally are repressed (22, 29). Besides 
Polycomb (Pc), an estimated 30 to 40 
mutants exhibit similar, characteristic 
posterior homeotic transformations. These 
are collectively referred to as Polycomb 
group (PcG) mutants (15). The Pc protein 
binds to about 100 loci on polytene 

chromosomes in the Drosophila salivary 
gland (37). Also the PcG proteins 
Polyhomeotic (Ph), Polycomblike (Pel) 
and Posterior sex combs (Psc) share many, 
but not all of these binding sites with Pc 
(10, 13, 18, 25). This is consistent with the 
idea that PcG proteins work together in a 
multimeric protein complex. Direct 
evidence that Pc is part of a multimeric 
complex comes from experiments which 
showed that the PcG protein Ph 
coimmunoprecipitates with Pc (13). 

An important clue about the 
molecular mechanism underlying PcG 
action is the observation that the Pc protein 
shares a homologous domain with the 
Drosophila heterochromatin-binding pro
tein HP1 (23). This discovery provides an 
important, direct link between regulation 
of gene activity and chromatin structure. It 
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suggests that Pc and HP1 operate through 
common mechanisms, which may involve 
the formation of heterochromatin-like 
structures. This is further suggested by the 
finding that Pc is associated with 
chromatin over stretches of many 
kilobases. Pc specifically covers the silent 
part of the homeotic bithorax complex, 
which indicates that Pc represses gene 
activity by heterochromatinization (21). 

PcG genes have originally been 
identified in Drosophila, but mammalian 
homologs of PcG genes have been 
identified recently. A mouse Pc homolog, 
M33 (24), and aXenopus Pc homolog, XPc 
(26), have been characterized. Another 
PcG gene, Posterior sex combs (Psc), 
possesses significant sequence homology 
to the murine oncogene Bmil (6, 34, 35). 
Targeted deletion of Bmil results in a 
posterior transformation of the embryo and 
an anterior shift in the expression of 
homeotic genes (32, 33). Vice versa, 
overexpression of Bmil results in an 
anterior transformation and a posterior 
shift in the expression pattern of the 
homeotic gene Hoxc-5 (3). Also, targeted 
deletion of mel-18, a closely related Bmil 
homolog, results in a posterior 
transformation of the embryo and an 
anterior shift in the expression of homeotic 
genes (1). Collectively, these data show 
that, also in vertebrates, PcG proteins are 
involved in the regulation of homeotic 
genes. 

Considering the many novel 
features of regulation of gene activity by 
changes in chromatin structure, amazingly 
little is known about the molecular nature 
of chromatin structure. In particular, the 
composition of the chromatin-associated 
PcG complex is largely unknown. In order 
to characterize the molecular nature of the 
verbrate PcG protein complex, we 
employed the genetic two-hybrid system 
(7, 11, 12, 14). We screened a human 
leukocyte cDNA library for proteins that 
interact with the vertebrate PcG protein 

Bmil. We report the identification of two 
novel human proteins that are associated 
with BMI1. The proteins have little 
sequence homology with each other, 
except in two conserved homology 
domains, I and II, which they share with 
the Drosophila PcG protein Ph. Based on 
the sequence homologies with Ph, we 
named these proteins HPH1 and HPH2. 
Two-hybrid analysis indicates that the 
homology domains are involved in protein-
protein interactions and that HPH1 and 
HPH2 are able to heterodimerize through 
the homology domains. 

MATERIALS AND METHODS 

Isolation of the HPH1 and HPH2 genes. The full-
length coding region ofXBmil (26) was cloned into 
the pAS2 vector (11, 14) (Clontech, Palo Alto, 
Calif.) and used as "bait" to screen for interacting 
proteins in a two-hybrid screen (12). The pAS2-
XBmil plasmid was cotransformed with a human 
leukocyte Matchmaker two-hybrid library 
(Clontech) into the yeast Y190 strain. The 
transformants were plated on selective medium 
lacking the leucine, tryptophan, and histidine amino 
acids, but containing 30 raM 3-aminotriazole (11, 
14). Approximately 1.6 x 106 independent clones 
were obtained. Three hundred growing colonies 
were obtained, of which 16 were ß-galactosidase 
positive. After DNA isolation and rescreening, six 
colonies remained histidine and ß-galactosidase 
positive. These clones were further characterized. 
Two of these clones were 2.1 kb in length and were 
named HPH2 based on its homologous domains 
with Drosophila Ph and Rae28 (20). A total of 1.2 
kb of this clone was the 3' noncoding region. The 
coding region of HPH2 as well as the first 5' 1,000 
bp of the coding region of Rae28 were used to 
screen a XgtlO human fetal brain cDNA library 
(Clontech). Filters were hybridized overnight at 
50°C in 0.5x SSC (lx SSC is 0.15 M NaCl plus 
0.015 M sodium citrate), lOx Denhardt's solution, 
10% dextran sulfate, 0.1% sodium dodecyl sulfate, 
(SDS), 100 ug of denatured herring sperm DNA per 
ml, and an [a-32P]ATP-labeled probe (5 x 105 

cpm/ml). After being washed two times for 60 min 
at 55°C in 0.5x SSC and 0.1% SDS, the filters were 
autoradiographed with intensifying screens for 2 
days at -70°C. This led to the isolation of the HPH1 
cDNA. 
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RNA analysis. Multitissue Northern blots 
containing approximately 2 ug of poly(A)+ RNA 
per lane from different human tissues or human cell 
lines were obtained commercially (Clontech). The 
U-2 OS cell line was not present on the commercial 
Northern blot. Poly(A)+ RNA of U-2 OS was 
isolated and blotted, and the expression patterns of 
HPH1, HPH2, and BMI1 were analyzed. To allow a 
comparison with the commercial Northern blot, we 
blotted poly(A)+ RNA of SW480 cells, which is 
represented on the commercial blot, and all three 
genes are strongly expressed in this cell line. The 
blots were hybridized with [a-32P]dATP-labelled 
DNA probes and the blots were autoradiographed 
with intensifying screens at -70°C with X-ray films. 

Production of the Rae28 (Mphl) and HPH2 
polyclonal rabbit antibodies. A fragment 
encompassing amino acids (aa) 413 to 760 of 
Rae28 (Mphl) was cloned into the expression 
vector pGEX2T (Pharmacia, Uppsala, Sweden) to 
produce a glutathione S-transferase-Mphl fusion 
protein (4). This fragment encompasses a portion of 
the protein that is virtually identical to the 
corresponding region of HPH1, but which is absent 
from the HPH2 protein. The purified fusion protein 
was used to immunize a rabbit, and the serum was 
affinity purified with Affigel (Bio-Rad). A 
fragment encompassing aa 137 to 370 of HPH2 was 
cloned into the expression vector pET-23c 
(Novagen, Madison, Wis.). This fragment 
encompasses homology domain I, but lacks 
homology domain II. In homology domain I, this 
region shares homology with homology domain I of 
HPH1, but the remaining portion of the protein has 
no homology with HPH1. Purified fusion proteins 
were injected into a rabbit. The serum was affinity 
purified with CNBr Sepharose (Pharmacia, 
Uppsala, Sweden) to which the antigen was 
coupled. The production of the monoclonal 
antibody specific for BMI1 will be described 
elsewhere (4). 

Immunoprecipitarion and Western blotting. One 
175-cm2 flask with human U-2 OS osteosarcoma 
cells which were grown to confluence was lysed in 
a ELB lysis buffer (250 mM NaCl, 0.1% Nonidet 
P-40, 50 mM HEPES [W-2-hydroxy-
ethylpiperazine-Ar'-2-ethanesulfonic acid; pH 7.0], 
5 mM EDTA, containing 0.5 mM dithiothreitol, 1 
mM phenylmethylsulfonyl fluoride, and protease 
inhibitors, including leupeptin and aprotinin). The 
cell lysate was sonicated three times with bursts of 
15 s. The lysate was centrifuged at 14,000 x g at 
4°C for 10 min, and the supernatant (500 ul) was 
aliquoted and stored at -70°C. Fifty microliters of 
the supernatant was subsequently incubated with 

the indicated antibodies, for 4 h to overnight at 4°C. 
Goat anti-rabbit or goat anti-mouse 
immunoglobulin G (IgG) antibodies coupled to 
agarose beads (Sigma) and ELB buffer were added 
to enlarge the volume of the mixture to 300 ul. The 
mixture was incubated for 2 h at 4°C, under 
continuous mixing. The mixture was centrifuged at 
1,500 x g at 4°C for 1 min, washed with 1 ml of ice-
cold ELB buffer without protease inhibitors, and 
centrifuged at 1,500 x g at 4°C for 1 min. This 
washing procedure was repeated five times. After 
heating and centrifugation to remove the agarose 
beads, the proteins were separated by SDS-
polyacrylamide gel electrophoresis (PAGE) and 
transferred to nitrocellulose. Typically, 10 ul of the 
SW480 cell extract was loaded as input, and 50 pi 
of the SW480 cell extract was used for the 
immunoprecipitation. The blots were probed with a 
1:5,000 dilution of affinity-purified anti-
Rae28/Mphl or HPH2 antibodies or 1:3 dilution of 
tissue culture serum of the anti-Bmil monoclonal 
antibody. The secondary alkaline phosphatase-
conjugated goat anti-rabbit or mouse IgG (H L) 
antibodies (Jackson Immuno Research 
Laboratories) were diluted 1:10,000 and nitroblue 
tetrazolium-5-bromo-4-chloro-3-indolylphosphate 
toluidinium (Boehringer) was used as substrate. 

Sucrose gradient ultracentrifugation. One 
hundred microliters of the U-2 OS cell extract in 
ELB buffer was loaded on top of a 5 to 30%sucrose 
gradient (5 ml) in ELB buffer. The gradient was 
centrifuged in a TST 54 (Kontron) rotor at 50,000 
rpm for 8 h at 4°C. The gradient was prepared, and 
fractions were collected with a Buchler Auto Densi-
Flow IIC. Fourteen 350-ul Fractions were collected, 
and proteins were precipitated by addition of 700 ul 
of ice-cold ethanol. The proteins were dissolved in 
SDS-PAGE loading buffer. The samples were split, 
and the proteins were separated on two SDS-PAGE 
gels and transferred to nitrocellulose. The upper 
halves of both blots were probed with anti-Rae28/ 
Mphl antibody to detect the approximately 120-
kDa HPH1, and the lower halves were probed with, 
respectively, anti-HPH2 (54 kDa) or anti-BMIl (44 
to 46 kDa) antibody. 

Analysis of interacting protein domains with the 
two-hybrid system. Indicated fragments of the 
cDNAs encoding HPH1 and HPH2 were derived by 
PCR (Expand, Boehringer). The fragments were 
subcloned into the pAS2 (GAL4-DNA binding 
domain [GAL4-BD]) or GAD 10 (GAL4 activation 
domain [GAL4-AD]) vector. The fragments were 
sequenced over their entire length. The resulting 
plasmids were cotransformed into the yeast Y190 
strain. The transformants were plated on medium 
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lacking the leucine, tryptophan, and histidine amino 
acids, with or without 30 mM 3-aminotriazole. 
Interactions that were scored negative failed to 
grow in the presence of 30 mM 3-aminotriazole. 
Because of residual HIS3 promoter activity, they 
are able, however, to grow on medium that does not 
contain 3-aminotriazole (11, 14). Under these 
nonselective conditions, negative interactions were 
ß-galactosidase negative, and the colony color was 
indicated as white (Table 1). Positive interactions 
meet the two criteria of growth in the presence of 
30 mM 3-aminotriazole, and they are ß-
galactosidase positive. To quantitate the ß-
galactosidase activity, cultures of 2.5 ml were 
grown to an optical density at 600 nm of 1.0 to 1.2 
in medium lacking the leucine, tryptophan, and 
histidine amino acids. No 3-aminotriazole was 
added in the case of negative interactors to allow 
them to grow. Cells were permeabilized, and ß-
galactosidase activity was measured as described 
previously (11, 14; technical instructions of 
Clontech). Measurements were performed in 
triplicate, starting with three independent colonies. 
To exclude the possibility that the negative 
interactors did not produce either one of the fusion 
proteins, we Western blotted equal amounts of 
protein and incubated the blots with monoclonal 
antibodies that specifically recognize the GAL4-BD 
or the GAL4-AD protein (Clontech). All positive 
and negative interactors expressed both GAL4-BD 
fusions and the GAL4-AD fusions at approximately 
the same levels (data not shown). 

Immunofluorescence staining of tissue culture 
cells. U-2 OS and SW480 cells were cultured and 
labelled as described recently (28). Labelling has 
been analyzed by confocal laser scanning 
microscopy, of which single optical sections are 
shown. The first two pictures of each row represent 
the two different detection channels of the dual 
image, whereas the third picture in each row 
represent the false color overlay. For labelling, 
donkey anti-rabbit IgG coupled to Cy3 (Jackson 
ImmunoResearch Laboratories) and donkey anti-
mouse IgG coupled to DTAF {5-([4,6-
dichlorotriazin-2-yl]amino)fluorescein; Jackson} 
were used. 

Nucleotide sequence accession number. The 
sequences for HPH1 and HPH2 have been 
deposited with GenBank under accession numbers 
U89277 and U89278, respectively. 

RESULTS 

Isolation and characterization of the 
human HPH1 and HPH2 genes. To 
identify genes encoding proteins that 
interact with or are part of the vertebrate 
PcG multimeric protein complex, we 
performed a genetic two-hybrid screen (7, 
11, 12, 14). As target protein, we chose the 
Xenopus homolog of the vertebrate PcG 
protein Bmil (2, 3, 26, 35). At the protein 
level, XBmil is 90% identical and 95% 
similar to mouse and human BMI1 (26). 
We screened a human two-hybrid cDNA 
library. The full-length coding region of 
XBmil (26) was cloned into the pAS2 
vector (11, 14). The vAS2-XBmil plasmid 
was cotransformed with a human leukocyte 
Matchmaker two-hybrid library (Clontech) 
into the yeast Y190 strain. The 
transformants were plated on selective 
medium lacking the histidine, leucine, and 
tryptophan amino acids and in the presence 
of 30 mM 3-aminotriazol (11, 14). Of 
approximately 1.6 x 106 independent 
clones, 300 colonies were His+, of which 
16 were also ß-galactosidase positive. 
After DNA isolation and retransformation, 
six colonies remained His+ ß-Gal+. These 
clones did not grow on His" plates with 3-
aminotriazol when cotransformed with 
either the empty pAS2 vector or with 
fusion proteins unrelated to the target 
protein. 

Two of these clones were identical. 
They were 2.1 kb in length and contained a 
900-bp coding region and a 1,200-bp 3' 
noncoding region. The predicted protein 
coincides with two highly homologous 
domains of the Rae28 protein (Fig. 1 and 
2). Rae28 (retinoic acid-activated Early-
28) has been identified in a differential 
screen for genes which respond to retinoic 
acid (20). Employing a two-hybrid screen, 
with Bmil as the target protein, Rae28 has 
been identified as interacting with Bmil 
(4). Rae28 shares considerable homology 
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FIG. 1. Predicted amino acid sequence of HPH2. 
The homology domains I and II are indicated in 
boldface and underlined. The isolated two-hybrid 
clone encompasses homology domains I and II, 
starting from aa 137, which is indicated by an 
arrow. 

with the Drosophila PcG protein Ph, 
particularly in two domains, designated 
homology domains I and IT, that are, 
respectively, 29 and 67 amino acids long 
(9, 10, 20 [compare Fig. 2]). Sequence 
analysis indicated that the clone we 
isolated encompasses these two homology 
domains (Fig. 1 and 2). Homology domain 
I is 90 and 52% identical with homology 

domain I of Rae28 and Ph, respectively. 
Homology domain II is 79 and 56% 
identical with homology domain II of 
Rae28 and Ph, respectively (Fig. 2). Also, 
a Cys2-Cys2 zinc finger motif is conserved 
between the protein we isolated and the 
Rae28 and Ph proteins. Not only the 
structure of this zinc finger motif, but also 
its location between homology domains I 
and II is conserved (Fig. 2). Based on these 
homologies, we named the clone we 
isolated HPH2. Following the same 
reasoning, Alkema et al. recently renamed 
Rae28 Mphl (4). 

The HPH2 clone starts at homology 
domain I, suggesting that we did not 
isolate the full-length clone, but only the 3 ' 
region of the gene. To isolate full-length 
cDNAs of HPH2,we screened a human 
fetal brain library. Initially we used the 
1,300-bp 3' noncoding region of HPH2 as 
probe, but isolated no cDNAs which 
contained additional 5' sequences. We then 
used the coding sequences of HPH2 as 
probe, as well as the most upstream 5' 
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FIG. 2. Predicted amino acid sequence of HPH1. The sequence is aligned to the Rae28/Mphl, Ph, and HPH2 
sequences. Identical amino acids are shown. The conserved amino acids of the putative zinc finger domain are 
shaded. Homology domains I and II are boxed. 
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1,000 bp of the coding region of 
Rae28/Mphl. We isolated a cDNA clone 
that overlapped with the HPH2 two-hybrid 
clone, extending HPH2 with 140 aa (Fig. 
1) and the HPH2 cDNA to 2,554 bp. The 
length of the HPH2 transcript and the 
molecular mass of HPH2 (see below) 
suggest that we isolated the full-length 
HPH2 cDNA. 

Besides isolation of the extended 
HPH2 clone, we also isolated two 
overlapping cDNA clones which are, in 
contrast with HPH2, highly homologous 
with Rae28/Mphl (Fig. 2). The predicted 
1,012-aa long protein is 95% identical with 
Rae28/Mphl and is only homologous with 
HPH2 and Ph in homology domains I and 
II and the Cys2-Cys2 zinc finger (Fig. 2). 
Besides these sequence homologies, the 
protein shares a glutamine-rich stretch (aa 
400 to 450) with Ph (Fig. 2 [9, 10, 20]). 
Given the high degree of homology with 
Ph, but also with the earlier characterized 
Rae28/Mphl, we named this clone HPH1. 

Homology domain II is also shared 
with other proteins. The products of the 
recently identified PcG gene, Sex comb on 
midleg (Sern) and of the Drosophila gene 
lethal(3)malignant brain tumor (l(3)mbt) 
share homology domain II (referred to as 
the SPM domain) with Ph, HPH1, and 
HPH2 (5, 36). The SPM domain in the 
Scm protein is essential for its function (5). 
The occurrence of this domain in these 
diverse proteins suggests the existence of a 
family of proteins containing these 
homology domains. 

In conclusion, a two-hybrid screen 
with the Xenopus homolog of the 
vertebrate PcG protein Bmil as the target 
resulted in the isolation of a human cDNA 
which encodes a protein that shares two 
homology domains with Rae28/Mphl and 
the PcG protein Ph. Subsequent screening 
of a cDNA library to isolate full-length 
clones of this cDNA led to the isolation of 
a second cDNA which is the human 
homolog of Rae28/Mphl. We named the 

proteins HPH1 and HPH2. The longer 
HPH1 protein is the virtually identical 
human homolog of Rae28/Mphl. The 
shorter HPH2 protein which was isolated 
in the two-hybrid screen shares the 
homology domains, but further it has only 
limited homology with HPH1. 

Distribution of HPH1 and HPH2 
transcripts in human tissues and cancer 
cell lines. Besides limited sequence 
homology outside the homology domains, 
the HPH2 cDNA clone is considerably 
shorter (2.55 kb) than the HPH1 and 
Rae28/Mphl cDNA clones (3.2 and 3.5 kb, 
respectively [20]). To verify this difference 
in length at the level of mRNA transcripts, 
we characterized the expression levels of 
the HPH1 and HPH2 genes. We analyzed 
multiple tissue Northern blots containing 
poly(A)+ mRNA from different human 
tissues or human cell lines (Clontech). As 
probes, we selected the 5' coding region 
from the HPHl cDNA, since this region is 
not present in the HPH2 cDNA (Fig. 2) 
and the 3 ' noncoding region from the 
HPH2 cDNA. 

We detected approximately 4.4-
and 6-kb transcripts for the HPHl gene 
and a single approximately 2.5-kb 
transcript for the HPH2 gene (Fig. 3 and 
4). The length of the transcripts confirms 
that HPHl and HPH2 are different genes. 
The highest level of expression of HPHl is 
found in thymus (lane 2), testis (lane 4), 
and ovary (lane 5) (Fig. 3). Low expression 
levels were detected in spleen (lane 1), 
prostate (lane 3), small intestine (lane 6), 
colon (lane 7), and peripheral blood 
leukocytes (lane 8). In contrast, HPH2, like 
BMI1, was expressed ubiquitously (Fig. 3). 

The differences in the abundance of 
HPHl, HPH2, and BMI1 transcripts are 
more pronounced in human cell lines than 
in normal human tissues (Fig. 4). The 
HPHl gene was strongly expressed in the 
Burkitt's lymphoma Raji (lane 5), 
colorectal adenocarcinoma SW480 (lane 
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6), melanoma G381 (lane 8), and U-2 OS 
osteosarcoma (lane 10) cell lines and at a 
much lower level in the other cell lines 
(Fig. 4). In contrast, both HPH2 and BMll 
were expressed at a low level in Burkitt's 
lymphoma Raji cells. As in normal human 
tissues, no major differences in expression 
levels of HPH2 were observed, except in 
Burkitt's lymphoma Raji cells (lane 5). An 
aberrant HPH2 transcript was detected, 
specifically in the colorectal adeno
carcinoma SW480 (lane 6). This 
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FIG. 3. Expression patterns of HPH1, HPH2, and 
BMll in human tissues. Shown are expression 
levels 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). As probes, we selected 
the full-length BMll cDNA, the 5' coding region 
from the HPH1 cDNA, since this region is not 
present in the HPH2 cDNA, and the 3' noncoding 
region from the HPH2 cDNA. The filter was 
rehybridized with a probe for GAPDH to verify the 
loading of RNA in each lane. 
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approximately 5.5-kb transcript is 
expressed at a much lower level than the 
2.5-kb transcript. No aberrant transcripts 
were detected in the mRNA from the other 
cell lines, not even after longer exposures. 
BMll expression is more varied than 
HPH2 expression, BM1 being most 
strongly expressed in the K-562 (lane 3), 
SW480 (lanes 6 and 9), and U-2 OS (lane 
10) cell lines. 

In summary, the HPH1, HPH2 and 
BMll genes are differentially expressed in 
normal human tissues and cancer cell lines. 
The length of the HPH1 and HPH2 
transcripts confirms the existence of two 
different genes and also verifies that the 
HPH2 cDNA is considerably shorter than 
the HPH1 cDNA. 

HPH1 and HPH2 coimmunoprecipitate 
with BMll. In order to test whether 
HPH1, HPH2, and BMll exist in vivo as 
part of a common protein complex, we 
performed immunoprecipitation experi
ments with antibodies raised against the 
Rae28/Mphl, HPH2, and Bmil proteins. 
The predicted molecular mass of 
Rae28/MPhl, which is virtually identical 
to that of HPH1, is 108 kDa. On Western 
blots, the affinity-purified antibody 
recognizes a protein with a size of 
approximately 120 kDa (Fig. 5 A). 
However, when a lower-percentage gel is 
used, it becomes apparent that HPH1 runs 
as a doublet protein (Fig. 5D). It is possible 
that the HPH1 protein doublet is a 
reflection of the two, 4.4- and 6-kb HPH1 
transcripts (Fig. 3 and 4). It is, however, 
also possible that the HPH1 protein 
doublet arises from posttranslational 
modifications. 

The highest expression levels of the 
HPH1, HPH2, and BMll genes are found 
in the SW480 and U-2 OS cell lines (Fig. 
4). We used extracts of U-2 OS human 
osteosarcoma cells to perform 
coimmunoprecipitation experiments. 
Extracts of U-2 OS cells were incubated 
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with a mouse anti-Bmil antibody and 
subsequently with agarose-coupled goat 
anti-mouse IgG anti-bodies. This 
monoclonal antibody is raised against 
murine Bmil protein and recognizes the 
human BMI1 protein (2). The resulting 
immunoprecipitate was Western blotted 
and incubated with rabbit anti-
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FIG. 4. Expression patterns of HPH1, HPH2, and 
BMI1 in human cell lines. Shown are expression 
levels in the promyelocytic leukemia HL-60 (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 melanoma 
G361 (lane 8) cell lines. The same probes as in Fig. 
3 were used. Lanes 1 to 8 represent a commercially 
obtained Northern blot. We also isolated and 
blotted poly(A)+ RNA from U-2 OS (lane 10). To 
allow comparison with the commercial multiple 
tissue Northern blot, we isolated and blotted 
poly(A)* RNA from SW480 cells. Note that 
although the levels of expression of HPH2 and 
BM11 in SW480 are comparable, the level of 
expression ofHPHl in SW480 cells is substantially 
lower in our hands (compare lanes 6 and 9). 

Rae28/Mphl antibody. The 120-kDa 
HPH1 protein was detected in the BMI1 
immunoprecipitate (Fig. 5A, BMI1 IP). 
The predicted molecular mass of HPH2, 
based on amino acid composition, is 47 
kDa. On Western blots, the affinity-
purified antibody recognizes a single 54-
kDa protein (Fig. 5B, Input). The mouse 
anti-Bmil antibody was able to 
immunoprecipitate the HPH2 protein from 
extracts of U-2 OS cells (Fig. 5B, BMI1 
IP). The BMI1 immunoprecipitations were 
specific since no HPH1 or HPH2 proteins 
were detected when the BMI1 antibody 
was omitted from the immunopre
cipitations (Fig. 5A and B, Mock IP). Also 
when the unrelated mouse monoclonal 
antibody 5E10, which recognizes the PML 
protein (31), was used in the 
immunoprecipitation, no HPH1 or HPH2 
protein was detected (data not shown), 
underlining the specificity of the 
immunoprecipitation of HPH1 and HPH2 
by the BMI 1 antibody. 

The predicted molecular mass of 
human BMI1, based on amino acid 
composition, is 38 kDa (2). On Western 
blots, the antibody recognizes a doublet of 
44- and 46-kDa proteins (Fig. 5C, Input). 
Both the Rae28/Mphl and HPH2 
antibodies were able to immunoprecipitate 
the BMI1 protein from extracts of U-2 OS 
cells (Fig. 5C, HPH1 IP and HPH2 IP, 
respectively). No BMI1 was detected when 
the antibodies were omitted (Fig. 5C, 
Mock IP) or when an unrelated antibody 
was added to the immunoprecipitations. 

These results suggest that in vivo, 
HPH1 and HPH2 are part of a protein 
complex which contains BMI1. We further 
strengthened this notion by showing that 
the HPH2 antibody was able to 
immunoprecipitate the HPH1 protein from 
extracts of U-2 OS cells (Fig. 5D, HPH2 
IP). The HPH2 immunoprecipitations were 
specific, since no HPH1 proteins were 
detected when an unrelated antibody was 
added to the immunoprecipitations (Fig. 
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5D, Mock IP). We also tried to 
immunoprecipitate HPH2 by using the 
Rae28/Mphl antibodies. Since both 
Rae28/Mphl and HPH2 antibodies are 
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m. 

FIG. 5. Coimmunoprecipitation of HPH1 and 
HPH2 with BMI1 from human U-2 OS 
osteosarcoma cells. (A) Extracts of U-2 OS human 
osteosarcoma cells were incubated with a mouse 
anti-Bmil antibody and subsequently with agarose-
coupled goat anti-mouse IgG antibodies. The 
resulting IP was Western blotted and incubated 
with rabbit anti-Rae28/Mphl antibody. The 
approximately 120-kDa HPH1 protein (Input) was 
detected in the BMI1 BMI1 IP. In this particular 
experiment, HPH1 runs as a single protein, but 
when a lower percentage of Polyacrylamide is used, 
the HPH1 protein runs as a doublet (compare with 
panel D). When the Bmil antibody was omitted, no 
HPH1 protein was detected (Mock IP). (B) The 
mouse anti-Bmil antibody immunoprecipitated the 
approximately 54-kDa HPH2 protein (Input) from 
extracts of U-2 OS cells (BMI1 IP). No HPH2 
protein was detected when the Bmil antibody was 
omitted from the immunoprecipitation (Mock IP). 
(C) The HPH1 (HPH1 IP) and HPH2 (HPH2 IP) 
antibodies immunoprecipitated the approximately 
44- and 46-kDa BMI1 proteins (Input) from 
extracts of U-2 OS cells. No BMI1 protein was 
detected when the HPH antibodies were omitted 
from the immunoprecipitation (Mock IP). (D) The 
HPH2 antibody immunoprecipitated the 
approximately 120-kDa HPH1 protein (Input) from 
extracts of U-2 OS cells (HPH2 IP). No HPH1 
protein was detected when another, unrelated 
antibody was used in the immunoprecipitation 
(Mock IP). Note the rabbit heavy chain (Fc) in the 
HPH2 and mock IP. 

rabbit derived, the heavy chains (Fc) of the 
rabbit anti-HPH2 antibodies (Fig. 5D, 
Mock IP and HPH2 IP) or the rabbit anti-
Rae28/Mphl are detected by the goat-anti 
rabbit alkaline-phosphatase-conjugated 
antibody. Unfortunately, HPH2 migrates at 
the same position of these Fc heavy chains 
(compare Fig. 5B and D), thus preventing 
detection of HPH2 in IPs by the 
Rae28/Mphl antibodies. 

The major part of the 
immunoprecipitated or coimmunopre-
cipitated HPH1, HPH2, and BMI1 proteins 
was present in the pellet, indicating that the 
proteins indeed coimmunoprecipitated. We 
could, however, still detect residual 
amounts of BMI1, HPH1, or HPH2 
proteins in the supernatants after 
immunoprecipitation with the BMI1, Rae-
28/Mphl, or HPH2 antibodies (data not 
shown). Therefore, neither the immunopre
cipitation nor the coimmunoprecipitation 
can be considered quantitative. However, 
since the majority of the proteins were 
removed from the supernatants and present 
in the pellets, this indicates that HPH1, 
HPH2, and BMI1 proteins coimmu-
noprecipitate from extracts of U-2 OS 
cells. This suggests that in vivo, the 
proteins are part of a common protein 
complex. 

HPH1, HPH2, and BMI1 cofractionate 
in a sucrose gradient. The coimmunopre
cipitation experiments suggest that HPH1, 
HPH2, and BMI1 may be part of a high-
molecular-mass protein complex. To test 
this idea, we performed velocity gradient 
ultracentrifugation experiments. We loaded 
extracts of U-2 OS cells, which had been 
prepared as in the immunoprecipitation 
experiments, on a 5 to 30% sucrose 
gradient (5 ml). After centrifugation 14 
350-ul fractions were collected. We 
calibrated the lower-molecular-mass range 
of the gradient with catalase (232 kDa) and 
thyroglobulin (669 kDa), which were 
detected in fractions 1 and 3, respectively 
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(Fig. 6). Lack of suitable markers 
prevented calibration of the higher-
molecular-mass range of the gradient. The 
proteins in the 14 fractions of the gradient 
on which the U-2 OS cell extract was 
loaded were separated by SDS-PAGE, 
blotted on nitrocellulose, and probed with 
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FIG 6. Cofractionation of HPH1, HPH2, and BMI1 
from human U-2 OS osteosarcomacells. Cell 
extract was loaded on a 5 to 30% sucrose gradient, 
and the gradient was centrifuged in a TST50 
(Kontron) rotor at 50,000 rpm for 8 h. Fourteen 
350-ul fractions (indicated on top) were collected, 
and proteins were precipitated and separated on two 
SDS-PAGE gels and transferred to nitrocellulose. 
The upper halves of both blots were probed with 
anti-Rae28/Mphl antibody to detect the 
approximately 120-kDa HPH1, and the lower 
halves were probed with, respectively, anti-HPH2 
(54-kDa) (middle panel) or anti BMI1 (44-kDa) 
(lowest panel) antibody. This procedure was 
followed sonce similar molecular mass ranges of 
HPH2 and BMI1 excluded the possibility of 
detecting all three proteins on a single blot. By 
using a separate 5 to 30% gradient, we callibrated 
the lower-molecular-mass range of the gradient by 
using catalase (232 kDa) and thyroglobulin (669 
kDa) (Pharmacia, Uppsala, Sweden) as markers. 
The fractions in which the markers were detected 
are indicated by arrows. The fractions containing a 
higher percentage sucrose were not callibrated 
because of a lack of suitable markers. 

Interactions between BMI1 and human Polyhomeotic 

antibodies against HPH1, HPH2, and 
BMI1. We found that the largest portion of 
the HPH1, HPH2, and BMI1 proteins 
cofractionate in fractions 7 through 11 
(Fig. 6). This result indicates that the 
HPH1, HPH2, and BMI1 proteins are 
present in a complex with a molecular 
mass higher than 669 kDa. 

These results are in agreement with 
earlier results that demonstrated that the 
Drosophila Polycomb and Polyhomeotic 
proteins cofractionate by gel filtration and 
velocity gradient ultra-centrifugation (13). 
We used a gradient ranging from 5 to 30% 
sucrose, which we found to result in a 
better separation than when the reported 5 
to 20% gradient was used (13). Similar to 
what has been reported previously (13), we 
found a portion of the HPH1 and BMI1 
proteins to be present in the pellet of the 
gradient (Fig. 6, fraction 14). We also 
found a substantial portion of the HPH1 
and BMI1 proteins to be present in fraction 
1 (Fig. 6). In contrast, no HPH2 protein 
was detected in either fraction 1 or fraction 
14. The meaning of these observations is 
unclear. It has been speculated that the 
presence of the proteins in the lower-
molecular-mass range of the gradient can 
be explained by partial dissociation of the 
complex during the preparation (13). 
Alternatively, it could indicate a 
heterogeneous composition of the 
multimeric complex (13). At present, it is 
not clear which is the right interpretation. 
The presence of the HPH1, HPH2, and 
BMI1 proteins in fractions 7 through 11, 
however, supports the idea that the proteins 
are part of a common, multimeric protein 
complex. 

HPH1 and HPH2 colocalize with BMI1 
in nuclei of U-2 OS and SW480 cells. We 
next analyzed the subcellular localization 
of the HPH1 and HPH2 proteins in relation 
to the PcG protein BMI1 by performing 
immunofluorescence labelling experi
ments. The use of mouse anti-Bmil and 
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rabbit anti-Rae28/Mphl and HPH2 allows 
double-labelling experiments. We used U-
2 OS human osteosarcoma cells and 
SW480 human colorectal adenocarcinoma 
cells, in which we found that HPH1, 
HPH2, and BM1 are all expressed at a 
high level (Fig. 4). In extracts of U-2 OS 
cells, we found that HPH1 and HPH2 
coimmunoprecipitate and cofractionate 
with each other and with BMI1 (Fig. 5 and 
6). In U-2 OS cells, both HPH1 and BMI1 
are found in the nucleus and throughout the 
nucleoplasm, and they colocalize in large, 
brightly labelled domains (Fig. 7A to C). 
Also HPH2 and BMI1 colocalize in the 
same brightly labelled domains (Fig. 7D to 
F). HPH1 and HPH2 colocalize with BMI1 
in the large domains, but as yet, this is not 

clear for the more homogeneously 
distributed pattern. The fine granular 
pattern is too complex to allow analysis of 
any systematic colocalization. 

The observed labelling patterns of 
HPH1, HPH2, and BMI1 are in contrast 
with recently published labelling patterns 
of the Bmil protein (8). It should be 
pointed out, however, that these workers 
detected overexpressed Bmil protein in 
Rati fibroblasts or COS cells in which no 
endogenous Bmil could be detected (8). 
We, on the other hand, detected 
endogenous levels of BMI1 in cell lines 
which express the BM1 gene at a high 
level (Fig. 4). This is a likely explanation 
for the observed differences in labelling 
patterns. The significance of the domains 
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FIG. 7. Colocalization of HPH1 and HPH2 with BMI1 in nuclei of U-2 OS cells. (A to C) Rabbit anti-
Rae28/Mphl (A) and mouse anti-BMI 1 (B) labelling is shown in single confocal optical sections. Panels A and B 
represent the two different detection channels of the dual image, whereas panel C represents the false color 
overlay. HPH1 and BMI1 are homogeneously distributed in the nucleus, but are also concentrated in large, 
brightly labelled domains. HPH1 and BMI1 colocalize in these large domains (C) (indicated by yellow). With 
rabbit anti-HPH2 (D) and mouse anti-BMIl (E) antibodies, similar distribution patterns and colocalizations (F) 
were observed. 
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in which HPH1, HPH2, and BMI1 
colocalize is further underlined by our 
recent finding that a human homolog of the 
Polycomb protein also colocalizes with 
BMI1 in these domains (27). 

This human Pc homolog also 
coimmunoprecipitates with BMI1 (27). We 
further analyzed the subcellular 
localization of HPH1 and HPH2 in relation 
to BMI1 in SW480 cells. As in U-2 OS 
cells, we found complete colocalization 
between HPH1 (Fig. 8A to C) and HPH2 
(Fig. 8D to F) and BMI1 in large, brightly 
labelled domains. These results 
demonstrate that the colocalization of 
HPH1 and HPH2 with the PcG protein 
BMI1 is not restricted to one cell type. 
We conclude that HPH1 and HPH2 
colocalize with BMI1 in large domains in 

the nuclei of U-2 OS and SW480 cells. 
These results further underline the validity 
of the identified two-hybrid interaction 
between HPH2 and BMI1. They strengthen 
the notion that HPH1, HPH2, and BMI1 
are part of a multimeric protein complex. 

Interactions between homology domains 
I and II of HPH1 and HPH2. We found 
that HPH2 is able to immunoprecipitate 
HPH1 (Fig. 5D), that HPH1 and HPH2 
cofractionate in a sucrose gradient (Fig. 6), 
and that HPH1 and HPH2 colocalize with 
BMI1 in the nuclei of interphase cells (Fig. 
7 and 8). These results suggest that HPH1 
and HPH2 are part of a common protein 
complex, but they do not address the 
question of whether HPH1 and HPH2 
interact with each other. Homology 

n ii, 

FIG. 8. Colocalization of HPH1 and HPH2 with BMI1 in nuclei of SW480 cells. (A to C) Rabbit anti-
Rae28/Mphl (A) and mouse anti-BMIl (B) labelling and the false color overlay (C) are shown. Similar to in U-2 
OS cells (Fig. 7), HPH1 and BMI1 colocalize in large, brightly labelled domains (C) (indicated by yellow). With 
rabbit anti-HPH2 (D) and mouse anti-BMIl (E) antibodies, similar distribution patterns and colocalizations (F) 
were observed. 
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domains I and II are potentially involved in 
protein-protein interactions. Significant 
homology has been found between the 
Rae28/Mphl and Ph homology domain II 
and the recently characterized protein 
encoded by the PcG gene Sex comb on 
midleg {Sern) (5). This domain has been 
named SPM domain and it has been 
suggested that this domain is involved in 
protein-protein interactions (5). By using 
the two-hybrid assay, we therefore tested 
whether the homology domains of HPH1 
and HPH2 can mediate protein-protein 
interactions. The region encompassing 
homology domains I and II from HPH1 (aa 
722 to 1013 [Fig. 9A]) was fused to the 
GAL4 DNA binding domain. The plasmid 
was cotransformed with the HPH2 two-
hybrid clone, encompassing homology 
domains I and II (aa 137 to 432 [Fig. 9A]) 
(see Fig. 1). The transformants were able 
to grow on selective medium lacking 
histidine, in the presence of 3-
aminotriazole, and were also ß-
galactosidase positive. This result indicates 
an interaction between homology domains 
I and n of HPH1 and HPH2, and we 
subsequently tested potential interactions 
between the individual homology domains. 
We found that homology domain I of 
HPH1 interacts with homology domain II, 
but not with homology domain I of HPH2. 
Also, homology domain II of HPH1 
interacts with both homology domains I 
and n of HPH2 (Fig. 9A). In contrast, 
BMI1 does not interact with individual 
homology domains I and II. For an 
interaction with BMI1, both intact 
homology domains I and II need to be 
present in the fusion protein (Fig. 9B). 

To quantify the strength of the 
interactions between the different portions 
of the HPH1 and HPH2 proteins, we pre
pared lysates of the transformants and 
measured the ß-galactosidase activity. The 
interaction between Xbmil and HPH2 (aa 
137 to 375), which was identified in our 
original two-hybrid screen (Fig. 1), was 

found to be the strongest. The relative 
strengths of the other interactions are given 
as percentage of the Xbmil-HPH2 (aa 137 
to 375) interaction (Table 1). The second 
strongest interaction was found between 
HPH1 (aa 722 to 1013) and HPH2 (aa 137 
to 432), in which both intact homology 
domains of HPH1 and HPH2 were present. 
When single homology domains were 
tested against each other, a decrease in the 
strength of the interactions was observed 
(Table 1). 

Taken together, these results 
demonstrate the importance of the 
homology domains in protein-protein 
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FIG. 9. Interactions between homology domains I 
and II (H-I and H-II, respectively) of HPH1 and 
HPH2. (A) Indicated portions of HPH1 were fused 
to the GAL4 DNA binding domain. These HPH1 
regions encompass homology domains I and II (aa 
722 to 1013), homology domain I (aa 722 to 780), 
and homology domain II (aa 925 to 1013) alone. 
The plasmids were cotransformed with the 
originally isolated HPH2 two-hybrid clone (aa 137 
to 432), which is fused to the GAL4 transactivation 
domain. Also, homology domain I (aa 104 to 190) 
and homology domain II (aa 328 to 432) of HPH2 
were tested against the indicated portions of HPH1. 
All interactions were positive ( 1 ), as judged by the 
ability of the transformants to grow on selective 
medium lacking histidine, and they were also ß-
galactosidase positive. (B) Full-length Xbmil (aa 1 
to 328), fused to the GAL4 DNA binding domain, 
was tested for interaction against indicated portions 
of HPH2, which are fused to the GAL4 
transactivation domain. The quantitative analysis of 
the interactions is represented in Table 1. 
Homology domain II has also been termed SPM 
(5). 
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interactions. They further suggest that 
HPH1 and HPH2 can heterodimerize in 
vivo through these homology domains. 

DISCUSSION 

Are HPH1, HPH2, and the PcG protein 
BMI1 part of a multimeric protein 
complex? It has been proposed that PcG 
proteins repress homeotic gene expression 
via the formation of multimeric complexes. 
This model is based on the observation that 
different PcG proteins bind in overlapping 
patterns to about 100 loci on polytene 
chromosomes in the Drosophila salivary 
gland (10, 13, 18, 25, 37). However, so far, 
only the PcG protein Polyhomeotic, but no 
other known proteins, has been shown to 
coimmunoprecipitate or cofractionate with 
Pc (13). 

Employing the genetic two-hybrid 
system, we identified a protein that 
specifically interacts with the vertebrate 

PcG protein BMI1. Based on the 
occurrence of two conserved homology 
domains that are shared with Ph and the 
vertebrate Rae28/Mphl protein, we name 
this protein HPH2 (see below). We also 
identified the human homolog of the 
protein expressed by the Rae28/Mphl 
gene, which we name HPH1. Our results 
indicate that mammals have at least two 
proteins that bear similarity to the 
Drosophila Ph protein. The homology 
domains appear to be involved in 
mediating interactions between HPH1 and 
HPH2 as well as between Xbmil and 
HPH2. We further show that HPH1 and 
HPH2 coimmunoprecipitate with BMI1 
and with each other, indicating an in vivo 
association between these proteins. This 
notion is further supported by our finding 
that HPH1, HPH2, and BMI1 cofractionate 
in a sucrose gradient. Furthermore, HPH1, 
HPH2, and BMI1 colocalize in interphase 
nuclei of two different human lines. 
Together, these data provide evidence for 

Table 1. ß-Galactosidase activities of Xbmil, HPH1, and HPH2 interactions in the two-hybrid 
system. 

DNA-binding 
domain fusion (aa) 

Activation domain Colony 
fusion (aa) color " 

% Relative ß-
jalactosidase activity 

HPH1 (722-1013) HPH2 (137-432) Blue 80 
HPH1 (722-780) HPH2 (137-432) Blue 20 
HPH1 (722-780) HPH2 (104-190) White <1 
HPH1 (722-780) HPH2 (328-432) Blue 20 
HPH1 (925-1013) HPH2 (137-432) Blue 55 
HPH1 (925-1013) HPH2 (104-190) Blue 30 
HPH1 (925-1013) HPH2 (328-432) Blue 30 

Xbmil (1-328) HPH2 (137-432) Blue 100b 

Xbmil (1-328) HPH2 (104-190) White <1 
Xbmil (1-328) HPH2 (328-432) White <1 
Xbmil (1-328) HPH2 (137-375) White <1 

" White colonies were obtained on medium lacking both histidine and 3-aminotriazole. Blue colonies were 
obtained on medium lacking histidine, but in the presence of 3-aminotriazole. 

The average ß-galactosidase activity in a triplicate experiment was 49 U. This activity was set at 100%. 
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an in vivo association and indicate that 
HPH1 and HPH2 are part of a human 
multimeric protein complex which also 
contains the vertebrate PcG protein BMI1. 
In summary, four different approaches, 
namely (i) the two-hybrid assay, (ii) 
coimmunoprecipitation experiments, (iii) 
cofractionation experiments, and (iv) 
immunocolocalization experiments, all 
indicate that HPH1, HPH2, and BMI1 are 
part of a common, multimeric protein 
complex. 

Are HPH1 and HPH2 homologs of the 
PcG protein Polyhomeotic? Two lines of 
evidence suggest that HPH1 and HPH2 are 
functional homologs of the Drosophila 
PcG protein Polyhomeotic (Ph). In the first 
place, based on four different approaches 
(see above) we find evidence for the notion 
that HPH1, HPH2, and BMI1 are part of a 
multimeric protein complex. BMI1 is a 
vertebrate PcG protein (3, 32, 33) and 
possibly a functional vertebrate homolog 
of the Drosophila PcG protein Posterior 
sex combs (6, 35). It is feasible that 
proteins that form a complex with PcG 
proteins are also PcG proteins. In the 
second place, the HPH1 and HPH2 
proteins share extensive sequence and 
overall structural homology with the 
Drosophila PcG protein Ph. Both HPH1 
and HPH2 share the conserved homology 
domains I and II with Ph. In addition, a 
particular Cys2-Cys2 zinc finger motif is 
conserved, both in terms of sequence 
homology and in terms of its position 
between the two homology domains. Also, 
a glutamine-rich region is located in HPH1 
in the same region of the protein as in Ph. 
In this context, a similar situation with the 
murine Pc homolog M33 is very relevant. 
M33 shares only the conserved 
chromodomain (52 aa long) and C 
terminus (17 aa long) with Pc (24), but it is 
still able to partly rescue the Drosophila Pc 
phenotype, when overexpressed in the Pc 
mutant (19). Although the homology is 

restricted to small regions and the overall 
composition of the protein, M33 can be 
considered to be a functional homolog of 
Pc. 

Both lines of evidence are 
supportive for the idea that HPH1 and 
HPH2 are human homologs of Ph. 
Although the sequence and structural 
homologies between Ph and Rae28 have 
been noted before (20), at that time it was 
unclear whether this implied that the 
Rae28 protein is a functional, mammalian 
homolog of the PcG protein Ph. We now 
show that the human Rae28 homolog, 
HPH1, as well as HPH2, interacts with and 
colocalizes with a noted member of the 
vertebrate PcG family, BMI1. We are, 
therefore, tempted to conclude that we 
have identified components of a human 
PcG protein complex. It will be of 
considerable interest to test whether loss-
of-function mutations of the mouse 
Rae28/Mphl gene and the murine homolog 
of HPH2 result in homeotic 
transformations. 

Possible functional significance of the 
existence of multiple HPH proteins. We 
have presented evidence that HPH1, 
HPH2, and BMI1 are part of a multimeric 
protein complex. Our data also indicate 
that homology domains I and II of HPH1 
and HPH2 are involved in mediating 
protein-protein interactions. These data 
suggest that HPH1 and HPH2 are able to 
form heterodimers through their respective 
homology domains I and II. This may 
imply that their function is exerted via 
heterodimerization and that the human 
multimeric PcG complex requires the 
presence of both HPH1 and HPH2. 

The occurrence of two proteins 
with homology to Ph may also point 
towards the interesting possibility of the 
existence of different mammalian 
multimeric PcG complexes. This idea is 
supported by the differential expression 
patterns of HPH], HPH2, and BMl (Fig. 
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3 and 4). HPH2, like BM1, is expressed 
ubiquitously in all tissues and cell lines 
tested, whereas HPH1 has a more limited 
expression pattern. Since we screened a 
peripheral blood leukocyte two-hybrid 
library, it is not amazing that we isolated 
HPH2 as a BMI1 binding protein. HPH2 is 
abundantly expressed in this tissue, and 
HPH1 is expressed only at a very low 
level. This might indicate that in 
leukocytes, HPH2 and BMI1 are 
components of the PcG complex and 
HPH1 is not. 

The idea that PcG complexes exist 
with different compositions is reinforced 
by the observation that the PcG protein Psc 
shares many, but not all binding sites with 
the PcG proteins Pc, Ph, and Pel on 
salivary gland polytene chromosomes (10, 
18, 25, 37). Distinct compositions of the 
PcG complexes could lead to specificity in 
the repression of different loci in different 
tissues. This provides flexibility, and it 
increases the possibilities of regulating a 
wide range of target genes with only a 
limited number of components. 
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RING1 Is Associated with the Polycomb Group Protein 
Complex and Acts as a Transcriptional Repressor 

The Polycomb (Pc) protein is a component of a multimeric, chromatin-associated Polycomb 
group (PcG) protein complex, which is involved in stable repression of gene activity. The 
identities of components of the PcG protein complex are largely unknown. In a two-hybrid 
screen with a vertebrate Pc homolog as a target, we identify the human RING1 protein as 
interacting with Pc. RING1 is a protein that contains the RING finger motif, a specific zinc-
binding domain, which is found in many regulatory proteins. So far, the function of the RING1 
protein has remained enigmatic. Here, we show that RING1 coimmunoprecipitates with a 
human Pc homolog, the vertebrate PcG protein BMI1, and HPH1, a human homolog of the PcG 
protein Polyhomeotic (Ph). Also, RING1 colocalizes with these vertebrate PcG proteins in 
nuclear domains of SW480 human colorectal adenocarcinoma and Saos-2 human osteosarcoma 
cells. Finally, we show that RING1, like Pc, is able to repress gene activity when targeted to a 
reporter gene. Our findings indicate that RING1 is associated with the human PcG protein 
complex and that RING 1. like PcG proteins, can act as a transcriptional repressor. 

The Drosophila Polycomb (Pc) gene is a 
member of the Polycomb group (PcG) 
gene family which is part of a cellular 
memory system responsible for the stable 
inheritance of gene activity. The PcG 
genes have been identified in Drosophila 
as repressors (18-20, 23, 30, 38, 39) of 
homeotic gene activity. An important clue 
as to the molecular mechanism underlying 
Pc action is the observation that the Pc 
protein has a domain homologous with the 
Drosophila heterochromatin-binding 

protein HP 1 (31, 33, 40). This domain has 
been designated the chromodomain. This 
discovery provides an important, direct 
link between regulation of gene activity 
and chromatin structure. It suggests that Pc 
and HP1 operate through common 
mechanisms, which may involve the 
formation of heterochromatin-like 
structures (29). The chromodomain has 
been found to be essential for binding of 
Pc to chromatin. When the chromodomain 
is either mutated or deleted, it no longer 
binds to chromatin (27). Also, a conserved 
domain located in the C terminus of the Pc 
protein (32) is crucial for Pc function. A 

mutant Pc gene lacking this COOH box is 
unable to repress gene activity (5, 28). 

The Pc protein binds to about 100 
loci on polytene chromosomes in 
Drosophila salivary gland cells (44). The 
PcG proteins Polyhomeotic (Ph), 
Polycomblike (Pel), and Posterior sex 
combs (Psc) share many, but not all, of 
these binding sites with Pc (10, 25, 34). 
This is consistent with the idea that PcG 
proteins act together in a multimeric 
complex. Direct evidence that supports this 
idea comes from immunoprecipitation (IP) 
experiments which showed that the PcG 
protein Ph coimmunoprecipitated with Pc 
(10). 

Considering the many novel 
features of regulation of gene activity by 
changes in chromatin structure, amazingly 
little is known about the molecular nature 
of chromatin structure. In particular, the 
composition of the chromatin-associated 
PcG complex is largely unknown. In order 
to characterize the molecular nature of the 
vertebrate PcG protein complex, we 
employed a genetic two-hybrid system (7, 
9, 16). We screened a human leukocyte 
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two-hybrid cDNA library for proteins that 
interact with a vertebrate homolog of Pc, 
Xenopus Pc (XPc) (35). Here, we report 
the identification of a previously 
characterized protein, RING1, that 
interacts with XPc. We show that PJNG1 
coimmunoprecipitates with a human Pc 
homolog, the vertebrate PcG protein BMI1 
(1, 2, 4, 17, 42, 43), and HPH1, a human 
homolog of the PcG protein Ph (3, 15). In 
addition, RING1 colocalizes with these 
three PcG proteins in nuclear domains of 
SW480 human colorectal adenocarcinoma 
and Saos-2 human osteosarcoma cells. PcG 
proteins have been found not to bind 
directly to DNA, but it has been shown that 
when they are targeted as LexA or GAL4 
fusion proteins, PcG proteins and HP1 can 
mediate transcriptional repression of 
reporter genes in mammalian cells and 
Drosophila embryos (5, 22, 28). Similarly, 
we find that when targeted to reporter 
genes, PJNG1 represses their activity. Our 
findings indicate that RING1 is associated 
with the human multimeric PcG protein 
complex and that RJNG1, like PcG 
proteins, can act as a repressor of gene 
activity. 

MATERIALS AND METHODS 

Yeast two-hybrid screen. The full-length coding 
region of XPc (35) was cloned into the pAS2 vector 
(7, 16) (Clontech, Palo Alto, Calif.) and used as a 
target to screen for interacting proteins in a two-
hybrid screen (9). The other RING1 and XPc 
hybrids were derived by PCR (Expand; Boehringer) 
and were sequenced entirely. The pAS2-XPc 
plasmid was cotransformed with a human leukocyte 
Matchmaker two-hybrid library (Clontech) into the 
Y190 strain of Saccharomyces cerevisiae. The 
transformants were plated on selective medium 
lacking leucine, tryptophan, and histidine but 
containing 30 mM 3-amino-l,2,4-triazole (3-AT) 
(7, 16). From approximately 1.6 x 106 independent 
clones, 125 growing colonies were obtained, of 
which 20 were ß-galactosidase positive. After DNA 
isolation and rescreening, two colonies remained 
histidine and ß-galactosidase positive. These clones 
were further characterized by sequencing and 

analyzed for gene homology by using the BLAST 
database. The transformants were plated on 
medium lacking leucine, tryptophan, and histidine, 
with or without 30 mM 3-AT. Cells with 
interactions that were scored as negative failed to 
grow in the presence of 30 mM 3-AT. Due to 
residual HIS3 promoter activity, however, they are 
able to grow on medium that does not contain 3-AT 
(7, 16). Under these nonselective conditions, cells 
with negative interactions were ß-galactosidase 
negative, and the colony color was indicated as 
white (see Table 1). Positive interactions meet the 
two criteria of growth in the presence of 30 mM 3-
AT and ß-galactosidase positivity. To quantitate the 
ß-galactosidase activity, cultures of 2.5 ml were 
grown to an optical density at 600 nm of 1.0 to 1.2 
in medium lacking leucine, tryptophan, and 
histidine. No 3-AT was added in the case of 
negative interactors to allow them to grow. The 
cells were permeabilized, and ß-galactosidase 
activity was measured as described elsewhere (16; 
technical instructions of Clontech). Measurements 
were performed in triplicate, starting with three 
independent colonies. 

Production of polyclonal rabbit and chicken 
antibodies. Fusion proteins were made with the C-
terminal region of RING!, which was recovered 
from the two-hybrid screen (amino acids [aa] 214 to 
375), hPc2 (aa 60 to 558), BMI1 (the entire coding 
region), and HPH1 (aa 165 to 700) (15). cDNAs 
were cloned into pET-23 expression vectors 
(Novagen, Madison, Wis.). Fusion proteins were 
produced in Escherichia coli BL21(DE), and the 
purified fusion proteins were injected into a rabbit 
(RING1, HPH1, hPc2 and BMI1) or a chicken 
(hPc2 and BMI1). Serum was affinity purified over 
an antigen-coupled CNBr-Sepharose column 
(Pharmacia, Uppsala, Sweden). 

IPs and Western blotting (immunoblotting). 
SW480 human colorectal adenocarcinoma cells, 
which were grown to confluence, were lysed in 
ELB lysis buffer (250 mM NaCl, 0.1% Nonidet P-
40, 50 mM HEPES [pH 7.0], 5 mM EDTA) 
containing 0.5 mM dithiothreitol, 1 mM 
phenylmethylsulfonyl fluoride, and protease 
inhibitors, including leupeptin, benzamidine, 
pepstatin, and aprotinin. The cell lysate was 
sonicated three times with bursts of 15 s. The lysate 
was centrifuged at 14,000 x g at 4°C for 10 min, 
and the supernatant (500 ul) was aliquoted and 
stored at -70°C. A 25-ul volume of the supernatant 
was subsequently incubated with the antibodies 
indicated below for 2 h at 4°C. Two hours of 
incubation gave better results than incubation for 4 
h to overnight (15), since we noted that longer 
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incubation times resulted in considerable 
breakdown of the antigens (data not shown). Goat 
anti-rabbit or goat anti-chicken immunoglobulin G 
(IgG) antibodies (Jackson ImmunoResearch 
Laboratories) were added to the mixture, and the 
mixture was incubated for 1 h at 4°C. Protein A-
Sepharose CL-4B (Pharmacia) and ELB buffer 
were added to increase the volume of the mixture to 
300 ul. The mixture was incubated for 1 h at 4°C, 
with continuous mixing. The mixture was 
centrifuged at 1,500 x g at 4°C for 1 min, washed 
with 1 ml of ice-cold ELB buffer without protease 
inhibitors, and centrifuged at 1,500 x g at 4°C for 1 
min. This washing procedure was repeated five 
times. After heating and centrifugation to remove 
the protein A-Sepharose beads, the proteins were 
separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred 
to nitrocellulose. The blots were probed with a 
1:1,000 to 1:5,000 dilution of affinity-purified 
RING1, hPc2, BMI1, and HPH1 antibodies. When 
the IP was performed with rabbit antibodies, the 
blot was incubated with chicken antibodies to 
prevent detection of the heavy chains (Fc) of the IP 
antibodies that remain present in the blotted 
immunoprecipitates. Vice versa, when chicken 
antibodies were used in the IP, the blots were 
incubated with rabbit antibodies. The secondary 
alkaline phosphatase-conjugated goat anti-rabbit or 
donkey anti-chicken IgG (heavy plus light chain) 
antibodies (Jackson) were diluted 1:10,000, and 
nitroblue tetrazolium-5-bromo-4-chloro-3-indolyl-
phosphate toluidinium (NBT-BCIP) (Boehringer) 
was used as a substrate for detection. We titrated 
the amount of the PJNG1, hPc2, BMI1, or HPH1 
antibodies that was required to achieve optimal 
recovery of the antigen from the lysates. By 
optimizing the time of incubation and the amount of 
antibody, the majority of the RING1, hPc2, BMI1, 
or HPH1 proteins were immunoprecipitated or 
coimmunoprecipitated, indicating that the proteins 
indeed coimmunoprecipitated. Only residual 
amounts of PJNG1, hPc2, BMI1, or HPH1 protein 
were detected in the supernatants after IP (data not 
shown). 

Immunofluorescence labelling of tissue culture 
cells. SW480 and Saos-2 cells were cultured and 
labelled as described recently (15, 37). The 
labelling has been analyzed by confocal laser 
scanning microscopy, of which single optical 
sections are shown below (see Fig. 4 through 6). 
The first two pictures of each row represent the two 
different scanned channels for imaging the double 
labelling, whereas the last picture represents the 
reconstituted image. For labelling, donkey anti-
rabbit IgG coupled to Cy3 (Jackson 

ImmunoResearch Laboratories) and donkey anti-
chicken or anti-mouse IgG-coupled 5-([4,6-di-
chlorotriazin-2-yl] amino) fluorescein (DTAF; 
Jackson) were used. 

LexA fusion reporter gene-targeted repression 
assay. A LexA fusion reporter gene-targeted 
repression assay was performed as described 
previously (5). NIH 3T3 or PI9 embryonic 
carcinoma (EC) cells were cultured in a 25-cm 
flask and cotransfected with 4 ug of the HEB 
expression vector, 2 ug of the HEB- or heat shock 
factor (HSF)-inducible chloramphenicol acetyl-
transferase (CAT) reporter plasmid (5), 4 ug of the 
LexA fusion constructs, and 2 ug of the pSV/ß-Gal 
construct (Promega) by the calcium phosphate 
precipitation method. The HSF-inducible CAT 
reporter plasmid was activated by exposure of the 
cells at 43°C for 1 h followed by a 6-h recovery at 
37°C, as described previously (5). CAT activity 
(14) was normalized to ß-galactosidase activity. 
The absolute values of CAT activity varied between 
independent experiments. The CAT activity in cells 
transfected with the CAT reporter plasmid only was 
therefore set at 100%, and CAT activities in cells 
which were cotransfected with other plasmids were 
expressed as percentages of this control value. The 
degrees of repression by LexA-RING 1 or LexA-
XPc are expressed as means 6 standard errors of the 
means (SEM). 

Nucleotide sequence accession number. The 
hPC2 sequence has been deposited with GenBank 
under accession no. U94344. 

RESULTS 

Identification of interactions between 
RING1 and XPc or hPc2 in the two-
hybrid system. To identify genes 
encoding proteins that interact with or are 
part of the PcG multimeric protein 
complex, we performed a genetic two-
hybrid screen (7, 9, 16). As a target 
protein, we chose the highly conserved 
Xenopus homolog of the PcG protein Pc 
(35). We screened a human two-hybrid 
cDNA library. The full-length coding 
region of XPc (35) was cloned into pAS2 
vector (7, 16). The pAS2-A7>c plasmid was 
cotransformed with a human leukocyte 
Matchmaker two-hybrid library (Clontech) 
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into the yeast Y190 strain. The 
transformants were plated on selective 
medium lacking histidine, tryptophan, and 
leucine (7, 16). Of approximately 1.6 x 106 

independent clones, 125 colonies were 
His+, of which 20 were also ß-
galactosidase positive. After DNA 
isolation and retransformation, two 
colonies remained His+ and ß-
galactosidase positive. These clones did 
not grow on His" plates when 
cotransformed with either the empty pAS2 
vector or fusion proteins unrelated to the 
target protein. 

The two isolated clones were 
identical. They were 0.9 kb in length and 
are identical with the human RING1 gene 
(11, 26). The fusion of the GAL4 
activation domain began at aa 214 of the 
RING1 protein and ended 400 bp after the 
stop codon. To determine which regions of 
RING1 are involved in the XPc-RTNGl 
protein-protein interaction, different 
RTNG1 hybrids were constructed and 
tested in the two-hybrid system. Only the 
C-terminal portion of the RJNG1 protein 
(aa 214 to 377) interacted with XPc (Fig. 
1A). The N-terminal region of RING 1 (aa 
1 to 234), containing the RING finger 
motif, did not interact with XPc (Fig. 1 A). 

We further determined which 
regions of XPc are involved in the XPc-
RTNGl protein-protein interaction. RTNGl 
interacted with the small, conserved C-
terminal COOH box (aa 462 to 521), 
which is important for the ability of Pc to 
repress gene activity (5, 28). In contrast, 
RTNGl did not interact with the N-terminal 
domain, containing the conserved 
chromodomain (aa 1 to 203) (Fig. IB). 

To quantify the strengths of the 
interactions between the different portions 
of the RTNGl and XPc proteins, we 
prepared lysates of the transformants and 
measured the ß-galactosidase activity. The 
interaction between full-length XPc (aa 1 
to 521) and full-length RTNGl (aa 1 to 
377) was found to be the strongest. The 
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FIG. 1. RING 1 and XPc interact in the yeast two-
hybrid system. (A) Various regions of RING 1 fused 
to the GAL4 activation domain were tested against 
full-length XPc, fused to the GAL4 DNA-binding 
domain. The interaction is considered positive (+) 
when both the His3 (growth) and the LacZ (blue 
coloring) reporter genes are activated. Absence of 
detectable color or cell growth is considered 
negative (-). The C-terminal domain of RING 1 (aa 
214 to 377) was recovered from the two-hybrid 
screen. The domain which contains the RING finger 
(aa 1 to 234) does not interact with XPc. (B) 
Various regions of XPc fused to the GAL4 DNA-
binding domain were tested against full-length 
RING1 fused to the GAL4 activation domain. 
RTNGl interacts with the C-terminal region of XPc 
(aa 193 to 521 and 462 to 521) and not with the 
region that contains the chromodomain (aa 1 to 
203). 

relative strengths of the other interactions 
are given as percentages of this interaction 
(Table 1). The interactions between XPc 
(aa 193 to 521) or XPc (aa 462 to 521) and 
full-length RTNGl (aa 1 to 377) were both 
about 90% of the interaction between full-
length XPc and full-length RTNGl. The 
interaction which was identified in our 
original two-hybrid screen, between XPc 
(aa 1 to 521) and RTNGl (aa 214 to 377), 
was about 60% of the maximum strength 
(Table 1). 

The original two-hybrid screen was 
performed with XPc. Recently, we isolated 
a novel human Pc homolog, hPc2 (Satijn 
and Otte, unpublished results). hPc2 shows 
an overall identity of 70% at the protein 
level with XPc. In contrast, the overall 
identity between hPc2 and the mouse Pc 
homolog, M33, is a mere 24%. Also in the 
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Table 1. ß-Galactosidase activities of XPc, hPc2, and RING1 interactions in the two-hybrid 
system. 

DNA-binding domain Activation domain Colony % Relative ß-
fusion protein (aa) fusion protein (aa) color a galactosidase activity 

XPc (1-521) PJNG1 (1-377) Blue 100b 

XPc (1-377) RING1 (1-234) White <1 
XPc (1-377) RING1 (214-377) Blue 59 
XPc (1-377) pGADIO White <1 

XPc (1-203) PvINGl (1-377) White <1 
XPc (193-521) PJNG1 (1-377) Blue 95 
XPc (462-521) RTNG1 (1-377) Blue 91 
pAS2 PJNG1 (1-377) White <1 

hPc2 (1-558) PJNG1 (1-377) Blue 110 
hPc2 (1-558) RING1 (1-234) White <1 
hPc2 (1-558) PJNG1 (214-377) Blue 65 

" White colonies were obtained on medium lacking both histidine and 3-AT. Blue colonies were obtained on 
medium lacking histidine but containing 3-AT. 
4 The average ß-galactosidase activity in a triplicate experiment was 35 U. This activity was set at 100%. 

C-terminal region, which we found to 
interact with PvINGl, the identity between 
XPc and hPc2 is almost 70% (Fig. 2). hPc2 
is a human Pc homolog different from a 
previously described, partially 
characterized human Pc homolog, CBX2, 
or hPcl (13). Homology between CBX2 
and our novel human Pc protein is 
restricted to the highly conserved COOH 
box (Fig. 2). In contrast, hPcl shows 86% 
identity and 100% similarity at the protein 
level with the mouse Pc homolog, M33 
(Fig. 2). We conclude that there are at least 
two human Pc homologs. The hPc2 protein 
is highly homologous to the XPc protein, 

whereas the other human Pc homolog, 
CBX2, or hPcl, is more homologous to the 
murine Pc homolog M33. 

We tested whether full-length 
RING1 and the C-terminal region of 
RING1 also interacted with hPc2. Both 
interactions were positive, and the strength 
of the interaction between full-length hPc2 
(aa 1 to 558) and PJNG1 (1 to 377) is 
slightly stronger than the interaction 
between full-length XPc and full-length 
PJNG1 (Table 1). Like with XPc, the full-
length hPc2 does not interact with the N-
terminal domain of RING1 (aa 1 to 234) 
which contains the RING finger motif but 

X»nopti» Pc LOePOIILLÛSDLOIPIOLRCVKSRCBSDÇVDKPIOVrrWfPQSVDVuV- dSQPKPrrcdivl-rovTJUfCLTVTrwtïiTV 
i . . t . . t t t t t i t i t t t i i i t l t l . t . t t i t t t i i . I K i M f t t t i t i r t i . i t 

i Pc3 U«GPtVIU^SDiI>lPIDIJtSVR3P3EACE?P3SI*r^PKTPA31WvAVAAAAAPrrrAEKPPAEAQDEPAESI^^ 

LPIKSACEIMSSDSDPDSASPPSTGQltPSVSVOTSODWKPTRS  

3VAASGQÇECKTAPCICPKPPW.SBLST«BBJtSSSD»0PO3TSLPSAA<ÏHLiVMQTS0D*rKPTB5  

LÏEHVrVIOVTAJttïTVTVXaSPTSVCPPttLRKÏ 

LIEttvrVTOVTAta.ITVTVKASPTSVGPPBI.RHY 

FIG. 2. Partial sequence of the hPc2 protein. The predicted amino acid sequence of hPc2 is aligned with the XPc, 
human Pel (CBX2), and M33 protein sequences. The region corresponds to the partially characterized and 
published sequence of CBX2 (hPcl). Identical amino acids (double dots), conservative substitutions (single 
dots), and the conserved COOH box (shaded region) are indicated. 
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A interacts only with the C-terminal domain 

* jf <^J> of R™ 0 1 (aa 214 t0 3 7 7 ) (Table *)• W e 

~y* ^ ^ y conclude that by using a vertebrate 
82- homolog of Pc, XPc, as a target protein in 

the two-hybrid system, we identified the 
49- ~~* - R , N G 1 RINGl protein as interacting with both 

XPc and a human Pc homolog, hPc2. 
33-

RING1, hPc2, BMI1, and HPH1 
<j coimmunoprecipitate from extracts of 

B * J^ ^ "^ •£* SW480 cells. In order to test whether the 
s5» ^F # # ^ interaction between PJNGl and hPc2 in 

the two-hybrid assay signifies an in vivo 
gj. hPc2 interaction, we performed IP experiments. 

We used extracts from SW480 human 
colorectal adenocarcinoma cells in which 
PcG proteins are expressed at a high level 
(15). With these extracts we found that the 

«! N$ $ N« vertebrate PcG protein BMI1 (1,2, 42, 43) 
^ ^ >#*N a n d H P H 1 a n d HPH2, human homologs of 

the PcG protein Ph, coimmunoprecipitate 
(15). We used polyclonal rabbit and/or 
chicken antibodies against RINGl and 

mm tam as* **» - BMI1 hPc2. We further used antibodies against 
BMI1 and HPH1 to test whether PJNGl 
also coimmunoprecipitates with these other 
vertebrate PcG proteins. We found that 

.$ N^ ,$ ^ PJNGl (Fig. 3A, Input lane) was present in 
xc^ •$•* <^ - ^ <^ the immunoprecipitates with hPc2 and 

BMI1 antibodies (Fig. 3A, hPc2 IP and 

49-

y^ 
82-

49-

33-

205- BMI1 IP lanes, respectively). We also tried 
to immunoprecipitate PJNGl by using 
HPH1 antibodies. Since both PJNGl and 
HPH1 antibodies are rabbit derived, the 

116- — -HPH1 
86-

66-

FIG. 3. RINGl, hPc2, BMI1, and HPH1 coimmunoprecipitate from extracts of SW480 cells. IP experiments 
were performed with extracts of SW480 human colorectal adenocarcinoma cells. (A) IP was performed with 
polyclonal chicken antibody against hPc (hPc2 IP) or BMI1 (BMI1 IP) or preimmune serum (Mock IP). The 
resulting immunoprecipitates were Western blotted and incubated with rabbit anti-RINGl antibody. The 
approximately 54-kDa RINGl protein was detected in the SW480 cell extract (Input) and in the 
immunoprecipitates. (B) IP was performed with polyclonal rabbit antibody against RINGl (RINGl IP), BMI1 
(BMI1 IP), or HPH1 (HPH1 IP) or preimmune serum (Mock IP). The resulting immunoprecipitates were 
Western blotted and incubated with chicken anti-hPc2 antibody. The approximately 82-kDa hPc2 protein was 
detected in the SW480 cell extract (Input) and in the immunoprecipitates. (C) IP was performed with polyclonal 
rabbit antibody against RINGl (RINGl IP), hPc2 (hPc2 IP), or HPH1 (HPH1 IP) or preimmune serum (Mock 
IP). The resulting immunoprecipitates were Western blotted and incubated with chicken anti-BMIl antibody. 
The approximately 44- to 47-kDa BMI1 protein was detected in the SW480 cell extract (Input) and in the 
immunoprecipitates. (D) IP was performed with polyclonal rabbit antibody against RINGl (RINGl IP), hPc2 
(hPc2 IP), or BMIl (BMI1 IP) or preimmune serum (Mock IP). The resulting immunoprecipitates were Western 
blotted and incubated with rabbit anti-HPHl antibody. The approximately 120- to 124-kDa HPH1 protein (15) 
was detected in the SW480 cell extract (Input) and in the immunoprecipitates. Molecular masses (in kilodaltons) 
are indicated on the left. 
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heavy chains (Fc) (-50 kDa) of the rabbit 
anti-HPHl antibodies are detected by the 
goat anti-rabbit alkaline phosphatase-
conjugated antibody. Unfortunately, the 
54-kDa RING1 molecule migrates at the 
same position as these Fc fragments, thus 
preventing detection of RING1 in 
immunoprecipitates with the HPH1 
antibodies. 

Using chicken antibodies to detect 
hPc2, we found that hPc2 (Fig. 3B, Input 
lane) coimmunoprecipitates when rabbit 
anti-bodies against RTNG1, BMI1, or 
HPH1 are used for IP (Fig. 3B). 
Furthermore, using chicken antibodies 
against BMI1, we found that BMI1 (Fig. 
3C, Input lane) coimmunoprecipitates with 
RING1, hPc2, and HPH1 (Fig. 3C). 
Finally, HPH1 (Fig. 3D, Input lane) 
coimmunoprecipitates with RING1, hPc2, 
and BMI1 (Fig. 3D). None of the antigens 
being investigated were detected when the 
specific IP antibodies were replaced by 
preimmune sera (Fig. 3, Mock IP lanes) or 
unrelated antibodies or when the first 
antibody was merely omitted from the IPs 
(data not shown). This underlines the 
specificity of the IPs. 

In conclusion, using specific 
antibodies, we show that PJNG1, hPc2, 
BMI1, and HPH1 coimmunoprecipitate 
from extracts of SW480 human colorectal 
adenocarcinoma cells. This indicates an in 
vivo association between RING1 and the 
PcG proteins hPc2, BMI1, and HPH1. 

RING1, hPc2, BMI1, and HPH1 
colocalize in nuclei of human SW480 
and Saos-2 cells. We next analyzed the 
subcellular localization of RING1 in 
relation to that of the PcG proteins hPc2, 
BMI1, and HPH1 by performing 
immunofluorescence labelling experi
ments. We used SW480 cells, in which we 
found that PJNG1, hPc2, BMI1, and HPH1 
coimmunoprecipitate (Fig. 3). The use of 
rabbit anti-RJNGl and chicken anti-hPc2 
and anti-BMIl antibodies allowed double-

labelling experiments. Both the PJNG1 
and hPc2 proteins were found in the nuclei 
of SW480 cells, throughout the 
nucleoplasm. They completely colocalize 
in large, brightly labelled domains (Fig. 4A 
to C). Colocalization is not obvious for the 
more homogeneous distribution pattern. 
The fine granular pattern is too complex to 
allow analysis of any systematic 
colocalization. RING1 and BMI1 also 
colocalize in the same brightly labelled 
domains (Fig. 4D to F). Furthermore, hPc2 
and BMI1 colocalize in the large domains 
(Fig. 4G to I), which is in agreement with 
our earlier finding that the XPc and Xbmil 
proteins interact with each other in vitro 
(35). Finally, hPc2 and HPH1 colocalize in 
the same brightly labelled domains (Fig. 4J 
to L). Also, the related human homolog of 
Ph HPH2 (15) colocalizes with hPc2 in 
these domains (data not shown). PJNG1 
colocalizes with hPc2 and BMI1 (Fig. 4A 
to F). HPH1 colocalizes with hPc2 (Fig. 4J 
to K) and with BMI1 (15) in the large 
domains. This implies that RING1 and 
HPH1 colocalize in these domains, 
although we could not directly test this, 
due to the fact that both the RING1 and 
HPH1 antibodies are rabbit derived. We 
next analyzed the subcellular localization 
of RING1 in relation to that of hPc2 and 
BMI1 in Saos-2 human osteosarcoma cells. 
We found that RTNG1, hPc2, and BMI1 
are expressed at a high level in these cells 
(Satijn and Otte, unpublished results). As 
for SW480 cells, we found colocalization 
of PJNG1 and hPc2 in large, brightly 
labelled domains (Fig. 5A to C). RING1 
and BMI1 also colocalize in the same 
brightly labelled domains (Fig. 5D to F). 
These results demonstrate that the 
colocalization of RING 1 with PcG proteins 
hPc2 and BMI1 is not restricted to one cell 
type. 

The labelling pattern of the large 
PcG domains in SW480 cells is 
reminiscent of the distribution of the PML 
protein (21). The PML protein is a RING 
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FIG. 4. RING1 colocalizes with PcG proteins in nuclear domains of SW480 cells. Rabbit anti-RTNGl (A) and 
chicken anti-hPc2 (B) double labelling demonstrates that RING1 and hPc2 are homogeneously distributed in the 
nucleus but are also concentrated in large, brightly labelled domains. RING1 and hPc2 colocalize in these large 
domains (C) (yellow). Rabbit anti-RINGl (D) and chicken anti-BMIl (E) double labelling demonstrates that the 
staining patterns of RING1 and BMI1 are very similar, again with a homogeneous staining throughout the 
nucleus and bright labelling in numerous large domains. RTNG1 and BMI1 are found to colocalize in the large, 
bright domains (F). Chicken anti-hPc2 (G) and rabbit anti-BMIl (H) double labelling demonstrates 
colocalization of hPc2 and BMI1 in the large, bright domains (I). Chicken anti-hPc2 (J) and rabbit anti-HPHl 
(K) double labelling demonstrates colocalization of hPc2 and HPH1 in the large, bright domains (L). 
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finger-containing protein with growth 
suppressor properties (24) and which is 
disturbed in acute promyelocytic leukemia 
(8). The PML protein is concentrated in 10 
to 20 nuclear bodies per nucleus (21). 
Double-labelling experiments utilizing 
rabbit anti-RTNGl and mouse anti-PML 
antibody 5E10 (41) showed two distinct 
labelling patterns (Fig. 6A to C). The 
RING1 and PML proteins apparently do 
not colocalize despite the presence of the 
RING finger motif in both proteins. We 
also tested the possibility that the PcG 
domains colocalize with other, well-
characterized nuclear domains. Distinct, 
speckled nuclear domains highly enriched 
in splicing factors were detected when a 
mouse monoclonal antibody against the 
SC35 splicing factor was used (12). The 
PJNG1 protein (Fig. 6D) and the speckles, 

recognized by the anti-SC35 antibody (Fig. 
6E), do not colocalize (Fig. 6F). Finally, 
we compared the distribution patterns of 
RINGl (Fig. 6G) with that of kinetochores, 
which are centromere-associated protein 
structures. Kinetochores are recognized by 
the human autoimmune serum H33 (Fig. 
6H) (41). Although some brightly labelled 
domains appear to be in close contact, the 
majority clearly do not colocalize (Fig. 61). 
The results underline the specificity of the 
domains in which PJNGl and PcG 
proteins colocalize. 

We conclude that RINGl 
colocalizes with the vertebrate PcG 
proteins hPc2, BMI1, and FTPH1 in large 
nuclear domains of SW480 human 
colorectal adenocarcinoma cells and Saos-
2 human osteosarcoma cells. These results 
further underline the identified two-hybrid 

FIG. 5. RINGl colocalizes with PcG proteins in nuclear domains of Saos-2 cells. Rabbit anti-RTNGl (A) and 
chicken anti-hPc2 (B) double labelling demonstrates that, as in SW480 cells (Fig. 4), RINGl and hPc2 
colocalize in large, brightly labelled domains (C). With rabbit anti-RINGl (D) and chicken anti-BMIl (E), 
similar distribution patterns and colocalizations (F) were observed. 
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FIG. 6. RING I does not colocalize with well-characterized nuclear factors. Double labelling of SW480 cells with 
rabbit anti-RINGl (A) and mouse anti-PML (B) shows that the distribution patterns of RING 1 and PML bodies 
are distinct and no colocalization is detected (C). RING 1 (D) also does not colocalize with speckles (E), nuclear 
domains which are highly enriched in splicing factors. Speckles are detected with a mouse monoclonal antibody 
against the SC35 splicing factor (E and F). The distribution pattern of RING1 (G) also differs from that of 
kinetochores (H), which are centromere-associated protein structures. Kinetochores are recognized by the human 
autoimmune serum H33 (H). Although some domains appear to be in close contact, the majority clearly do not 
colocalize (I). 

interaction between RING1 and XPc or 
hPc2. They strengthen the notion that 
PJNG1, hPc2, BMI1, and HPH1 are part of 
one multimeric protein complex. 

RING1 represses HEB- and HSF-
induced CAT gene activity. The PcG 
complex proteins are known to be involved 
in repressing homeotic gene activity in 
Drosophila (23, 30). So far, no PcG 
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protein has been found to bind directly to 
DNA (20, 30, 39). To investigate the 
ability of PcG proteins to repress gene 
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FIG. 7. RING1 represses HEB- and HSF-induced 
CAT gene activity, (a) Repression of activation by 
cotransfected HEB. CAT reporter expression is 
maximally induced by HEB in the absence of any 
LexA fusion protein (control). Cotransfection of 
LexA alone has hardly any influence on HEB-
induced CAT expression, which is still about 97% 
of the total (LexA). Cotransfection of either LexA-
RING1 or LexA-XPc represses CAT activity by 
three- or fourfold, respectively, (b) Repression of 
activation by endogenous HSF. Cotransfection of 
either LexA-RINGl or LexA-XPc represses CAT 
activity by three- or fivefold, respectively. The 
overall repression by the LexA fusion constructs is 
a bit higher when the HSF-inducible CAT 
expression vector is used. Visualization of CAT 
activity by means of thin-layer chromatography of 
a representative experiment is shown. The CAT 
activity in cells transfected with the CAT reporter 
plasmid only was set at 100%, and CAT activities 
in cells which were cotransfected with other 
Plasmids were expressed as percentages of this 
control value. The bars represent the average 
degree of repression by LexA-RINGl or LexA-
XPc in seven (a) or five (b) independent 
experiments (means ± SEM). The actual values are 
indicated in the text. 

activity, they have been targeted to reporter 
genes as LexA or GAL4 fusion proteins. In 
this manner, it has been shown that PcG 
proteins, as well as the chromodomain-
containing heterochromatin-binding pro
tein HP1, can mediate transcriptional 
silencing of reporter genes in mammalian 
cells and Drosophila embryos (5, 22, 28). 
Since PJNG1 interacts with and 
colocalizes with the vertebrate PcG 
proteins hPc2 and BMI1, we tested the 
possibility that RTNG1 also functions as a 
repressor when targeted to a promoter. We 
analyzed the abilities of LexA-RINGl and 
LexA-XPc fusion proteins to repress gene 
activity, using different CAT reporter 
constructs, as described previously (5). 

NIH 3T3 or P19 EC cells were 
transfected with a construct containing a 
tandem of four LexA operators, binding 
sites for transcriptional activators (HEB or 
HSF), and the hsp70 TATA promoter 
region, immediately upstream of the CAT 
reporter gene (5). As transcriptional 
activators, plasmids encoding HEB or the 
endogenous HSF were employed. In the 
absence of HEB or HSF, no CAT activity 
was observed (data not shown). Maximum 
CAT activity in the presence of HEB or 
HSF was set at 100% (control; Fig. 7). 
Cotransfection of LexA alone had no 
significant influence on HEB-induced (Fig. 
7a; 96% ± 8% [mean ± SEM; n = 7]) or 
HSF-induced (Fig. 7b; 97% ± 7% [mean ± 
SEM; n = 5]) CAT activity. We found that 
LexA-RINGl repressed CAT expression to 
approximately 30%, with both HEB (Fig. 
7a; 30% ± 7% [mean ± SEM; n = 7]) and 
HSF (Fig. 7b; 33% ± 10% [mean ± SEM; n 
= 5]). LexA-XPc repressed CAT expres
sion to approximately 20%, with both HEB 
(Fig. 7a; 25% ± 8% [mean ± SEM; n = 7]) 
and HSF (Fig. 7b; 19% ± 9% [mean ± 
SEM; n = 5]). The degree of repression we 
observe for RING 1 and XPc is very similar 
to the previously reported repression to 
about 20% by Drosophila Pc when 
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targeted to a reporter gene in both 
mammalian and Drosophila cell lines (5, 6, 
22). Also, targeting to a reporter gene of 
HP1 leads to a three- to fourfold decrease 
in the transcriptional activity of the 
reporter gene (reference 22 and data not 
shown). 

The interaction between RING1 
and PcG proteins suggests that they might 
also collaborate in repressing gene activity. 
To test this, we cotransfected LexA-
RING1 with hPc2. Vice versa, we 
cotransfected LexA-hPc2 (instead of 
LexA-XPc) with RING1. PJNGl and hPc2 
were cloned into the pcDNA3 vector 
(Invitrogen, San Diego, Calif), in which 
the cDNAs are under control of the 
enhancer from the immediate early gene of 
human cytomegalovirus for high-level 
transcription. Four micrograms of these 
Plasmids was cotransfected with various 
amounts of LexA-RTNGl or LexA-hPc2 as 
indicated in Fig. 8. Repression of HSF-
induced CAT expression was found to 
increase with the amount of plasmid 

I h ft 
LexA-HINGl (tig) 
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LexA-hPc2 !fig) 

FIG. 8. RING1 and hPc2 collaborate in repression 
of HSF-induced CAT gene activity. The indicated 
amounts of LexA-RTNGl (A) or LexA-hPc2 (B) 
were cotransfected with 4 ug of hPc2 (A) or with 4 
fig of RING 1 (B). Repression of HSF-induced CAT 
expression with (+) or without (-) hPc2 or RING1 is 
indicated. As in Fig. 7, CAT activity in cells 
transfected with the CAT reporter plasmid only was 
set at 100%, and CAT activities in cells which were 
cotransfected with other plasmids were expressed 
as percentages of this control value. The bars 
represent the average degree of repression by 
LexA-RINGl or LexA-hPc2 in three independent 
experiments (means ± SEM). 

encoding the LexA fusion protein (Fig. 8). 
Transfection of still larger amounts of 
LexA fusion proteins did not result in 
higher levels of repression (data not 
shown). It is also significant that the 
degrees of repression we observed for 
LexA-hPc2 and LexA-XPc are very similar 
(compare Fig. 7 and 8). We also found that 
cotransfection of the hPc2 (Fig. 8A) or 
PvTNGl (Fig. 8B) protein enhanced the 
repression of CAT expression by LexA-
PJNG1 and LexA-hPc2, respectively. The 
maximum effect was observed with the 
smallest amount of LexA fusion proteins 
(0.5 ug). hPc2 was able to enhance LexA-
PJNG1 -mediated repression of CAT 
expression most efficiently (Fig. 8A). 
Taking these results together, we conclude 
that PJNGl, like PcG proteins, is able to 
repress gene activity when targeted to a 
reporter gene. 

DISCUSSION 

RING1 is associated with a human PcG 
complex. PcG proteins are involved in the 
stable repression of gene activity during 
embryonic development. It has been 
proposed that PcG proteins form 
multimeric complexes that bind to 
chromatin. This idea is based on the 
observations that different PcG proteins 
bind in overlapping patterns to about 100 
loci on polytene chromosomes in 
Drosophila salivary gland cells (34, 44) 
and that the Drosophila PcG proteins Pc 
and Ph coimmunoprecipitate (10). 
Employing the two-hybrid system, we 
have now identified a protein, RING1, that 
specifically interacts with vertebrate 
homologs of Drosophila Pc, XPc and 
hPc2. Our data further indicate an in vivo 
association between PJNGl, hPc2, BMI1, 
and HPH1. PJNGl coimmunoprecipitates 
with hPc2, BMI1, and HPH1, and these 
proteins colocalize in nuclear domains in 
human SW480 and Saos-2 cells. Our 
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present data extend our previous finding 
that BMI1, and HPH1 and HPH2, two 
human homologs of the PcG protein Ph, 
are part of a human PcG protein complex 
(15). Together, our data indicate that 
RING1, hPc2, BMI1, HPH1, and HPH2 
are part of a human PcG protein complex. 

Functional significance of the 
interaction between RING1 and PcG 
proteins. The RING1 gene was isolated 
and characterized several years ago. As 
yet, no function has been assigned to the 
RING1 protein (11, 26). The significance 
of RJNG1 is based on the presence of the 
RING finger, a particular zinc finger motif 
(36). The RING finger has been found in a 
wide variety of proteins, such as BMI1 and 
PML, the former being a PcG protein. Our 
results show that the interaction between 
RING1 and XPc does not involve the 
RING finger motif. However, this does not 
exclude the possibility that RTNG1 is 
associated with other proteins through the 
RING finger. Our data therefore indicate 
the existence of at least two functional 
domains in RTNG1, i.e., the RING finger 
motif and the C-terminal domain that is 
involved in the interaction with Pc. 

This study identifies, for the first 
time, interactions between RING1 and 
proteins with a known function. This 
finding potentially categorizes RING1 as a 
PcG protein (see below). This idea is 
reinforced by our observation that RING1 
can act as a transcriptional repressor, 
indicating that RTNG1 is involved in 
transcriptional regulation. Transcriptional 
silencing by LexA-RTNGl is enhanced by 
hPc2, and vice versa. Furthermore, it is 
important that the degrees of repression by 
RTNG1 and XPc or hPc2 in the transient-
targeting assay are similar. In this context, 
it may also be important that RING1 
specifically interacts with the small, highly 
conserved domain in the C termini of Pc 
proteins (32). When this domain is deleted, 
the Pc protein loses its ability to repress 

gene activity (5, 28). The interaction of 
PJNG1 with specifically this C-terminal 
domain suggests that the involvement of 
this domain in transcriptional repression 
depends on or is in part mediated by its 
binding to RING 1. 

In conclusion, the association of 
RTNG1 with the PcG complex and its 
ability to repress gene activity suggest that 
PJNG1 is involved in the PcG-mediated 
repression of gene activity. 

Is RING1 a PcG protein? RING1 is 
associated in vivo with PcG proteins, and, 
like PcG proteins, RING1 acts as a 
transcriptional repressor. Does this imply 
that RJNG1 is a novel PcG protein? About 
15 PcG genes have been described 
genetically (18). At present, seven 
Drosophila PcG genes have actually been 
cloned and characterized (19, 39). It is 
therefore possible that PJNG1 is a 
vertebrate homolog of the product of a 
Drosophila PcG gene that has not yet been 
characterized. No Drosophila RTNGl 
homolog has been described. It is, 
however, also possible that RING1 is a 
typical vertebrate PcG protein. Although 
functions of PcG proteins appear to be 
conserved (for a review, see reference 39), 
this does not imply that the respective PcG 
complexes must have exactly the same 
compositions. 

Another point to be considered is 
that in Drosophila, a gene is defined as a 
PcG gene when a mutation in this gene 
results in homeotic transformations. If 
RTNGl is a PcG gene product in this strict 
sense, then mutations in a Drosophila 
RING1 homolog should result in homeotic 
transformations. It is, however, clear that 
PcG proteins bind to more target genes 
than homeotic genes (34, 44). RTNGl 
could be involved in the repression of 
target genes other than homeotic genes. 
This can be achieved if RING 1 is part of a 
subset of PcG complexes with a partially 
different composition or if RTNGl targets 
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PcG complexes with loci other than 
homeotic genes. In that case, no homeotic 
transformations are to be expected, while 
RING1 is still involved in the PcG-
mediated repression of gene activity. 

In summary, we are tempted to 
conclude that we provide novel clues about 
the molecular nature of the PcG complex 
by identifying RJNG1 as being associated 
with the PcG protein complex. The 
association with the PcG protein complex, 
together with the ability of PJNG1 to 
repress gene activity, is in agreement with 
similar roles for PJNG1 and PcG proteins. 
Most importantly, our data provide insight 
into possible roles of RTNG1, whose 
function has been enigmatic since its 
discovery. 
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C-Terminal Binding Protein Is a Transcriptional 
Repressor That Interacts with a Specific Class of 

VertebratePolycomb Proteins 

Polycomb (Pc) is part of a Pc group (PcG) protein complex that is involved in repression of gene 
activity during Drosophila and vertebrate development. To identify proteins that interact with 
vertebrate Pc homologs, we performed two-hybrid screens with Xenopus Pc (XPc) and human 
Pc 2 (HPC2). We find that the C-terminal binding protein (CtBP) interacts with XPc and HPC2, 
that CtBP and HPC2 coimmunoprecipitate, and that CtBP and HPC2 partially colocalize in 
large PcG domains in interphase nuclei. CtBP is a protein with unknown function that binds to a 
conserved 6-amino-acid motif in the C terminus of the adenovirus E1A protein. Also, the 
Drosophila CtBP homolog interacts, through this conserved amino acid motif, with several 
segmentation proteins that act as repressors. Similarly, we find that CtBP binds with HPC2 and 
XPc through the conserved 6-amino-acid motif. Importantly, CtBP does not interact with 
another vertebrate Pc homolog, M33, which lacks this amino acid motif, indicating specificity 
among vertebrate Pc homologs. Finally, we show that CtBP is a transcriptional repressor. The 
results are discussed in terms of a model that brings together PcG-mediated repression and 
repression systems that require corepressors such as CtBP. 

In Drosophila the Polycomb (Pc) group 
(PcG) genes have been identified as being 
part of a cellular memory system that is 
responsible for the stable and heritable 
repression of gene expression (3, 16). The 
PcG genes are required for maintenance of 
the repressed state of certain homeotic 
genes. Mutations in PcG genes result in 
derepression of these homeotic genes, 
which leads to homeotic transformations. 
In recent years vertebrate homologs of PcG 
genes have been identified and 
characterized. Mutations in these 
vertebrate PcG genes also lead to homeotic 
transformations, indicating that the 
vertebrate PcG genes have a function 
similar to that of their Drosophila 
homologs (reviewed in references 8 and 
24). 

Despite the extensive knowledge 
concerning the identity of Drosophila and 
vertebrate PcG genes, the molecular 
mechanism of how PcG proteins achieve 
inheritably stable transcriptional repression 
of target genes is not understood. Several 

models in which the PcG proteins can 
package target genes in a heterochromatin-
like conformation or induce modifications 
of the nucleosomal organization have been 
considered (16). It also is not understood 
how PcG proteins interfere with 
transcription regulation. In theory, the PcG 
proteins might directly interact with 
enhancer proteins, with proteins of the 
basal transcription machinery, or with 
proteins that modify chromatin structure, 
such as histone deacetylases. 

Insight into the molecular 
mechanisms underlying PcG action comes 
from observations indicating that PcG 
proteins function as large multimeric 
complexes. In Drosophila, several PcG 
proteins share 60 to 100 sites on polytene 
chromosomes of the salivary gland (18, 
28), and coimmunoprecipitation exper
iments have shown that the Pc protein is 
present in a large protein complex that also 
includes the PcG protein Polyhomeotic 
(Ph) (6). The vertebrate PcG proteins also 
form multimeric protein complexes. 
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Recently, we have shown that there are at 
least two distinct human PcG protein 
complexes (25). On the one hand, there is a 
complex which consists of human Pc 2 
(HPC2), a human Pc homolog; a human 
homolog of the murine Pc protein M33 
(21); HPH1 and HPH2, human homologs 
of the Drosophila PcG protein Ph; and 
BMI1, a human homolog of the 
Drosophila PcG protein Posterior sex 
combs (1, 9). This complex also contains 
the PJNG1 protein (20). All of these 
proteins coimmunoprecipitate with each 
other and colocalize in large nuclear 
domains termed PcG domains (9, 20, 21). 
On the other hand, Enxl/EZH2 and EED, 
mammalian homologs of the Drosophila 
PcG proteins Enhancer of zeste and Extra 
sex combs, respectively, appear to be part 
of a distinct PcG complex. Enxl/EZH2 and 
EED coimmunoprecipitate and colocalize 
with each other but not with the above-
mentioned PcG proteins (25, 27). 

To identify additional proteins that 
interact with the PcG complex, we 
screened two-hybrid cDNA libraries with 
vertebrate Pc homologs as targets. We 
found that a Xenopus homolog of C-
terminal binding protein 1 (XCtBPl) (22) 
interacts with Xenopus Pc (XPc) (19) and 
that human QBP2 (11) interacts with 
HPC2 (21). The CtBPl protein has 
previously been identified as a protein that 
binds to the extreme C terminus of the 
adenovirus type 2 and 5 (Ad2/5) E1A 
protein, and CtBPl attenuates 
transcriptional activation and rumori-
genesis mediated by the El A protein (2, 
22, 26). We show that the CtBP proteins 
coimmunoprecipitate with HPC2, that the 
CtBP proteins partially colocalize in 
nuclear domains with HPC2, and, finally, 
that CtBP is able to repress gene activity. 
These findings are of particular interest 
since the recently identified Drosophila 
homolog of CtBP is able to interact with 
the Drosophila pair-rule segmentation 
protein Hairy (17) and the gap 
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segmentation protein Knirps and the zinc 
finger protein Snail (14). Remarkably, all 
of these Drosophila CtBP-interacting 
proteins are, like HPC2 and XPc, 
repressors of gene activity. Our data 
suggest that HPC2-mediated repression 
involves an association with corepressors 
such as CtBP. 

MATERIALS AND METHODS 

Yeast two-hybrid screen. The full-length coding 
regions of XPc (19) and HPC2 (21) were cloned 
into the pAS2 vector (5) (Clontech) and were used 
separately as targets to screen for interacting 
proteins (9, 20, 25). The other Pc and CtBP hybrids 
were derived by PCR (Expand; Boehringer) and 
were sequenced entirely. The pAS2-XPc plasmid 
was cotransformed with a Xenopus oocyte 
Matchmaker two-hybrid library (Clontech), and the 
pAS2-HPC2 plasmid was cotransformed with a 
human fetal brain Matchmaker two-hybrid library 
(Clontech), into Saccharomyces cerevisiae Y190. 
The transformants were plated on selective medium 
lacking the amino acids leucine, tryptophan, and 
histidine but containing 30 mM 3-amino-l,2,4-
triazole (3-AT) (9, 20, 25). Potential interactions 
between different subclones of CtBP and HPC2 
were tested. The transformants were plated on 
medium lacking the amino acids leucine, 
tryptophan, and histidine with or without 30 mM 3-
AT. Cells with interactions that were scored as 
negative failed to grow in the presence of 30 mM 3-
AT. Due to residual HIS3 promoter activity, 
however, they are able to grow on medium without 
3-AT (9, 20, 25). Under these nonselective 
conditions, cells with negative interactions were ß-
galactosidase negative and the colony was white. 
Positive interactions meet the two criteria of growth 
in the presence of 3-AT and ß-galactosidase 
positivity. 

GST fusion proteins and in vitro binding assay. 
The previously described (19) glutathione S-
transferase-XPc (GST-XPc) (amino acids [aa] 1 to 
521) and GST-XPc (aa 1 to 178) fusion proteins 
contain, respectively, the full-length XPc and the 
N-terminal first 178 aa of XPc, encompassing the 
chromodomain (19). Expression of the GST fusion 
proteins was induced for 3 h at 30°C with 0.4 mM 
isopropyl-ß-D-thiogalactopyranoside as described 
previously (19). The cells were pelleted, 
resuspended in binding buffer (phosphate-buffered 
saline containing 1 mM EDTA, 1 mM 
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dithiothreitol, 2 mM phenylmethylsulfonyl fluoride, 
10 ug of leupeptin per ml, 10 ug of benzamidine 
per ml, 10 ug of trypsin inhibitor per ml, and 10 ug 
of aprotinin per ml), and sonicated. Triton X-100 
was added to a final concentration of 1% (vol/vol), 
and the lysate was incubated for 30 min on ice. Cell 
debris was removed by centrifugation for 10 min at 
14,000 x g, the supernatant was added to 
glutathione-Sepharose 4B, and the mixture was 
incubated for 30 min at 4°C. The beads were 
collected by centrifugation and washed extensively 
with binding buffer. Capped synthetic CtBP2 
mRNA was made by in vitro transcription and 
translated at 20 ug/ml in a rabbit reticulocyte lysate 
in the presence of [35S]methionine (19). A 10-ul 
slurry of GST fusion protein (immobilized on 
glutathione-Sepharose) was preincubated for 30 
min on ice in a final volume of 200 ul of binding 
buffer, containing 0.5% Nonidet P-40 and 1 mg of 
bovine serum albumin per ml. Subsequently, 3 ul of 
the reticulocyte lysate was added to the mixture and 
incubated for 30 min at 4°C with rotation. The 
beads were washed five times with 1 ml of ice-cold 
binding buffer. The complexes were separated on 
sodium dodecyl sulfate (SDS)-polyacrylamide gels, 
which were subjected to fluorography. 

RNA analysis. Multitissue Northern blots 
containing approximately 2 ug of poly(A)+ RNA 
from different human tissues or human cell lines 
per lane were obtained commercially (Clontech). 
The U-2 OS osteosarcoma cell line was not present 
on the commercial Northern blot. Poly(A)+ RNA of 
U-2 OS was isolated and blotted, and the 
expression patterns of CtBPl and QBP2 were 
analyzed. To allow a comparison with the 
commercial Northern blot, poly(A)+ RNA of 
SW480 cells, which is also represented on the 
commercial blot and in which both the CtBPl gene 
and the CtBP2 gene are strongly expressed, was 
blotted. We used part of the 3' untranslated region 
(3' UTR) of CtBPl or CtBP2 as a probe. To obtain 
these probes, a PCR was performed on a human 
fetal brain Matchmaker two-hybrid library 
(Clontech). CtBPl primers were 5'-CGCCAGTGA 
CCAGTTGTAGC-3' and 5'-CGTGATGATGC 
CGTCTTCA-3', extending from bp 1324 to 1884. 
CtBPl primers were 5'-TGCCAGAAGGTAATC 
ACTCA-3' and 5'-AATCCTATGCGTGCAGGT 
GT-3', extending from bp 1365 to 1835. The blots 
were hybridized with [a-32P]dATP-labelled DNA 
probes, and the blots were autoradiographed with 
intensifying screens at -70°C with X-ray films. 

Production of the CtBP polyclonal antibodies. A 
fusion protein was made from the full-length cDNA 
of XCtBPl encoding aa 1 to 440. The cDNA was 

cloned in frame into a pET-23 expression vector 
(Novagen). The fusion protein was produced in 
Escherichia coli BL21(DE), and the purified 
protein was injected into a rabbit. Serum was 
affinity purified over an antigen-coupled CNBr-
Sepharose column (Pharmacia) to determine 
whether the rabbit anti-XCtBPl polyclonal 
antibodies recognize both CtBPl and QBP2. TV-
tagged CtBPl and T7-tagged CtBP2 were 
expressed in E. coli BL21(DE). The bacterial cell 
lysates were separated by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to 
nitrocellulose. The blots were probed with a 
1:10,000 dilution of either mouse monoclonal 
antibody against T7 (Novagen) or a 1:1,000 dilution 
of the rabbit polyclonal antibody against XCtBPl. 

Immunoprecipitations and Western blotting. 
COS-7 cells were transiently transfected with either 
T7-tagged HPC2 or T7-tagged CtBP2 or with both, 
using the calcium-phosphate transfection method 
(Gibco BRL). Both constructs were cloned in the 
pcDNA3 plasmid (Invitrogen). At 48 h after 
transfection, COS-7 cells were harvested and lysed 
in ELB lysis buffer (250 mM NaCl, 0.1% Nonidet 
P-40, 50 mM HEPES [pH 7.0], 5 mM EDTA) 
containing 0.5 mM dithiothreitol, 1 mM 
phenylmethylsulfonyl fluoride, and the protease 
inhibitors leupeptin, benzamidine, and aprotinin. 
The cell lysate was sonicated three times with 
bursts of 15 s. The cell lysate was centrifuged at 
14,000 x g at 4°C for 10 min, and the supernatant 
was subsequently aliquoted and stored at -70°C. 
Fifty microliters of the supernatant was incubated 
with the indicated antibodies for 4 h at 4°C. Goat 
anti-rabbit immunoglobulin G (IgG) antibodies or 
goat anti-chicken IgG anti-bodies (Jackson 
ImmunoResearch Laboratories) were added to the 
mixture and incubated for 1 h at 4°C. Protein A-
Sepharose CL-4B (Pharmacia) and ELB lysis buffer 
with protease inhibitors were added up to 300 ul. 
The mixture was incubated for 1 h at 4°C with 
continuous mixing. Next, the mixture was centri
fuged for 1 min at 1,500 x g at 4°C, the supernatant 
was transferred to a fresh tube, and the 
immunoprecipitate was washed with 1 ml of ice-
cold ELB buffer without protease inhibitors. The 
mixture was then centrifuged for 1 min at 1,500 x g 
at 4°C. This washing procedure was repeated five 
times. After heating and removal of the protein A-
Sepharose beads, the proteins were separated by 
SDS-PAGE and transferred to nitrocellulose. The 
blots were probed with a mouse monoclonal 
antibody against T7 (Novagen). The secondary 
alkaline phosphatase-conjugated goat-anti-mouse 
antibodies or goat-anti-chicken antibodies (Jackson 
ImmunoResearch Laboratories) were diluted 
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1:10,000, and nitroblue tetrazolium-5-bromo-4-
chloro-3-indolylphosphate (Boehringer) was used 
as substrate for detection. 

Immunofluorescence labelling of tissue culture 
cells. U-2 OS cells were cultured and labelled as 
described previously (9, 20, 21, 25). The labelling 
was analyzed by confocal laser scanning 
microscopy, and optical sections were made (see 
Fig. 8, where the first two pictures of each row 
represent the two different scanned channels for 
imaging the double labelling and the last picture in 
each row represents the reconstituted image). For 
labelling CtBP and BMI1, donkey-anti-rabbit IgG 
coupled to Cy3 (Jackson Immunoresearch 
Laboratories) was used. For labelling HPC2, 
donkey anti-chicken IgG coupled to fluorescein 
isothiocyanate (Jackson Immunoresearch 

Laboratories) was used. To discriminate between 
the CtBPl protein and the CtBP2 protein, U-2 OS 
cells were transiently transfected with either TV-
tagged CtBPl or T7-tagged CtBP2, and cells were 
double labelled with antibodies against HPC2 and 
mouse monoclonal antibodies against T7 
(No vagen). 

LexA fusion reporter gene-targeted repression 
assay. The LexA repression assay was performed 
as described previously (20, 21, 25). U-2 OS cells 
were cultured in a 25-cm2 flask and cotransfected 
with 2 (ig of the heat shock factor (HSF)-inducible 
luciferase (LUC) reporter plasmid (20, 21), 4 ug of 
the LexA fusion constructs, and 2 ug of the pSV/ß-
Gal construct (Promega), using the calcium 
phosphate transfection method. The HSF-inducible 
LUC reporter plasmid was activated by exposure of 
the cells at 43°C for 1 h, followed by a 6-h recovery 
at 37°C. LUC activity was normalized to ß-
galactosidase activity. The LUC activity in cells 
transfected with only the LUC reporter plasmid was 
therefore set at 100%, and LUC activities in cells 
cotransfected with the indicated plasmids were 
expressed as percentages of this control value. The 
degree of repression by LexA fusion proteins is 
expressed as the mean ± standard error of the mean. 
All experiments were performed seven times 
independently, including the transfections. 

Nucleotide sequence accession numbers. The 
GenBank accession numbers for XCtBPl and 
CtBPl are AF091554 and AF091555, respectively. 

RESULTS 

Identification of CtBPl and CtBP2 as 
proteins that interact with the 
vertebrate Pc homologs XPc and HPC2. 
To identify genes encoding proteins that 
interact with HTC2 and XPc, both of 
which are vertebrate homologs of the 
Drosophila PcG protein Pc, we performed 
two-hybrid screens. The full-length coding 
regions for XPc (19) and HPC2 (21) were 
cloned into the pAS2 vector (5). The 
plasmids pAS2-XPc and pAS2-HPC2 were 
cotransformed with, respectively, a 
Xenopus oocyte and a human fetal brain 
two-hybrid library. Approximately 10 
independent clones were obtained for each 
screen. One hundred thirty-six growing 
colonies were obtained from the two-
hybrid screen with XPc. Twelve colonies, 
of which eight colonies contained similar 
cDNA inserts, remained histidine and ß-
galactosidase positive after DNA isolation 
and rescreening. From the two-hybrid 
screen with HPC2, 100 growing colonies 
were obtained, of which 3 colonies 
remained histidine and ß-galactosidase 
positive after DNA isolation and 
rescreening. A 1,519-bp cDNA clone that 
we isolated from the two-hybrid screen 
with HPC2 was identical to CtBPl (11). 
The isolated CŒP2 clone encodes aa 1 to 
445 of the 445-aa QBP2 protein. A 1,414-
bp cDNA clone obtained from the XPc 
screen was homologous to CtBPl and 
CtBP2 (11, 22). The predicted 440-aa 
protein is 85% identical to CtBPl based on 
the encoding sequence published by 
Schaeper et al. (22) and is 78% identical to 
CtBP2 (11) (Fig. 1). However, comparison 
of the open reading frames of XCtBP and 
CtBPl revealed potential frameshifts in the 
reading frame. We therefore searched for 
different EST clones in the database of 
CtBPl and compared these with CtBPl 
and XCtBV. Comparison of different EST 
clones (accession no. H46860, AA282011, 
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and AA312167) indeed revealed that there 
are several frameshifts in the published 
sequence of CtBP]. We confirmed these 
differences by sequencing the CtBPl 
cDNA, which we obtained by PCR. When 
the corrections are taken into account, the 
XCtBP protein is 96% identical to CtBPl 
instead of 85%. Based on the extensive 
homology between CtBPl and XCtBP we 
therefore named the novel Xenopus protein 
XCtBP 1. 

In conclusion, a two-hybrid screen 
with XPc as a target resulted in the 
isolation of XCtBP 1, a Xenopus homolog 
of CtBPl. A two-hybrid screen with HPC2 
as a target resulted in the isolation of the 
CtBP2 protein. 

A specific 6-amino acid motif in HPC2 is 
crucial for binding of CtBP. To define 
domains that are responsible for the inter
action of the Pc proteins and the CtBP 
proteins, we cloned different parts of 
HPC2 in frame with the GAL4 DNA 
binding domain (GAL4 DBD) and tested 
whether these proteins could still interact 
with full-length CtBP2 (Fig. 2). HPC2 
comprises two functional domains. The 
first domain is the N-terminal 
chromodomain, which is essential for 
binding of the Pc protein to chromatin 
(12). The other domain is the C-terminal 
COOH box (aa 540 to 558). This COOH 
box is necessary for the repression of gene 
activity (4, 13, 21) and is also the domain 
to which the PJNG1 protein binds (20, 23). 
We found that an HPC2 mutant (aa 1 to 
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FIG. 1. Comparison of the XCtBPl and the human CtBPl and CtBP2 proteins. Identical amino acids are 
indicated as black boxes. 
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GAL4-DBD fusion protein GAL4-TAD fusion protein Interaction 
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FIG. 2. Mapping of the QBP2 interaction domain in the HPC2 protein and specificity among vertebrate Pc 
homologs for binding CtBP. The indicated portions of HPC2 were fused to the GAL4 DBD. The HPC2 regions 
include the shaded 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 XPc were also fused to the GAL4 DBD. The conserved 6-aa motif (PIDLRC) in the XPc 
protein is indicated. The three dehydrogenase homology domains within CtBP2 and XCtBPI are shaded. 
Constructs that encompass different portions of the HPC2 protein are indicated. The plasmids were 
cotransformed with full-length CtBP2 (aa 1 to 445) or XCtBPI (aa 1 to 440), which is fused to the GAL4 TAD. 
Interactions were positive when cells grew on selective medium lacking histidine and when they were also ß-
galactosidase positive. When a negative interaction is indicated, no ß-galactosidase activity was detected. 

540) which lacks the COOH box is still 
able to interact with CtBP2 (Fig. 2). In 
contrast, a smaller portion of the HPC2 
protein (aa 1 to 468) does not interact with 
CtBP2, whereas a C-terminal fragment (aa 
459 to 558) is able to interact with CtBP2. 
Thus, QBP2 interacts with a part of the C 
terminus of HPC2 but not with the extreme 
C-terminal COOH box (aa 540 to 558), 
which is involved in gene repression and 
RTNG1 binding. 

Within the C-terminal fragment to 
which CtBP2 binds, we observed a 6-aa 
motif (PIDLRS) (aa 470 to 475) (Fig. 2) 

which is very similar to a 6-aa motif 
(PLDLSC) present in the extreme C 
terminus of the Ad2/5 El A protein. This 
motif is essential for the interaction 
between El A and CtBPl (22). Mutations 
within the first four amino acids of the 
El A motif completely abolish the 
interaction between El A and CtBPl (22). 
We created a similar mutation within this 
corresponding 6-aa motif of HPC2 by 
changing the motif from PIDLRS to 
PIASRS, using PCR primers which 
contained the specific mu-tations. 
Subsequently, we tested whether the 
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FIG. 3. Mapping of domains of interaction of CtBP2 with HPC2 (A) and QBP2 (B). (A) The indicated portions 
of CtBP2 were fused to the GAL4 TAD. These CtBP2 regions include three dehydrogenase homology domains. 
Plasmids were cotransformed with full-length HPC2 which was fused to the GAL4 DBD. (B) Full-length CtBP2 
which was fused to the GAL4 DBD was tested for interaction against the indicated portions of CtBP2. When a 
negative interaction is indicated, no ß-galactoctosidase activity was detected. 

HPC2(DL-»AS) mutant protein is still able 
to interact with CtBP2. We found that the 
DL-to-AS mutation in the HPC2 protein 
completely abolishes the interaction with 
CtBP2 in the two-hybrid system. 
Importantly, the mutation within the 6-aa 
motif leaves intact the C-terminal COOH 
box of the HPC2 protein to which the 
RTNG1 protein binds (20). We therefore 
tested whether the RTNG1 protein is still 
able to interact with the HPC2 (DL-»AS) 
mutant protein. We observed no loss of 
interaction between this mutant HPC2 

protein and PJNG1 (data not shown), 
underlining the specificity of the 
interaction between QBP2 and the 
conserved 6-aa motif in HPC2. 

We have identified the XCtBPl 
protein in a two-hybrid screen with the 
XPc protein as the target. The XPc protein 
encompasses a specific 6-aa motif, 
PIDLRC, related to the 6-aa motif in HPC2 
which is crucial for binding CtBP (Fig. 2). 
We also tested whether the CtBP protein 
could interact with another murine 
homolog, M33, which is more homologous 
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to the human Pc homolog, CBX2/HPC1, 
than to HPC2 (7, 15, 21). Surprisingly, we 
observed no interaction between M33 and 
QBP2 in the two-hybrid system (Fig. 2) or 
between M33 and CtBPl (data not shown). 
Importantly, M33 does not encompass the 
conserved 6-amino-acid motif that is 
present in HPC2 and that is crucial for the 
interaction with CtBP. It is therefore likely 
that the lack of this conserved 6-aa motif in 
M33 is responsible for the lack of 
interaction between M33 and CtBP. This 
result is the first indication that, despite the 
high degree of homology in the 
chromodomain and the COOH box, there 
is specificity among different vertebrate Pc 
proteins, particularly in their ability to 
interact with other proteins. 

In conclusion, the highly 
homologous proteins CtBPl, QBP2, and 
XCtBPl interact with HPC2 and XPc. 
Strikingly, no interaction could be 
observed between CtBP and M33, a 
murine Pc homolog, indicating specificity 
among the different vertebrate Pc proteins. 

CtBPl and CtBP2 are able to homo- and 
heterodimerize, and the interaction 
domain differs from the domain 
responsible for interaction with HPC2. 
To determine which part of the CtBP 
proteins is responsible for the interaction 
with HPC2, we subcloned different protein 
fragments of QBP2 in frame with the 
GAL4 transactivating domain (GAL4 
TAD) (Fig. 3A). The C-terminal region of 
CtBP2 encompassing aa 361 to 445 is not 
capable of interaction with HPC2, whereas 
the N-terminal region containing aa 1 to 
362 is still able to interact with HPC2. This 
region encompasses three domains which 
have strong homology with various NAD-
dependent D-isomer-specific 2-hydroxy 
acid dehydrogenases (11, 22). To analyze 
whether these dehydrogenase homology 
domains are responsible for the interaction 
with HPC2, we made three constructs 

containing different sets of these 
dehydrogenase homology domains. 

We found that a region of CtBP2 
encompassing aa 81 to 362, which contains 
all three dehydrogenase homology 
domains, is not able to interact with HPC2. 
Also, a CtBP2 region (aa 1 to 233) 
encompassing the N terminus and the first 
two dehydrogenase homology domains and 
a CtBP2 region (aa 162 to 337) 
encompassing the second and the third 
dehydrogenase homology domains are not 
able to interact with HPC2. These results 
indicate that a large region of QBP2 (aa 1 
to 362), which encompasses both the 
extreme N-terminal part and the 
dehydrogenase homology domains, is 
responsible for the interaction with HPC2. 

The HPC2 protein (20, 21) is part 
of a complex which constitutes the 
mammalian homologs of the Drosophila 
Ph protein, HPH1 and HPH2. These two 
proteins are able to homo- and hetero
dimerize with each other (9). To address 
the question of whether this is also true for 
CtBPl and CtBP2, we cloned the full-
length coding region for QBP2 in frame 
with the GAL4 DBD and tested whether 
CtBP2 could interact with itself or CtBPl. 
Both CtBPl (data not shown) and CtBP2 
(Fig. 3B) are able to interact with QBP2 in 
the two-hybrid system, indicating that 
these proteins are able to homodimerize 
and to heterodimerize. 

To define the domains that are 
responsible for the interaction between 
CtBP2 and CtBP2, we subcloned different 
parts of QBP2 in frame with the GAL4 
TAD and tested whether these domains are 
still able to interact with full-length CtBP2. 
The C-terminal region of QBP2 
encompassing aa 361 to 445 is not able to 
interact with CtBP2, whereas the N-
terminal region containing aa 1 to 362 is 
still able to interact with CtBP2 (Fig. 3B). 
A region containing only the three 
dehydrogenase homology domains (aa 81 
to 361) still interacts with QBP2. Detailed 
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analysis of this region showed that QBP2 
aa 81 to 233, encompassing the first two 
dehydrogenase homology domains, 
exhibits no interaction with CtBP2. In 
contrast, QBP2 aa 162 to 337, containing 
dehydrogenase homology domains two and 
three, still interacts with QBP2. Also, 
QBP2 aa 225 to 337, containing only the 
third dehydrogenase homology domain, is 
still able to interact with CtBP2 (Fig. 3B). 
These data indicate that a region in QBP2 
encompassing the third dehydrogenase 
homology domain is sufficient for the 
interaction with full-length QBP2. 
Interestingly, this relatively small 
interaction domain, which is necessary to 
convey homodimerization between CtBP2 
and CtBP2, differs from the domain for 
interaction with HPC2. Above we showed 
that a much larger region of QBP2, 
containing the N terminus as well as all 
three dehydrogenase domains, is necessary 
for the interaction with HPC2 (Fig. 3A). 

In summary, the CtBPl protein and 
the CtBP2 protein each can interact with 
itself, and they are also able to interact 
with each other. The domain responsible 
for this interaction is a region 
encompassing the third dehydrogenase 
homology domain. This interaction domain 
differs from the domain that is responsible 
for the interaction with HPC2, which 
involves the N terminus and all three 
dehydrogenase homology domains. 

proteins bound to GST-XPc were analyzed 
by SDS-PAGE. The in vitro-translated 
full-length CtBP2 protein of 48 kDa (Fig. 
4, lane 1) was able to bind to the 
immobilized GST-XPc (lane 3) but did not 
bind to the immobilized GST alone (lane 
2). We also tested whether CtBP interacted 
with another GST-XPc (aa 1 to 178) fusion 
protein (19). This portion of the XPc 
protein encompasses the chromodomain of 
XPc but lacks the entire C-terminal domain 
that contains the 6-amino-acid motif to 
which CtBP binds. CtBP does not bind to 
such a C-terminal deletion HPC2 mutant in 
the two-hybrid assay (Fig. 2). Importantly, 
we found that the GST-XPc aa 1 to 178 
protein does not interact with QBP2 (Fig. 
4, lane 4). These results confirm the two-
hybrid assay data (Fig. 2) and underline the 
specificity of the in vitro pull-down assay. 

» * * * 
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The XPc and CtBP2 proteins interact 
directly in vitro. To determine whether 
the interaction between the vertebrate Pc 
homologs and CtBP is a direct interaction, 
we employed an in vitro pull-down assay. 
The previous described (19) fusion protein 
of GST and full-length XPc (aa 1 to 521) 
was expressed in bacteria. The affinity-
purified protein was subsequently 
immobilized on GST-Sepharose and 
incubated with [35S]methionine-labelled, in 
vitro-translated CtBP2. After extensive 
washing, the [35S]methionine-labelled 

33-
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FIG. 4. XPc and CtBP2 interact directly in vitro. 
[35S]methionine-labelled CtBP2 protein (lane 1) was 
incubated with GST-Sepharose alone (lane 2), GST-
XPc 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 1 to 178 fusion protein is able to interact 
with in vitro-translated [3!S]methionine-labelled 
QBP2 protein. Molecular weights in thousands are 
indicated on the left. 
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Expression of CtBPl and CŒP2 in 
human tissues and human cancer cell 
lines. To investigate the expression 
patterns of CtBPl and CtBPl, we needed 
unique cDNA fragments in order to avoid 
cross-hybridization between CtBPl and 
CtBP2 mRNA species. Since there is no 
homology between the UTRs of CtBPl 
and CtBP2, we used a 560-bp fragment of 
the 3' UTR of CtBPl and a 470-bp 
fragment of the 3' UTR of CtBP2 as 
probes. These probes were hybridized to 
Northern blots containing poly(A)+ 

mRNAs from different human cancer cell 
lines or human tissues (Clontech). We 
detected single transcripts of 
approximately 2.4 kb for CtBPl and 
approximately 3.0 kb for CŒP2. In all 
human tissues present on the commercial 
Northern blot (Fig. 5A), CtBPl was 
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expressed at approximately the same level 
as CtBP2, with the exception of the thymus 
and peripheral blood leukocytes. In these 
two tissues, the CtBP2 transcript was 
hardly detectable (Fig. 5A, lanes 2 and 8). 

In human cancer cell lines, 
differences in expression of either CtBPl 
or CtBP2 were more pronounced than in 
normal tissues. In the case of CtBPl, high 
expression of the commercial blot was 
detected in HL-60 cells (Fig. 5B, lane 1) 
and in the adenocarcinoma SW480 cell 
line (lane 6). Expression of CtBPl was still 
well pronounced in HeLa S3 cells (Fig. 5B, 
lane 2), K-562 cells (lane 3), MOLT-4 
cells (lane 4), and U-2 OS cells (lane 10). 
Low expression of CtBPl was detected in 
Raji cells (lane 5) and G361 cells (lane 8), 
whereas almost no CtBPl expression was 
found in A549 cells. In the case of CtBP2, 
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FIG. 5. Expression patterns of CtBPl and CtBP2 in human tissues (A) and in human cancer cell lines (B). (A) 
Expression levels 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-60 (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 melanoma 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 commercial multiple-tissue Northern blot. To verify the 
loading of RNA in each lane, the blots were hybridized with a probe for glyceraldehyde-3-phosphate 
HphvHrnopnasp fdAPDM^ 
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high expression was detected in HeLa S3 
cells (Fig. 5B, lane 2) and SW480 cells 
(lane 6), whereas significantly lower 
expression was detected in HL-60 (lane 1), 
G361 (lane 8), and U-2 OS (lane 10) cells. 
A very low level of CtBPl expression was 
found in A549 cells (lane 7), but no 
detectable CtBP2 transcript could be 
observed in K-562 (lane 3), MOLT-4 (lane 
4), and Raji (lane 5) cells. Interestingly, 
CtBPl was highly expressed in the spleen 
(Fig. 5A, lane 1), whereas no expression 
could be observed in a B cell-derived cell 
line, Raji (Fig. 5B, lane 5). Strikingly, in 
all tissues or cell lines either one or two 
CtBP transcripts could be detected, with 
the exception of lung carcinoma cells (lane 
7), in which both CtBP transcripts were 
hardly detectable. 

A polyclonal antibody raised against 
XCtBPl recognizes both CtBPl and 
CtBP2. To determine the distribution of 
the CtBP proteins in the cell nucleus and to 
be able to detect CtBP proteins in 
immunoprecipitates, we raised a polyclonal 
antibody against full-length XCtBPl. To 
test whether the polyclonal antibody also 
recognizes both CtBPl and QBP2, we 
created constructs containing the full-
length coding region for either CtBPl or 
QBP2, with a T7 tag at the N terminus. 
Fusion proteins were produced in E. coli 
BL21(DE), and the bacterial cell lysates 
were subsequently separated by SDS-
PAGE and transferred to nitrocellulose. 
The blots were probed with either a mouse 
monoclonal antibody against T7 (Fig. 6, 
lanes 1 and 2) or our rabbit polyclonal 
antibody against XCtBPl (lanes 3 to 7). 
The T7 antibody recognizes both the 48-
kDa T7-tagged CtBPl (lane 1) and T7-
tagged CtBP2 (lane 2) proteins. Also, the 
anti-XCtBPl polyclonal antibody 

recognizes the 48-kDa T7-tagged CtBPl 
(lane 3) and T7-tagged CtBP2 (lane 4) 
proteins, indicating that both CtBPl and 
CtBP2 are recognized by the polyclonal 

antibody raised against XCtBPl. We 
further analyzed cell extracts of Xenopus 
XI cells (Fig. 6, lane 5), SW480 cells (lane 
6), and U-2 OS cells (lane 7). In all three 
cell extracts a doublet protein band of 
approximately 48 kDa was observed. We 
conclude that the antibody against XCtBPl 
recognizes both the CtBPl and CtBP2 
proteins. 

An in vivo interaction between CtBP2 
and HPC2. To determine whether the 
interaction between CtBP proteins and 
HPC2 also exists in vivo, we performed 
coimmunoprecipitation experiments. We 
transiently transfected COS-7 cells with 
T7-tagged HPC2 and T7-tagged CtBP2. 
We used polyclonal rabbit antibodies 
directed against XCtBPl and HPC2 for the 
immunoprecipitations and a mouse 
monoclonal antibody against T7 to detect 
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FIG. 6. A rabbit polyclonal antibody recognizes 
XCtBPl, CtBPl, and CtBP2. T7-tagged CtBPl 
(lanes 1 and 3) and T7-tagged CtBP2 (lanes 2 and 
4) were expressed in E. coli. Cell lysates were 
analyzed by Western blotting and probed with 
either a mouse monoclonal antibody against T7 
(aT7) (lanes 1 and 2) or the polyclonal antibody 
against CtBP (aCtBP) (lanes 3 and 4). In cell 
lysates of Xenopus XI cells (lane 5), colorectal 
adenocarcinoma SW 480 cells (lane 6), and 
osteosarcoma U-2 OS cells (lane 7), the polyclonal 
antibody against CtBP recognizes a doublet of 48 
kDa. Molecular weights in thousands are indicated 
on the left. 
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either the 82-kDa T7-HPC2 (21) or the 48-
kDa T7-QBP2 protein. 

We found that CtBP2 and HPC2 
coimmunoprecipitate with each other (Fig. 
7). The anti-HPC2 antibody coimmuno-
precipitated both T7-CtBP2 and T7-HPC2 
(Fig. 7, lane 1) from cells expressing both 
T7-HPC2 and T7-QBP2 (lane 7), as was 
detected with the anti-T7 monoclonal 
antibody. No T7-QBP2 could be detected 
in the anti-HPC2-immunoprecipitated 
material (lane 2) when T7-CtBP2 but not 
T7-HPC2 was expressed (lane 8). Also, no 
T7-QBP2 could be detected in the anti-
HPC2 immunoprecipitated material (lane 
3) when T7-HPC2 but not T7-QBP2 was 
expressed (lane 9). 

Similarly, the anti-CtBP antibody 
immunoprecipitated both T7-HPC2 and 
T7-CtBP2 (Fig. 7, lane 4) from cells 
expressing both T7-HPC2 and T7-CtBP2 
(lane 7). No T7-HPC2 could be detected in 
the anti-CtBP-immunoprecipitated material 
(lane 5) when T7-QBP2 but not T7-HPC2 
was expressed (lane 8). Finally, no T7-
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FIG. 7. In vivo interaction between HPC2 and 
CtBP2. Immunoprecipitation (IP) was performed 
with polyclonal rabbit antibodies against HPC2 
(0CHPC2) (lanes 1 to 3) or polyclonal rabbit 
antibodies against XCtBPl (aCtBP) (lanes 4 to 6). 
The resulting immunoprecipitates were Western 
blotted and analyzed with mouse monoclonal 
antibodies against T7. The total cell extracts 
(Input) are shown in lanes 7 to 9. COS-7 cells were 
transiently transfected with both pcDNA3-T7-
HPC2 and pcDNA3-T7-CtBP2 (lanes 1, 4, and 7) 
or with either pcDNA3-T7-CtBP2 (lanes 2, 5, and 
8) or pcDNA3-T7-HPC2 (lanes 3, 6, and 9). 
Molecular weights in thousands are indicated on 
the right. 

HPC2 could be detected in the anti-CtBP-
immunoprecipitated material (lane 6) when 
T7-HPC2 but not T7-CtBP2 was expressed 
(lane 9). 

Also, in extracts of SW480 cells, in 
which the PcG proteins are highly 
expressed (9, 21) and in which the CtBP 
proteins are expressed, we observed 
coimmunoprecipitation of either HPC2 and 
CtBP or BMI1 and CtBP (data not shown). 
However, in both cases the recovery of the 
proteins in the immunoprecipitations was 
approximately 20% of the input. This 
result further strengthens the notion that an 
interaction between CtBP and HPC2 exists 
in vivo. The low recovery might indicate 
that the interaction between CtBP and the 
PcG complex is of a transient nature. 

In conclusion, we show that CtBP2 
and HPC2 coimmunoprecipitated with 
each other from extracts of COS-7 cells in 
which we overexpressed QBP2 and HPC2. 
These findings indicate that CtBP2 and 
HPC2 interact with each other in vivo. 

CtBPl and CtBP2 partially colocalize 
with HPC2 in nuclei of U-2 OS cells. To 
determine the subcellular distribution of 
the CtBPl protein and the CtBP2 protein in 
relation to the HPC2 protein, we performed 
immunofluorescence labelling experi
ments. Previously we have shown that the 
HPC2 protein colocalizes in large nuclear 
domains, termed PcG domains, with 
BMI1, HPH1, HPH2, and PJNG1 (9, 20, 
21). To compare the distributions of the 
CtBP proteins relative to the distribution of 
HPC2, we performed double-labelling 
experiments with the rabbit anti-XCtBPl 
antibody, which recognizes both CtBPl 
and CtBP2 (Fig. 6), and a chicken anti-
HPC2 antibody (20, 21). We found that the 
CtBP proteins are abundantly present in 
nuclei of U-2 OS cells in a fine granular 
pattern but also in larger nuclear domains 
(Fig. 8A). Within these larger nuclear 
domains, the CtBP proteins colocalize with 
HPC2 (Fig. 8B and C). However, the 
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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-XCtBPl and chicken anti-HPC2 double labelling. CtBP (A) colocalizes with 
HPC2 (B) in large nuclear PcG domains (C; indicated by yellow), but CtBP is also abundantly expressed in a fine 
granular pattern throughout the nucleus (B and C). (D to F) Rabbit anti-BMIl (D) and chicken anti-HPC2 (E) 
double labelling demonstrates colocalization (F) of BMI1 and HPC2 in large nuclear PcG domains. We 
transiently transfected U-2 OS cells with either T7-tagged CtBPl (G) or T7-tagged CtBP2 (J). Double labelling 
was performed with a mouse monoclonal antibody against T7 (G and J) and the chicken anti-HPC2 antibody (H 
and K). We observed colocalization of HPC2 with either T7-CtBPl (I) or T7-CtBP2 (L) in large nuclear PcG 
domains. 

colocalization within these domains differs 
slightly from the colocalization of the 
BMI1 protein (Fig. 8D) with the HPC2 

protein (Fig. 8E and F). The BMI1 and 
HPC2 proteins completely colocalize in 
bright, sharply edged PcG domains (Fig. 
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8F). This specific labelling pattern has also 
been observed with antibodies against the 
human PcG homologs HPH1 and HPH2 
(9) and the RING1 protein (20). The 
nuclear domains that are detected by the 
anti-XCtBPl antibody and that colocalize 
with the more sharply edged PcG domains 
have a more diffuse shape (Fig. 8A, B, and 
C). Another difference between the CtBP 
and PcG labelling patterns is that most of 
the BMI1 and HPC2 proteins appear to be 
concentrated within the large PcG domains 
(Fig. 8D, E, and F). In contrast, most of the 
CtBP labelling is detected in the smaller 
domains throughout the nucleoplasm and 
not in the larger domains that colocalize 
with the PcG domains. This fine granular 
pattern is too complex to allow analysis of 
any systematic colocalization. 

Since the rabbit anti-CtBP antibody 
recognizes both the CtBPl protein and the 
QBP2 protein, it is not possible to directly 
test for differences in nuclear localization 
of the CtBPl protein and the CtBP2 
protein. In order to distinguish between the 
distributions of the CtBPl protein and the 
CtBP2 protein, we transiently transfected 
U-2 OS cells with either the T7-tagged 
CtBPl protein (Fig. 8G) or the T7-tagged 
QBP2 protein (Fig. 8J). Double labelling 
was performed with a mouse monoclonal 
antibody against T7 and the affinity-
purified chicken antibody against HPC2. 
We found that T7-tagged CtBPl (Fig. 8G) 
colocalizes with HPC2 (Fig. 8H) in the 
large PcG domains (Fig. 81). Also, T7-
tagged CtBP2 (Fig. 8J) colocalizes with 
HPC2 (Fig. 8K) within these large PcG 
domains (Fig. 8L). These results indicate 
that there are no major detectable 
differences in the localizations of CtBPl 
and QBP2 and that both proteins are 
present in the same PcG domains. 

CtBP acts as a transcriptional repressor 
when targeted to a reporter gene. The 
PcG proteins are involved in the repression 
of gene expression, but the identified PcG 

proteins do not bind directly to DNA. 
Nevertheless, the ability of the PcG 
proteins to repress gene activity can be 
tested by targeting LexA fusion proteins to 
a reporter gene (20, 21, 25). Previously, we 
have shown that LexA-HPC2 was able to 
repress gene activity (20, 21). We asked 
whether this is also true for the CtBP 
proteins. We therefore tested whether 
LexA-CtBPl was able to repress gene 
expression when targeted to a reporter 
gene. U-2 OS human osteosarcoma cells 
were transfected with a construct 
containing a tandem of four LexA 
operators, binding sites for the HSF 
transcriptional activator, and the hsp70 
TATA promoter region, immediately 
upstream of the LUC reporter gene. The 
endogenous HSF was used as 
transcriptional activator. In absence of this 
activator, no LUC expression could be 
measured (data not shown). In the presence 
of the HSF, expression was maximal and 
was set at 100%. Cotransfection with LexA 
alone had no significant effect on LUC 
expression (Fig. 9) (97% ± 6% [n = 7]). 
We found that LexA-CtBPl was able to 
repress LUC expression significantly (16% 
± 4% [n = 7]). This degree of LUC 
repression was also found for LexA-CtBP2 
(data not shown). In the same experiment 
we found that LexA-HPC2 could repress 
LUC activity most efficiently (9% ± 3% [n 
= 7]). Previously, we have shown that a 
LexA-HPC2 mutant which lacks the C-
terminal domain, to which the RING1 
protein binds, was no longer able to repress 
LUC expression (21). We tested whether 
the HPC2 (DL->AS) mutant also has lost 
the ability to repress LUC expression. In 
this HPC2 mutant the specific 6-aa motif is 
mutated, which leads to abolishment of the 
interaction with CtBP (Fig. 2). We 
observed a slight but significant decrease 
in the ability of the HPC2 protein to 
repress gene activity when the DL->AS 
mutation is introduced. However, the 
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LexA-HPC2 (DL-»AS) mutant still 
represses LUC activity significantly (20% 
± 5% [n = 7]). 

We conclude that CtBP is able to 
repress gene activity when targeted to a 
reporter gene, almost as efficiently as 
HPC2. Furthermore, mutating the specific 
6-aa motif within HPC2 which is crucial 
for CtBP binding has a significant but 
small effect on the ability of HPC2 to 
repress gene activity. 
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FIG. 9. Repression of HSF-induced LUC gene 
activity by CtBP. Activation of LUC expression is 
maximally induced by endogenous HSF in the 
absence of any LexA fusion protein. This LUC 
activity was set at 100%. LUC activities in cells 
cotransfected with the indicated plasmids were 
expressed as percentages of this control value. Bars 
represent the average degree of repression by LexA, 
LexA-CtBPl, LexA-HPC2, or LexA-HPC2 
(DL->AS) in seven independent experiments 
(means ± standard errors of the means). 

DISCUSSION 

An interaction between CtBP and 
vertebrate Pc homologs. The Pc protein is 
part of a multimeric PcG protein complex 
which is involved in the stable and 
heritable repression of gene activity during 
Drosophila and vertebrate development. 
To identify proteins that interact with 
vertebrate Pc proteins, we employed two-
hybrid screens with a Xenopus Pc 
homolog, XPc, and a human Pc homolog, 
HPC2. Here, we describe the identification 
of two closely related proteins, the 
Xenopus homolog of CtBP 1, XCtBPl, and 
QBP2, which interact with XPc and 
HPC2. This interaction also exists in vivo, 
since the proteins coimmunoprecipitate 
with each other and partially colocalize in 
large PcG domains in interphase nuclei. 
However, our data also indicate that the 
interactions between CtBP and HPC2 
differ substantially from the interaction 
between human PcG proteins that we 
previously described. The human PcG 
homologs BMI1, HPH1, HPH2, and 
HPC2, as well as the PJNG1 protein, 
almost quantitatively coimmunoprecipitate 
with each other from extracts of SW480 
and U-2 OS cells (9, 20, 21). Furthermore, 
BMI1, HPH1, HPH2, and HPC2 
completely colocalize within large nuclear 
domains of interphase cells termed PcG 
domains. The in vivo interaction between 
CtBP and HPC2 differs in both aspects. 
Only a small amount of the endogenous 
CtBP and HPC2 proteins coimmuno
precipitate from cell extracts. This may 
indicate that the interaction between CtBP 
and HPC2 is of a transient nature, whereas 
BMI1, HPH1, HPH2, HPC2, and PJNG1 
form a more stable protein complex. Also, 
the partial colocalization between the CtBP 
proteins and HPC2 points towards 
differences. First of all, the CtBP proteins 
are more abundantly distributed than the 
PcG proteins outside the PcG domains in a 
fine granular pattern throughout the 
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nucleoplasm. Further, even within the large 
PcG domains the CtBP proteins only partly 
colocalize with HPC2, since the large 
CtBP domains have a more diffuse shape 
than the sharply edged PcG domains. 
Therefore, although our data indicate that 
the CtBP proteins interact with HPC2, the 
differences in colocalization and the only 
partial coimmunoprecipitation of the 
endogenous proteins point towards a 
broader range of CtBP function. This 
notion is supported by the fact that the 
Drosophila homolog of CtBP, dCtBP, has 
been found to interact with repressors such 
as Hairy and Knirps (14, 17). 

The conserved amino acid motif that is 
crucial for binding CtBP determines 
specificity of structurally related 
proteins to interact with CtBP. Within 
the extreme C terminus of the Ad2/5 El A 
protein, a specific 6-aa motif which is 
crucial for binding CtBP is present (2, 22). 
We find that within the C terminus of the 
vertebrate Pc homologs HPC2 and XPc, a 
similar 6-aa motif that is crucial for 
binding CtBP is present. Mutation of this 
6-aa motif completely abolished the 
interaction with CtBP. Interestingly, the 
interaction between CtBP and its 
interacting proteins seems to be 
evolutionarily conserved through this 6-aa 
motif. A conserved amino acid motif is 
crucial for binding the Drosophila 
homolog of CtBP, dCtBP. This amino acid 
motif within the Drosophila repressors 
Knirps (P-DLS-K) and Snail (P-DLS-K) 
(14) and Hairy (PLSLV) (17) is similar to 
the 6-aa motif found within HPC2 
(PIDLRS), XPc (PIDLRC), and El A 
(PLDLSC) and is crucial for binding 
dCtBP. 

Remarkably, another vertebrate Pc 
homolog, M33, which is very homologous 
to the human CBX2/HPC1 protein (7, 21), 
is not able to interact with CtBP. A likely 
explanation for this lack of interaction 
between CtBP and M33 is that the M33 

protein does not encompass a conserved 6-
aa motif that is found in HPC2 or XPc. 
Notably, this is the first indication that 
despite the high degree of homology 
between the different vertebrate Pc 
homologs, there is specificity among these 
proteins, particularly in their ability to 
interact with other proteins. This difference 
in their ability to interact with CtBP is not 
of a general nature, since previously it has 
been shown that the HPC2, XPc, and M33 
proteins are all able to interact with the 
RTNG1 protein (20, 23). 

The specificity of the CtBP 
interaction raises the question of whether 
there exists an interaction between dCtBP 
and Drosophila Pc. The fact that the 
Drosophila Pc protein does not encompass 
a conserved 6-aa motif suggests that the 
interaction between dCtBP and Pc does not 
exists in Drosophila. If this is true, then the 
interaction with CtBP is restricted to a 
particular class of vertebrate Pc homologs. 
However, it is still possible that a slightly 
degenerated amino acid sequence is 
present in Drosophila Pc, which could be 
responsible for a potential interaction with 
dCtBP. 

Interestingly, a similar kind of 
specificity has been observed for the 
interaction between dCtBP and members 
of the Hairy/Enhancer of split [E(spl)]/ 
Deadpan protein class (17). These proteins 
are structurally related basic helix-loop-
helix protein and are all required as 
transcriptional repressors of genes 
necessary for processes such as sex 
determination, segmentation, and neuro
genesis. At least seven members of the 
E(spl) basic helix-loop-helix class have 
been identified. However, of this class only 
the E(spl) md/C protein is able to interact 
with dCtBP, whereas all proteins are able 
to interact with Groucho (17). All of these 
data suggest a high degree of selectivity in 
the interactions of CtBP proteins with 
specific members of larger protein 
families. 
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Involvement of CtBP in HPC2-mediated 
gene repression. We have identified 
vertebrate CtBP proteins that interact with 
a specific class of vertebrate Pc proteins, 
which are involved in repression of gene 
activity. It is not clear from our results to 
what degree CtBP proteins are involved in 
mediating the repressing abilities of these 
vertebrate Pc proteins. A mutation within 
the 6-aa motif that mediates the binding 
between CtBP and HPC2 results in a 
significant but only small decrease in the 
repressing abilities of HPC2 (Fig. 9). This 
result is in agreement with previous 
findings by us and others (4, 13, 21) 
showing that the main domain that 
mediates repression resides in the 
conserved, extreme C-terminal 30 aa of Pc 
proteins. Such a mutant, which we 
previously termed ÀHPC2, loses 
approximately 80% of its repressing 
ability, while it still retains the 6-aa motif 
to which CtBP binds. We are tempted to 
conclude that although our results indicate 
that CtBP contributes to the repressing 
ability of the HPC2 protein, this 
contribution is small compared to the 
contribution of the extreme C-terminal 
COOH box. 

Alternatively, the significance of 
the interaction may be a targeting function 
of CtBP for the PcG complex. The recent 
finding that the dCtBP protein interacts 
with the repressors Knirps and Snail (14) 
and Hairy (17) supports this notion. These 
Drosophila repressors are all sequence-
specific DNA binding proteins. It is 
conceivable that CtBP proteins target 
HPC2, and thereby the PcG complex, to 
particular loci in the chromatin that contain 
binding sites for specific repressors such as 
human homologs of Knirps and Hairy. The 
result would be a complex between these 
repressors and the PcG complex, with 
CtBP as a bridging protein. Such a model 
would not be feasible when CtBP proteins 
act as monomers, since HPC2 and these 
repressors interact through the same 

interaction domain within CtBP. This in 
turn would result in competition between 
HPC2 and these repressors. However, 
since the CtBP proteins have the ability to 
homo- and heterodimerize, both HPC2 and 
other CtBP-interacting repressor proteins 
could simultaneously bind to a CtBP 
homo- or heterodimer. This scenario 
permits enormous flexibility in the range 
of PcG action. For instance, the specificity 
of the interaction between CtBP and only a 
subclass of vertebrate Pc homologs allows 
targeting of distinct PcG complexes. 
Inclusion of HPC2 in the complex would 
permit recruitment to a CtBP-repressor 
target site, whereas inclusion of the M33 
Pc homolog excludes such a recruitment. 

Although the Ad El A protein is 
involved in transcriptional activation and 
repression of several viral and cellular 
promoters, the El A protein is not able to 
bind DNA by itself. The known 
transforming and transcriptional activities 
appear to be related to the ability of the 
El A protein to interact with various 
cellular proteins (reviewed in reference 
10). It is tempting to speculate that in vivo, 
the El A protein disturbs the interaction 
between CtBP and the PcG complex by 
disrupting the interaction between CtBP 
and the HPC2 protein. Particularly, since 
the interaction between El A and CtBP is 
stronger than the interaction between the 
vertebrate Pc homologs and CtBP (data not 
shown), El A might be a strong competitor 
for binding with CtBP. A significant 
feature of the interference of El A with the 
transcription machinery of the infected cell 
may involve interference with PcG-
mediated repression, through the disruption 
of the CtBP-PcG interaction. 
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Differential Expression of Human Polycomb Group Proteins in 
Various Tissues and Cell Types 

Polycomb group proteins are involved in the maintenance of cellular identity. As multimeric 
complexes they repress cell type-specific sets of target genes. One model predicts that the 
composition of Polycomb group complexes determines the specificity for their target genes. To 
study this hypothesis, we analyzed the expression of Polycomb group genes in various human 
tissues using Northern blotting and immunohistochemistry. We found that Polycomb group 
expression varies greatly among tissues and even among specific cell types within a particular 
tissue. Variations in mRNA expression ranged from expression of all analyzed Polycomb group 
genes in the heart and testis to no detectable Polycomb group expression at all in bone marrow. 
Furthermore, each Polycomb group gene was expressed in a different number of tissues. RING1 
was expressed in practically all tissues, while HPH1 was expressed in only a few tissues. Also within 
one tissue the level of Polycomb group expression varied greatly. Cell type-specific Polycomb group 
expression patterns were observed in thyroid, pancreas and kidney. Finally, in various 
developmental stages of fetal kidney different Polycomb group expression patterns were observed. 
We conclude that Polycomb group expression can vary depending on the tissue, cell type and 
developmental stage. Polycomb group complexes can only be composed of the Polycomb group 
proteins that are expressed. This implies that with cell type-specific Polycomb group expression 
patterns, cell type-specific Polycomb group complexes exist. The fact that there are cell type-
specific Polycomb group targets and cell type-specific Polycomb group complexes fits well with the 
hypothesis that the composition of Polycomb group complexes may determine their target 
specificity. 

The Polycomb group (PcG) proteins have 
originally been identified in Drosophila as 
negative regulators of the homeobox genes 
(32). These homeotic genes are important 
for defining the identity of the body parts. 
When PcG genes are mutated, homeotic 
genes are still correctly expressed during the 
earliest phases of embryogenesis. After 
germband extension, however, homeotic 
genes are expressed outside their normal 
expression pattern. This loss of correct 
homeobox gene expression leads to the 
change of the identity of certain body parts 
(31, 37). Thus PcG proteins are involved in 
maintaining the correct expression of the 
homeotic genes and consequently the 
maintenance of cellular identity (18). 

On Drosophila polytene chromoso
mes the PcG proteins are associated with 
approximately one hundred gene loci, 
indicating that there are many other PcG 

gene targets apart from the homeotic gene 
cluster. The association of multiple PcG 
proteins to the same loci suggested that PcG 
proteins might form multimeric protein 
complexes. This notion has been confirmed 
by the finding that PcG proteins Polycomb 
(Pc) and polyhomeotic (ph) can be 
coimmunoprecipitated (5). The binding 
patterns of various PcG proteins to polytene 
chromosomes are not identical, but overlap 
considerably (4, 5, 21, 33). As PcG proteins 
share some but not all chromosome binding 
sites, the composition of the PcG complex 
must inevitably vary at the different loci. 
Also, using in vivo formaldehyde 
crosslinking it has been shown that the PcG 
complex has different compositions at 
different target genes (34). This has led to 
the hypothesis that the composition of PcG 
complexes determines the specificity for 
their target genes. 
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Several human homologues of 
Drosophila PcG genes have been identified. 
As in Drosophila, the human PcG proteins 
coimmunoprecipitate (6, 22, 24, 25, 28), 
indicating that PcG proteins form 
multimeric complexes in humans as well. 
Several human PcG proteins interact 
directly with each other. Further support for 
human PcG complex formation is found in 
the observation that the different PcG 
proteins colocalize in specific nuclear 
domains within the nucleus of various cell 
lines, the so-called PcG domains (6, 22). 

In humans two distinct PcG 
complexes have been described (28). The 
HPC/HPH PcG complex contains HPC1, 
HPC2, PJNG1 (22, 24, Satijn and Otte, 
unpublished results), BMI1, HPH1, and 
HPH2 (6). The EED/EZH PcG complex 
contains EED, EZH2, and HDAC2 (28). 
The existence of two distinct PcG 
complexes has been confirmed in 
Drosophila (10, 16, 35). There are several 
observations that lead to this conclusion. 
First of all extensive protein-protein 
interactions have been observed between the 
components of the HPC/HPH complex (23; 
review). Also proteins that are part of the 
EED/EZH complex interact directly with 
each other. However no proteins from the 
EED/EZH complex have been found to 
interact with proteins from the HPC/HPH 
complex (28). Secondly, in 

immunoprecipitates of the HPC/HPH 
complex no proteins from the EED/EZH 
complex can be detected and vice versa, in 
immunoprecipitates of the EED/EZH 
complex no proteins from the HPC/HPH 
complex can be detected. This indicates that 
the two complexes are also biochemically 
distinct. Thirdly, at the level of nuclear 
localization the two complexes behave 
differently. Proteins from the HPC/HPH 
complex localize to pronounced PcG 
domains in the nuclei of U-2 OS cells (6, 
22). The proteins that are part of the 
EED/EZH complex however are diffusely 
distributed throughout the nucleus (28). 
Finally, the two PcG complexes display 

distinct patterns of expression at the tissue 
level. The EED/EZH and the HPC/HPH 
complex have mutually exclusive 
expression patterns in tonsils (19). This 
again indicates the existence of two distinct 
PcG complexes. 

Although more and more is known 
about PcG complex formation, very little is 
known about how PcG complexes are able 
to repress different target genes in various 
tissues. One hypothesis is that the 
composition of PcG complexes determines 
the specificity for their target genes. Support 
for this hypothesis mainly originates from 
Drosophila (21, 33, 34). To gain support for 
this hypothesis in mammals we wanted to 
find out if differentially composed PcG 
complexes exist in humans. To do this we 
analyzed PcG expression in various human 
tissues using Northern blotting and 
immunohistochemistry. The characteristic 
PcG expression pattern in tonsils already 
indicated that PcG expression is not 
ubiquitous, but can change dependent on the 
cell type. The varying expression of PcG 
genes is also evident from tissue to tissue. 
The analysis of PcG gene expression on 
Northern blot for various tissues reveals 
very distinct expression patterns for several 
PcG genes (6, 23, 28), indicating that the 
composition of the PcG complex varies 
from tissue to tissue. However, a systematic 
comparison of the expression patterns and 
levels of several PcG genes in different 
tissues has not been done. Our study shows 
that PcG expression patterns are cell type-
specific. A PcG complex can only be built 
up out of the PcG proteins that are 
expressed. This implies that the composition 
of PcG complexes must also be cell type-
specific. 

MATERIALS AND METHODS 

Northern blotting. Multiple Tissue Northern blots 
containing approximately 2 ug of poly(A)+ RNA per 
lane from different human tissues were obtained 
commercially (CLONTECH). The blots were 
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hybridized with [a- PjdATP-labeled DNA probes. 
X-ray film (Kodak X-OMAT AR) was preflashed 
and exposed to the blots with an intensifying screen 
at -70°C for one to four days, depending on the 
probe. For BMI1 and RING1 full-length cDNA was 
used as probe (2, 14). The HPH1 probe covers the 
coding cDNA sequence up to the homology regions 
it shares with HPH2 (6). The probe for HPC1 covers 
the coding sequence excluding the chromodomain 
and including 100 basepairs of 3' untranslated region 
(Satijn and Otte, unpublished results). The HPC2 
probe consists of the cDNA coding sequence 
between the chromodomain and the conserved C-
terminus (23). EZH2 was detected with a cDNA 
probe encompassing 90 basepairs of 5' untranslated 
region up unto amino acid 106 where it's homology 
with EZH1 starts (11). 

Immunohistochemistry. Human pancreas, thyroid, 
kidney and fetal kidney were obtained freshly from 
the surgery room, fixed in 4% buffered Formalin, 
and embedded in paraffin. Sections (3 um) were cut 
and deparaffinized, and endogenous peroxidase was 
inhibited with 0.3% H202 in methanol. Antigens 
were retrieved, by heating in the autoclave. After 
preincubation with swine or goat serum, primary 
antibodies were applied. The BMI1 protein was 
detected with 6C9 mouse monoclonal antibody 
(Satijn and Otte, unpublished results). The following 
rabbit polyclonal antibodies were used for PcG 
protein detection: HPH1 (K344), RING1 (K320), 
HPC2 (K326), HPC1 (K350), EED (K365), and 
EZH2 (K358) (6, 22, 23, 28). Secondary antisera 
were biotinylated goat anti-mouse or biotinylated 
swine anti-rabbit antibody. Immunostaining was 
performed with 3-amino-9-ethylcarbazole as 
substrate using the streptavidin-biotin-avidin 
complex/Horse Radish Peroxidase method and 
tyramine intensification. Sections were 

counterstained with hematoxylin and photographed 
with a Zeiss Axiophoto microscope (Zeiss 
Oberkochen, Germany). 

RESULTS 

Differential transcription of PcG genes in 
various tissues. To gain more insight into 
PcG function, we studied the expression of 
several PcG genes in various tissues using 
Northern blotting. We probed three 
Northern blots, containing poly(A)+ RNA 
from 23 different human tissues, for 
expression of BM1, RING1, HPH1, EZH2, 
HPC2, and HPC1 (2, 6, 11, 14, 22; Satijn 

and Otte, unpublished results). 
The PcG gene transcription in the 

various tissues showed great diversity (Fig. 
1-3). To be able to classify this variation, we 
grouped the data according to three criteria. 
Criterion one is the number of distinct PcG 
genes that are expressed in one particular 
tissue. Criterion two is the number of 
distinct tissues in which a certain PcG gene 
was expressed. Criterion three is the 
expression level of individual PcG genes. 
According these criteria we made an 
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Fig. I. PcG expression patterns in various human 
tissues I. Expression ofHPHl, HPC1, HPC2, BMI1, 
PJNG1, and EZH2 in human tissues. Shown are PcG 
expression levels in heart (lane 1), whole brain (lane 
2), placenta (lane 3), lung (lane 4), liver (lane 5), 
skeletal muscle (lane 6), kidney (lane 7), and 
pancreas (lane 8). The filter was rehybridized with a 
probe for GAPDH to verify correct loading of the 
RNA. Molecular weight markers are indicated on the 
left in kilobases (kb). HPH1 has a double transcript at 

4.2 kb and at 5.0 kb. HPC1 has a double transcript, 
the 4.2 kb and 4.4 kb transcripts are hard to discern. 
The HPC2 transcript is 3.0 kb. The BMI1 transcript is 
3.3 kb. The RING! transcript is 1.6 kb. The EZH2 
transcript is 3.3 kb and the GAPDH transcript is 1.3 
kb. 

93 



Chapter 5 Cell type-specific Polycomb group expression 

inventory of PcG expression in the various 
tissues (Table 1). On the basis of criterion 
one we divided these tissues into three 
different classes. Class one consists of 
tissues that express at least five out of the 
six PcG genes we analyzed. Class two 
consists of tissues that express two to four 
PcG genes. Class three consists of tissues 
that express one PcG gene or none at all. 
We detected PcG gene expression varying 
from high levels of expression to no 
detectable expression. To be able to give an 
indication about the expression level of the 
PcG genes we used the following semi
quantitative determination. The term 'high' 

expression was used when the 
autoradiographic signal saturated the X-ray 
film. The term 'intermediate' expression was 
used when clear levels of expression were 
detected. The term 'low' expression was 
used when expression levels were low, but 
clearly above background levels. The term 
'no detection' was used when no expression 
was detected or if expression levels were 
very hard to distinguish from the 
background. 

Class I 
Class I included six tissues. In the 

testis and heart all PcG genes we analyzed 
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Fig. 2. PcG expression patterns in various human 
tissues II. Expression o(HPHl, HPC1, HPC2, BMI1, 
RING!, and EZH2 in human tissues. Shown are PcG 
expression levels in spleen (lane 1), thymus (lane 2), 
prostate (lane 3), testis (lane 4), uterus without 
endometrium (lane 5), colon without mucosa (lane 6), 
small intestine (lane 7), and peripheral blood 
leukocytes (lane 8). The filter was rehybridized with 
a probe for GAPDH to verify correct loading of the 
RNA. Molecular weight markers are indicated on the 
left in kilobases (kb). 

Fig. 3. PcG expression patterns in various human 
tissues III. Expression of HPH1, HPC1, HPC2, 
BMI, RING1, and EZH2 in human tissues. Shown 
are PcG expression levels in stomach (lane 1), 
thyroid (lane 2), spinal cord (lane 3), lymph node 
(lane 4), trachea (lane 5), adrenal gland (lane 6), and 
bone marrow (lane 7). The filter was rehybridized 
with a probe for GAPDH to verify correct loading of 
the RNA. Molecular weight markers are indicated on 
the left in kilobases (kb). 
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were expressed. In these two tissues PcG 
expression levels were mostly intermediate 
or high. In the pancreas, adrenal gland, 
thyroid, and liver the expression of 5 PcG 
genes could be detected. In these tissues 
expression of either HPHl or EZH2 was 
below the detection level. The class I tissues 
all displayed intermediate to high level 
expression for one or more PcG genes. 

Class II 
Eleven tissues were classified as 

class II. The kidney was the only tissue in 
class II in which four PcG genes could be 
detected. PJNG1 was expressed in all class 
II tissues, although at a low level. At the 

other end of the spectrum, in none of the 
class n tissues EZH2 or HPHl expression 
could be detected. HPC1 expression in class 
II was low and could only be detected in 
skeletal muscle and kidney. HPC2 and 
BMI were expressed in various 
combinations and mostly at low levels. High 
and intermediate BMI1 expression could be 
detected in skeletal muscle and placenta 
respectively. Intermediate HPC2 expression 
could be detected in peripheral blood 
leukocytes. Most of the class II tissues only 
showed low amounts of PcG expression. 
These tissues were the kidney, trachea, 
thymus, uterus, lymph node, spleen, 
prostate, and spinal cord. 

PvTNGl HPC2 BMI1 HPC1 EZH2 HPHl 
Testis 
Heart 
Pancreas 
Adrenal gland 
Thyroid 
Liver 

+ 
+ 
+ 

+ 
+ 
+ 

Class 

I 

Kidney 
Skeletal Muscle 
Placenta 
Spinal cord 
Prostate 
Periph. bl. leuk. 
Spleen 
Lymph node 
Uterus 
Thymus 
Trachea 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 

+ 
+ 
+ 

Class 

II 

+ 
+ 

Lung 
Brain 
Small intestine 
Colon 
Stomach 
Bone marrow 

+ 
+ 

+ 
+ Class 

III 

Table I. Diversity of PcG gene transcription in human tissues. Tissues are arranged and divided into classes 
according to criterion one: the number of PcG genes they express. Class I: at least five out of six PcG genes are 
expressed. Class II: two to four PcG genes are expressed. Class III: one or none of the PcG genes are expressed. The 
PcG genes are arranged according to criterion two: the number of tissues in which they are expressed. Criterion 
three, the expression levels, are indicated: - no expression, + low expression, ++ intermediate expression, +++ high 
expression. 
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Class III 
Six tissues belonged to class III, in 

which few PcG genes were expressed. Bone 
marrow was the only tissue in which no PcG 
expression could be detected. In the lung 
and the brain HPC2 expression was 
detected. In the small intestine, colon, and 
stomach only RING1 was expressed. BMI1, 
HPC1, EZH2, and HPH1 expression was 
not detected in class III tissues. When PcG 
expression could be detected in this class of 
tissues, it was always low. 

In summary, the expression of the 
different PcG genes varied considerably 
according to all three criteria. Variation in 
criterion one ranged from no detected 
expression in the bone marrow to expression 
of all tested PcG genes in the heart and 
testis (Table 1). Diversity in criterion two 
was also evident. RING1 was expressed in 
most tissues, while HPH1 and EZH2 were 
expressed in only three and five tissues, 
respectively. As for criterion three, the more 
PcG genes expressed within a certain tissue, 
the higher the level of expression for those 
genes. Next we analyzed PcG expression for 
selected tissues at a cellular level. 

Differential expression of PcG proteins in 
various cell types. Tissues are composed of 
several cell types. Co-expression of two 
PcG genes at the level of Northern analysis 
does, therefore, not necessarily mean that 
the PcG genes are co-expressed in the same 
cell. A clear example of this is PcG 
expression in the tonsil (19). BMI1 and 
EZH2 are both expressed in the tonsil, but 
are not co-expressed in the same cell types. 
To gain more insight into PcG complex 
composition at the level of specific cell 
types, we performed immunohisto-
chemistry. We chose the thyroid and 
pancreas, which expressed practically all 
PcG genes at high levels and the kidney, 
which expressed five PcG genes at a low 
level (Table 1). To be able to compare the 
expression of particular PcG proteins in the 
different cell types, we established the 
following terminology. The term 'high 

expression' was used when expression could 
be detected in more than 90% of the cells of 
a specific cell type. The term 'varying 
expression' was used when expression could 
be detected in 10-90% of the cells of a 
specific cell type. The term 'no expression 
detected' was used when expression could 
only be detected in less than 10% of the 
cells of a specific cell type. As expected, in 
all the tissues that were analyzed an 
apparent nuclear staining for PcG proteins 
was evident (6, 26, 28). However, in 
exocrine tissues sometimes some 
cytoplasmic background staining occurred 
(EED and EZH2 in pancreas; Fig. 5). 

Thyroid 
According to our Northern analysis 

the thyroid is classified as a class I tissue, 
expressing five out of the six PcG genes we 
analyzed. The thyroid is a hormone 
producing tissue. It is predominantly 
comprised of one cell type, which is the 
endocrine epithelium (EE) that consists of 
thyrocytes, which secrete thyroxine (Fig. 4). 
In EE high expression was detected for 
BMI1, PJNG1, and EED (Fig. 4). 
Expression was varying for HPC2 and 
HPH1 (Fig. 4). HPC1 and EZH2 expression 
occurred in less than 10% of the cells and 
thus were considered as having no 
expression (Fig. 4). Importantly, in the EE 
of the thyroid the orthologues HPC1 and 
HPC2 are not expressed simultaneously. 
HPC2 is expressed while HPC1 is not. The 
composition of a PcG complex is limited to 
the PcG genes that are expressed in a certain 
cell type. Thus in EE the HPC/HPH 
complex could contain HPC2, HPH1, 
BMI1, and PJNG1. Interactions have been 
described for BMI1-RING1, BMI1-HPC2, 
BMI1-HPH1, and HPC2-RTNG1. Based on 
these interactions a model has been 
proposed for a possible composition of the 
HPC/HPH and EED/EZH complex (25). We 
have incorporated the expression data of 
PcG proteins in the thyroid into this model 
and suggest a possible composition of the 
PcG complexes in the EE of the thyroid 
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(Fig. 4). In EE proteins from both the 
HPC/HPH complex and the EED/EZH 
complex are expressed. As EZH2 is not 
expressed in the EE of the thyroid, EED 
might form a complex with other PcG 
proteins that were not analyzed. 

Pancreas 
The pancreas is, according to our 

Northern analysis, classified as a class I 
tissue. It primarily consists of two kinds of 
tissue, the exocrine cells (EC) and the 
endocrine islet cells (IC), see figure 5. The 
EC mainly produce proteolytic digestive 
enzymes. There are several kinds of IC, 
however most of them are the so-called ß-
islet cells, which produce insulin. The IC 
showed high expression for BMI1 and 
RING1 and varying expression for HPH1 
and HPC2 (Fig. 5). HPC1, EZH2. and EED 
expression could not be detected in the IC. 
In the EC expression of HPH1, EZH2, and 
EED was not detected. Expression of BMI 1. 
RING], HPC1, and HPC2 was detected 
with varying intensity and below the level 
of expression in IC (Fig. 5). In the pancreas 
no proteins from the EED/EZH complex are 
expressed. The possible composition of the 
HPC/HPH complex in IC and EC is 
presented in a model (Fig. 5). In the IC of 
the pancreas the possible composition of the 
HPC/HPH complex is different from that in 
EC (Fig. 5). In the IC HPC1 is lacking and 
HPH1 can be part of the complex. In EC 
however. HPH1 is lacking and HPC1 can be 
part of the complex (Fig. 5). HPH1 and 
HPC1. which seemed to be co-expressed in 
pancreas at the Northern level, apparently 
have a mutually exclusive expression 
pattern at a cellular level. 

Kidney 
The kidney is a class II tissue that 

expressed four out of the six PcG genes that 
were analyzed on Northern blot. In the 
kidney, waste products are separated from 
the blood in spherical structures called 
glomeruli. Each glomerulus is encapsulated 

by Bowman's capsule. The blood flows 
through the glomerulus and the filtered flu d 
is secreted into the urinary space betwe 
the glomerulus and Bowman's capsule. The 
urinary space is drained to the proximal 
tubule, which further on becomes a distal 
tubule. For our study of PcG expression I 
the kidney we will observe three cell typi 
the cells comprising the proximal and disi il 
tubules (Pt and Dt) and the cells comprisi g 
the glomerulus (Glo), see figure 6. 

In the cells comprising the Dt hi; h 
expression was detected for BMI1. HPH . 
HPC1. and EED. varying levels f 
expression were detected for RING1, whi e 
no expression was detected for HPC2 or 
EZH2 (Fig. 6). In the cells comprising the 't 
BMI1. varying levels of expression for 
RING] and EED were detected and no 
expression was detected for HPH1. HPC1, 
HPC2, and EZH2. Finally, in the ( > 
varying expression was detected for BMli, 
RING1, HPH], and EED, while no HP( . 
HPC2, or EZH2 expression was detect d 
(Fig. 6). 

We made a model of the possil e 
composition of PcG complexes in sevei I 
cell types of the kidney (Fig. 6). In the Pt of 
the kidney RING] and BMH make up the 
HPC/HPH complex. In the Glo also HP! 1 
can be part of the HPC/HPH comp h 
Finally, in the distal tubules HPC1 can 
become part of the HPC/HPH complex (I 
6). EED is co-expressed with the HPC/HI ! 
complex in Glo, the Pt, as well as the Dt 
(Fig. 6). In these three kidney cell types i e 
possible composition of the HPC/HI -\ 
complex was different each time. On the 
other hand, no differences for the EED EÎ 1 
complex were found. 

Expression of PeG proteins in fetal 
kidney. Above we observed characteris c 
combinations of expressed PcG proteins n 
distinct cell types of various adult hun n 
tissues. We next asked if these characteris c 
PcG expression patterns change din 2 
embryogenesis or whether they are the same 
in the fetal and the adult stages of the tissue. 
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To compare the PcG expression patterns in 
fetal and adult tissue we stained tissue 
sections of fetal kidney. We chose the 
formation of Glo in fetal kidneys as a 
model. Glomerulogenesis takes place in the 

ter cortex of fetal kidneys. The first stage 
. isists of proliferating cells, called 
r phrogenic mesenchyme (Nm), see figure 

In the next stage these cells have given 
rise to condensed structures, called 
n jsenchymal condensates (Mc). In the 
following stage the Mc have developed into 
epithelial cells with comma- and S-shaped 
structures. In the subsequent stage, called 
t . 'capillary loop' stage, the Glo is already 
p ?-formed. During the final stage the fetal 
Glo matures towards an adult Glo, 
a -ordingly it is called the maturing stasze 
( >)• 

Human fetal kidney tissue of 
a iroximately 13 weeks gestational age was 
a alyzed for PcG protein expression. The 
v; rious stages of glomerulogenesis were 

xiated with marked changes in PcG 
gene expression. PcG expression was 
e imined in three different stages: Nm, Mc 
and the capillary loop stage. In Nm HPH1 
a j HPC2 expression was high, whereas no 
BMI1, R1NG1, HPC1, EED, or EZH2 
e pression was detected (Fig. 7; Table 2). In 
Mc however, expression of BMI1, RING1, 
HPH1, HPC1, and EZH2 was high, while no 
H 'C2 or EED expression was detected. At 
the capillary loop stage the inner and outer 
g imerular precursor cells (IG and OG) 
si wed differential PcG expression. The IG 
expressed varying levels of RING 1, HPH1. 
H 'CI. and HPC2, while no BMI1, EED, or 
EZH2 was detected (Fig. 7; Table 2). The 
OG expressed high levels of BMI1 and 
RING1, while HPH1. HPC1, HPC2, EED, 
and EZH2 could not be detected. 

During glomerulogenesis striking 
changes in PcG expression were evident. 
g mg rise to various possible PcG 
complexes (Fig. 7). Focusing on BMI1 and 
I 22, a mutually exclusive expression 
p; tern was evident in various stages of 
glomerular development. The other PcG 

proteins do not follow this pattern, but were 
expressed in their own distinctive way. A 
model of the possible compositions of PcG 
complexes in the various stages of 
glomerulogenesis is depicted in figure 7. 

We conclude that PcG expression 
changes dynamically during development. 
A comparison of the PcG expression pattern 
of several stages of glomerular development 
and mature glomeruli has been made (Table 
2). The PcG expression patterns in the 
several stages of glomerular development 
are all different from the adult situation. The 
expression pattern of the OG, one of the 
later stages in glomerular development, 
resembles most closely the adult situation 
(Table 2). 

DISCUSSION 

Expression of PcG genes at the level of 
m RNA and protein. In this paper we 
analyzed the expression levels of several 
human PcG genes in human tissues, both at 
the level of mRNA and protein. Northern 
blot analysis of the expression of 6 PcG 
genes in 23 human tissues revealed great 
diversity in human PcG gene expression. In 
the heart and testis all analyzed PcG genes 
were expressed, while in bone marrow no 
PcG expression could be detected. In the 
other tissues varying numbers of PcG genes 
could be detected (Table 1 ). In some tissues 
identical expression patterns were detected 
(e.g. brain and lung. Table 1). Still there 
could be differences in PcG expression 
between these tissues. It is possible that 
Northern blotting does not detect very low 
levels of expression. In the bone marrow for 
instance we could not detect any expression 
of PcG genes. With RT-PCR, however, 
BMII and EZH2 expression can detected in 
this tissue (12). Apart from sensitivity 
limitations there are also several PcG genes 
we didn't analyze, for example other PcG 
orthologues such as EZH1 and HPC3 or the 
human homologue of Sex combs on midleg, 
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SCML1 (1, 3, 36). It is therefore possible 
that tissues that show identical expression 
patterns for PcG genes that were tested vary 
in expression pattern for other PcG genes. 

In general, the PcG expression 
patterns as seen by RNA analysis coincided 
with immunohistochemistry. When 
expression of a PcG gene was detected for a 
certain tissue by Northern blotting, the 
corresponding PcG protein was also 
detected in one or more cell types of the 
same tissue. However there were a few 
cases in which the expression as detected at 
the RNA level was different from the 
expression that was detected at the protein 
level. Expression of HPC1 was detected at 
the mRNA level, but not at the protein level 
in the thyroid. EZH2 expression was 
detected in the pancreas using Northern 
blotting, but not using 

immunohistochemistry. Vice versa, 
expression of HPC1 in the pancreas could 
not be detected at the mRNA level, but was 
detected at the protein level. Discrepancies 
in RNA and protein expression can be 
explained in several ways. It is possible that 
these genes are indeed both expressed at the 
mRNA and protein level, but that one or the 
other is just below the level of detection. In 
the case of HPC1 in the thyroid and EZH2 
in the pancreas, the respective mRNAs 
could perhaps not be translated. Another 
possibility is that the mRNA is very 
unstable, while the corresponding protein is 
very stable. An example of this is the 
Drosophila PcG protein extra sex combs. 
This protein can be detected on polytene 
chromosomes long after RNA levels have 
already dropped below the detection level 
(35). This could be an explanation for the 
lack of HPC1 mRNA in the pancreas where 
HPC1 protein was detected. However, 
overall the mRNA expression profile 
correlated with the tissues that were 
investigated for PcG protein expression. 

Diversity in PcG complex composition. In 
our study we have found that there is great 
diversity in PcG expression, both among 

tissues and among cell types witl in 
particular tissues. The differential 
expression of PcG proteins implies that a so 
the composition of the PcG complex differs. 
PcG complexes are formed and held 
together by protein-protein interactions. 
However, PcG proteins do not direc ly 
interact with any other PcG protein. P G 
proteins interact specifically with a limited 
number of so-called protein partners (.' 5; 
review). For example, RING1 interacts w th 
itself, HPC1, HPC2, and BMI1. HPC1 aid 
HPC2 in turn bind to BMI1. Howe\ r. 
BMI1 is the only protein that has been 
shown to bind to HPH1. Since in 
nephrogenic mesenchyme of the fe al 
kidney only HPC2 and HPH1 are expres- d 
and BMI1 is not (Fig. 7; Table 2), how tl :n 
do HPH1 and HPC2 associate in a compk ;'.' 
Perhaps in these cells HPH1 and HPC2 ; re 
components of separate PcG complexes. It 
is also possible that there is another PcG 
protein that might interact with HPH1 is 
well as HPC2. It is possible that HPH1 is 
associated with other parts of the comp] x 
through its interaction with dinG, the 
orthologue of RING1. The dinG protein 1 is 
been shown to directly interact with both 
Mph2 and M33 (7, 27). Perhaps dinG a 10 
interacts with the human orthologues if 
Mph2 and M33, HPH1 and HP 2 
respectively. If this is the case HPH1 can be 
associated with HPC2 without the presence 
of BMI1. Even though several dir cl 
protein-protein interactions between P G 
proteins have been identified, our resi is 
may indicate that there are other interactu is 
that facilitate the formation PcG complex :s 
that have thus far not been identified. 

Another way the composition if 
PcG complexes could be altered to obtain 
additional target specificity, is ie 
stoichiometry of the proteins in the 
complex. A PcG complex could be 
composed of the same PcG proteins, but e 
ratio in which these proteins are present in 
the complex might differ. For example, in 
both heart and testis all six PcG genes e 
analyzed were expressed. Therefore the P; G 
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plex in these two tissues could consist 
of the same PcG proteins. However, the 
expression levels of the different PcG genes 
were different in these tissues. In the heart 
more HPC2 was expressed than in the testis. 
HPH2 on the other hand, was expressed at a 
higher level in the testis than in the heart. 
This indicates that the PcG complex in the 
I: sit might contain more HPC2 than HPH1, 
while the PcG complex in the testis might 
c tain more HPH1 than HPC2. Such 
stoichiometric diversity may be an 
a ditional level of variety in PcG complex 
composition. 

Apart from variations in the 
composition of the PcG complex it has also 
been shown that there are two entirely 
s wate PcG complexes, the HPC/HPH 
c mplex and the EED/EZH complex. The 
first clue as to the existence of separate PcG 
complexes came from the study of 
i racting partners for the EED and EZH2 
p 'teins. These proteins interact with each 
o 1er, but not with BMI1, HPH1, HPC2, or 
R NG1 (28). These complexes also have 
been shown to have a mutually exclusive 
expression pattern in tonsils (19). This 
mutual exclusivity in expression for the 
HPC/HPH and EED/EZH complexes is not 
i versai. Co-expression of PcG proteins 
from the separate complexes in humans has 
been shown in fresh tumors (20) and cell 

- (28). We have found that proteins from 
both complexes can also be co-expressed in 
healthy tissue. In the endocrine epithelium 
of the thyroid (Fig. 4) and in several cell 
types of the kidney we found co-expression 
of the EED protein and proteins from the 
HPC/HPH PcG complex (Fig. 6). Co-
e »ression of EZH2 and proteins from the 
HPC/HPH complex was seen in the 

•cnchymal condensates of fetal kidney 
(Fig. 7; Table 2). Apparently co-expression 
of the two separate PcG complexes is not a 
5] cific trait of tumor cells, but can also 
a pear in healthy cells. Unlike in tonsils, 
E [) and EZH2 were never co-expressed in 
tl tissues we analyzed. If EED or EZH2 
a expressed on their own, how then is the 

EED/EZH complex built up? It is possible 
that there are other PcG proteins that have 
not yet been identified as being part of the 
EED/EZH complex. One such PcG protein 
could be a human homologue of Drosophila 
Polycomblike (Pel) (13). Like E(z), Pel did 
not co-purify with the complex containing 
the Pc and ph proteins (30). Perhaps Pel is 
part of the esc/E(z) complex. By analogy, a 
human Pel homologue could be part of the 
EED/EZH complex. Identification of a Pel 
homologue and the characterization of its 
protein interactions will bring more insight 
into this matter. 

Implications for varying complex 
composition. Apart from cell types also 
developmental stages have specific gene 
expression patterns. An example of 
developmentally changing patterns of 
expression is found in kidney development 
(15). We described the expression pattern of 
seven PcG proteins in the development of 
the glomerulus in fetal kidney. At each stage 
of glomerulogenesis a different PcG 
expression pattern was observed (Table 2). 
This suggested that the composition of PcG 
complexes is not static throughout 
development but rather that PcG complex 
composition is dynamic, indicating that a 
specific PcG complex is established at each 
developmental stage. These data are in 
accordance with the idea that the 
composition of PcG complexes determines 
the specificity for their targets and that 
consequently different PcG complexes are 
needed to maintain the repression of 
different sets of genes. Apart from human 
fetal kidney, there are also other cases of 
changing PcG expression during 
development. In early mouse embryogenesis 
Ezh2 is expressed ubiquitously, while 
midway embryonic development Ezh2 is 
mainly expressed in the liver (8). By late 
mouse embryogenesis Ezh2 is mainly 
expressed in the thymus, showing Ezh2 is 
dynamically regulated during development. 
In human bone marrow, a tissue with 
constantly differentiating cells. PcG gene 
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expression has also been shown to be stage 
specific. The primitive CD34+ population 
expresses BMI1 and no HPC1, Mel-18, or 
HPH1, while the mature CD34" population 
expresses HPC1, Mel-18, and HPH1, but no 
BMI1 (12). These data suggest that during 
development changes in PcG expression 
patterns occur and that different PcG 
complexes may exist at various 
developmental stages. 

To be able to obtain specificity for 
cell-type and even developmental stage-
specific sets of target genes, PcG complexes 
would need to be able to consist in many 
different compositions. The multiple copies 
of PcG genes in humans might be a way to 
achieve this specificity. Human PcG 
orthologues have considerable sequence 
homology in functionally conserved protein 
domains. The expression pattern of PcG 
orthologues differs considerably. The 
orthologues HPC1 and HPC2 have different 
expression patterns. Also, HPC2 was 
expressed in far more cell types than HPC1, 
which was only expressed in a subset of the 
cells that express HPC2 (Table 1). The 
presence of HPC1 or HPC2 in a PcG 
complex could have significant 
consequences for its properties. HPC2 has a 
short motif through which it can bind to the 
co-repressor CtBP (9, 29). HPC1 does not 
have this motif (Satijn and Otte, 

unpublished results). It has been shown that 
the murine HPC1 homologue M33, which 
also lacks this motif, does not bind CtBP 
(29). The Drosophila homologue of CtBP, 
dCtBP, binds to the DNA-binding gene 
repressors Krüppel, Snail, and Knirps (17). 
It could be that through the interaction with 
these repressor proteins the PcG complex in 
Drosophila is targeted to some of the genes 
the PcG complex needs to repress. It is very 
well possible that a similar mechanism is 
used in humans. HPC2 might have an 
essential role in targeting the PcG complex 
to certain loci through its interaction with 
CtBP. While HPC1 might serve to modulate 
the PcG complex specificity. Thus the 
composition of the PcG complex could 
determine the specificity for its target genes. 

We have shown that PcG expression 
in humans is extremely diverse. The 
expression pattern of human PcG genes 
varies greatly depending on the tissue, cell 
type, and developmental stage. The variety 
in PcG gene expression implies that there is 
also variety in PcG complex composition. In 
Drosophila differently composed PcG 
complexes have been shown to be 
associated with different target genes (34). 
Whether this is also the case in humans is as 
yet unknown. The identification of well 
defined human PcG target genes will open 
up more possibilities for the study of human 

HPH1 HPC1 HPC2 BMI1 PJNG1 EZH2 EED 
Nephrogenic 
mesenchyme 
Mesenchymal 
condensates 
Inner glomerular 
precursor cells 
Outer glomerular 
precursor cells 

+ 

Mature 
glomerular cells 

Table II. PcG protein expression at various stages of glomerulogenesis. The expression of several PcG proteins in 
specific stages of glomerular development is displayed. The expression pattern of mature glomerular cells is shown 
again for comparison. Expression levels are indicated: - no expression, ± varying expression, + high expression. 
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PcG complex composition at various target 
gene loci. 
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The Polycomb Group Protein EZH2 is Up-regulated in 
Proliferating, Cultured Human Mantle Cell Lymphoma 

Polycomb group (PcG) proteins are involved in the stable transmittance of the repressive state of 
their gene targets throughout the cell cycle. Mis-expression of PcG proteins can lead to proliferative 
defects and tumorigenesis. There are two separate multimeric PcG protein complexes: an 
EED/EZH2 containing complex and a BMI1/RING1 containing complex. In the normal human 
follicle mantle, both PcG complexes have mutually exclusive expression patterns. BMI1/RING1 is 
expressed, but EZH2/EED is not. Here we studied the expression of both complexes in 6 cases of 
Mantle Cell Lymphoma (MCL), which is derived from the follicle mantle. MCL cells can be 
cultured in vitro, and stimulated to proliferation. We found that resting MCL cells express 
BMI1/RING1, but not EZH2/EED, like normal mantle cells. Proliferating MCL cells, however, 
showed strongly enhanced expression of EZH2. Also BMI1 and RING1 remained expressed in 
proliferating MCL. This is the first demonstration that EZH2 expression can be up-regulated in 
fresh lymphoma cells. To test whether the enhanced EZH2 expression was causal for the increased 
proliferation in MCL, we over-expressed EZH2 in two different cell lines. In the B cell derived 
Ramos cell line EZH2 over-expression caused an increase in the proliferation rate. This suggests a 
possible causal effect between EZH2 up-regulation and increased proliferation in haematopoietic 
cells. 

The Polycomb Group (PcG) genes of 
Drosophila are negative regulators of gene 
expression (6, 31). They are involved in the 
stable maintaining of the repressive state of 
their target genes throughout the cell cycle 
(16, 21). This stable inheritance of gene 
expression is essential for maintaining the 
identity of the cell. PcG proteins bind to the 
Drosophila polytene chromosomes in 
overlapping patterns (5, 9, 24), which 
suggests that PcG proteins might work in 
multimeric protein complexes. This idea 
was confirmed by the observation that 
Polyhomeotic (Ph) and Polycomb (Pc) 
coimmunoprecipitate (9). 

Several human homologues of the 
Drosophila PcG genes have been identified. 
Human PcG proteins also coimmuno
precipitate (11, 25, 27-29), indicating that 
human PcG proteins form multimeric 
complexes as well. This is further supported 
by the observation that the different PcG 
proteins co-localize in distinct domains 

within the nucleus. 
Two separate PcG complexes have 

been described in humans (29). On the one 
hand a PcG complex containing Human 
Polycomb 2 (HPC2), PJNG1 (25,27), BMI1 
(11) and Human Polyhomeotic 2 (HPH2), 
and on the other hand a PcG complex 
containing Enhancer of Zeste Homolog 2 
(EZH2) and Embryonic Ectoderm 
Development (EED) (29). These two PcG 
complexes vary in their nuclear 
distributions. In U-2 OS cells the BMI1 
containing complex is localized in 
pronounced nuclear domains (11,25), while 
the EZH2 containing complex has a diffuse 
distribution throughout the nucleus (29). 
This observation and the fact that the two 
complexes do not coimmuno-precipitate 
with each other suggest that they form 
separate PcG complexes. The finding that 
there are two different PcG complexes has 
been confirmed in Drosophila (17, 20, 33). 

Besides the fact that EZH2/EED and 
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BMI 1/RING 1 neither coimmunoprecipitate 
nor colocalize, the two PcG complexes also 
have a mutually exclusive expression pattern 
in tonsils (22). Resting B cells in the follicle 
mantle of tonsils and lymph nodes express 
BMI1 and RING1 but do not show EZH2 or 
EED expression (22). In contrast to mantle 
cells, the rapidly dividing germinal center B 
cells express EZH2 and EED and lack 
expression of BMI 1 and RING1 (22). The 
mutually exclusive expression pattern of 
BMI 1/TUNG 1 and EZH2/EED again 
demonstrates the existence of two distinct 
PcG complexes. 

Several PcG proteins have been 
implicated in carcinogenesis and 
lymphomagenesis. Over-expression of an 
HPC2 mutant causes anchorage-independent 
growth and cellular transformation (26). 
Over-expression of RING1 also induces 
anchorage-independent growth, as well as 
metastatic activity in athymic mice (27). 
Bmil over-expression in transgenic mice 
leads to increased incidence of lymphomas 
(2, 15). In murine and human studies BMI1 
and other PcG proteins play an important 
role in lymphomagenesis, and deregulation 
may cause malignant degeneration (1, 18, 
34). No direct tumorigenic properties for 
EZH2 have been shown. However, its 
location at 7q35, a critical region for 
myeloid disorders, suggests that EZH2 
might be involved in the pathogenesis of 
7q35-36 aberrations in myeloid leukemia 
(4). Furthermore the characteristic 
expression pattern for EZH2 as seen in 
tonsils is disturbed in Hodgkin's disease, 
where EZH2 is co-expressed with BMI1 in 
Hodgkin and Reed-Sternberg cells (23). This 
is another indication that EZH2 is involved 
in tumorigenesis. 

Mantle Cell Lymphoma (MCL) is 
considered to be derived from B cells of the 
follicle mantle. We observed that MCL cells 
can be cultured in the 'CD40 system' (3), 

and that IL-10 is a co-stimulatory factor in 
most cases (35). MCL is an excellent model 
in which the relation between proliferation 
and PcG gene expression in a tumor can be 
studied as compared to the healthy tissue 
from which it is derived. Moreover, by 
selecting fresh lymphoma material, we 
avoided the confounding additional 
abnormalities present in immortalized cell 
lines. Here we examined the relation 
between proliferation and the expression of 
PcG proteins in multiple cases of MCL. 

MATERIALS AND METHODS 

MCL cells. MCL cells from 6 patients were obtained 
from blood or pleural fluid. After Ficoll-Isopaque 
(1077 g/ml) density gradient centrifugation MCL 
cells were cryopreserved in 10% dimethylsulfoxiode 
until further study. The diagnosis was established by 
cytomorphological assessment of the blood; 
histological examination of lymph nodes and bone 
marrow; immunophenotyping; molecular and 
cytogenetic analysis, following the criteria of the 
REAL classification (12). After thawing, residual T 
cells were removed with help of magnetic immuno-
beads. Cell suspensions were incubated with 
saturating amounts of anti-CD2 and anti-CD3 (anti-
leu5b and anti-leu4, Becton Dickinson, Mountain 
View, CA, USA) monoclonal antibodies (mAbs) 
followed by incubation with sheep-anti-mouse-coated 
magnetic beads according to the description of the 
manufacturer (Dynabeads, Dynal, Oslo, Norway). 
After immunomagnetic separation the suspensions 
always contained less than 0.5% CD2* T cells as was 
confirmed by flow cytometry. 

Cell sorting. For measurement of EZH2 expression 
by Western blot, MCL cells were mechanically 
disrupted from the culture plates on day 7 of culture 
in the CD40 ligand system. Residual 3T6 fibroblasts 
were eliminated by cell sorting, using a FACS 
Vantage SE (Becton Dickinson systems, S. Jose, CA 
USA). Sort windows were used on forward and side 
scatter to eliminate debris and the large murine 
fibroblasts and on the CD 19-phycoerythrin (PE) 
fluorescence to make sure only B cells were sorted. 
Sorted populations contained more than 99.5% MCL 
cells. 
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Culture system. 50,000 irradiated (70 Gray) 3T6 
cells transfected with the human CD40L (a kind gift 
of Dr M. Bakkus, Brussels, Belgium) were added in 
flat bottom 24-well culture plates (Costar, Becton 
Dickinson). One million T cell depleted malignant B 
cells were added in a final volume of 1 ml. Complete 
culture medium consisted of IMDM (Gibco 
laboratories, Grand Island, NY, USA), 5.6% heat 
inactivated fetal calf serum, 0.56% human serum 
albumin (CLB, Amsterdam, The Netherlands), 45 
Hg/ml human transferrin (Behring, Mannheim, 
Germany), 0.01 mmol/1 ß-mercaptoethanol (Sigma 
Chemical Co., St Louis, MO, USA), 5.5 ug/ml bovine 
insulin (Sigma), penicillin/streptomycin (20 U/ml and 
20 ug/ml respectively, Gibco) and 1% glutamine 
(Gibco). Human recombinant (HuR) IL-10 (CLB) 
was added at a final concentration of 20 ng/ml. Cells 
were cultured in a fully humidified 5% C02 

atmosphere at 37°C for 7 days. 

Immunofluorescence labeling. Coverslips were 
coated with 3-aminopropyl-tri-ethoxisilan (APTS) by 
applying 50 ul 2% APTS in ethanol and letting dry to 
the air. Subsequently the coverslips were rinsed three 
times with water and again dried to the air. MCL cells 
were rinsed with PBS and cytospun on APTS coated 
coverslips for 10 min at 700 rpm (Cytospin, Shandon, 
Pittsburgh, PA, USA) and dried to the air for 10 min. 
Attached MCL cells were rinsed with 400 JJ.1 
phosphate-buffered saline (PBS) and incubated with 
2% (wt/vol) paraformaldehyde in PBS for 15 min at 
room temperature. After fixation, cells were rinsed 
three times with PBS and permeabilized with 0.5% 
(wt/vol) Triton X-100 (Sigma) for 5 min at room 
temperature. Cells were subsequently rinsed twice 
with PBS, incubated in PBS containing 100 mM 
glycine for 10 min, and incubated twice in PBG (PBS 
containing 0.5% bovine serum albumin and 0.05% 
gelatin from cold-water fish skin [Sigma]) for 10 min. 
Fixed cells were incubated for 2 h at room 
temperature with polyclonal rabbit antibodies against 
EZH2 (29), EED (29), RING1 (25) or BMI1 (11) 
diluted in PBG. Subsequently, cells were washed 4 
times for 5 min in PBG and incubated with 
biotinylated donkey anti-rabbit IgG (Jackson 
ImmunoResearch Laboratories, West Grove, PA, 
USA) diluted in PBG for 1 h at room temperature. 
After labeling, cells were subsequently washed 4 
times for 5 min in PBG and incubated with 
streptavidine-FITC (Jackson ImmunoResearch 
Laboratories) diluted in PBG for 30 min. Cells were 
washed four times for 5 min in PBG and twice in PBS 
for5 min. Images of labeled cells were produced ona 
Zeiss confocal laser scanning microscope (Zeiss, 

Oberkochen, Germany) with 100x/l .35 oil immersion 
lens. Single optical sections are shown. Line scans 
were produced using the Zeiss LSM Imaging pack. 

EZH2 over expression in Ramos cells. The Ramos 
B cell lymphoma cell line was transfected with 
pCDNA3 and pCDNA3-EZH2. Cells were cultured 
for two weeks in the presence of 200 ug/ml G-418 to 
select for transformants. Next, the cells were 
suspended at a density of 105 cells/ml. Cells were 
counted at day 0, day 3, and day 6. The experiment 
was performed in triplicate. The growth rates were 
calculated from the cell densities. Relative growth 
rates are the growth rates of cells transfected with 
pCDNA3-EZH2 vector divided by the growth rate of 
the cells tranfected with the empty pCDNA3 vector. 

Western blot and quantification of band intensity. 
3T6 depleted MCL cells were washed with PBS and 
resuspended in ELB buffer (250 mM NaCl, 0.1% 
Nonident P-40, 50 mM HEPES [pH 7.0], 5 mM 
EDTA) containing 0.5 mM DTT, 1 mM PMSF, 2 
(ig/ml leupeptin, 2.5 ug/ml aprotinin and 10 |lg/ml 
benzamidine at 106 cells in 70 ul. Cells were lysed by 
sonication with one burst of 10 sec. The protein 
concentration of the samples was determined using 
the bicinchoninic assay (Sigma). 5 ug of the protein 
samples was separated on SDS-PAGE and transferred 
to nitrocellulose. Western blots were probed with 
polyclonal rabbit antibodies against EZH2 (29), 
RING1 (25), BMI1 (11), EED (29) and CtBP (30). 
The secondary antibody was alkaline phosphatase 
conjugated goat anti-rabbit antibody (Jackson 
ImmunoResearch Laboratories). Nitroblue 
tetrazolium-5-bromo-4-chloro-3-indolyl-phosphate 
(Roche, Basel, Switzerland) was used as a substrate 
for detection. 

The bands from the Western blot were 
quantified by measuring the average intensity within a 
rectangle around the band subtracted by the average 
intensity within a same sized rectangle just below the 
band. 

RESULTS 

EZH2 expression. Using immuno
fluorescence labeling, we analyzed the 
expression level of EZH2 in MCL cells from 
two cases, that have different proliferative 
characteristics (35). 
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MCL cells from both cases 
expressed before and after culture EZH2 
levels that were slightly above the 
background (Figs IA, B, E, F). After 
addition of IL-10, the expression level of 
EZH2 in the non-proliferating MCL cells 
from case 1 remained the same (Fig 1C). In 
contrast, an increased EZH2 expression was 
seen in the proliferating MCL cells from 
case 2 (Fig IG). The EZH2 protein was 
detected only in the nucleus, having a 
diffuse distribution as is seen in U-2 OS 
cells (29). The nuclear EZH2 distribution 
did not change when the EZH2 expression 
level of case 2 was increased. 

To quantitatively compare the 
expression of EZH2 in proliferating and 
non-proliferating MCL cells, we plotted the 
fluorescence intensity along a given line 
through a cell, a so-called line scan (Figs 
ID, H). The line scans showed that the IL-10 

stimulated proliferating MCL cells from 
case 2 had an approximately three fold 
higher expression maximum above the 
background than the MCL cells from case 1. 
The expression of EZH2 in MCL cells was 
also analyzed using Western blotting (Fig 
2A). The Western blot confirmed that the 
expression of EZH2 is up-regulated five fold 
only in the IL-10 stimulated MCL cells from 
case 2 (Table 1). These two different ways 
of analysis both point to a positive 
correlation between EZH2 expression and 
the rate of proliferation. 

BMI1, RING1 and EED expression. Using 
immunofluorescence, we also analyzed the 
expression of the PcG proteins BMI1, 
RTNG1 and EED. BMI1 and RING1 were 
expressed in MCL cells from both case 1 
and case 2 (Figs 3A, D, 4A, D). BMI1 and 
RJNG1 displayed a diffuse nuclear 

EZH2 Before culture After culture + IL-10 

Case 1 

Case 2 

D 

H I 
II 

Je L kt 
Fig 1. The expression of EZH2 in proliferating and non-proliferating MCL cells. MCL cells from case 1 labeled with 
rabbit anti-EZH2 before culture (A), after culture (B) and after stimulation with IL-10 (C). MCL cells from case 2 
labeled with rabbit anti-EZH2 before culture (E), after culture 0^) and after stimulation with IL-10 (G). Single 
confocal optical sections are shown. In the upper right hand comer the 3H-thymidine uptake in cpm is depicted to 
indicate the rate of proliferation. The line through a cell indicates the line along which the fluorescence intensity is 
plotted in the graphs. Line scans through MCL cells of case 1 (D), and of case 2 (H). Line scans on MCL cells before 
culture are shown in green, after culture in blue and after culture in the presence of IL-10 in red. 
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Fig 2. Expression of EZH2, RING1 and BMI1 in 
MCL cells. Cell lysates of MCL cells from case 1 and 
case 2 before culture, after culture and after IL-10 
stimulation were Western blotted and incubated with 
rabbit anti-EZH2 (A), rabbit anti-RINGl (B) and 
rabbit anti-BMIl (C). Molecular weight markers are 
indicated in kDa on the left. The 90 kDa band shows 
the EZH2 expression. 

distribution. This distribution pattern 
remained unchanged under all growth 
conditions (Figs 3,4), which was confirmed 
by line scans. The expression levels of BMI1 
and RINGl were also analyzed on Western 
blot. Both cases expressed the same level of 
BMI1 and RINGl before and after culture, 
with or without IL-10 stimulation (Figs 2B, 
C, Table 1). Using immuno-fluorescence 
and Western blotting we could not detect 
any expression of the EED protein in both 
cases neither before or after culture (data not 
shown). 

Relation between EZH2 expression and 
MCL proliferation. The data presented thus 
far suggested a correlation between EZH2 
expression and proliferation in MCL. To 
further investigate the relation between 
EZH2 expression and the rate of 
proliferation, the EZH2 expression levels of 
four other cases of MCL were analyzed. 
Besides another proliferating case of MCL 
(case 5), also MCL cells with an 
intermediate (cases 3 and 4), and an 
extremely high rate of proliferation (case 6) 
in culture were tested. As no change in the 
expression of BMI 1, RINGl and EED was 
seen previously, we delimited our study of 
these cases to EZH2 expression. 

The MCL cells from case 3 displayed 
weak levels of EZH2 expression before 
culture, after culture (Fig 5A, B). After IL
IO stimulation however, EZH2 was up-
regulated (Fig 5C). Before culture, MCL 
cells from case 4 weakly expressed EZH2 
(Fig 5D). After culture on CD40L cells, a 
slight increase in EZH2 expression was seen 
(Fig 5E), which was further increased after 
IL-10 stimulation (Fig 5F). The MCL cells 
from case 5 displayed weak EZH2 
expression before culture (Fig 5G). After 
culture EZH2 expression was high, either 
with or without IL-10 stimulation (Fig 5H, 
I). The MCL cells from case 6 showed 
similar results: low levels of EZH2 before 
culture, very high levels after culture, 
however no up-regulation of EZH2 was 
evident after IL-10 addition, although 3H-

Table 1. Quantitative analysis of Western blot. 

Case 1 Case 2 
Protein Before culture After culture + IL-10 Before culture After culture + IL-10 
EZH2 
RINGl 
BMI1 

1 
1 
1 

1.1 
1.2 
1.2 

1.2 
1.3 
1.0 

1 
1 
1 

1.5 
1.0 
1.2 

5.0 
0.8 
0.7 

Intensities of bands from Western blots (Fig 2). The intensities of the bands before culture were arbitrarily set at 1. 
The intensities of the bands after culture and after IL-10 stimulation are given relative to the intensity of the band 
before culture. 
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thymidine incorporation increased further 
upon IL-10 stimulation (Figs 5J-L). 

Over-expression of EZH2 in human cell 
lines. Our data indicated a positive 
correlation between proliferation and EZH2 
expression. It is unclear whether EZH2 was 
up-regulated as a consequence of increased 
proliferation or whether the up-regulation of 
EZH2 caused an increase in the rate of 
proliferation in MCL cells. To study the 
effect of EZH2 expression on the 
proliferation rate of cells, we over-expressed 
EZH2 in two different cell lines, the 
haematopoietic Ramos cell line and the U-2 
OS osteosarcoma cell line. 

For EZH2 over-expression in Ramos 
cells we used the pCDNA3-EZH2 vector 
which gives stable expression of EZH2 from 
the CMV promoter in mammalian cells. As 
a control we separately transfected the 
empty pCDNA3 vector. Ramos cells 

transfected with pCDNA3-EZH2 displayed 
an approximately 2.5 fold higher growth rate 
than Ramos cells transfected with the empty 
vector (Fig 6). This indicates that the 
correlation between up-regulation of EZH2 
and the rate of proliferation might be causal. 

In contrast with Ramos cells, over-
expression of EZH2 in U-2 OS cells did not 
cause an increase in the rate of proliferation 
(Data not shown). These data indicate that 
the effect of EZH2 over-expression the rate 
of proliferation might be dependent on the 
cell type. 

DISCUSSION 

PcG proteins can form two distinct 
multimeric complexes, an EED/EZH2 
containing and a BMI 1/RING 1 containing 
complex. The correct expression of these 
complexes is crucial for the correct 

BMI1 Before culture After culture + IL-10 

Case 1 

Case 2 

Fig 3. The expression of BMI l in proliferating and non-proliferating MCL cells. MCL cells from case 1 labeled with 
rabbit anti-BMIl before culture (A), after culture (B) and after stimulation with IL-10 (C). MCL cells from case 2 
labeled with rabbit anti-BMIl before culture (E), after culture (F) and after stimulation with IL-10 (G). Single 
confocal optical sections are shown. In the upper right hand corner the 3H-thymidine uptake in cpm is depicted to 
indicate the rate of proliferation. The line through a cell indicates the line along which the fluorescence intensity is 
plotted in the graphs. Line scans through MCL cells of case 1 (D), and of case 2 (H). Line scans on MCL cells 
before culture are shown in green, after culture in blue and after culture in the presence of IL-10 in red. 
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development of haematopoietic cells. Over-
expression of one of the components of 
these complexes such as BMI1 or RING1 
leads to carcinogenesis (2, 27) and 
proliferative defects (14, 32). EED is 
antagonistic to BMI1 and is a negative 
regulator of proliferation in pre-B cells (19). 
In this study we examined the relation 
between PcG expression and proliferation in 
MCL cells, a non-Hodgkin's lymphoma 
derived from the follicle mantle. 

MCL cells can be cultured in vitro by 
mimicking the CD40-CD40L interaction 
that stimulates the B cells from the follicle 
mantle. These MCL cells can be further 
stimulated to proliferation by IL-10, a co-
stimulatory factor for most cases of MCL 
(35). Before MCL cells are cultured, they 
show normal expression of BMI1 and 

RJNG1 but weak expression of EZH2 or 
EED. The expression of these PcG proteins 
in MCL cells before culture was identical to 
their expression in healthy mantle cells. 
However, when MCL cells were stimulated 
to proliferation, EZH2 was up-regulated, 
while BMI1, RING1 and EED expression 
remained unaltered. 

The expression level of EZH2 was 
correlated to the rate of proliferation in 5 out 
of 6 cases. Only in one instance (case 6, 
after IL-10 stimulation) there was no up-
regulation of EZH2 in proliferating MCL 
cells. These MCL cells were the fastest 
growing cells we tested. It is possible that 
these fast growing cells initially expressed 
EZH2, but might have reached stationary 
phase at the time of immunofluorescence 
labeling, and correspondingly did not 

RING1 Before culture After culture + IL-10 

Case 1 

Case 2 

D 

H 

Fig 4. The expression of RING 1 in proliferating and non-proliferating MCL cells. MCL cells 
from case 1 labeled with rabbit anti-RTNGl before culture (A), after culture (B) and after 
stimulation with IL-10 (C). MCL cells from case 2 labeled with rabbit anti-PJNGl before culture 
(E), after culture (F) and after stimulation with IL-10 (G). Single confocal optical sections are 
shown. In the upper right hand corner the 3H-thymidine uptake in cpm is depicted to indicate the 
rate of proliferation. The line through a cell indicates the line along which the fluorescence 
intensity is plotted in the graphs. Line scans through MCL cells of case 1 (D), and of case 2 (H). 
Line scans on MCL cells before culture are shown in green, after culture in blue and after culture 
in the presence of IL-10 in red. 
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EZH2 Before culture Afterculture + IL-10 

Case 3 

15,000 cpm 

Case 4 

Case 5 

Case 6 

Fig 5. The expression of EZH2 is increased in proliferating MCL cells. MCL cells were labeled with rabbit anti-
EZH2 antibodies. MCL cells from four separate cases before culture (A, D, G, J), after culture (B, E, H, K) and after 
stimulation with IL-10 (C, F, I, L). Single confocal optical sections are shown. In the upper right hand corner the 3H-
thymidine uptake in cpm is depicted to indicate the rate of proliferation. 
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express EZH2 any longer. The correlation 
between EZH2 expression and proliferation 
has very recently also been described for 
healthy B and T cells in peripheral blood 
(10). EZH2 might have its effect on 
proliferation through its interaction with 
proto-oncogene Vav (13). Vav is essential 
for cell cycle progression of activated T cells 
(8). Vav is predominately located in the 
cytoplasm, but is translocated to the nucleus 
upon stimulation to proliferation by 
prolactin (7). Simultaneously, EZH2 is up-
regulated and can interact with Vav when it 
is present in the nucleus. It is unclear, 
however, whether EZH2 cooperates with 
Vav to increase proliferation or whether 
EZH2 attenuates the effect of Vav on the 
rate of proliferation. 

Our data suggest a correlation 
between the rate of proliferation in MCL 
cells and the level of EZH2 expression. To 
examine whether EZH2 expression caused 
an increase in the rate of proliferation, we 
over-expressed EZH2 in the Ramos cell line, 
which is derived from B cells. If over-
expression of EZH2 induces an increased 
growth rate in Ramos cells, the up-
regulation of EZH2 in MCL cells might 
have had the same effect. Over-expression 
of EZH2 in Ramos cells indeed caused an 
increased growth rate. This indicates that the 
increased rate of proliferation of stimulated 
MCL might be caused by up-regulation of 
EZH2. 

Recently, it has been shown that a 
decrease in proliferation corresponds with a 
decrease in EZH2 expression in HL-60 cells 
treated with all trans retinoic acid (10). 
Inversely, when EZH2 expression in HL-60 
cells was inhibited by antisense 
oligonucleotides, proliferation decreased 
(10). These experiments also suggest a 
causal relation between EZH2 and 
proliferation. 

Over-expression of EZH2 in U-2 OS 

pCDNA3 pCDNA3-EZH2 

Fig 6. Over-expression of EZH2 in Ramos cells. 
Growth rate for Ramos cells transfected with 
pCDNA3-EZH2 is shown relative to Ramos cells 
transfected with the empty pCDNA3 vector. In 
Ramos cells over-expression of EZH2 causes an 
approximately 2.5 fold increase in the proliferation 
rate. Values are the mean ± S.E. of three independent 
experiments. 

cells on the other hand, did not cause an 
increase in the rate of proliferation. It has to 
be taken into account, however, that U-2 OS 
cells, which are derived from bone, present a 
completely different system from 
haematopoietic cell lineages like MCL, 
Ramos and HL-60. This indicates that the 
effect of EZH2 on the rate of proliferation 
might be dependent on the cell type. 
Another possible reason why U-2 OS cells 
do not show an increase in the rate of 
proliferation as EZH2 is over-expressed 
might have to do with its initial growth rate. 
U-2 OS cells already have a high growth 
rate, incorporating 5-10 fold more cpm than 
in MCL cells after 3H-thymidine incubation 
(Data not shown). It is possible, therefore, 
that EZH2 might have a positive effect on 
low proliferation rates, but that it cannot 
increase proliferation rates when they are 
already high. 

One might expect proliferating MCL 
cells to follow the same pattern of PcG 
expression as the proliferating centroblasts 
derived from the follicle mantle, but this is 
apparently not the case. In the rapidly 
dividing centroblasts BMI1 and RJNG1 
expression is abolished, while BMI1 and 
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RING1 expression in proliferating MCL 
persisted. Inversely, EED is up-regulated in 
the proliferating centroblasts, whereas EED 
remained unexpressed in proliferating MCL 
cells. EZH2, however, was up-regulated 
when MCL cells were stimulated to 
proliferation just as in the proliferating 
centroblasts of the germinal center. This 
difference in PcG expression might be 
related to the malignancy of MCL cells. The 
EED protein, which normally is co-
expressed with EZH2, plays an important 
role in the negative control on proliferation 
(19). Thus in stead of EZH2 up-regulation 
being the cause of aberrant proliferation in 
MCL, it could also be that it is the 
imbalance between EZH2 and EED 
expression within the PcG complex that 
causes this effect. This imbalance, together 
with the failure to down-regulate BMI1 and 
RING1 - known for their oncogenic 
potential (2,27)- might therefore contribute 
to the carcinogenic properties of MCL cells. 
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General Discussion 

In chapter 1 of this thesis the basics of 
Polycomb group (PcG) function were put 
forward and general questions were posed 
as to the function of the human PcG 
complex. These questions were: 

> What is the role of multiple mammalian 
PcG orthologues? 

> Do PcG complexes have a constant 
composition? 

> How does the PcG complex 
composition provide target specificity? 

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

In this chapter we will discuss how the 
data that were put forward in this thesis and 
findings from other researchers help to 
provide answers to these questions. This 
discussion mainly focuses on what is new 
that was hitherto unknown, what the 
implications are of our findings and what 
problems and questions remain open and 
unanswered. 

1. Human PcG proteins form 
multimeric protein complexes. 

The function of PcG proteins is conserved 
from Drosophila to mouse. For instance, in 
both Drosophila and mice, mutations in 
Polycomb group genes result in homeotic 
transformations. The extent of the 
evolutionary conservation is, however, even 
more striking. When the mouse homolog of 
Pc, M33, is introduced into the Pc"/_ 

Drosophila mutant, the Pc_/" phenotype is 
almost completely reversed to the wild type 
Drosophila fly (37). Such observations 
suggested that the molecular mechanisms 
underlying PcG action might be very 
similar in Drosophila and mammals. 

One of the molecular clues of 
Drosophila PcG action is that they appear to 
operate as multimeric protein complexes. 
The association of several PcG proteins to 
identical loci on the Drosophila polytene 
chromosomes, coimmunoprecipitation ex
periments and cofractionation in high 
molecular weight complexes, all indicated 
that PcG proteins associate with each other 
in vivo (12, 15, 28, 31, 46, 58, 80). When 
work described in this thesis started, 
nothing was known about potential 
mammalian PcG protein complexes. 

We have extensively employed the 
two-hybrid system to identify new human 
proteins that are part of a human PcG 
complex (Chapter 2, 3 and 4). These screens 
resulted in the identification of HPH1 and 
HPH2, two human homologues of the 
Drosophila PcG gene polyhomeotic (ph) 
(Chapter 2) (19). We also identified RING1 
as being part of the human PcG complex 
(Chapter 3) (48). Detailed analysis of all 
identified interactions led to the conclusion 
that the PcG protein complex that contains 
HPC (human Pc) further consists of BMI 1, 
HPH and RING1 (51). In addition, we 
identified a protein that functions as a co
mpressor for several other repressors, CtBP 
(C-terminal Binding Protein) (53, 56). 
Through its interaction with CtBP the PcG 
complex might be associated to the 
chromatin via DNA binding repressors 
(Chapter 4) (56). Based on the analysis of 
the interactions between these PcG proteins 
we are now able to draw a model of the PcG 
complex (Figure 1). 

To provide evidence for the in vivo 
relevance of the identified two-hybrid 
interactions we performed coimmuno
precipitation and cofractionation experi
ments. Furthermore, we found in several 
cell lines that these five proteins colocalize 
in pronounced nuclear domains, termed 
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Figure 1. A model for PcG complex composition based on interacting proteins. Overlapping spheres indicate the 
ability of the specified proteins to interact. The curved arrow indicates the possible connection of the PcG complex 
to the DNA via CtBP. 

PcG domains. All data support the idea that 
these PcG proteins form a multimeric 
protein complex. Several observations are 
worthwhile to discuss. 

Sequence homology is restricted to 
conserved domains. 

The sequence homology between 
the HPH and Ph proteins is restricted to 
conserved domains, in this case the 
homology domains I and II, which are 
involved in protein interaction. Outside 
these domains homology between HPH and 
Ph is very limited. Even though, the 
homology outside the conserved domains is 
very limited, overall structure of the human 
Polyhomeotic proteins is very similar to that 
of their Drosophila counterpart. The 
homology domains I and II, and a zinc 
finger motif lie in a conserved order in the 
C-terminal part of HPH1, HPH2 and Ph 
(Figure 2). This limited sequence homology 
has also been found in, for instance, the 
HPC proteins. HPC proteins share only 
extensive homology with the Drosophila Pc 
protein in two conserved regions, the 
chromodomain and the C-terminal domain. 
The chromodomain appears to be involved 
in binding of Pc protein to chromatin (33, 
42) and the C-terminal domain is involved 
in repression of gene activity (49). It seems 
that functional domains that are present in 
PcG proteins might be more conserved than 

other parts of these proteins. These 
functional domains make it easy to identify 
novel human PcG proteins that are 
homologous to Drosophila PcG proteins. 
One has to take into account however that 
some conserved domains in PcG proteins 
are also found in other proteins. Homology 
domain II from Ph is also present in Sex 
comb on midleg (Sern) and lethal(3) 
malignant brain tumor (l(3)mbt) and 
therefore often referred to as SPM domain 
(Sem, Ph, l(3)mbt) (5). The chromodomain 
of Pc is also not uniquely present in this 
protein, but is shared with HP1 (40). 
Careful alignment can determine for which 
Drosophila gene a newly identified clone is 
the true homologue. However, when partial 
cDNAs are isolated that do not contain a 
conserved domain, their homology with 
other PcG genes is minimal and their 
importance in PcG function might be 
overlooked. 

Human PcG proteins seem to exist in pairs. 
The human PcG proteins appear to 

exist as pairs. HPH1 and HPH2 were one of 
the first examples of such a pair. As 
mentioned earlier HPH1 and HPH2 share 
extensive sequence homology in conserved 
domains. Outside these conserved domains 
however, the sequence homology between 
HPH 1 and HPH2 is not higher than between 
HPH1 and Ph. Our group has found the 
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Figure 2. Homology between conserved domains of 
Drosophila and Human Polyhomeotic proteins. The 
Q-stretch indicates a glutamine-rich stretch of amino 
acids. Homology domains I and II are indicated H-I 
and H-II respectively. The zinc finger is indicated as 
'Zinc'. The percentages displayed are based on 
identical amino acids. 

same to be true for HPC1, HPC2 and Pc 
(Satijn and Otte, unpublished data). Still, 
these proteins share important functional 
aspects. HPC1 and HPC2 are, for instance, 
both repressors of gene activity. HPH1 and 
HPH2, as well as HPC1 and HPC2 are part 
of the PcG protein complex. This is 
indicated by the fact that they 
coimmunoprecipitate and that they all 
colocalize in the PcG domains (Chapter 3) 
(50). 

Another example of a protein pair is 
CtBPl and CtBP2. These two proteins are, 
in contrast, very homologous (Chapter 4) 
(56). The same is true for the mammalian 
PcG proteins Bmi-1 and mel-18 (22, 67, 
74), homologues of the Drosophila PcG 
protein posterior sex combs (7, 25, 75). 
Bmi-1 and mel-18 are 58 % identical and 93 
% homologous (26). Finally, RING1 exists 
as PJNG1A and RING1B (54). These 
proteins are 86 % identical in the ring finger 
domain and about 70 % identical in two 
conserved domains in the C-terminal half of 
the proteins. Like the HPH and HPC 
proteins homology between the RTNG1 
proteins is limited outside the conserved 
domains. 

In fact, protein families like these 
are not restricted to just two orthologues. 
For instance, the HPC class consists of 
HPC1, HPC2, HPC3 and HPC4 (4, 49) 
(HPC4 is currently in the sequence database 

as cbx6, accession: XP009995). The 
implications of the existence of multiple 
PcG homologues are unclear. One clue may 
come from the fact that they have very 
different expression profiles in both normal 
human tissues as well as in cancer cell lines, 
suggesting a functional difference for PcG 
orthologues (See section 2). Another telling 
aspect is that in all cases the pairs of PcG 
proteins are able to heterodimerize. This 
property may have implications for the 
building of distinct PcG complexes with 
different compositions and diverging 
functions (See section 3). 

The existence of mammalian PcG 
protein families is in striking contrast with 
Drosophila, where no such amplification of 
family members has been found. This is 
reminiscent to the existence of four 
duplicated homeotic gene cluster in 
mammals, in comparison with the single 
homeotic gene cluster in Drosophila. This 
parallel is suggestive since PcG proteins are 
such important regulators of the homeotic 
genes. 

Is RING1 a PcG protein? 
We identified RTNG1 as being part 

of the human PcG protein complex. This 
came as a considerable surprise, since there 
appears to be no Drosophila PJNG1 
homologue that has been identified as being 
a PcG protein. Also, at that time there was 
not a single clue for the function of RING 1, 
which is an acronym for Really Interesting 
New Gene\ PJNG1 has all the characteistics 
of a bona fide mammalian PcG protein. It 
has extensive interactions with multiple 
PcG proteins (50). PJNG1 coimmuno-
precipitates and cofractionates with the 
other human PcG proteins. RING1 
colocalizes with the PcG proteins HPC, 
BMI1 and HPH in the nuclear PcG 
domains. Finally, it acts as a powerful 
repressor of gene activity. However, until 
very recently, genetic evidence for PJNG1 
being a PcG protein was lacking. Recently, 
it has been shown that targeted deletion of 
Ring la, the mouse homolog of RING1, 
gives rise to a similar, homeotic phenotype 
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as other mouse PcG genes (13). This is the 
first indication at a genetic level that RING1 
is indeed a PcG gene. Furthermore, use of 
an antibody against a Drosophila homolog 
of RING1 demonstrated that this 
Drosophila protein, dRing, colocalizes with 
other PcG proteins on polytene 
chromosomes (Miguel Vidal, personal 
communication). This is considered to be an 
important characteristic of Drosophila PcG 
proteins. Why then has dRingl never been 
identified as a bona fide PcG protein? The 
reason probably lies in the fact that there are 
simply no known mutations in dRingl. 
Neither has a transposon been identified in 
the neighborhood of the dRingl locus. In 
short, dRing has probably escaped genetic 
screens in Drosophila for trivial reasons. 
This coincidence is telling, since other 
important regulatory proteins will probably 
also escape our attention for similar reasons. 
Our data and the data on the murine Ring la 
protein strongly suggest that RTNG1 is an 
essential core protein in the PcG protein 
complex. However, it will probably take a 
mutation in dRing that has a PcG phenotype 
to convince Drosophila geneticists to accept 
this protein to be a bona fide PcG protein. 

Are all PcG proteins identified? 
Have we identified all proteins 

within the human PcG complex? This is not 
likely. In Drosophila 17 PcG genes have 
been identified and possibly more, since 
other cytological locations have been 
identified that enhance the Pc phenotype. 
For 12 of the Drosophila PcG genes 
(putative) human homologues have been 
identified. It is possible that with further 
two-hybrid screening human homologues 
for a PcG gene like Additional sex combs 
(Asx) might be identified. Asx has a strong 
genetic interaction with Pc, which might be 
due to a direct interaction between these 
two proteins (35). There are also 
Drosophila PcG genes that have not yet 
been sequenced. Such genes as super sex 
combs (sxc) and Sex combs extra (See) 
won't be recognized since their sequences 
are simply not in the database. 

One potentially more conclusive 
way to identify more components of the 
human PcG protein complex might be 
biochemical purification of the PcG protein 
complex. A Drosophila PcG protein 
complex has been purified biochemically 
(58). The purified PcG protein complex was 
enriched for approximately 10 proteins. We 
have extensively tried this approach, but 
have failed to achieve our goal. Part of the 
difficulty in purifying the mammalian PcG 
protein complex appeared to be that the 
complex is very heterogeneous, ranging 
from PcG protein monomers to high 
molecular weight complexes (Gunster and 
Otte, unpublished results). It remains 
unclear whether this heterogeneity is due to 
instability of the complex or if PcG protein 
complexes are heterogeneous in vivo. One 
plausible reason for heterogeneity in the 
size of PcG complexes might be a 
differential composition of these complexes 
(See section 3). 

Two separate PcG complexes exist. 
During the course of this PhD study 

our group obtained evidence for the 
existence of a PcG protein complex that is 
physically separate from the above 
described PcG protein complex. This 
second PcG protein complex contains the 
EED (embryonic ectoderm development) 
and the EZH2 (enhancer of zeste 
homologue) proteins (57). EED and EZH2 
strongly interact in the two-hybrid assay. 
They coimmunoprecipitate and colocalize 
in the same cells of human tissue such as 
tonsils (44). However, they do not interact 
with members of the first PcG complex, 
namely HPC, HPH, BMI1 or RING1. 
Furthermore, EED and EZH2 do not 
coimmunoprecipitate with members of the 
HPC/HPH complex. Finally, EED and 
EZH2 do not colocalize with members of 
the HPC/HPH complex, neither in the cell 
nucleus (57) nor in the same cells of a 
human tissue such as the tonsil (44). We 
have therefore concluded that there are at 
least two distinct PcG protein complexes, 
the HPC/HPH and the EED/EZH2 complex 
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(57, 77). This finding has subsequently been 
confirmed in Drosophila (38, 69). 

It has been speculated that the 
EED/EZH complex has the function of 
initiating gene silencing and that the 
HPC/HPH complex is for maintaining the 
repressed state of silenced genes (57, 71). 
This idea is based on the fact that mutants 
of EED and esc, its Drosophila homologue, 
have more dramatic effects in early 
development than the other PcG proteins. 
Esc is in fact the only PcG protein whose 
presence is essential for early Drosophila 
development (63). All other PcG proteins 
are required only in later stages of 
development when maintenance of gene 
repression is needed (63). Also the 
phenotypical effects of the eed"/_ mutation 
on mouse development is strikingly 
different. The eed" ' does not survive beyond 
gastrulation (55), whereas in most other 
mouse PcG mutations only modest 
homeotic transformation are observed (76). 
These data have been interpreted as 
consistent with an earlier role for EED/esc 
than the other PcG proteins. In our group 
we have obtained additional evidence 
supporting a different function for the 
separate PcG complexes. Our group has 
found that the EED/EZH complex is 
associated with histone deacytelation 
(HDAC) activity, whereas the HPC/HPH 

complex is not (71). The association of 
histone deacetylase activity with the 
EED/EZH complex has recently been 
confirmed in Drosophila (70). This HDAC 
activity is in part explained by the fact that 
HDAC proteins interact specifically with 
the EED protein and not with any other PcG 
protein (71). Another part of the EED/EZH 
associated HDAC activity can be explained 
by the interaction of the transcription factor 
Yin-Yangl (YY1) with EED (52). YY1 is 
known to be associated with HDAC activity 
through an interaction with HDAC proteins 
(11, 79). YY1 has further been identified as 
a homologue of Pho (pleiohomeotic), a 
Drosophila PcG protein (6). Importantly, 
YYl/Pho is the only PcG protein with 
specific DNA binding properties. Taken 
together these interactions suggest the 
following model (Figure 3). YYl/Pho binds 
to the DNA of Polycomb response elements 
(PREs). The next event is recruitment of the 
EED and EZH2 proteins, along with HDAC 
proteins. This is followed by histone 
deacytelation, an early, gene repressing 
event. The final step is recruitment of the 
HPC/HPH complex. 

In conclusion, when we started the 
work described in this thesis, there was no 
evidence for the existence of mammalian 
PcG protein complexes. Genetic evidence in 
Drosophila indicated the existence of only 

Deacetylation 

+* "" " > 

Repression 

Polycomb Response Element Promoter Target gene 
Figure 3. A model for PcG repression. Overlapping spheres indicate the ability of the specified proteins to interact. 
The curved arrow indicates the possible connection of the HPC/HPH complex to the DNA via CtBP. The curved 
arrow with question mark indicates that no solid link has been identified whereby the EED/EZH complex and the 
HPC/HPH complex physically interact. The dashed line signifies that histone deacetylation is involved in PcG 
function 
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one single PcG protein complex. Now we 
can draw a more detailed model of the PcG 
protein complexes, based on the above 
described lines of evidence (Figure 3). What 
is currently lacking is the place of PcG 
proteins such as Polycomblike and 
Enhancer of Polycomb within this model 
(31, 64). What is also lacking is the 
(physical) relation between the two 
complexes. One protein, RYBP (RING1 
YY1 binding protein) has been described to 
interact with YY1 and M33 (HPC1), as well 
as with PJNG1, providing a possible link 
between the two complexes (17). 
Unfortunately, no indications for an in vivo 
interaction between this protein, YY1, M33 
and PJNG1 have been found (17). 

2. What is the role of multiple 
mammalian PcG orthologues? 

As discussed in section 1, multiple 
mammalian homologs of one particular 
Drosophila PcG protein exist. What is the 
use of this apparent redundancy? Is it 
merely a back up mechanism to secure 
against failure of these important genes? Or 
does the duplication have some functional 
relevance? In the case of a failsafe 
mechanism one would expect the 
orthologous genes to have an identical 
function and perhaps an identical expression 
pattern. This is, however, not the case for 
HPH1 and HPH2 (Chapter 2) (19), CtBPl 
and CtBP2 (Chapter 4) (56), nor HPC1 and 
HPC2 (Chapter 5) (20), which in all cases 
show significant difference in expression 
pattern. What then may be the importance 
of the existing PcG protein pairs? 

The mouse Ring la and Ring lb 
orthologues share the zinc finger-binding 
domain, the RING-finger. Apart from this 
RTNG-finger the two proteins share only 
two regions of sequence similarity in the C-
terminal end. The Ring la and Ring lb 
proteins do, however, display specificity in 
protein interactions. Ring lb binds MPh2 
(the mouse HPH2) through a domain 
outside the RING-finger (23). An 

interaction between Ring la and MPh2 does 
not exist. This indicates that an important 
difference between Ring la and Ring lb lies 
in the fact that they are able to recruit 
different proteins, amongst which are other 
PcG proteins. Another example comes from 
work described in this thesis. 

Orthologous vertebrate Pc proteins 
share functionally conserved protein 
domains, the chromodomain and the C-
terminus (Chapter 3) (41, 47, 48, 49). The 
chromodomain is essential for associating to 
the chromatin and the C-terminus mediates 
gene repression (8, 33, 49) Again, outside 
these functionally conserved domains, 
homology is hardly existent. However, apart 
from the chromodomain and the C-
terminus, which are domains that are shared 
by all Pc homologues, we have identified 
the six amino acid motif, PIDLRS, which is 
present in HPC2, but not in HPC1 (Figure 
4). Through this motif HPC2 binds 
specifically to the co-repressors CtBPl and 
QBP2 (Chapter 4) (56). The murine HPC1 
homologue M33 lacks this motif and has 
been shown to not bind to QBP2 (Figure 4). 
Also the Xenopus XPc2 homologue (47) 
contains this six amino acid motif and thus 
binds the CtBP proteins. This again is an 
example how a small difference in protein 
sequence can result in the differential 
recruitment of proteins. 

The differential recruitment of 
proteins will obviously lead to the 
emergence of distinct PcG complexes with 
different compositions. Potentially, this 
creates greater diversity in PcG complexes 
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Figure 4. Homology between HPC1 and HPC2. The 
chromodomain and the conserved C-terminus are 
indicated by the shaded boxes. The percentages 
displayed are based on identical amino acids. The 
PIDLRS domain that is only present in HPC2 
mediates the interaction with CtBP. 
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than when only one version of a particular 
PcG protein would exist. This could in turn 
result in a greater array of target genes that 
can be repressed. 

Besides the differential potential of 
the orthologues to recruit other proteins, 
they also differ functionally. There is a big 
difference in the phenotype of Ringla"7" and 
Ringlb"7" mice. Targeted deletion of Ringla 
leads to subtle changes in the identity of the 
vertebrae, while Ringlb deficient mice die 
at day 9 of gestation (13) (Vidal, personal 
communication). This difference in 
phenotype indicates that Ringla and Ringlb 
are functionally different. Possibly, Ringlb 
deletion gives rise to such a severe 
phenotype because it interacts with more 
PcG proteins, such as HPH2 (23). 

In contrast, targeted disruption of 
Bmil and mel-18, the murine homologues 
of Psc, leads to very similar and moderate 
phenotypes. But Bmil and mel-18 do differ 
in their effect on tumorigenesis. Over-
expression of Bmil in mice leads to 
increased incidence in lymphomas, while no 
such effect is seen when mel-18 is over-
expressed (2, 68, 77). Depletion of mel-18 
by antisense mel-18 RNA does, however, 
lead to rumorigenic phenotype in NIH/3T3 
cells (26). This would classify mel-18 as a 
tumor suppressor gene, while Bmil is a 
known oncogene. This suggests that Bmi-1 
and mel-18 are functionally very distinct. 
However, the fact that in mel-18"'" mice no 
tumorigenesis has been reported suggests 
that the in vivo relevance of mel-18 as a 
tumor suppressor might be limited (1). 

In conclusion, we and others have 
unveiled a far more complex picture of PcG 
protein complexes than was imagined some 
years ago. As discussed, the existence of 
multiple PcG orthologues may result in the 
creation of distinct PcG protein complexes 
with different compositions. 

General Discussion 

3. Do PcG complexes have a 
constant composition? 

Initial evidence for differentially 
composed human PcG complexes was 
obtained by analyzing the mRNA 
expression levels for BMI, HPH1, and 
HPH2 in eight separate tissues (Chapter 2) 
(19). This revealed that the expression 
patterns of these three genes were different 
from each other. To examine the extent in 
which PcG expression varies dependent on 
the selected tissue we expanded the mRNA 
expression analysis to 23 tissues and six 
PcG genes (Chapter 5) (20). The expression 
of the PcG genes varied greatly, some PcG 
genes being expressed in nearly every tissue 
and some being expressed in only a few 
tissues. The differential expression of PcG 
genes in various tissues implicates that the 
composition of the PcG protein complexes 
in these various tissues is likely to be 
different as well. 

Since tissues are composed of 
different cell types, it is possible that PcG 
genes that are co-expressed at the tissue 
level can still be expressed differentially in 
distinct cell types of that same tissue. An 
example is the tonsil (44). BMI1 and 
RING1 as well as EED and EZH2 are co-
expressed in the tonsil. However, when 
observing distinct cell types within the 
tonsil, BMI1/RING1 and EED/EZH2 
display a mutually exclusive expression 
pattern. BMI1 and RJNG1 are expressed in 
resting B cells in the mantle zone, whereas 
EZH2 and EED are not expressed in the 
mantle zone, but in proliferating B cells 
instead (44). We observed distinct PcG 
expression patterns in other tissues as well. 
We found that PcG expression patterns are 
divergent at the sub-tissue level, giving rise 
to cell type-specific PcG expression 
patterns. The fact that different sets of PcG 
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proteins are expressed in the various cell 
types within several tissues indicates that 
cell type-specific PcG protein complexes 
exist. 

Apart from having a different 
composition in various cell types, the PcG 
protein complexes might also differ in 
composition depending on the develop
mental stage. One can wonder if the PcG 
protein complexes that are present in an 
adult tissue are the same throughout its 
development, or whether the composition of 
the PcG protein complexes alters during 
development. Elaborate developmental 
studies of PcG complex composition have 
not been performed so far. Our analysis of 
PcG expression patterns in the embryonic 
kidney is the first of this kind of study. We 
analyzed the expression of seven different 
PcG proteins in the fetal kidney (Chapter 5) 
(19). This allowed us to also draw 
conclusions on PcG protein complex 
composition. In one tissue section of fetal 
kidney several progressive stages of kidney 
development can be discerned. We 
observed profound changes in the 
expression of particular PcG proteins. For 
instance, nephrogenic mesenchyme cells 
(Nm) develop in the fetus towards 
mesenchymal condensate cells (Mc). In Nm 
cells HPH1 and HPC2 expression was high, 
whereas no BMI1, RTNG1, HPC1, EED, or 
EZH2 expression was detected at all. When 
Nm cells develop into Mc cells the PcG 
expression pattern changes dramatically. In 
Mc cells expression of BMI1, PJNG1, 
HPH1, HPC1, and EZH2 was high, while 
no HPC2 or EED expression was detected. 
Finally, in the mature kidney the 
composition of the PcG protein complexes 
was again strikingly different from the 
composition in the precursor Nm and Mc 
cells. These dramatic changes indicate the 
highly dynamic nature of PcG protein 
complex compositions during development. 

Also other groups have noted 
developmentally dynamic changes in PcG 
complex compositions. Ezhl and Ezh2 
expression is differentially regulated in 
development (29). During embryonic 

development Ezh2 is predominantly 
expressed in several tissues. However, in 
mature mice expression of Ezhl in these 
tissues is up regulated, while Ezh2 
expression down regulated. In this example, 
however, no attempts were made to 
examine the PcG protein distributions at the 
cellular level, such as we have performed in 
the fetal kidney. 

4. Does PcG complex composition 
provide target specificity? 

What might be the functional 
significance of distinct PcG protein 
complexes with different compositions? It 
has been hypothesized that the composition 
of a PcG complex determines the specificity 
for its target genes (50). Support for this 
hypothesis came from binding patterns of 
PcG proteins to the engrailed (en) locus of 
Drosophila (65). Within the en locus three 
PcG target genes can be found: en, invected 
(inv), and VI. At the en gene Pc, ph and Psc 
are associated, while at the inv gene only Pc 
and ph are present. At the VI gene only ph 
and Psc were detected. This indicates that 
PcG protein complexes have different 
compositions at various target sites and 
suggests that the composition of the PcG 
complex might determine the specificity for 
its gene targets. 

Admittedly, support for the idea that 
distinct PcG complex composition relates to 
target specificity is weak, beside the above-
mentioned example. At the moment hardly 
any study has been devoted to this 
important question. It has never actually 
been shown that altering the composition of 
the PcG complex leads to its redirection to a 
different target gene. More knowledge of 
the composition of PcG complexes at 
different target genes will be required to 
further explore the relation between PcG 
complex composition and target specificity. 

There is, unfortunately, very little 
insight in PcG target genes. Besides the 
well-known homeotic genes in Drosophila 
and the engrailed locus, no other PcG target 
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genes have been identified. In mammals this 
situation is even worse, since no direct PcG 
target genes have been identified at all. 

In Drosophila, DNA elements have 
been identified that are responsible for 
maintaining the repressive state of homeotic 
genes (36). The silencing that is mediated 
by these DNA elements is dependent on Pc 
function (9, 61); hence such an element is 
called a Polycomb Response Element 
(PRE). It has been shown that PcG proteins 
associate with these PREs (66). However, 
for a long time it was unclear how the PcG 
complex associated to the DNA, since the 
PcG proteins that had been identified thus 
far didn't have any DNA-binding 
capabilities. 

Recently the Drosophila PcG 
protein pleiohomeotic (pho) was 
characterized (6). This PcG protein binds to 
a specific consensus sequence that is shared 
by several PREs (16, 34). It is possible that 
pho mediates binding of the Drosophila 
PcG complex to the DNA. The vertebrate 
transcription factor YY1 shares homology 
with Drosophila pho (30). YY1 and pho are 
homologous in a DNA-binding region 
containing four zinc fingers. It is unclear 
whether YY1 is the vertebrate homologue 
of pho, as YY1 contains several functional 
domains that are absent in pho. These 
domains include a glycine rich protein 
interacting domain and two acidic regions 
responsible for transcription activation (3). 
An important difference between YY1 and 
Pho concerns histone deacetylation activity. 
As discussed in earlier, YY1 binds to EED. 
EED and YY1 together mediate the HD AC 
activity that is associated with the 
EED/EZH complex. Pho misses the domain 
that is important for HDAC activity (6). It 
is, therefore, not clear whether Pho, and the 
PcG complex it associates with, mediates 
HDAC activity in Drosophila. 

Another point that should be raised 
is that for now it is not clear what the 
significance is of the Pho/YYl binding sites 
in PREs. Mutations within the Pho binding 
site abolish the ability of the PRE to convey 
repression (16). However, Pho on its own is 

not able to cause silencing, nor is it able to 
recruit other PcG proteins like Pc or Psc 
(43). It is also obvious that the Pho binding 
sites in PREs are only part of the story. 
Whereas they are more or less necessary for 
PRE function, they are by no means 
sufficient. Pho binding sites themselves do 
not convey repression in Drosophila 
embryos (59). This should not come as too 
much of a surprise when one considers how 
complex the nature of PREs actually is. Not 
only do PcG proteins bind to them, also 
proteins from the antagonizing trithorax 
Group (trxG) protein family bind to them. 
For instance, trithorax (trx) colocalizes with 
Pc at many sites on polytene chromosomes 
(10). Whereas this approach might be too 
crude, due to the limited resolution, 
immunoprecipitation experiments of cross-
linked chromatin fragments supports these 
data. Using this technique it has been shown 
that GAGA factor, which is encoded by the 
trithoraxlike (tri) gene (14), binds to PREs 
(24, 39, 66). This is in line with previous 
data showing that trx colocalizes with PcG 
proteins on polytene chromosomes (10). 
Apart from being located at PREs, there are 
also functional links between the GAGA-
factor and PcG function. In the case of the 
iab-7 PRE it has even been shown that its 
silencing properties are dependent on the 
GAGA-factor (21). The bxd PRE has been 
fine-mapped to a core element of 200 bp 
that still contains GAGA binding 
sequences. Mutation of these sequences 
abolishes binding of Pc to the bxd core 
element in vitro. This suggests that the 
GAGA-factor might be needed for PcG 
function. Furthermore, it has been shown 
that the GAGA-factor coimmunoprecipit-
ates with Pc in some PcG complexes (24). 

It is obvious from this discussion 
that the molecular nature of PREs is very 
complex and is at this moment still poorly 
understood. As previously stated, only in 
Drosophila have PREs been identified with 
certainty. No mammalians PREs have been 
identified. We tried extensively to identify a 
PRE in the mouse engrailed locus, using 
chromatin cross link experiments, as well as 
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by making reporter gene constructs. The 
reason we chose the engrailed locus is that 
over-expression of RJNG1 in Rati A cells 
resulted in the strong down-regulation of 
engrailed (51). However, we were unable to 
identify a gene-repressing response element 
in a locus of 15 kbp. 

The lack of mammalian PREs and 
the poor insight into how PcG complexes 
are actually targeted to these PREs prevent 
answering the question of this section. We 
are not even sure how the PcG complex 
associates to the DNA. Pho and GAGA 
seem to be involved, but their role is far 
from clear. In this light, the important 
question of whether distinct PcG protein 
complexes with different compositions 
target and regulate different genes is likely 
to remain unanswered for quite some time. 

5. To what extent are human 
PcG proteins involved in disease? 

Since the stable transmittance of the 
repressive state of genes by PcG proteins is 
essential for maintaining the identity of 
cells, mis-expression of PcG proteins might 
result in the loss of cellular identity. One 
can imagine that this can have a serious 
effect on the health of an individual. It is 
not surprising therefore that the first 
mammalian PcG homologue, Bmil, was 
identified through its involvement in 
disease. Bmil was identified through its 
involvement in carcinogenesis and is known 
as a proto-oncogene (22, 74). Over-
expression of Bmil in transgenic mice 
results in a predisposition to 
lymphomagenesis. Also the newly 
identified mammalian PcG protein RJNG1 
has carcinogenic properties. Over-
expression of RING1 for instance, causes 
tumors in nude mice (51). 

In this thesis we studied the role of 
PcG proteins in Mantle Cell Lymphoma 
(MCL). We found that there is a correlation 
between the rate of proliferation and the 
expression of the human PcG protein EZH2 
(Chapter 6) (78). Comparison of the PcG 

expression pattern of MCL with the healthy 
tissue from which it originates, revealed that 
in proliferating MCL the PcG expression 
pattern was disturbed. As healthy mantle 
cells are activated and start proliferating, 
BMI1 and RING1 are down-regulated and 
EZH2 and EED are up-regulated. In MCL 
this is not the case. As MCL cells are 
stimulated to proliferation, BMI1 and 
RING1 are not down-regulated, and EED is 
not up-regulated. Only EZH2 follows the 
correct expression pattern and is up-
regulated as MCL cells are stimulated to 
proliferation. This aberrant PcG expression 
pattern helps to explain the malignancy of 
MCL. As the MCL is stimulated to 
proliferation two genes with oncogenic 
potential, BMI1 and RING1 are not down-
regulated. Possibly the imbalance of 
multiple PcG proteins disturbs the control 
on proliferation in such a way that a 
malignant tumor can arise. 

At the moment it is not obvious 
whether the de-regulation of the PcG 
proteins is causal or merely one of many 
consequence of the changed phenotypes of 
cancer cells. Our data showing enhanced 
growth rate of Ramos cells after over 
expression of EZH2, however, may be an 
indication that there is a causal link between 
expression of EZH2 and growth rate of 
MCL cells. Although this needs to be 
substantiated with more experiments, our 
experiments already hint at the importance 
of PcG proteins in diseases such as cancer. 

Further evidence for a correlation 
between de-regulation of PcG expression 
and tumorigenesis comes from studies in 
lymphoma. In the tonsils and lymph nodes 
PcG proteins follow a specific expression 
pattern. In these tissues BMI1 and EZH2 
are expressed in a mutually exclusive 
pattern (44). In Hodgkin's lymphoma, a 
tumor that is derived from the lymph nodes, 
this expression pattern is disturbed and 
BMI1 and EZH2 are co-expressed in 
diseased cells (45). Also in non-Hodgkin's 
lymphoma cells co-expression of EZH2 and 
BMI1 has been observed (73). In this case, 
the number of cells in which co-expression 
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was observed positively correlated with the 
degree of malignancy. 

Possibly BMI1 and EZH2 co-
expression is a marker for lymphoid tumors. 
It will be interesting to find out whether this 
co-expression is a feature that is common to 
a wide range of tumors or is limited to 
lymphomas. More extensive analysis of 
PcG expression in tumors will have to be 
done to answer this question. The coming 
years will show how far the link between 
de-regulation of PcG proteins and 
tumorigenesis extends. 

6. Concluding Remarks 

In recent years much research has been 
done on PcG function. This thesis has 
provided more insight into the composition 
of the human PcG complex (Chapter 2, 3 
and 4) (19, 48, 56). An extensive study of 
PcG expression patterns has brought to light 
the great variability in the composition of 
PcG complexes (Chapter 5) (20). Finally, 
the relation between PcG expression and 
cell proliferation has been studied for a 
specific type of lymphoma (Chapter 6) (78). 
This indicated that mis-expression of 
multiple PcG genes might be involved in 
the pathology of tumors. Thus, this thesis 
presents significant results concerning the 
function of human PcG complexes. 

We are now beginning to understand 
some of the aspects of PcG function such as 
complex composition. However, there are 
areas of human PcG function that are 
unexplored. For instance, in humans no 
PREs have been identified thus far. This is 
probably due to the fact that apart from Hox 
genes no other human PcG targets have 
been identified yet. The identification of 
new human PcG targets will open up 
possibilities for studying the relation 
between the composition of PcG complexes 
and their target specificity. 

Another field that is unexplored is 
the involvement of PcG proteins in the 
function of boundary elements. Boundary 
elements are DNA elements that can block 

the effects of enhancers and/or silencers on 
gene expression. Some boundary elements 
can block the repressive influences of 
specific repressors of gene activity such as 
the PcG proteins (72). Boundary elements 
might play an important part in restricting 
PcG-mediated gene repression to specific 
domains within the genome. There is also 
genetic data in Drosophila indicating that 
this is true. A protein that associates with 
the boundary element gypsy is Drosophila 
mod(mdg4). This protein is distributed in 
pronounced nuclear domains. Mutation of 
Pc results in a diffuse nuclear distribution of 
the mod(mdg4) protein (18). This indicates 
that Pc and mod(mdg4) might be 
functionally related. Also in Drosophila 
embryos several boundary elements are able 
to block repression mediated by PcG 
proteins (32, 60). These data suggest an 
important link between repression systems 
such as the PcG protein complexes and 
chromatin-associated regulatory elements 
such as boundary elements. To unravel 
these links are likely to be a fruitful new 
chapter in the PcG research field. 
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Summary 

It is essential that during our lives the cells 
that make up our body retain their identity. 
The identity of cells is determined by the 
genes they express. Thus to maintain the 
identity of a cell the gene expression 
patterns in a particular cell need to be 
maintained throughout many cell divisions. 

In Drosophila, two protein 
complexes have been identified that are 
involved in the stable maintenance of gene 
expression patterns. These two complexes 
are the trithorax group (trxG) complex and 
the Polycomb group (PcG) complex. The 
trxG complex is involved in maintaining the 
active state of genes and the PcG complex 
is involved in maintaining the inactive state 
of genes. 

At the time work on this thesis was 
started, several PcG proteins had been 
identified in vertebrates, but practically no 
human PcG proteins were known. In this 
thesis we have identified several human 
PcG proteins by using vertebrate PcG 
homologues as bait in three different two-
hybrid screens. In chapter 2 we describe the 
first two-hybrid screen. This screen was 
performed with Bmil as bait. Bmil is a 
vertebrate homologue of the Drosophila 
PcG protein Posterior sex combs. We 
identified two new human proteins that 
interacted with Bmil. These two proteins 
were both homologues of the Drosophila 
PcG protein polyhomeotic. For this reason 
we called these proteins human 
polyhomeotic 1 and 2 (HPH1 and HPH2). 
Apart from interacting with Bmil, HPH1 
and HPH2 also interact with each other. To 
obtain evidence for the in vivo interaction 
between these proteins we performed 
cofractionation and coimmunoprecipitation 
experiments. Human BMI1, HPH1, and 
HPH2 all cofractionate in a multimeric 
protein complex of well over 1000 kD. 
Furthermore, all three of these proteins 

coimmunoprecipitate with one another. This 
again indicates that these proteins interact 
with each other. Another indication that the 
interaction between BMI1, HPH1, and 
HPH2 is relevant in vivo is obtained by 
immunofluorescence. BMI1, HPH1, and 
HPH2 all colocalize in the large, brightly 
staining PcG domains in the nucleus of 
several human cell lines. This supports the 
idea that they interact with each other in 
vivo and that a human PcG complex exists. 

In chapter 3 we describe a two-
hybrid screen using a vertebrate homologue 
of the Drosophila Polycomb (Pc) protein. In 
this screen we identified RTNG1 as a Pc-
interacting protein. At that time the function 
of the PJNG1 protein was not known. 
RJNG1 was known as a protein containing a 
so-called RJNG-finger, which is generally 
involved in protein-protein interactions. 
However, the RTNG-finger of RJNG1 was 
not involved in the interaction with 
vertebrate Pc homologues. To verify the 
two-hybrid interaction between Pc and 
RJNG1 we performed coimmuno
precipitation experiments. We found that 
RING1 coimmunoprecipitates with HPC2, a 
human Pc homologue, BMI1, and HPH1. 
Furthermore, RING1 also colocalized with 
these proteins in the PcG domains. This 
indicated that RJNG1 is part of a human 
PcG complex and might be a human PcG 
homologue. PcG proteins are repressors of 
gene activity. We have shown that RJNG1 
also represses gene activity. This fits well 
with the idea that RTNG1 might be a PcG 
protein. 

In chapter 4 the final two-hybrid 
screen is described. We performed this 
screen with HPC2 and identified CtBPl and 
CtBP2 as interacting proteins. The CtBP 
proteins interact with HPC2 through a 6 
amino acid motif that is also found in other 
CtBP interacting proteins. M33, the murine 
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HPC1 homologue does not have this motif 
and consequently doesn't bind the CtBP 
proteins. This indicates that there is a 
functional difference between the human Pc 
orthologues. Apart from interacting with 
HPC2, CtBPl and CtBP2 also interact with 
each other in the two-hybrid system. These 
interactions have been verified by 
coimmunoprecipitation and colocalization 
experiments. dCtBP, the Drosophila 
homologue of CtBPl and QBP2, binds to 
developmentally active transcriptional 
repressors such as snail and knirps, which 
classifies dCtBP as a co-repressor. The 
human CtBP proteins have also been shown 
to be co-repressors. The interaction between 
CtBP and HPC2 is, however, not essential 
for the repressive capacity of HPC2. This is 
evident from a repression experiment where 
an HPC2 mutant lacking the CtBP binding 
motif is still able to repress gene activity 
when targeted to a reporter gene (Chapter 
4). It is possible that the human PcG 
complex might be tethered to its target 
genes through the interaction of HPC2 with 
CtBPl or CtBP2. One has to take into 
account however, that this is merely a 
hypothesis. There is no data that indicates 
that the PcG complex is directly linked to 
the DNA by way of CtBP. 

Chapter 5 describes the PcG 
expression patterns of several human tissues 
and cell types. A multiple tissue Northern 
blot probed with BMI1, HPH1, and HPH2 
revealed that PcG expression is to some 
extent dependent on the type of tissue and 
consequently that the PcG complex might 
not have a fixed composition (Chapter 2). A 
more extensive Northern analysis of PcG 
expression involving 6 PcG genes and 23 
different tissues revealed that PcG 
expression varied greatly from tissue to 
tissue (Chapter 5). PcG expression varied in 
three different criteria. Firstly, each tissue 
expressed a different number of PcG genes. 
Secondly, each PcG gene was expressed in 
a different number of tissues. And thirdly, 
the expression level of the individual PcG 
genes varied depending on the tissue. 
Tissues consist of various cell types. Using 

immunohistochemistry we showed that cell 
type-specific PcG expression patterns exist 
(Chapter 5). This indicates that the 
composition of the PcG complex is also cell 
type-specific. 

Some hypotheses predict that the 
composition of the PcG complex determines 
the specificity for its target genes. As every 
cell type has a specific set of genes that 
have to be stably repressed, it follows that 
every cell type would also need its specific 
PcG complex. This hypothesis fits well with 
our observation that the composition of the 
PcG complex is different in various cell 
types. 

The identity of a cell is set up during 
development. The glomerular cells of the 
kidney are formed in several different 
stages during development. We have 
analyzed PcG expression in various stages 
of glomerular development (Chapter 5). 
Apparently in each stage of glomerular 
development a differently composed PcG 
complex is present. This indicates that the 
composition of the PcG complex is not 
constant during cellular differentiation 
towards a specific cell type, but rather that 
stage specific PcG complexes might exist. 

If the composition of the PcG 
complex determines its target specificity, 
then deregulation of PcG expression would 
lead to the repression of a different set of 
target genes. As the general expression 
pattern determines the identity of a cell, this 
might alter the identity of that cell. An 
example of cells that can be considered as 
having lost their identity are cancer cells. 

In chapter 6 we have studied the 
expression of PcG proteins in a specific 
form of cancer called Mantle Cell 
Lymphoma (MCL), which is derived from 
the mantle cells of the tonsils or lymph 
nodes. When MCL cells are in rest they 
have the same PcG expression pattern as 
healthy mantle cells. In healthy mantle cells 
BMI1 and PJNG1 are expressed, but EZH2 
and EED are not. However, when MCL 
cells are stimulated to proliferation they 
display an aberrant PcG expression pattern 
in comparison to their healthy proliferating 
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counterparts. Healthy proliferating cells that 
originate from resting mantle cells no 
longer express BMI1 or RING1, but now 
express EZH2 and EED. On the other hand 
proliferating MCL cells keep expressing 
BMI1 and RING1 and don't up-regulate 
EED expression. The only thing that is 
similar is the up-regulation of EZH2. This 
indicates that deregulation of PcG genes 
might play an important role in 
carcinogenesis. A striking feature of MCL 
cells that start proliferating is that EZH2 is 
up-regulated. Over-expression of EZH2 in a 
haematopoietic cell line causes an increase 

in the growth rate (Chapter 6). This 
suggests that there might be a causal 
relation between EZH2 up-regulation and 
increased proliferation. 

Taken together, this thesis has 
provided a more detailed understanding of 
the composition of the human PcG 
complex. Furthermore, we have shown that 
there are functional differences between 
human PcG orthologues. Finally, we have 
been able to gain more insight into the 
involvement of PcG expression in the 
pathology of a specific form of cancer. 
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Het is noodzakelijk dat de cellen waaruit 
ons lichaam is opgebouwd gedurende ons 
hele leven hun identiteit behouden. De 
identiteit van cellen wordt bepaald door de 
genen die ze tot expressie brengen. Het is 
dus noodzakelijk voor het behoud van de 
identiteit van een cel dat het gen expressie 
patroon van deze specifieke cel ook 
behouden blijft. 

In Drosophila zijn er twee eiwit 
complexen geïdentificeerd die betrokken 
zijn bij het stabiel vastleggen van gen 
expressie patronen. Deze zijn het trithorax 
groep (trxG) complex en het Polycomb 
(PcG) groep complex. Het trxG complex is 
betrokken bij het stabiel vastleggen van de 
actieve status van genen en het PcG 
complex is betrokken bij het stabiel 
vastleggen van de inactieve status van 
genen. 

Toen het werk aan dit proefschrift 
begon waren er verscheidene PcG genen 
geïdentificeerd in vertebraten, maar er 
waren nog praktisch geen humane PcG 
genen bekend. In dit proefschrift hebben we 
een aantal humane PcG eiwitten 
geïdentificeerd door vertebrate PcG 
homologen te gebruiken als aas in drie 
verschillende two-hybrid sereens. In 
hoofdstuk 2 beschrijven we de eerste two-
hybrid screen. Voor deze screen is Bmil 
gebruikt als aas. Bmil is een vertebrate 
homoloog van het Drosophila PcG eiwit 
Posterior sex combs. We hebben twee 
nieuwe humane eiwitten geïdentificeerd die 
een interactie aangaan met Bmil. Deze twee 
eiwitten waren beiden homologen van het 
Drosophila PcG eiwit polyhomeotic. We 
hebben deze twee eiwitten daarom humaan 
polyhomeotic 1 en 2 genoemd (HPH1 en 
HPH2). Behalve met Bmil gaan HPH1 en 
HPH2 ook een interactie met elkaar aan. 
Als bewijs dat deze eiwitten ook in vivo een 
interactie met elkaar aangaan hebben we 

cofractionatie en coïmmunoprecipitatie 
experimenten uitgevoerd. Humaan BMI1, 
HPH1 en HPH2 cofractioneren allen in een 
multimeer eiwit complex van ruim 1000 
kD. Verder coïmmunoprecipite-ren deze 
drie eiwitten met elkaar. Dit geeft nogmaals 
aan dat deze eiwitten een interactie met 
elkaar kunnen aangaan. Nog een indicatie 
dat de interactie tussen BMI1, HPH1 en 
HPH2 in vivo relevant is, werd verkregen 
door middel van immunofluorescentie. In 
verscheidene humane cellijnen 
colokaliseren BMI1, HPH1 en HPH2 allen 
in de grote, helder aangekleurde PcG 
domeinen. Dit ondersteunt het idee dat ze in 
vivo met elkaar een interactie aangaan en 
dat humane PcG complexen bestaan. 

In hoofdstuk 3 beschrijven we een 
two-hybrid screen met een van de 
vertebrate homologen van het Drosophila 
Polycomb (Pc) eiwit. Met deze screen 
hebben we RING 1 geïdentificeerd als zijnde 
een eiwit dat een interactie aangaat met Pc. 
Op dat moment was de functie van het 
PJNG1 eiwit nog niet bekend. RING1 stond 
bekend als een eiwit dat een zogeheten 
RTNG-vinger bevatte, welke over het 
algemeen betrokken zijn bij eiwit-eiwit 
interacties. De RTNG-vinger van RING1 
was echter niet betrokken bij de interactie 
met de vertebrate Pc homologen. Om de 
two-hybrid interactie tussen Pc en PJNG1 te 
verifiëren hebben we coïmmunoprecipitatie 
experimenten uitgevoerd. We hebben 
gevonden dat RING1 coïmmunoprecipiteert 
met HPC2 (een humane Pc homoloog), 
BMI1 en HPH1. Bovendien colokaliseert 
PJNG1 met deze eiwitten in de PcG 
domeinen. Dit gaf aan dat RJNG1 een 
onderdeel is van een humaan PcG complex 
en een humaan PcG homoloog zou kunnen 
zijn. PcG eiwitten onderdrukken gen 
expressie. We hebben laten zien dat ook 
RJNG1 gen expressie onderdrukt. Dit gaat 
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goed samen met het idee dat RING1 een 
PcG eiwit zou kunnen zijn. 

In hoofdstuk 4 is de laatste two-
hybrid screen beschreven. We hebben deze 
screen uitgevoerd met HPC2. In deze screen 
zijn CtBPl en CtBP2 geïdentificeerd als 
eiwitten die een interactie aangaan met 
HPC2. De CtBP eiwitten gaan een interactie 
aan met HPC2 door middel van een motief 
van 6 aminozuren dat ook aanwezig is in 
andere eiwitten die een interactie aangaan 
met CtBP. M33, het muizen HPC1 
homoloog, heeft dit motief niet en bind dan 
ook niet aan de CtBP eiwitten. Dit geeft aan 
dat er een functioneel verschil is tussen de 
humane Pc orthologen. Behalve dat ze een 
interactie aangaan met HPC2, gaan CtBPl 
en CtBP2 in het two-hybrid system ook een 
interactie aan met elkaar. Deze interacties 
zijn geverifieerd door middel van 
coïmmunoprecipitatie en colokalisatie 
experimenten. dCtBP, de Drosophila 
homoloog van CtBPl en CtBP2, bindt aan 
onderdrukkers van transcriptie die tijdens de 
ontwikkeling actief zijn zoals snail en 
knirps. dCtBP wordt hierdoor 

geclassificeerd als een corepressor. Het is 
gebleken dat de humane CtBP eiwitten ook 
corepressoren zijn. De interactie tussen 
CtBP en HPC2 is echter niet essentieel voor 
het vermogen van HPC2 om gen expressie 
te onderdrukken. Dit blijkt uit een repressie 
experiment dat liet zien dat HPC2 wat 
gemuteerd is in het CtBP bindend motief 
nog steeds gen expressie kan onderdrukken 
wanneer het naar een reporter gen 
gedirigeerd word (Hoofdstuk 4). Het is 
mogelijk dat het humane PcG complex naar 
zijn target genen gebracht zou kunnen 
worden door middel van de interactie tussen 
HPC2 en een van de CtBP eiwitten. Men 
moet er echter rekening mee houden dat dit 
slechts een hypothese is. Er zijn geen 
gegevens die suggereren dat het PcG 
complex direct aan het DNA gebonden is 
via CtBP. 

Hoofdstuk 5 beschrijft de expressie 
patronen van verscheidene humane weefsels 
en cel typen. Een Northern blot voor 
meerdere weefsels waarmee de expressie 

getest is voor BMI1, HPH1 en HPH2 liet 
zien dat PcG expressie tot op zekere hoogte 
afhankelijk is van het type weefsel en dat 
het PcG complex mogelijk geen vaste 
samenstelling heeft (Hoofdstuk 2). Een 
uitgebreidere analyse van PcG expressie 
met behulp van Northern blotting waarbij 
23 verschillende weefsels en 6 PcG genen 
betrokken waren liet zien dat PcG expressie 
enorm varieerd van weefsel tot weefsel 
(Hoofdstuk 5). PcG expressie varieerde met 
betrekking tot drie verschillende criteria. 
Ten eerste, elk weefsel bracht een 
verschillend aantal PcG genen tot expressie. 
Ten tweede, elk PcG gen kwam tot 
expressie in een verschillend aantal 
weefsels. En ten derde, het expressie niveau 
van de verscheidene PcG genen varieerde 
afhankelijk van het weefsel. 

Weefsels bestaan uit verschillende 
cel typen. Gebruik makend van 
immunohistochemie hebben we laten zien 
dat cel type specifieke PcG expressie 
patronen bestaan (Hoofdstuk 5). Dit geeft 
aan dat ook de samenstelling van het PcG 
complex cel type specifiek is. 

Sommige hypotheses voorspel-len 
dat de samenstelling van het PcG complex 
de specificiteit voor zijn target genen 
bepaald. Als elk cel type een specifieke set 
van genen heeft die stabiel moeten worden 
onderdrukt, dan volgt daaruit dat elk cel 
type ook zijn eigen specifieke PcG complex 
nodig zou hebben. Deze hypothese past 
goed bij de observatie dat de samenstelling 
van het PcG complex per cel type 
verschillend is. 

Tijdens de ontwikkeling word de 
identiteit van een cel vastgelegd. De 
glomerulaire cellen van de nier worden 
tijdens de ontwikkeling in verschillende 
stadia gevormd. We hebben de PcG 
expressie in een aantal stadia van 
glomerulaire ontwikkeling geanalyseerd 
(Hoofdstuk 5). Er was in elk stadium van 
glomerulaire ontwikkeling een PcG 
complex aanwezig dat anders was 
samengesteld. Dit geeft aan dat tijdens de 
differentiatie van cellen tot een specifiek cel 
type de samenstelling van het PcG complex 
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niet constant is, maar dat er PcG complexen 
zouden kunnen bestaan die een specifieke 
samenstelling hebben afhankelijk van het 
stadium van cellulaire ontwikkeling. 

Als de samenstelling van het PcG 
complex de specificiteit voor zijn target 
genen bepaald, dan zou ontregeling van 
PcG expressie kunnen leiden tot het 
onderdrukken van een andere set van genen. 
Aangezien het algemene expressie patroon 
de identiteit van een cel bepaald, zou deze 
ontregeling de identiteit van een cel kunnen 
veranderen. Een voorbeeld van cellen die 
beschouwd zouden kunnen worden als 
cellen die hun identiteit zijn verloren zijn 
kanker cellen. 

In hoofdstuk 6 hebben we de 
expressie van PcG eiwitten bestudeerd in 
een specifieke vorm van kanker genaamd 
Mantel Cel Lymfoma (MCL). Deze kanker 
is afkomstig van de mantel cellen van 
tonsillen of lymfe klieren. Wanneer MCL 
cellen in rust zijn hebben ze hetzelfde PcG 
expressie patroon als gezonde mantel 
cellen. In gezonde mantel cellen komen 
BMI1 en RING1 tot expressie, maar EED 
en EZH2 niet. Wanneer MCL cellen echter 
worden gestimuleerd tot proliferatie, 
vertonen ze een afwijkend PcG expressie 
patroon in vergelijking met 
overeenkomstige cellen die gezond zijn. 
Gezonde prolifererende cellen die 

afkomstig zijn van rustende mantel cellen 
brengen geen BMI1 of RING1 meer tot 
expressie, maar brengen nu EED en EZH2 
tot expressie. Aan de andere hand blijven 
prolifererende MCL cellen BMI1 en RING1 
tot expressie brengen en wordt EED nog 
steeds niet tot expressie gebracht. Het enige 
wat gelijk is, is dat EZH2 nu tot expressie 
wordt gebracht. Dit geeft aan dat 
ontregeling van PcG genen een belangrijke 
rol zou kunnen spelen in de ontwikkeling 
van kanker. Een opvallende eigenschap van 
MCL cellen die beginnen te prolifereren is 
dat ze EZH2 expressie verhogen. 
Verhoogde expressie van EZH2 in een 
haematopoietische cellijn leidt tot een 
toename in de groeisnelheid (Hoofdstuk 6). 
Dit suggereert dat er een causaal verband 
zou kunnen bestaan tussen het verhogen van 
EZH2 expressie en de toename van de 
groeisnelheid. 

Alles bij elkaar heeft dit proefschrift 
een meer gedetailleerd begrip gegeven van 
de samenstelling van het humane PcG 
complex. Verder hebben we laten zien dat 
er functionele verschillen zijn tussen 
humane PcG orthologen. Ten slotte hebben 
we meer inzicht kunnen verschaffen in de 
betrokkenheid van PcG expressie in het 
ziektebeeld van een specifieke vorm van 
kanker. 
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heeft ons een bliksemstart gegeven en de basis gelegd voor onze proefschriften. De volgende 
die het team kwam versterken was Richard. Richard ontmoeten is het gevoel krijgen van oude 
vrienden weer zien. Het was een ware eer om met je samen te mogen werken. Johan is een 
baken in de storm. Hij heeft altijd een luisterend oor en tijd voor een goed gesprek met wat raad 
en wijsheid, afgewisseld met virtuose banaliteiten. Een kei in alle aspecten van het woord, 
alleen Ling werkt harder dan hem. 

Om al het verbale geweld van de drie laatstgenoemden te nuanceren waren daar altijd 
Karien en Jan. Buiten het feit dat Karien op alle praktische vragen een antwoord heeft en altijd 
goed gehumeurd is, is ze samen met Jan in praktisch opzicht onmisbaar geweest. De 
antilichamen die zij samen met Thijs en David hebben gemaakt, zijn een essentieel werktuig 
geweest in al het onderzoek dat we gedaan hebben. Met Jan kan je altijd lachen en hij is nooit te 
beroerd om je even te helpen. Thijs, even bijkletsen in de kelder maakte al het gesjouw met de 
VMT-emmers weer ruimschoots goed. 

Immunohistochemie, het woord goed spellen is al een hele toer, laat staan de techniek 
uitvoeren. Frank, Folkert, Elly en Tjasso, graag wil ik jullie bedanken voor de goede zorg op de 
VU en de fijne samenwerking. 

Hein, we zijn samen naar de finish toegesprint. Mijn schoenen zijn nog niet versleten, ik 
hoop de jouwe ook niet. Het was altijd goed om je te zien. Hein en Hanneke, bedankt voor de 
lymphomas en de goede samenwerking. 

Tjalling, onze 'international man of mystery', zo is hij er en zo is hij er niet, om 
vervolgens uit het niets weer op te duiken. Het was altijd leuk om met je samen te werken. 

Ook wil ik de aanwinsten onder ChromaGenics bedanken. Arle, bedankt voor je 
linguistieke correcties in mijn proefschrift en je opluisterende karakter. Verder Phil, Wieger, 
Arthur, Menno en Rik voor de goede sfeer tijdens de laatste ronde. 

Ten slotte wil ik Roel en de mensen van het SILS die ik niet met name genoemd heb 
bedanken voor alle raad en hulp die ik van hen gekregen heb. 

Als laatste wil ik mijn familie bedanken voor hun liefde en steun. Vooral de wekelijkse 
stamppot van Oma heeft goed geholpen om me op de been te houden. Mamma, Pappa en 
Famke zonder jullie liefde ben ik nergens. 

WtKroT 
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