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A b s t r a c t

A b stra ct

Polycomb Group (PcG) proteins are a conserved group of transcriptional 
repressors, mainly known for their role in stably maintaining the repressed state of 
homeotic and Hox genes, after their expression patterns have been established early in 
embryonic development. Thus, the Polycomb Group constitutes an important part of a 
cellular transcriptional memory system. Loss of PcG function leads to homeotic 
transformations in Drosophila and corresponding shifts in Hox gene expression in 
vertebrates.

PcG proteins form multiprotein complexes of varying composition that associate 
with chromatin, and it has been postulated that they achieve gene silencing by altering 
higher order chromatin structure. But the exact mechanism by which PcG proteins 
establish repression is still unclear.

A yeast two-hybrid screen with the PcG protein RINGl as bait led to the 
identification of a new protein that shows strong sequence similarity with other 
Polycomb homologues and was therefore termed human Polycomb 3 (HPC3).

The hpc3 gene and its murine homologue are ubiquitously expressed in adult 
tissues, but in contrast to other polycomb  genes, mpc3 is highly expressed during 
embryogenesis up to 8.5 days post coitum and becomes drastically downregulated at 
later stages, indicating a possible unique role of pc3 early in development.

Analysis of the protein-protein interactions showed that the HPC3 C-Box is 
necessary and sufficient for the interaction with RINGl, but that this interaction 
depends only partially on the RING finger domain of RINGl. HPC3 also interacts 
with the PcG protein BMIl and colocalises with BMIl and RINGl in distinct nuclear 
domains, called PcG bodies.

Consistent with its role as a PcG member, HPC3 is able to act as a long-range 
transcriptional repressor when targeted to a reporter gene. Surprisingly, analysis of the 
different domains of HPC3 revealed that its conserved C-Box, which mediates the 
repression function of the other Pc homologues, is not the repression domain of HPC3. 
Instead, an internal part of the HPC3 protein mediates silencing of reporter gene 
activity. Transient transfection experiments show that the same domain is involved in 
mediating localisation of a HPC3-GFP fusion protein to distinct nuclear foci, 
indicating that it represents a functional domain of the HPC3 protein.

These data suggest that HPC3 is a new member of the mammalian Polycomb 
Group in terms that it colocalises and interacts with other PcG proteins and is able to 
repress gene activity. At the same time, its expression profile suggests that it might 
have a unique role in embryogenesis. Another feature that distinguishes HPC3 from 
the other Pc homologues is that its conserved C-Box is not the domain responsible for 
the repression activity of HPC3, but that an internal part mediates transcriptional 
repression as well as localisation of the protein. Through interaction with other 
proteins, HPC3 potentially becomes involved in processes like cell proliferation, 
senescence, apoptosis and leukaemogenesis.
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And I applied my mind to know wisdom and to know madness and folly. I 

perceived that this also is but a striving after wind.

For in much wisdom is much vexation, and he who increases knowledge

mcreases sorrow.

Ecclesiastes 1, 17-18

In order to arrive at what you do not know

You must go by a way which is the way of ignorance.

And what you do not know is the only thing you know.

T. j". Eliot 
"The Eour Quartets'



The Answer to the Great Question 

Of Life, Universe and Everything 

Is...

Forty-two.

Douglas Adams
'The Hitch-Hiker's Guide to the Galaxy'
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Chapter 1 : Introduction

C hapter  1 : introduction

Regulators of homeotic gene expression

Homeotic genes of Drosophila {HOM genes) are organised in two chromosomal 

clusters, the Bithorax (BX-C) and Antennapedia (ANT-C) complexes, whose internal 

structural organisation reflects the order in which these genes are expressed along the 

anterior-posterior axis in development. In vertebrates, the formation of an organised 

body plan depends on the action of Hox gene expression patterns, which closely 

resemble the homeotic genes identified in flies and are organised in a similar gene 

cluster structure (McGinnis & Krumlauf, 1992; Krumlauf, 1994). A common property 

of Hox and HOM  genes is that of colinearity, the correlation between the order of the 

genes in the cluster and their expression in the body, which also corresponds with a 

functional hierarchy among the members of the gene clusters (Duboule & Morata,

1994).

Drosophila HOM  genes have restricted expression patterns that usually correspond 

to the areas of the body where they are required, and their differential expression 

determines the identity of the body segments along the anterior-posterior axis. During 

early embryonic development, transcriptional regulators encoded by the segmentation 

genes are responsible for activation of homeotic genes in the correct spatial domains 

(McGinnis & Krumlauf, 1992; Morata, 1993; Lawrence & Morata, 1994), and a 

common developmental problem is how to then maintain the cellular memory of gene 

regulatory decisions made at early developmental stages.

Most of the early acting genes that control the initial expression patterns of 

homeotic genes are only transiently expressed, so that once expression patterns have 

been established by early regulators, other control mechanisms must take over to 

maintain proper expression during the rest of development (Morata, 1993). Two 

classes of genes have been identified that are responsible for the transmission of
15



Chapter 1 : Introduction

homeotic expression patterns through developmental time: the Poly comb Group {PcG) 

and the Trithorax Group {TrxG) of genes (Lewis, 1978; Kennison, 1995). The PcG 

proteins are responsible for the maintenance of the repressed state of HOM  genes in 

cells where they were initially inactive, whereas the TrxG proteins are needed to 

sustain expression of HOM  genes where they were initially active. Thus, these groups 

of genes and proteins provide a transcriptional memory system by ‘freezing’ 

transcriptional states that were set early in development (Simon, 1995; Paro et a l,  

1998; Pirrotta, 1999).

Loss of PcG or TrxG regulator function results in homeotic transformations, i.e. 

loss of segmental identity due to ectopic expression of homeotic genes outside their 

normal boundaries (Paro, 1990; Kennison, 1993).

Since both the structural and functional organisation of the homeotic genes has 

been highly conserved between insects and vertebrates (McGinnis & Krumlauf, 1992), 

it is likely that the mechanisms for their regulation also show an equally high degree of 

conservation. Despite the differences in the initiation of HOM/Hox gene expression 

patterns, it has been shown that the mechanisms by which these expression patterns 

are maintained are indeed very similar: An increasing number of vertebrate PcG and 

TrxG genes are being identified that resemble their Drosophila homologues not only 

in structure but also in function. Mice homozygous for null mutations in PcG genes 

show subtle posterior transformations of the axial skeleton that correlate with anterior 

shifts of a subset of Hox gene expression boundaries, plus a variety of phenotypes 

including neurological abnormalities, retarded growth, haematopoietic and cellular 

proliferation defects. Among the phenotypes for TrxG mutations are skeletal 

malformations and haematopoietic abnormalities (Gould, 1997; Schumacher & 

Magnuson, 1997; van Lohuizen, 1998; Gebuhr et a l, 2000 and references therein).

The Polycomb Group

The poly comb (pc) gene was originally identified by its specific mutant phenotype: 

In pc embryos, expression of homeotic genes is initially normal, but at later 

developmental stages, homeotic genes become expressed in body segments in which 

they would normally remain silent. This results in homeotic transformations, and

16



Chapter 1 : Introduction

homozygous pc  mutants die at the end of embryogenesis, all segments being 

transformed into a posterior one (Lewis, 1978). The genes that have been found to 

result in this particular phenotype were subsequently defined as Polycomb Group or 

PcG (Jurgens, 1985).

At least 13 PcG genes have been identified in Drosophila by the effects of their 

mutations in derepressing homeotic genes, but data suggest that the group comprises 

about 40 members (Jurgens, 1985). Both their genetic and biochemical properties 

suggest that they act synergistically, since double PcG mutants display enhanced 

phenotypes, and it has been postulated that they function as part of a cellular memory 

system by imprinting transcriptional states into chromatin (Paro, 1990).

Recent findings indicate evolutionary conservation of PcG and TrxG function, and 

an increasing number of genes and proteins with homology to Drosophila PcG and 

TrxG members are being identified in C. elegans, Xenopus, chicken, mouse, human 

and even in plants (Korf et a l, 1998; van Lohuizen, 1998; Preuss, 1999; Satijn & Otte, 

1999a and references therein). The most prominent members of the Drosophila and 

vertebrate PcG are listed in Table 1.1.

The function of PcG genes is very sensitive in terms of their dosage. Mutations in 

different genes have synergistic effects, and in some cases, additional copies of one 

PcG gene can compensate for the decrease in dosage of another (Cheng et a l, 1994; 

Campbell et a l, 1995). Compared to Drosophila, vertebrate PcG mutants phenotypes 

are less severe: Their main characteristics are posterior transformations of the axial 

skeleton that correlate with subtle shifts in Hox gene expression, with only a subset of 

Hox genes affected. This is likely to be caused by functional redundancy. Many of the 

Drosophila PcG members have multiple homologues in vertebrates that may fulfil 

partially overlapping functions (van Lohuizen, 1998). Their synergistic mode of action 

and the fact that they are capable of multiple protein-protein interactions, as well as 

having overlapping localisation patterns in Drosophila and in vertebrates, has led to 

the conclusion that PcG proteins form large multimeric protein complexes, which can 

vary in composition: At least two different sets of vertebrate PcG complexes exist, and 

biochemical analysis implicates different functions for the different complexes (Satijn 

& Otte, 1999a; van Lohuizen, 1999).
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C h a p t e r  1 : Introduction

PcG PROTEIN M o t if s I n t e r a c t in g  p r o t e in s

POLYCOMB chromodomain,
C-Box

Pc Drosophila Psc, Ph
XPc/XPcl Xenopus Xbmil, XCtBP
CHCB1/2/3 Chicken
M33/MPc2/MPc3 Mouse M 33,B m il,R inglA /lB ,

RYBP
(HPC1)/HPC2 Human RINGl, HPHl, CtBP

RINGl RING finger
Ring! A/Ring IB Mouse M 33,Bm il,M Ph2, MPc3, 

RYBP, E2F6
RINGl Human RINGl, BMIl, HPC2, RYBP, 

E2F6
P o s t e r io r  S e x  C o m b s RING finger, HTH

Psc/ Su(z)2 Drosophila Pc, Ph
XBmil Xenopus XPc, HPHl/2
B m il/M ell8 Mouse Bm il, M33, RinglB, MPhl/2, 

E2F6
BMIl Human BMIl, HPHl/2, RINGl, E2F6

POLYHOMEOTIC H-I/ H-II, SPM, 
zinc finger

Ph Drosophila Ph, Pc, Psc, Scm, TopoII, Barr
MPhl/MPh2 Mouse M hl,B m il,M ell8 ,M P c2, 

RinglB, Scm, E2F6
HPH1/HPH2 Human HPHl/2, BM Il,X B m il, 

HPC2
E n h a n c e r  o f  z e st e SET

E(z) Drosophila Esc, Rpd3, p55
Mes-2 C. elegans Mes-6 (Korf et al., 1998)
Ezhl/Ezh2 Mouse Eed, EED
EZH1/EZH2 Human EED, HDAC
Medea Arabidopsis Preuss, 1999

E x t r a  se x  c o m b s WD-40 repeat
Esc Drosophila E(z), Rpd3
Mes-6 C. elegans Mes-2 (Korf et a l ,  1998)
XEed Xenopus XYYl
Eed Mouse Ezhl/2
EED Human EZH2, Ezh2, Y Y l, HDAC 1/2, 

RbAp48/46
FIE Arabidopsis Preuss, 1999

P l e io h o m e o t ic zinc fingers
Pho Drosophila
XYYl Xenopus XEed, EED
YYl Human EED, RYBP

T a b l e  1.1. The Poly comb Group

Selected members of the PcG and their known homologues are listed with their 
characteristic protein motifs and interacting proteins mentioned. References are given 
for proteins that are not discussed in the text.
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Chapter 1 : Introduction

These complexes represent distinct nuclear domains, termed ‘PcG bodies’, which 

have been shown to associate with heterochromatin in a stable and heritable manner 

(Saurin et a l, 1998). The predicted amino acid sequences of the PcG proteins show 

that they constitute a heterogeneous group, not a family of genes. They contain a set of 

structural motifs that are found in other chromatin-associated proteins and are 

implicated in protein-protein interactions. Table 1.1 gives an overview of the members 

of the PcG protein family, their respective homologues and interacting proteins. The 

archetypal Drosophila Polycomb protein and its mammalian homologues will be 

described in more detail, as well as some other selected members of the Polycomb 

Group.

The Trithorax Group

The Trithorax Group of genes and proteins is conserved from Drosophila through 

to mammals, but the TrxG (Table 1.2) contains fewer members and is less well 

understood than the PcG. Surprisingly, only very few Drosophila gene mutants could 

initially be isolated that displayed the loss-of-function phenotype expected from their 

role in the activation of homeotic genes. In contrast, the search for mutations that 

suppress pc  mutant phenotypes resulted in the identification of a dozen new genes. 

These suppressors of PcG phenotypes and the genes that mimic loss of homeotic gene 

function were subsequently classified as the Trithorax Group (Kennison, 1995). 

Because gene activation involves a great number of regulatory steps, including 

transcription, RNA processing, translation and posttranslational modifications, the 

TrxG can be expected to be more heterogeneous than the PcG.

The TrxG has similar features to the PcG: Its members form large multiprotein 

complexes, and they are also thought to influence transcription by altering higher order 

chromatin structure. This hypothesis originated from the discovery that the Drosophila 

TrxG protein Brahma (Brm) is highly related to the yeast DNA-dependent ATPase 

Swi2/Snf2 in structure and function (Tamkun, 1995). The SWI/SNF proteins are a 

family of transcriptional activators that form multiprotein complexes and activate 

transcription by remodelling nucleosomes in an ATP-dependent manner, thereby 

permitting increased access of transcription factors for their binding sites. SWI/SNF
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function is conserved, with several different SWI/SNF-like complexes being present in 

yeast, mouse and humans and only one in Drosophila (Sudarsanam & Winston, 2000 

and references therein). It has been shown that SWI/SNF-like complexes are 

continually required to maintain transcription of their target genes and that they often 

act together with histone acetylase-containing complexes to maintain an ‘open’ 

chromatin configuration, which is analogous to TrxG function (Francis & Kingston, 

2001).

Drosophila Brm and its yeast (Swi2/Snf2), mouse (Brgl and mBrm) and human 

(BRGl and hBRM) homologues share conserved functional domains, namely a DNA- 

dependent ATPase domain and a so-called ‘bromodomain’, which can be found in a 

variety of proteins involved in transcriptional activation and that has been implicated 

in acétylation processes (Jeanmougin et a l, 1997).

Other members of the Drosophila TrxG (see Table 1.2) include Trithorax (Trx), 

Zeste and Trithorax-like (Tr-1), also knovm as GAGA factor, all of which are linked to 

chromatin remodelling and transcriptional activation. Interestingly, they also show 

genetic interactions with, or phenotypes characteristic of both TrxG and PcG 

members: For example, they have substantial overlapping binding sites with a number 

of PcG proteins on polytene chromosomes. Trithorax colocalises with Polycomb at 

many chromosomal sites, Zeste and GAGA bind regulatory elements of both TrxG and 

PcG and have been shown to stably associate with PcG complexes (Chinwalla et a l , 

1995; Strutt et a l,  1997). Conversely, no interaction of GAGA with other TrxG 

proteins has been reported so far. In the absence of the PcG protein Enhancer of zeste 

(E[z]), the Trx protein becomes dissociated from its chromosomal binding sites, 

implicating a biochemical interaction. Furthermore, Trx and E(z) share a common 

protein motif, the so-called SET domain, which could provide another link between 

TrxG and PcG function (Jones & Gelbart, 1993; Carrington & Jones, 1996). It is 

thought that proteins like Zeste and GAGA could be involved in the recruitment of 

both PcG and TrxG complexes to DNA and that the type of complex recruited could 

be determined by the chromatin state (Francis & Kingston, 2001).

Analysis of the mammalian homologues has provided substantial data about the 

involvement of the TrxG in a number of functions: The mammalian homologue of the 

Drosophila trx gene, mil (mixed lineage leukaemia), is frequently affected by
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TrxG p r o t e i n M o t if s

T r it h o r a x

Trx
MU
MLL/MLL2

B r a h m a

Brm
Swi2/Snf2
Bmr/Brgl
hBMR/BRGl

Drosophila
Mouse
Human

Drosophila 
S. cerevisiae 
Mouse 
Human

SET

ATPase domain 
bromodomain

Z est e

Zeste

T r it h o r a x - l ik e

Trx-l/GAGA

S n r I

Snrl
Snf5
SNF5/INI1

ABSENT, SMALL OR HOMEOTIC 
DISCS

Ashl/Ash2

MOIRA

Mor

OSA

Osa
Swil
BAF270/250

K is m e t

Kismet

Drosophila

Drosophila

Drosophila 
S. cerevisiae 
Human

(see Francis & Kingston, 
2001)

Drosophila

(see Francis & Kingston, 
2001)

Drosophila

(see Francis & Kingston, 
2001)

Drosophila 
S. cerevisiae 
Human

(see Francis & Kingston, 
2001)

Drosophila

single zinc finger

ATPase domain 
bromodomain

SET, PHD

leucine zipper 
SANT domain

ARID

ATPase domain 
chromodomain

T a b l e  1.2. The Trithorax Group

Selected members of the TrxG and their known homologues are listed with their 
characteristic protein motifs mentioned. References are given for proteins that are not 
discussed in the text.
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chromosomal translocation events that result in the development of leukaemia. The 

human homologues of Brahma, BRGl and hBRM, interact with the Retinoblastoma 

(RB) protein and induce cell cycle arrest, and this interaction was shown to be crucial 

for the tumour suppressor activity of BRGl (Gebuhr et a l, 2000). RB and hBRM also 

cooperate to repress the activation function of E2F. A role of hBRM in ra^-mediated 

transformation is suggested by its downregulation in transformed fibroblasts, the fact 

that increased levels of hBRM can partially revert the transformed phenotype and 

favour withdrawal from the cell cycle. Another member of the mammalian TrxG is 

SNF5, homologue to Drosophila SNRI, which is a tumour suppressor as well as a 

member of the human SWI/SNF complex (Gebuhr et a l, 2000).

It has emerged that although the TrxG and PcG appear to function in an 

antagonistic manner, they share many common features and are clearly more closely 

linked than initially expected.

The Polycomb protein: Domains, repression and 

homologues

The chromodomain

The hypothesis that PcG proteins regulate gene expression by altering higher order 

chromatin structure originated from the finding that Drosophila Pc shares a region of 

high homology, the chromodomain (chromatin organisation modifier domain), with 

the heterochromatin-associated protein HPl, which is a structural component of 

heterochromatin (Eissenberg & Elgin, 2000). Drosophila HPl is encoded by Su(var)2- 

5, a gene first identified as a modifier of heterochromatin-induced position effect 

variegation (PEV), a phenomenon by which euchromatic genes become silenced when 

placed close to heterochromatin by rearrangement (Reuter & Spierer, 1992; Weiler & 

Wakimoto, 1995).

The chromodomain is necessary and sufficient for the specific localisation of the Pc 

protein to multiple loci on polytene chromosomes, and alterations in the 

chromodomain affect the distribution in the nucleus and disrupt chromosomal binding 

(Messmer et a l, 1992). In addition, it is involved in mediating protein-protein
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interactions of Pc with the PcG proteins Polyhomeotic (Ph) and Posterior sex combs 

(Psc) in a multimeric complex (Strutt & Paro, 1997). The chromodomain of HPl also 

has chromosome association activity, but despite their structural similarity, Pc and 

HPl localisation patterns do not overlap. Functional analysis demonstrated the 

targeting function of the chromodomain: When HPl contains the Pc chromodomain 

instead of its own, it not only localises to the chromosomal Pc binding sites in addition 

to binding centromeric heterochromatin, but also recruits other PcG members to 

heterochromatin, as well as targeting endogenous HPl to Pc sites (Platero et a l, 1995; 

Platero et a l, 1996). In addition, mammalian HPl and the mouse Pc homologue M33 

interact with histones through their respective chromodomains (Bannister et al., 2001; 

Lachner et a l, 2001; Nielsen et a l, 2001). This suggests that the chromodomain is 

capable of directly or indirectly promoting chromosome association of Pc and its 

homologues through protein-protein interactions and that heterochromatin-mediated 

silencing and homeotic gene silencing share mechanistic similarities.

The chromodomain motif is highly conserved in yeast, animals and plants (Singh et 

a l, 1991; Wang et a l, 2000), and this evolutionary conservation allowed the isolation 

of a family of putative chromatin-associated proteins. In most cases, chromodomain 

proteins are found in silenced chromatin domains and were functionally assigned as 

transcriptional repressors, but it has emerged that the chromodomain is also present in 

proteins with activating functions, such as the Drosophila Male-specific lethal 3 

protein (MSL3), which is involved in the hyperactivation of the male X chromosome, 

members of the CHD (chromodomains, helicase/ATPase and DNA binding domain) 

protein family, or the human retinoblastoma-binding protein (Koonin et a l,  1995; 

Jones et a l , 2000). Recently, it was demonstrated that chromodomains can function as 

protein-RNA interaction modules and thus might target regulators to specific 

chromosomal sites, although it remains to be seen whether this is a common property 

of chromodomains or restricted to a subgroup of the chromodomain superfamily 

(Akhtar et a l,  2000). Clearly, chromodomain proteins have a central role in 

maintaining chromatin states, and it has been suggested that apart from their role in 

regulating gene activity, they may also be involved in genome organisation by being 

involved in nuclear compartmentalisation (Cavalli & Paro, 1998a; Jones et a l, 2000).
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The C-Box

Analysis of Drosophila Pc showed that an additional functional domain exists in 

this protein: C-terminal deletion proteins in transgenic flies cannot rescue pc 

mutations, and interaction of Pc with Ph is not detectable anymore. In addition, 

mutations in the C-terminal end of Pc results in a redistribution of Ph in the nucleus, it 

becomes uniformly dispersed instead of colocalising with Pc in distinct foci (Franke et 

a/., 1995).

When tethered to DNA by fusion with the GAL4 DNA binding domain, Pc acts as a 

transcriptional repressor, a function that is conserved in vertebrate homologues 

(Müller, 1995; Müller et a l,  1995; Satijn et a l,  1997b). The silencing is also 

dependent on the presence of other PcG members: Repression of reporter genes is lost 

in Drosophila PcG mutant embryos, and it appears that PcG gene products maintain 

silencing established by the Pc protein, even when it is no longer present (Müller,

1995). Mutations in the chromodomain, which abolish chromosomal binding, do not 

affect the silencing ability of the Pc-GAL4 fusion protein, but when mutations and 

deletions are introduced in the C-terminal 30 amino acids of Pc, termed the C-Box, no 

repression of reporter gene transcription could be detected. (Müller, 1995). Similar 

observations that the C-Box is responsible for the repression function were made for 

vertebrate homologues of Drosophila Pc: Mouse Pc (M33) and human Polycomb 2 

(HPC2) were shown to repress reporter gene transcription via their respective C-Box 

domains (Satijn e ta l,  1997b; Schoorlemmer e/a/., 1997).

Another important feature of the C-Box domain in addition to conveying the 

repression function is its involvement in mediating protein-protein interactions. For 

example, HPC2 interacts with another PcG protein, RINGl, through its conserved C- 

Box domain (Satijn & Otte, 1999b), and the same domain mediates interaction of 

Drosophila Pc with core histones (Breiling et a l, 1999). Interestingly, expression of a 

AC-HPC2 construct results in cellular transformation, increased levels of c-myc 

expression and apoptosis (Satijn et a l , 1997b), further supporting the importance of 

the C-Box as a functional domain.
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Pc homologues

Several vertebrate homologues of Drosophila Pc have been identified that also 

contain the conserved chromodomain and C-Box, although they bear little similarity 

with each other outside these domains. All homologues display the Pc-typical 

repression function, show overlapping nuclear localisation patterns and are involved in 

a variety of protein-protein interactions (Table 1.1; Satijn & Otte, 1999a).

This conservation is not only of structural, but also of functional nature: The mouse 

Polycomb protein, M33, can substitute Drosophila Pc function in Pc mutant flies 

(Pearce et a l, 1992; Müller et a l, 1995). It is an efficient repressor of reporter gene 

transcription and interacts as well as colocalises with other PcG proteins in nuclear 

foci (Alkema a/., 1997a; AWnQvcm et a l, 1997b; Schoorlemmer gr a/., 1997). M33 

knockout mice display homeotic transformations of the axial skeleton and a failure to 

expand in vitro of several cell types, including lymphocytes and fibroblasts. In 

addition, M3 3 antagonises the retinoic acid pathway and might therefore have a 

function in the establishment of early temporal regulation of Hox genes in mice, as 

well as being involved in the differentiation of human bone marrow cells (Core et a l , 

1997; Lessard et a l, 1998; Bel-Vialar et a l, 2000). Surprisingly, m33 mutant mice 

show a male-to-female sex reversai, indicating that it could also be implicated in the 

regulation of genes of the sex-determining pathway (Katoh-Fukui et a l, 1998).

Mouse Polycomb 2 (MPc2) was the second mouse homologue of Drosophila Pc to 

be isolated; it interacts and colocalises with other PcG members in nuclear foci, and 

similar to Pc and M33, it is a transcriptional repressor (Alkema et a l, 1997b). During 

the course of this study, a third mouse homologue, MPc3, was identified through 

interaction with the dinG/RINGlB protein (Hemenway et a l, 2000).

A human homologue of M3 3 (CBX2 or human Poly comb 1) has been reported, 

showing 86 % identity and 100 % similarity to M3 3 at protein level, although the full 

length cDNA has not yet been isolated (Gecz et a l, 1995). HPC2 is a transcriptional 

repressor that interacts with the PcG proteins RING I and BMII (Satijn et a l,  1997a; 

Satijn et a l, 1997b; Satijn & Otte, 1999b) and also with the C-terminal binding 

protein, CtBP (Sewalt et a l, 1999). CtBP itself is a transcriptional repressor itself that 

can bind to the C-terminus of the adenovirus El A protein and attenuate transcriptional 

activation and tumourigenesis mediated by El A, as well as being part of a
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repressor complex that contains the RE protein, E2F and BRCAl (Sollerbrant et a l, 

1996; Yu et a l, 1998; Meloni et a l, 1999). Interestingly, CtBP does not interact with 

M33, indicating specificity among vertebrate Pc homologues (Sewalt et a l,  1999). 

Expression of HPC2 lacking the C-Box domain results in phenotypical changes, 

enhanced expression of c-myc, anchorage-independent growth and apoptosis (Satijn et 

a l , 1997b), which might indicate a role of PcG proteins in the repression of certain 

proto-oncogenes.

Polycomb homologues have also been described in Xenopus and chicken, and it 

appears that they display the same characteristic features as the mammalian 

homologues, i. e. interactions and colocalisation with other PcG proteins in nuclear 

foci, repressor function and involvement in developmental control (Reijnen et a l,  

1995; Yamaguchi et a l, 1998; Strouboulis et a l, 1999).

The characterisation of the various Pc homologues from different organisms has 

yielded consistent results: All have the conserved chromodomain and C-Box, they 

interact and colocalise with other PcG proteins in distinct nuclear domains, and they 

all have the ability to repress reporter gene transcription.

Ring1A/Ring 1B/RING1

Two-hybrid screens with vertebrate Pc homologues as target molecules have 

identified mouse and human Ring 1 A/RING 1 as a member of the mammalian PcG 

complex through its interaction with HPC2, M33 and BMII (Satijn et a l ,  1997a; 

Schoorlemmer et a l, 1997; Satijn & Otte, 1999b). RINGl is a protein with unknown 

function that contains a RING finger domain, which is a zinc binding domain found in 

many regulatory proteins, including the PcG proteins BMII and Mel 18 (Saurin et a l,

1996). This domain is implicated in mediating protein-protein interactions, and 

detailed analyses have shovm that it is involved in the interaction of RINGl with 

BMII and their respective homodimerisation, but not in the interaction of RINGl with 

HPC2 (Hemenway et a l, 1998; Satijn & Otte, 1999b). Another PcG-typical feature of 

RINGl is that it is able to repress transcription when targeted to a reporter gene (Satijn 

et a l, 1997a; Schoorlemmer a/., 1997). Additionally, RINGl displays tumourigenic 

activity, since its overexpression results in an enhanced expression of the proto-
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oncogenes c-jun and c-fos (Satijn & Otte, 1999b).

Human RINGl colocalises with BMII and HPC2 in distinct nuclear domains, the 

so-called PcG bodies. PcG bodies appear to cluster in defined areas within the nucleus 

and associate with pericentromeric heterochromatin regions in a stable manner 

throughout mitosis (Saurin et a l, 1998), implicating a further link between PcG- 

mediated silencing and association with chromatin.

Psc/Bmi1/BMI1 and Su(z)2/Mel18

First evidence for a functional conservation of PcG action came from the work on 

the murine bmil gene, which was originally identified as a collaborator of c-myc in 

lymphomagenesis (Haupt et a l, 1991; van Lohuizen et a l, 1991b). Both bmil and the 

highly related me 118 gene products share regions of homology with the Drosophila 

Posterior sex combs (Psc) and Suppressor 2 of zeste (Su[z]2) proteins, encompassing a 

RING finger and a central domain (Tagawa et a l, 1990; Brunk et a l, 1991; van 

Lohuizen et a l, 1991a). Bmil null mutant mice display posterior transformations 

along the axial skeleton, haematopoietic defects and neurological abnormalities, 

whereas bm il overexpression in transgenic mice leads to lymphomagenesis and 

anterior transformations (Haupt et a l, 1993; van der Lugt et a l, 1994; van der Lugt et 

a l ,  1996). Skeletal malformations are also detected in m ell8  mutant mice and 

correlate with subtle anterior shifts in Hox gene expression, however, non-overlapping 

phenotypes are also found for both genes (van der Lugt et a l, 1994; Akasaka et a l, 

1996; van Lohuizen, 1998).

Analysis and comparison of the phenotypes of bmil and m ell8  null mutant mice 

showed that the resulting phenotypes are clearly less austere than the corresponding 

extreme posterior transformations in Drosophila PcG null mutant flies. Double 

mutants display more severe phenotypes, whereas heterozygous animals showed 

intermediate phenotypes. This is due to synergistic functions and strong dosage effects 

between PcG genes (Alkema et a l, 1995; Bel et a l, 1998; van Lohuizen, 1998; 

Akasaka et a l, 2001), a feature that is also a clear characteristic of Drosophila PcG 

genes (Campbell et a l, 1995). Besides synergy between homologous PcG members, 

strong dosage interactions also occur between non-homologous PcG genes, for
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example bmil and m33, as demonstrated by the more severe phenotypes obtained upon 

combination of different PcG mutations in Drosophila and mice (Campbell et al., 

1995; Bel e ta l,  1998).

Haematopoietic defects also occur in bmil and mell8  mutant mice (Takihara & 

Hara, 2000), clearly indicating that PcG genes, beyond axial patterning by control of 

Hox gene expression, also play an important role in regulating haematopoiesis.

Biochemical and functional analysis of the proliferative defects in primary cells 

from bm il knockout mice identified a new target of PcG function: the ink4a gene 

locus, which encodes the tumour suppressors and cell cycle inhibitors p i6 and 

pl9ARF (Sharpless & DePinho, 1999; Serrano, 2000). Mutations in the ink4a locus or 

its removal relieve proliferative defects caused by loss of the b m il  gene. 

Overexpression of bmil results in downregulation of p i6 and pl9ARF, accompanied 

by a delay in senescence and facilitated immortalisation. In addition, by prohibiting 

Myc-mediated induction of pl9ARF and apoptosis, the control of ink4a provides the 

basis for the cooperation of Bmil with Myc in tumourigenesis (Jacobs et a l, 1999a; 

Jacobs et a l, 1999b).

Surprisingly, the highly related Mel 18 protein appears not to act as an oncogene, 

even though the RING finger domain, which is crucial for the oncogenic effects of 

BMII (Cohen et a l, 1996), is very well conserved in Mel 18. Instead, Mel 18 was 

reported to have tumour suppressor activity, possibly by negative regulation of cell 

cycle progression through a c~myclcdc25 cascade (Kanno et a l, 1995; Tetsu et a l, 

1998).

BMII takes part in a number of protein-protein interactions, and a number of PcG 

proteins have originally been identified as such through their respective association 

with BMII. Interaction partners include Pc/M33, MPc2/HPC2, Ring 1 A/RING 1 and 

Ph/MPh/HPH (Table 1.1; Satijn & Otte, 1999a). It is therefore evident that BMII is a 

central member of the multimeric PcG complexes both in Drosophila and in 

vertebrates.
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other members of the PcG

Ph/MPh/HPH

The Drosophila Polyhomeotic (Ph) protein was found to interact and colocalise 

with Pc and Psc at multiple sites of polytene chromosomes (DeCamillis et a l,  1992; 

Kyba & Brock, 1998), and this interaction is mirrored by the interaction and 

colocalisation of the murine and human homologues: BMII, M33 and the mammalian 

homologues of Ph, mouse (MPhl/MPh2) and human (HPH1/HPH2) Polyhomeotic 1 

and 2 are members of the PcG complex, as demonstrated by their overlapping 

localisation patterns and protein-protein interactions (Alkema et a l, 1997a; Gunster et 

a l,  1997; Hashimoto et a l, 1998). The MPhl (also known as Rae28) protein is 

considered to be a functional PcG protein homologue, since homozygous knockout 

mice display homeotic transformations, manifested as posterior skeletal malformations 

(Takihara et a l, 1997). The mphlhph gene encodes a protein with several characteristic 

motifs and highly homologous regions with the Drosophila Ph protein: a single zinc 

finger, a glutamine-rich region and two homology domains, H-I and H-II, the latter of 

which is also known as SPM domain, since it is conserved between the proteins Sex 

comb on midleg (Scm) and Ph (Peterson et a l, 1997). The two homologues of 

Drosophila Ph found in mouse and human share little sequence homology with each 

other, except for these two highly conserved domains, which are both involved in the 

interaction of the HPH proteins with BMI1. The SPM domain is also able to mediate 

heterodimerisation between HPHl and HPH2 or homodimerisation of MPhl. Notably, 

the RING finger of BMII is not involved in the interaction with vertebrate Ph 

homologues (Alkema et a l, 1997a; Gunster et a l, 1997; Hemenway et a l, 1998).

Recently, it was shown that Ph coimmunoprecipitates with DNA Topoisomerase II 

and Barren, proteins that are involved in chromosome condensation and segregation, 

which also localise to PcG binding sites (Lupo et a l, 2001), suggesting a direct link 

between PcG function and DNA configuration.
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E(z)/Ezh/EZH

Enhancer of zeste (E[z]) was identified as a member of the Drosophila PcG 

because its mutants cause homeotic transformations similar to those seen in pc  gene 

mutants. Moreover, E(z) interacts and colocalises with other PcG proteins at many 

chromosomal sites and is part of the PcG multiprotein complex (Jones & Gelbart, 

1990; Carrington & Jones, 1996). Of particular interest is the interaction of E(z) with 

the Extra Sex Combs (Esc) protein, the only PcG protein that is required in the earliest 

developmental stages of Drosophila, before the actual maintenance of homeotic gene 

expression patterns is required (Tie et a l, 1998). This interaction is evolutionarily 

conserved: The mouse E(z) homologue, Ezh2 (also called Enxl), as well as its human 

counterpart, EZH2, interact with the murine and human homologues of Esc, called Eed 

and EED, respectively (Denisenko et a l, 1998; Sewalt et a l, 1998; van Lohuizen et 

a l, 1998). Conservation is also observed in E(z) function, since expression of murine 

or human Ezh/EZH enhances position effect variegation (PEV) in transgenic flies and 

restores gene repression in yeast mutants that are impaired in telomeric silencing 

(Laible et a l, 1997).

Although E(z) has been classified as a PcG protein, there is evidence that it can also 

act as a TrxG protein (Jones & Gelbart, 1993; LaJeunesse & Sheam, 1996). The TrxG 

proteins Trithorax and Ashl/Ash2 (see Table 1.2) both contain a SET domain, a highly 

conserved protein domain commonly found in proteins implicated to have a function 

in chromatin-mediated regulation of gene expression (Jenuwein et a l ,  1998). 

However, SET domains are also present in members of the PcG: The E(z) protein and 

its vertebrate homologues all have a SET domain (Robert et a l,  1996; Laible et a l,

1997), and at different developmental stages and in different tissues, E(z) can be 

involved in either the repression or the activation of a homeotic selector gene 

(LaJeunesse & Sheam, 1996).

Although the SET domain might be crucial for its function, it is not the domain 

responsible for the interaction of E(z)/Ezh2/EZH2 with Esc/Eed/EED: 

E(z)/Ezh2/EZH2 also contains two conserved N-terminal domains, and the first of 

these domains is involved in the interaction with Esc/Eed/EED (Sewalt et a l, 1998; 

van Lohuizen et a l, 1998).

30



Chapter 1 : Introduction

Esc/Eed/EED

Another member of the PcG is the Drosophila protein Extra sex combs (Esc) and 

its mammalian homologues, Eed/EED (embryonic ectoderm development; 

Schumacher et a l, 1996; Sewalt et a l, 1998). The homologues show a high degree of 

similarity, especially in the C-terminal halves of the molecules that contain seven WD- 

40 repeats (Gutjahr et a l, 1995 and references therein).

Unlike other PcG gene products. Esc is critically required only early in Drosophila 

development and becomes dispensable thereafter (Gutjahr et a l, 1995). This early Esc 

action suggests that it might help the transition between initiation and maintenance of 

homeotic gene expression patterns. The eed null phenotype is more severe than any 

other murine PcG mutation analysed so far: Unlike bm il, m33 and m ell8 , eed is 

essential during early development, and embryos homozygous for the eed  null 

mutation die at gastrulation. Again, effects of gene dosage are suggested by the 

phenotype of eed hypomorphic mutants that are bom with posterior transformations 

along the axial skeleton, very reminiscent of bmil null mutant mice (Schumacher et 

a l ,  1996). But unlike other PcG phenotypes, the eed deficit is visible before the 

earliest reported Hox functions (Krumlauf, 1994), implying a different set of targets 

for Eed.

Single nucleotide mutations within the mouse eed gene are responsible for the 

severe developmental abnormalities in mouse embryogenesis, and they are located 

within the conserved WD-40 repeat domain of the protein (Schumacher et a l, 1996). 

It is this domain which mediates the transcriptional repression function of Eed, as well 

as the interaction with Ezh2. Interestingly, the same mutations that cause the 

developmental defects abolish the repression activity of the Eed protein and block its 

interaction with Ezh2 (Denisenko & Bomsztyk, 1997; Denisenko et a l, 1998).

The EED-EZH2 interaction is conserved in flies and mammals (Denisenko et a l, 

1998; Sewalt et a l, 1998; Tie et a l, 1998; van Lohuizen et a l, 1998), and an 

important observation is that although they interact with each other, no interaction or 

colocalisation is observed with other members of the PcG, such as BMII, HPC2 or 

RINGl and their respective Drosophila and mouse homologues (Sewalt et a l, 1998; 

van Lohuizen et a l, 1998; Ng et a l, 2000). These results have been interpreted as such 

that different subsets of PcG complexes with different compositions exist. Other

31



Chapter 1 : Introduction

interactions partners of EED are histone deacetylases (van der Vlag & Otte, 1999) and 

the DNA-binding PcG protein Ying Yang 1 (Satijn et a l, 2001), which could provide 

a direct molecular link between PcG-mediated repression and association with 

chromatin.

Pho/YY1

Although it has been suggested that PcG protein complexes exert their functions by 

altering higher order chromatin structure (Pirrotta, 1998), the knovm PcG proteins do 

not have specific DNA-binding activities and do not contain structural domains 

suggestive of direct interaction with DNA. The exception is the Drosophila 

Pleiohomeotic (Pho) protein, whose cloning has revealed that it is a sequence-specific 

DNA-binding protein with homology to the mammalian protein Ying Yang 1 (YYl; 

Brown et a l, 1998). YYl is a highly conserved, ubiquitously expressed zinc finger 

transcription factor that is able to act as trancriptional repressor or activator (Thomas 

& Seto, 1999 and references therein). Close examination of the specific DNA sites that 

are recognised and bound by Pho, the so-called Polycomb response elements (PREs; 

see Pirrotta, 1999 and below), revealed a common motif, which resembles the YY1 

consensus site, to be present in several PREs. However, this motif is not sufficient to 

mediate full repressive activity through a PRE, suggesting that additional sequences 

and factors are implicated (Brown et a l,  1998; Mihaly et a l,  1998). It has been 

proposed that Pho/YYl binds to PREs and recruits other PcG proteins, and it was 

shown that YYl interacts with EED in Xenopus, but not with other PcG proteins 

(Satijn et a l, 2001). Conversely, it cannot be ruled out that YYl also associates with 

PcG proteins other than EED and EZH2, since it interacts with RYBP, a 

transcriptional repressor that in turn is capable of interacting with RINGl and M33 

(Garcia et a l, 1999). It has been suggested that YYl might exert a possible recruiting 

function (Figure 1.1), which is supported by the finding that transcriptional repression 

by the PcG is abolished by mutations in Pho/YYl binding sites, and that YYl- 

mediated repression depends on its interaction with histone deacetylases (Yang et a l, 

1996; Fritsch et a l, 1999). However, these results are contradicted by Poux et al. 

(2001), who did not observe any silencing or recruiting activity of Pho and argue
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against a role for Pho as recruitor of PcG complexes (Poux et a l, 2001).

PcG complexes

Analysis of genetic interactions have demonstrated that double PcG  mutant flies 

show enhanced phenotypes, which suggests that the members of the PcG function in a 

synergistic manner and might cooperate at the molecular level (Jurgens, 1985). 

Drosophila Pc binds to -100 distinct sites on polytene chromosomes (Zink & Paro, 

1989), and the fact that its binding sites overlap substantially with those of the PcG 

proteins Ph, Psc, Su(z)2 and E(z) supported the hypothesis that PcG proteins interact 

biochemically and form large multimeric complexes (DeCamillis et a l,  1992; Martin 

& Adler, 1993; Rastelli et a l, 1993).

Immunoprécipitation experiments with Drosophila embryonic extracts have shown 

that Pc directly interacts with Ph in vivo, and that they are constituents of a large 

multimeric complex of several million daltons. The Pc-Ph complex forms early during 

the initiation stage of homeotic gene regulation and remains stable throughout 

embryogenesis (Franke et a l ,  1992). Furthermore, in pc  mutants, Ph becomes 

redistributed in the nucleus, and similarly, mutations in the e(z) gene result in 

dissociation of Psc and Su(z)2 from chromosomes, which become decondensed 

(Rastelli et a l, 1993; Franke et a l, 1995). Further data support these biochemical 

analyses, since genetic interactions could be demonstrated between Ph, Pc, Psc, Su(z)2 

and E(z) (Cheng et a l, 1994; Campbell et a l,  1995), and the ability to form 

multiprotein complexes that associate with DNA is now recognised as a typical feature 

of the PcG.

This association in multiprotein complexes is mirrored by the vertebrate 

homologues of the Drosophila PcG proteins, their mammalian counterparts form a 

network of protein-protein interactions and colocalise in prominent nuclear foci (Table 

1.1; for example, see Alkema et a l, 1997a; Gunster et a l,  1997; Hashimoto et a l, 

1998; Satijn & Otte, 1999b).

PcG foci represent distinct nuclear structures that are unrelated to any other known 

nuclear domain, such as coiled bodies, PML bodies, speckles or sites of DNA 

replication or RNA synthesis and have therefore been termed PcG bodies (Buchenau
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et a l, 1998; Saurin et a l, 1998). Human PcG bodies tend to loealise to chromosome 1 

territories and associate with pericentromeric heterochromatin. The PcG proteins 

HPC2, BMII and RINGl remain chromatin-associated near centromeric regions 

throughout all stages of mitosis (Saurin er a/., 1998), localisation to metaphase 

chromosomes has also been reported for murine Bmil and M33 (Wang et a l, 1997), 

and similar observations were made in Drosophila (Buchenau et a l, 1998). This could 

provide a possible mechanism of maintaining PcG complexes at defined chromosomal 

loci throughout subsequent cell divisions or to ensure correct redistribution to daughter 

cells.

In contrast to these findings, Voncken et al. (1999) report that the association of 

BMII with pericentromeric heterochromatin appears to be cell cycle-regulated: BMII 

localisation at centromeric regions is maximally visible in Gq/Gi, deereases upon entry 

in S phase until virtually undetectable and remains low during Gz/M, before being re

established during Gi. In addition, they argue that localisation of PcG proteins to 

distinet nuclear foei is specific for tumour cell lines or might be a result of long-term 

culture, since they did not detect PcG bodies in primary, low-passage cells (Voncken 

et a l, 1999).

The functional significance of the heterochromatin association still remains unclear. 

One possibility is that PcG bodies represent storage domains to ensure even 

redistribution of PcG proteins during cell division. Centromeric heterochromatin can 

play an active role in transcriptional regulation and is thought to take part in 

recruitment and nuclear compartmentalisation (Brown et a l,  1997; Brown et a l, 

1999), and it is possible that PcG target genes are selectively recruited and silenced 

through PcG association at heterochromatic regions. Conversely, PcG bodies do not 

seem to favour areas in the nucleus with compacted chromatin in D rosophila  

(Buchenau et a l, 1998).

Different PcG complexes have different compositions

A first indication that PcG complexes might vary in composition came from the 

observation that the localisation patterns of Drosophila Pe, Psc and Ph overlap 

substantially, but not completely: Additional loci exist that contain Psc, but not Pc or
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Ph and vice versa, and immunoprécipitation experiments showed that the distribution 

of Ph and Psc at specific gene loci is not the same as that of Pc (Rastelli et a l, 1993; 

Strutt & Paro, 1997).

Yeast two-hybrid screens with mammalian PcG proteins have revealed that at least 

two separate PcG complexes exist in mouse and human: The Eed/EED protein 

coimmunoprecipitates and colocalises with Ezh2/EZH2, but no interaction was 

observed between Eed/EED-Ezh2/EZH2 and BMII, HPC2 or MPhl (Sewalt et a l, 

1998; van Lohuizen et a l, 1998). This is consistent with the observation that 

Drosophila E(z) interacts with Esc, but colocalises with other PcG proteins at only a 

subset of PcG binding sites on polytene chromosomes (Carrington & Jones, 1996; Tie 

et a l,  1998), Recent analyses have identified a Drosophila PcG complex, termed 

PRCl (Polycomb repressive complex i) , which contains Pc, Psc, Ph, Scm and a 

variety of other proteins, but not E(z) or Pho; E(z) and Esc were found to interact and 

form a complex that is distinct from PRCl (Shao et a l, 1999; Ng et a l, 2000).

In addition, the histone-binding protein p55/RpAp46/RpAp48 and the histone 

deacetylase Rpd3/HDAC1/HDAC2 are associated with E(z)/Ezh2/EZH2 and 

Esc/Eed/EED in the same complex in Drosophila and mammals, and since EED is 

capable of interacting with YYl, it is likely that this protein is also a constituent of the 

EED/EZH2 complex (van der Vlag & Otte, 1999; Satijn et a l, 2001; Tie et a l, 2001). 

However, YYl has also been found associated with the BMII-containing PcG 

complex in mammals: It interacts with RYBP (RJNGl and YYl binding protein), a 

transcriptional repressor that in turn interacts with Ring 1 A, Ring IB, M3 3 and E2F6, 

all of which are associated with BMII in a multimeric complex (Figure 1.1; Garcia et 

a l, 1999; Trimarchi et a l, 2001).

It seems intriguing that the two proteins that take a special position within the PcG 

should form a distinct complex that differs from the one containing the more ‘typical’ 

PcG proteins BMII, HPH, HPC2 and RINGl. E(z)/Ezh2/EZH2 displays TrxG-typical 

features in addition to the ones that identify it as a PcG protein, and Esc/Eed/EED is 

the only PcG member that is required transiently at the earliest developmental stages 

(LaJeunesse & Sheam, 1996; Schumacher a/., 1996).

Do different PcG complexes also have different functions? Although the members 

of the different PcG complexes are transcriptional repressors, their specific phenotypes
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and exclusive protein-protein interaction patterns indicate that they might play 

different roles in mediating gene silencing. It has been suggested that the complexes 

act sequentially, with the EED-containing complex required at the initiating stage to 

take over silencing from early repressors, and the BMII-containing complex then 

required to continue stable maintenance of thus established repression patterns (Figure

1.1). Based on this hypothesis, the different complexes have been termed PcG- 

initiating complex (PcG-i) and PcG-maintenance complex (PcG-m; van Lohuizen, 

1999).

Another point in favour of possible differing functions of different PcG complexes 

is the fact that the complex members are not only involved in specific protein-protein 

interactions with other PcG proteins, but also with a variety of non-PcG proteins 

(Table 1.1; Figure 1.1). For example, HPC2 interacts with CtBP, a protein associated 

with El A, E2F, RB and BRCAl, indicating a molecular link to biological processes 

such as cell cycle control and tumourigenesis. Interestingly, the HPC2 homologue 

M3 3 is not capable of interacting with CtBP, suggesting unique functions for different 

homologues (Sewalt et al^ 1999). BMII, RINGl, Mel 18 and MPh associate with the 

transcription factor E2F6, a member of the E2F family of transcription factors, which 

are essential for the regulation of cell cycle progression (Trimarchi et a l ,  1998; 

Trimarchi et a l, 2001), while interactions with CtBP or E2F6 have not been shown for 

the proteins of the PcG-i. Instead, PcG-i proteins specifically interact with HDACs and 

the histone-binding protein p55/RpAp46/RpAp48, which do not associate with the 

PcG-m (Figure 1.1; van der Vlag & Otte, 1999; Tie et a l, 2001).

Even in the different complexes, the PcG proteins interact selectively with each 

other: For example, BMII is capable of interacting with RINGl, HPHl and HPH2, 

and they are all associated in a multimeric complex. However, RINGl does not 

interact with either HPHl or HPH2 (Satijn & Otte, 1999b). Conversely, mouse 

Ring IB is capable of interacting with MPh2 (Hemenway et a l,  1998), further 

supporting the hypothesis that functional specificity can be achieved through different 

interaction partners, maybe even in different organisms. It seems therefore possible 

that different PcG complexes can have different functions by participating in specific 

as well as overlapping protein-protein interactions (Figure 1.1).
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F ig u re  1.1. Human PcG complexes and associated proteins

Overview of composition of the PcG-i (initiating) and PcG-m (maintenance) 
complexes, interacting proteins and possible recruitment steps (see text). Selected 
PcG members and interaction partners are shown, represented by circles and ellipses 
(PcG proteins) and by rectangles, triangles and octagons (non-PcG proteins). 
Interactions are indicated by black arrows; arrows with question marks represent 
possible interactions that have not been demonstrated so far; white circles and 
octagons with question marks represent unidentified PcG-associated proteins.
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PcG complex assembly

Silencing by PcG mechanisms is mediated by Polycomb response elements (PREs), 

which are regulatory regions of several hundred nucleotides that are in vivo binding 

sites for PcG and often also for TrxG proteins. They consist of multiple elements that 

have weak function on their own, but together can maintain expression patterns. 

However, it has proven difficult to identify sequence motifs common to all PREs, 

suggesting that different PREs can recruit different PcG proteins. A transposon 

containing a PRE creates a new binding site for PcG proteins at its insertion site, and 

PRE-mediated silencing appears to be dependent on the chromosomal context of the 

insertion site, suggesting that PRE-mediated silencing involves interactions with 

flanking sequences. PREs have been found in the regulatory regions of several 

Drosophila homeotic genes, and they can act at distances of up to 20 kb from the 

promoter (Pirrotta, 1997b; Pirrotta, 1997a). Pho/YYl is the only PcG protein 

identified so far that binds directly to a PRE, but interestingly, the TrxG proteins 

GAGA, Trithorax and Zeste are also capable of binding these specific sites, and PREs 

often appear to overlap with TREs (Trithorax response elements), indicating that PcG 

and TrxG function might be closely intertwined (Strutt et a l, 1997; Tillib et a l, 1999; 

Horard et a l, 2000).

As to how the establishment of stable PcG silencing complexes at the correct target 

genes occur, basically two models have been proposed (for example, see Pirrotta, 

1997b; Jacobs & van Lohuizen, 1999). The first model (Figure 1.2) suggests complex 

formation via recruitment mechanisms, in analogy to telomeric and mating type loci 

silencing in yeast. Silencing at yeast telomeres is initiated by the DNA-binding protein 

Rapl, which has no repression activity on its own and can have other functions at 

other sites, but at telomeres, it recruits the Sir proteins through binding of SirS, which 

in turn binds to Sir4. Silencing of telomeres by Sir3 and Sir4 requires their binding to 

histones H3 and H4 in turn, which also leads to perinuclear positioning. These 

interactions lead to stabilisation of an efficient silencing complex (Grunstein, 1998 and 

references therein).

It seems possible that a similar recruitment process takes place in the case of PcG 

complex formation. This hypothesis is supported by the finding that tethering of a Pc- 

GAL4 protein to a binding site recruits other PcG proteins to establish a fully
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functional silencing complex, and after formation of a repressive complex, the Pc- 

GAL4 protein can be removed without compromising the silencing effect (Müller,

1995). These observations show that an initial tethering factor does not need to be 

permanently present, so that transiently expressed early regulators might function as 

an ‘anchor’ for recruited PcG proteins (Figure 1.2). The gap protein Hunchback (Hb), 

an early acting repressor in Drosophila, has recently been suggested for such an 

anchor role, since Hb was found to directly interact with dMi-2, a subunit of a histone 

deacetylase complex that acts together with PcG proteins to repress homeotic genes 

(Kehle et a l, 1998). The dMi-2 complex may act directly by binding and recruiting 

PcG proteins or indirectly by generating a local chromatin structure favoured by PcG 

proteins. Thus, dMi-2 might represent a molecular link for the transition from 

establishment of repression patterns by early regulators like Hb to PcG-mediated 

maintenance (Figures 1.1 & 1.2). However, since PcG silencing can also be 

established independently of Hb and direct biochemical interactions between dMi-2 

and PcG proteins have not yet been described (Poux et a l, 1996; Kehle et a l,  1998), it 

is likely that other factors are also involved.

Attractive candidates for tethering factors are the PcG protein Pho/YYl and the 

TrxG proteins GAGA and Zeste. Pho is the only PcG protein described so far that has 

DNA binding activity, and its consensus binding motif is found in many PREs (Brown 

et a l, 1998; Mihaly et a l, 1998). Therefore, Pho could act as a bridging molecule 

between DNA and non-DNA-binding PcG proteins. Recently, the vertebrate 

homologue of Pho, the transcription factor YY 1, was shown to interact with EED, a 

member of the PcG-i complex (Satijn et a l, 2001), which further supports a possible 

recruitor function of Pho/YY 1 : Specific target sites are recognised and bound by 

Pho/YYl, which subsequently recruits the PcG-i complex to DNA through interaction 

with EED, which in turn leads to the recruitment of the PcG-m complex (Figure 1.1). 

However, if and how an interaction between the PcG-i and the PcG-m complexes 

exactly takes place remains to be shown, but the fact that YYl interacts with the co

repressor RYBP, which associates with several proteins of the PcG-m, including 

RINGl and M33 (Garcia et a l, 1999), suggests that YYl might also be involved in 

mediating interaction between the PcG-i and the PcG-m (Figure 1.1).

The TrxG proteins Zeste and GAGA are transcriptional activators, but are also
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F igure 1.2. Recruitment model

(1) A sequence-specific DNA-binding protein acts as recruitor (R) and tethers PcG 
proteins or pre-assembled complexes (circles and ellipses) to a PRE. (2) Complex 
assembly at PREs might stabilise protein-protein or protein-DNA interactions, since 
the recruitor might only be present transiently. (3) Additional looping interactions 
might stabilise a final silencing complex. Adapted from Pirrotta (1997b) and Jacobs 
& van Lohuizen (1999).
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associated with repressive functions. They specifically bind to DNA and have been 

shown to be present at PREs, so they are potential candidates for recruiting PcG 

complexes in addition to their functions as TrxG proteins (Rastelli et a l,  1993; Strutt 

et a l,  1997; Horard et a l, 2000). Pho and GAGA factor both interact with the same 

consensus binding sites in the iab-7 PRE that are critical for its silencing activity, Ph 

and GAGA factor associate with the same PRE region, and Zeste has been shown to 

associate with the PRCl complex, so it might be possible that different recruitor 

molecules cooperate functionally by recruiting different PcG proteins or partial 

complexes (Hodgson et a l, 2001; Mishra et a l, 2001; Saurin et a l,  2001). The 

existence of potentially different recruitor molecules might explain the variety of PcG 

complexes and PREs: Different DNA-binding proteins could recruit different parts of 

the PcG complexes to different PREs, so no single sequence motif needs to be shared 

by all PREs. Accordingly, composition and properties of the PcG complex formed 

might then also vary from one site to another, and cooperation between complexes 

could lead to stabilisation of a silencing complex (Figure 1.2).

The second model suggests PcG complex assembly through co-operative 

interactions (Figure 1.3). PREs could consist of low-affmity and low-specificity 

binding sites for PcG proteins, which could generate a DNA binding activity when 

they assemble into a multiprotein complex. Weak interactions of PcG proteins with 

PREs might then be stabilised through cooperation, and ‘looping in’ of more distant 

PREs and bound PcG proteins or complexes could finally result in a large and stable 

silencing complex (Figure 1.3; Pirrotta, 1997b; Jaeobs & van Lohuizen, 1999). This 

kind of mechanism would be consistent with a number of PRE-typical features: 

Silencing by PREs is enhanced when multiple PREs are in close vicinity to one 

another, transposons carrying a PRE show a preference for insertion at chromosomal 

sites that already contains other PREs, and the silencing ability of a PRE appears to 

depend on its flanking regions (Pirrotta, 1995).

The two models described are by no means mutually exclusive. For example, 

additional PREs or other nucléation sites might play a role in the recruitment 

mechanism, and additional looping steps could also be possible in this model. On the 

other hand, recruitment steps could take place in the co-operative complex assembly to 

ensure further stabilisation of the final silencing complex. Thus, it seems likely that a
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F ig u r e  1.3. Co-operative assembly model

(1) PREs and additional binding sites are nucléation points for assembly of PcG 
proteins (circles and ellipses), which bind with low affinity and sequence specificity.
(2) Co-operative interactions between PcG proteins and complexes stabilise 
complexes at PREs. (3) Additional looping interactions could result in a large and 
stable silencing complex. Adapted from Pirrotta (1997b) and Jacobs & van Lohuizen 
(1999).
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range of different mechanisms is responsible for the assembly of PcG complexes.

Mechanisms of PcG-medlated repression

Although PcG silencing appears to be a widely conserved and applied mechanism 

of regulating gene expression, the molecular details of its mode of action are still not 

well understood. The general view on how PcG-mediated repression is achieved is that 

PcG proteins induce a chromatin configuration that is inaccessible to transcriptional 

activators. However, a plethora of data has recently been fed into this simple model. 

Transcription is a multistep process, and repressors can act at any or several levels: 

Establishing a chromatin structure that blocks access of the transcription machinery, 

inhibition of chromatin remodelling, targeting regulatory factors and recruitment to or 

establishment of a repressive nuclear domain are possible mechanisms for 

transcriptional silencing (Francis & Kingston, 2001). Recent data indicate that many 

more different features are linked and intertwined with PcG-mediated silencing than 

initially expected.

The heterochromatin connection

Initially, silencing by the PcG was proposed to occur via recognition of cis- 

regulatory elements in chromatin by one or more members of the PcG who serve as 

nucléation signals and subsequently leads to ‘coating’ of an entire gene locus by 

multiple, co-operating PcG complexes, which finally results in an inaccessible 

chromatin configuration (Paro, 1990). Support for this ‘chromatin accessibility model’ 

comes from cross-linking experiments in Drosophila^ which have shown that the Pc 

protein is associated continuously across tens of kb in chromosome regions that 

contain homeotic genes, and this association correlates with the repression of these 

genes (Orlando & Paro, 1993).

The hypothesis that PcG- and heterochromatin-mediated silencing share similar 

mechanisms originated from the observation that Pc shares the chromodomain with 

structural components of heterochromatin, HPl and Su(var)3-9. Additionally, PRE 

insertion creates novel binding sites for PcG proteins at new locations and causes
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silencing of adjacent reporter genes, which is reminiscent of PEV (Reuter & Spierer, 

1992; Chan et a l, 1994), and finally, PcG-silenced loci have a more condensed 

appearance, very much like heterochromatic regions, although it is not clear in both 

cases whether this is a cause or a consequence of the silencing (Pirrotta, 1998; Pirrotta, 

1999).

Several observations argue against the hypothesis that PcG and heterochromatin 

silencing use the same molecular mechanism. For example, heterochromatic silencing 

is accompanied by decreased accessibility for restriction enzymes or DNA methylases, 

as well as increased nucleosome ordering. But although PcG silencing has been shown 

to block access of the GAL4 transcriptional activator, it does not interfere with binding 

of T7 RNA polymerase or accessibility of restriction enzymes (Schlossherr et a l , 

1994; McCall & Bender, 1996). Thus, the chromatin configuration induced by the PcG 

appears to be different from heterochromatin.

PcG complexes can affect promoters and enhancers over distances of 20-30 kb, but 

they do not appear to spread over large distances as initially proposed: Crosslinking 

experiments have shown that PcG proteins are primarily linked to the vicinity of 

known PREs and do not spread over the entire region (Sigrist & Pirrotta, 1997). A 

possible way to achieve long-distance silencing is analogous to the described co

operative complex assembly model (see Figure 1.3): PREs are bound by one or 

multiple PcG proteins, which can then interact with other proteins or complexes 

formed at other binding sites via looping events. In this model, one PRE would 

proceed by a series of short loops from one such station to another, until it has 

sequentially ‘worked’ its way along the DNA molecule within striking distance of an 

enhancer or promoter. Repression can thus be achieved by sterical hindrance of the 

basal transcription machinery or by preventing the binding of upstream activators to 

enhancers, resulting in stabilisation and repression over long distances (Simon, 1995; 

Pirrotta, 1998; Pirrotta, 1999).

Histone deacetylation vs. nucleosome remodelling

Histone acétylation and nucleosome remodelling increase the accessibility of DNA 

to the transcription machinery and are the major components of transcriptional

44



Chapter 1 : Introduction

activation in Drosophila, yeast and mammals (Kingston & Narlikar, 1999). Therefore, 

it seems conceivable that histone deacetylation and reversion or inhibition of 

nucleosome remodelling could represent mechanisms by which gene silencing is 

achieved.

Factors that reverse nucleosome remodelling have not been described yet, but 

histone deacetylation has been linked to a number of transcriptional repressors. For 

example, the RB protein is tethered to DNA through binding to the E2F transcriptional 

activator and recruits HDACl, HDAC2 and HDACS, which reverses histone 

acétylation at promoters and correlates with repression of transcription (Zhang & 

Dean, 2001). A variety of sequence-specific DNA-binding transcriptional repressors 

directly recruit deacetylases to promoters, such as Mad/Max, Ume6 and unliganded 

nuclear receptors, others, like RbAp46 and RbAp48, are DNA-bound repressors that 

interact with deacetylases via bridging molecules, such as Sin3 or N-Cor/SMRT 

(Pazin & Kadonaga, 1997). It seems that transcriptional activators can become 

repressors depending on their context, which determines whether an acetylating or 

deacetylating complex is recruited.

The role of histone modification is evident in yeast, where the recruited Sir proteins 

interact with the N-terminal tails of histones H3 and H4, which results in telomeric 

silencing (Grunstein, 1998).

Evidence is emerging that links histone modification to PcG function: Studies of 

the Fab-7VRE have shown that its activation by transient expression of GAL4 early in 

embryogenesis is accompanied by an increase of histone H4 acétylation, suggesting 

that hyperacetylation might be involved in excluding PcG-mediated repression 

(Cavalli & Paro, 1999). Mutations in the dMi-2 subunit of a histone deacetylase 

complex enhance pc mutations, although no direct biochemical interaction between Pc 

and dMi-2 has yet been established (Kehle et a l, 1998). YYl interacts with histone 

deacetylases, and this interaction mediates transcriptional repression (Yang et a l , 

1996). Pc interacts with the N-terminal domains of histones H3, H4 and H2A via its C- 

Box domain, indicating a possible role of Pc and PcG complexes in organising 

nucleosome structure (Breiling et a l,  1999). Pc is also part of the Drosophila PRCl 

complex, which blocks the ability of nucleosomal arrays to be remodelled by the 

SWI/SNF complex. This anti-remodelling activity could only be observed when PRCl
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was added prior to SWI/SNF, suggesting a direct interaction of PRCl components 

with the nucleosomes takes place, competing with subsequently added SWI/SNF 

(Shao et a l, 1999). Therefore, it seems possible that PcG complexes interact with 

nucleosomes over larger regions, immobilising nucleosomal structures or influencing 

the folding of the nucleosomal array into higher-order structures, which is supported 

by the findings that Pc is not only concentrated at PREs, but also found associated 

with extended chromatin regions around PREs (Strutt et a l, 1997; Orlando et a l,

1998). Histone deacetylases are part of the PcG-i complex that contains E(z)/EZH2 

and Esc/EED and mediate transcriptional activity of the PcG-i via direct interaction 

with EED (van der Vlag & Otte, 1999; Tie et a l, 2001). Another protein that is found 

in the PcG-i complex is p55 (or its mammalian homologues RbAp46 and RbAp48), a 

histone-binding subunit of the Drosophila and human chromatin assembly factor 1 

(CAF-1) and the Drosophila nucleosome remodelling complex NURF (Tie et a l, 

2001). Transcriptional repression by YYl is mediated through its interaction with 

mammalian homologues of the yeast histone deacetylase Rpd3, HDAC (Yang et a l,

1996). Taken together, these data clearly point towards histone modification being a 

feature of PcG-mediated silencing (Figure 1.4).

But histone deacetylases are unlikely to be the only means of repression by the 

PcG, since treatment with HDAC inhibitors does not abolish repression by HPC2 and 

XPcl, the second Pc homologue m Xenopus, and PRCl repression does not appear to 

depend on the presence of histone tails (Shao et a l, 1999; Strouboulis et a l, 1999; van 

der Vlag & Otte, 1999). One possibility could be that distinct PcG complexes repress 

transcription through different molecular mechanisms: The PcGtUi/PRCI complex 

induces a SWI/SNF-resistant chromatin configuration, while the PcG-i deacetylates 

histone tails (Figure 1.4).

Nuclear compartmentalisation

One possible mechanism for stable gene expression states is establishment of or 

recruitment to unique nuclear domains in which certain regulatory factors or 

chromatin-modifying activities can be concentrated. There is growing evidence that 

the transcriptional activity of genes correlates with their relative position within the

46



Chapter 1 : Introduction

nucleus and that dynamic changes or repositioning events can determine the 

expression status of a chromosomal locus.

Despite of the absence of delineating membranes, the cell nucleus contains distinct 

subcompartments, which can be morphologically identified and biochemically 

isolated, and which contain defining subsets of resident proteins. Different levels of 

nuclear organisation can be distinguished: Firstly, compartments for nuclear functions, 

such as replication, RNA processing and transcription, which usually have dot-like 

appearance and are therefore referred to as ‘nuclear bodies’. Members of this category 

are, for example, the nucleolus, coiled bodies (also known as Cajal bodies), speckles 

(or splicing-factor compartments, SFCs) and the PML bodies. However, with 

exception of the nucleolus and the SFC, the functions of most nuclear bodies have not 

yet been established (Dundr & Misteli, 2001).

Secondly, although they cannot be considered proper nuclear compartments, 

chromosomes represent distinct entities within the nucleus, which are confined to 

discrete zones within the nuclear volume, referred to as ‘chromosome territories’. 

Within chromosome territories, active and inactive genes appear to localise to the 

periphery, whereas non-coding sequences are more frequently found in the interior 

(Volpi et a l,  2000). Transcriptionally active gene clusters can be found on large 

chromatin loops extending outwards from the surface of chromosome territories, 

indicating that sequences may be targeted to environments that are permissive for 

transcription (Chevret et a l, 2000; Cremer & Cremer, 2001).

An increasing number of observations suggest that positioning of genes near 

centromeric heterochromatin regions promotes gene silencing: In Drosophila, 

insertion of a block of heterochromatin in the euchromatic brown gene results in 

association of both brown alleles with centromeric heterochromatin, leading to 

transcriptional inactivation (Dernburg et a l, 1996), and it has been shown that gene 

silencing in lymphocytes can be associated with repositioning of genes to 

pericentromeric heterochromatin, possibly via recruitment by the Ikaros protein 

(Brown et a l, 1997; Brown et a l, 1999). However, it is not clear whether association 

with heterochromatin is the cause or the consequence of transcriptional silencing.

A similar compartmentalisation effect has been observed in yeast: Telomeric 

silencing occurs at the nuclear envelope, where telomeres are clustered and the
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concentration of Sir proteins is high. Furthermore, positioning of chromatin to the 

nuclear periphery facilitates Sir-mediated transcriptional silencing (Andrulis et al., 

1998; Cockell & Gasser, 1999).

These observations indicate that nuclear positioning, especially association with 

heterochromatic regions, might be crucial for accurate execution of gene expression 

programmes, although such compartmentalisation apparently is not an absolute 

requirement. Positioning of genes outside of heterochromatin is not sufficient for their 

activation, and active transgenes can be located close to heterochromatin (for example, 

see Francastel et a l, 1999; Lundgren et a l, 2000). But generally, stably inherited gene 

silencing seems to require positioning close to pericentromeric heterochromatin, 

whereas stably inherited gene activity and open chromatin configuration seem to be 

associated with positioning away from heterochromatic regions (Cockell & Gasser, 

1999; Francastel et a l, 2000).

Several features of the PcG bodies correlate with the observations mentioned 

above: They represent a distinct nuclear domain that does not overlap with any other 

known compartment, and they associate with pericentromeric heterochromatin in 

mammalian cells (Saurin et a l, 1998). Thus, it seems possible that the mechanism by 

which PcG silencing is achieved involves recruitment and compartmentalisation steps. 

Ikaros is capable of interaction with PcG proteins, and due to their association with 

pericentromeric heterochromatin regions, it has been suggested that Ikaros and PcG 

proteins might cooperate to mediate relocalisation of target genes. This hypothesis is 

supported by the observation that pericentromeric localisation of Ikaros is mediated 

through its direct binding to centromeric DNA sequences and the fact that Ikaros 

associates with Mi-2 and histone deacetylases and recruits them to regions of 

heterochromatin, which results in transcriptional repression (Brown et a l, 1997; Kim 

et a l, 1999; Koipally et a l, 1999; Cobb et a l, 2000). Recently, it was also shown that 

Ikaros can also repress transcription in a histone deacetylase-independent manner 

through interaction with CtBP (Koipally & Georgopoulos, 2000). CtBP, in turn, 

interacts with HPC2 (Sewalt et a l,  1999), and these interactions could provide a 

molecular link between Ikaros, Mi-2, HDACs and the PcG to establish gene repression 

(Figure 1.4).
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Cellular memory

One of the most characteristic features of PcG silencing is that after establishment 

of gene expression patterns early in development, the transcriptional state is 

maintained throughout subsequent cell divisions for the rest of development. Thus, the 

PcG are part of a cellular memory system that mediates long-term stability of 

transcriptional activity.

How is the ‘lock in’ state of developmentally programmed gene expression patterns 

achieved? Similar to the models proposed for PcG-mediated silencing, influencing 

higher order chromatin structure in a direct or indirect way seems again a favoured 

model for PcG function. To be epigenetically maintained, the repressed state must 

involve a durable and self-reproducing modification of the chromatin, since it cannot 

be established de novo at later developmental stages (Orlando & Paro, 1995; Paro, 

1995; Paro et a l, 1998).

Maintenance through cell division

It has been suggested that either whole PcG complexes or single proteins stay 

associated with PREs through mitosis and replication to serve as nucléation sites for 

re-establishment of the complexes and repression patterns afterwards, or that they 

dissociate from DNA, but somehow leave marks for preferential reassembly after 

replication and mitosis (Pirrotta, 1999; Francis & Kingston, 2001). There is evidence 

that at least some PcG proteins are capable of association with chromatin during cell 

division: RINGl, HPC2 and BMIl colocalise on condensed chromosomes in human 

cell lines throughout all stages of mitosis, and their association is maintained by 

duplication of PcG bodies with subsequent segregation of chromatids (Saurin et a l , 

1998; Voncken et a l, 1999). Similarly, a detectable fraction of the PcG proteins Pc, 

Psc and Ph remains bound to metaphase chromosomes during D rosoph ila  

development, although the majority becomes dissociated (Buchenau et a l ,  1998; 

Dietzel et a l, 1999).

A member of the Drosophila PcG, cramped (crm), has been shown to genetically 

interact with mus209, the Drosophila homologue of the Proliferating Cell Nuclear 

Antigen (PCNA), and the Crm and PCNA proteins colocalise in salivary gland
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nuclei (Yamamoto et a l, 1997). PCNA is a protein involved in DNA replication, 

suggesting possible direct links between the replication machinery and the PcG. 

However, it remains unclear how PcG complexes could remain associated with DNA 

through replication.

If PcG proteins dissociate from DNA during cell division, local modification of 

chromatin could serve to mark distinct sites, e.g. PREs, or genes for reformation of the 

complexes. PcG complexes contain histone deacetylases, so acétylation and 

deacetylation of histones could provide a recognition mechanism for complex 

assembly. Since histones are equally distributed to each new DNA strand during 

replication, they are ideal candidates for such epigenetic markers. Histone H4 

hyperacetylation was found to be associated with the Fab-7 PRE after activation, 

further supporting the model of acetylation/deacetylation as heritable epigenetic tag 

(Cavalli & Paro, 1999). Alternatively, Pc, which binds both nucleosomes and core 

histones, might co-segregate with the histones and function as a tag for reassembly of 

the complexes (Breiling et a l,  1999).

Long-term maintenance

The mechanism by which long-term silencing is propagated in a stable and 

heritable manner still remains elusive. In Drosophila, removal of a PRE from a 

silenced gene has been shown to result in the loss of repression, even if  the removal 

occurs late in development (Busturia et a l, 1997). Thus, PREs are required 

continuously throughout development to maintain the silenced state and therefore 

appear to be a crucial part of the memory mechanism.

But PREs are not used exclusively in PcG-mediated silencing: A number of TrxG 

proteins, for example Trx and GAGA factor, also bind PREs and involve them in the 

maintenance of transcriptionally active states (Chang et a l, 1995; Chinwalla et a l, 

1995; Strutt et a l,  1997), suggesting that PREs and TREs are overlapping 

chromosomal elements from which repressed and open chromatin domains are 

controlled and maintained, thus functioning as ‘switches’ between activation and 

repression.

Detailed analyses of the Drosophila Fab-7 element have further outlined the dual
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function of PREs in the maintenance of epigenetically regulated transcriptional states. 

Zink and Paro (1995) used a transgene assay, in which the Fab-7 element flanks two 

reporter genes, the first being lacZ  under the control of a GAL4 binding site, the 

second is the white gene, responsible for red eye pigment production in Drosophila. 

The PRE nucleates PcG silencing, resulting in repression of lacZ expression and 

reduced expression of the distantly located white gene (Zink & Paro, 1995). However, 

a short and strong pulse of GAL4 activator early in embryogenesis abolishes PcG 

silencing and switches the Fab-7 PRE into an activating state, which is mitotically 

stable, since lacZ and white gene expression can still be observed in adult flies. When 

the GAL4 pulse occurs in larvae, the derepression of the reporter genes is only 

transient, and repression is re-established when the GAL4 protein begins to decay, 

which is not the case when the GAL4 pulse takes place during embryonic development 

(Cavalli & Paro, 1998b).

Surprisingly, the activated state of the Fab-7 element could even be transmitted 

through female meiosis, since a part of the progeny of flies that developed red eyes as 

a consequence of embryonic derepression inherited the active reporter gene (Cavalli & 

Paro, 1998b). Therefore, it appears that early in development, at the embryonic stage, 

there is a ‘window’ in which the switch from inactive to active state can be set, 

whereas later, during larval stages, this becomes increasingly difficult. The fact that 

the derepressed state can be inherited throughout meiosis implies that repression 

cannot be re-established during the ensuing embryonic development, when PcG 

silencing would normally be initiated, the active state is apparently marked in an 

irreversible manner. Thus, a PRE like Fab-7 is sufficient for the heritable propagation 

of transcriptional states, functioning as an epigenetic switch. Based on these 

capabilities, Fab-7 was therefore termed a ‘cellular memory module’ or CMM (Lyko 

& Paro, 1999).

Accordingly, when individual PcG proteins are removed from proliferating cells 

and resupplied after a few or several cell generations, it could be shown that at least 

some PcG proteins can cause re-repression of homeotic genes, but only if resupply 

occurs within a few cell generations of the loss of repression. This indicates a 

functional distinction between transcriptional repression and heritable silencing. There 

also appear to be differences between the different PcG proteins, regarding their ability
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to re-establish silencing: Resupply of Psc and Su(z)2 results in re-repression, that of Pc 

and Scm does not. Therefore, it seems possible that an epigenetic mark supplied by 

PcG proteins might be destabilised by persistent transcriptional activity, but can be 

recognised by a subset of PcG proteins during a ‘window of opportunity’ and initiate 

re-repression (Beuchle et a l, 2001).

It was demonstrated recently that PRE function depends partly on DNA 

Topoisomerase II and Barren, proteins required for proper chromatin condensation and 

chromosome segregation in mitosis. They colocalise with PcG proteins at PREs and 

interact with Ph in vivo. Mutations in barren result in a derepression of the Fab-7 PRE 

in vivo, and mutations in ph  lead to mitosis defects, suggesting that the maintenance of 

chromosome structure could be linked to epigenetic control of gene expression (Lupo 

et a l,  2001).

Further analysis of the properties of the Fab-7 CMM showed that maintenance of 

the active state of Fab-7 depends on presence of Trx, but not Pc. A pc  mutation does 

not influence the maintenance of the active state, once Fab-7 has been ‘switched on’ 

by a GAL4 pulse, but a trx mutation completely abolishes the mitotically stable 

transmission (Cavalli & Paro, 1999). This indicates a competition between the PcG 

and TrxG in regulation of Fab-7. The Pc protein dissociates from its binding sites on 

polytene chromosomes after a GAL4 pulse, but if this occurs at the larval stage, this 

dissociation is reversible, which correlates with the re-establishment of the repressed 

state of the reporter genes (Cavalli & Paro, 1998b; Cavalli & Paro, 1999). 

Surprisingly, a GAL4 pulse in embryogenesis does not result in dissociation of Pc, 

Psc, and Ph. They remain bound to the Fab-7 CMM, irrespective of its now active 

state, indicating that stable maintenance of an active state can be propagated even in 

the presence of PcG proteins (Cavalli & Paro, 1999). Thus, removal of PcG repressors 

is apparently not the epigenetic tag that marks the active F ab-7 . Instead, 

hyperacetylation of histone H4 has been suggested to function as epigenetic tag, since 

it accompanies activation of the Fab- 7 CMM and is mitotically stable and inheritable 

when activation occurs during embryonic stages (Cavalli & Paro, 1999). Histone 

deacetylation as epigenetic marker has also been suggested for the yeast 

Schizosaccharomycespombe (Nakayama et a l, 2000).

However, the maintenance of transcriptional states is also possible independently
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from covalent DNA modifications like histone acétylation and deacetylation: For 

example, in S. pombe, treatment with a HD AC inhibitor results in activation of gene 

expression due to histone hyperacetylation. This is followed by displacement of the 

Swi6 chromodomain protein, a transcriptional repressor, from its normal position at 

yeast centromeres. Surprisingly, after removal of the HDAC inhibitor, the reporter 

genes at the centromeric regions remain active, whereas normal euchromatic genes 

become repressed again, and this active state is epigenetically stable over many cell 

generations (Ekwall et a l, 1996; Ekwall et a l, 1997).

Taken together, altering chromatin configuration via histone deacetylation seems to 

be the most favoured mechanism how the PcG achieve stable and heritable silencing. 

However, since other modifications, such as phosphorylation, méthylation or 

ubiquitination, are also implicated in histone function during mitosis, replication and 

transcriptional regulation, and it cannot be ruled out that they might play a role in the 

maintenance of repressed states (Paro, 2000; Strahl & Allis, 2000; Berger, 2001).

Conclusions

Since the PcG were first described, the combination of genetic and biochemical 

approaches in flies, yeast and mammals has provided substantial insight into the 

features of the group members on gene and protein level. However, the links between 

the functional properties of the PcG and its role as part of a cellular memory system 

that propagates transcriptional states in a epigenetic manner are still mostly obscure 

and have only started to become clearer. The high degree of evolutionary conservation 

of PcG members and their functions has greatly facilitated the analysis, but although it 

is obvious that mammals share many homologues of PcG genes and proteins described 

in Drosophila, it is also quite likely that some of their molecular functions as well as 

the mechanisms of memory may well differ. For example, DNA méthylation is barely 

detectable in Drosophila, but is an essential mechanism for gene silencing and 

genomic imprinting in mammals (), and it may well be possible that this kind of 

chromatin modification is part of mammalian PcG function.

Protein-protein and protein-DNA interactions of the PcG are being identified that 

are required for transcriptional regulation and proper specification of cell fates and
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patterning processes, as well as for establishing links to other crucial biological 

processes, such as cell cycle control, haematopoiesis, transformation and apoptosis. 

The ability of PcG proteins to form multimeric protein complexes that can vary in 

composition in different tissues as well as at different developmental stages, provide 

the system with an enormous flexibility to regulate gene expression (Figure 1.4).

As to how PcG complexes assemble at their target sites and achieve gene silencing 

in a stable and heritable manner, is a matter of debate, and a variety of different 

models have been proposed. Altering higher order chromatin structure appears to be 

the most widely acknowledged key mechanism by which the PcG mediate their 

repression function, but it is not known exactly how they influence DNA configuration 

to subsequently establish a cellular memory system. It seems likely that transcriptional 

memory will not be mediated through a single, simple mechanism, but rather through 

the cumulative effect of many (Figure 1.4).

An important goal will be to determine the individual functions of new PcG 

members and their associations with other proteins involved in memory processes, as 

well as the identification of bona fide response elements of mammalian PcG and, 

maybe most importantly, of downstream targets. This will prove crucial for basic 

understanding of how the PcG functions, since its members are involved in so many 

different processes.

This thesis

The interaction and colocalisation with M33, HPC2 and BMIl as well as its ability 

to repress gene transcription have identified the human protein RINGl as a member of 

the mammalian PcG (Satijn et a l, 1997a; Schoorlemmer et a l,  1997). To further 

characterise the mammalian PcG complex, a yeast two-hybrid screen was carried out 

with RINGl as bait, which led to the isolation of a previously unidentified protein and 

gene. Detailed sequence analysis showed that the protein shares regions of high 

homology with Drosophila Polycomb and its vertebrate homologues, and it was 

therefore termed human Poly comb 3 (HPC3). HPC3 contains the conserved 

chromodomain and C-Box domain, but it also possesses an atypical stretch of 

alternating Arg-Asp and Arg-Glu residues, termed RED domain. A murine homologue
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of HPC3, MPc3, was also identified, and analysis of the expression patterns showed 

that both genes are ubiquitously expressed in adult tissues, similar to other PcG genes. 

Interestingly, mouse pc3 becomes drastically downregulated much earlier than other 

pc homologues in mouse development, suggesting a unique function (Chapter 2).

Analysis of the HPC3 protein demonstrated that it colocalises with PcG bodies that 

also contain BMIl and RINGl. The interaction between HPC3 and RINGl was 

verified in vivo, and yeast interaction assays showed that it is mediated through the 

conserved C-Box domain of HPC3, but only partially through the RING finger domain 

of RINGl. In addition, HPC3 appears to be able to interact with BMIl (Chapter 3).

In line with its role as a Polycomb protein, HPC3 is also able to function as a long- 

range transcriptional repressor. Surprisingly, the conserved C-Box, which mediates 

gene silencing by HPC2, is not the repression domain of HPC3. Instead, the amino 

acid stretch between the HPC3 chromodomain and RED domain appears to be 

necessary and sufficient for repression of a reporter gene (Chapter 4).

The subcellular localisation of HPC3 was analysed using anti-HPC3 antibodies as 

well as a GFP tag. Endogenous and exogenous full length HPC3 colocalises with PcG 

bodies, but this localisation is not directed by the C-Box. The ability to form distinct 

nuclear foci is mediated by the same HPC3 domain that is responsible for its 

repression function and which was therefore termed ' repression-localisation domain of 

HPC3’ (RL3). Surprisingly, although the RL3 domain is necessary and sufficient for 

the formation of nuclear foci, these foci do not colocalise with PcG bodies, and the 

RL3 domain appears to alter the localisation pattern of endogenous HPC3. Time- 

course analysis of full length HPC3-GFP revealed that PcG bodies are dynamic 

structures in the nucleus (Chapter 5).

Taken together, the results presented in this thesis show that a third mammalian 

homologue of Polycomb has been identified, which colocalises and interacts with 

other members of the human PcG and has transcriptional repression function. Apart 

from these PcG-typical features, it could be demonstrated that the conserved C-Box 

does not convey the repression function of HPC3 and is not involved in subnuclear 

localisation. Both functions appear to be mediated by the same sequence stretch of 

HPC3, a previously unknown functional domain.
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C hapter  2: HPC3, a new Polycomb homologue

The isolation and cloning of the full length hpc3 cDNA through its interaction with 

RINGl in a yeast two-hybrid screen provided the opportunity to study a potential new 

member of the Polycomb Group.

In order to classify HPC3 as a new Polycomb homologue, detailed sequence 

analyses were carried out at the DNA and protein level.

Comparison of HPC3 with other Polycomb proteins

The 1.1 -kb open reading frame and translated protein sequence of the hpcS cDNA 

is shown in Figure 2.1. Translation results in a previously unidentified protein of 389 

aa, and sequence analysis revealed that this protein contains several defined domains, 

among which are a chromodomain and a ‘C-Box’, as well as a long stretch of 

alternating arginine-aspartic acid or arginine-glutamic acid repeats. In addition, two 

putative nuclear localisation signals are present (Figure. 2.1).

Database searches with both the hpc3 cDNA and the protein sequences resulted in a 

number of significant matches to known poIycomb-rQlatQd genes and proteins (Figure 

2.2), the most significant being human Polycomb 2 (HPC2), murine Polycomb (M33), 

Xenopus Polycomb (XPc) and Drosophila Polycomb (Pc). The fact that they all 

contain a chromodomain and a C-Box domain, a combination found only in Pc and its 

homologues, supported the hypothesis that HPC3 is a new member of the Polycomb 

Group of proteins.

When compared to other Polycomb homologues, HPC3 is most similar in length 

to Drosophila Pc (390 and 389 residues, respectively; Table 2.1). HPC2, M33 and XPc 

are all more than 120 residues longer than HPC3 and Pc (Table 2.1), as are the 

additional homologues mouse Polycomb 2 (MPc2; 551 aa) ond Xenopus Polycomb 1 

(XPcl; 471 aa). Pairwise sequence alignments showed that the overall sequence
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identity between HPC3 and the other Polycomb homologues generally ranges from 20 

to 30% (Table 2.1). Regions of high homology (60-80%; Table 2.1) are located at the 

N- and C-termini, respectively (Figure 2.2), which contain the Polycomb-typical 

chromodomain and C-Box. Outside of those regions of high homology, the identity 

level between HPC3 and the other Polycomb homologues remains quite low, and if the 

chromodomain and the C-Box are left out of the comparison, the identity level 

between HPC3 and the other proteins drops below 20% (Table 2.1).

Sequence identity with HPC3

Protein
No.

residues overall chromodomain C-Box Rest

HPC2 558 28% 77% 73% 17%
M33 519 26% 70% 73% 19%
XPc 521 26% 77% 73% 18%
Pc 390 24% 63% 66% 19%

T a b l e  2.1. Sequence identities between HPC3 and Polycomb homologues

Pairwise sequence comparisons of HPC3 with human Polycomb 2 (HPC2), mouse 
Polycomb (M33), Xenopus Polycomb (XPc) and Drosophila Polycomb (Pc) were 
performed using the ALIGN program (Pearson et a l, 1997).

Protein domains of HPC3

Multiple sequence alignments show that the level of identity between the 

homologues is much higher within the N- and C-terminal regions of HPC3 and the 

other Polycomb proteins than in the remaining parts (Figure 2.2). These regions 

contain two previously described subdomains that are typical for Polycomb-related 

proteins: At the N-terminus, a c/zromatin organisation modifier domain, or 

‘chromodomain’, and the so-called ‘C-Box’ at the C-terminus. Comparison of the 

HPC3 chromodomain with other Polycomb chromodomains shows a high degree of 

sequence identity ranging from 60 to 80%, with the highest level of identity found 

within the core of the domain (Figure 2.3A; Table 2.1). The C-terminal region of
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HPC3 contains a C-Box protein-protein interaction domain also present in the other 

Polycomb homologues (Figure 2.3B).

As with the chromodomain, a very high level of identity, which ranges between 60 

to 80% between the Polycomb proteins, is found within this domain (Table 2.1).

In addition to the chromodomain and C-Box, HPC3 contains another, unusual 

protein domain: It consists of a 3 3-amino acid tandem repeat of arginine-aspartic acid 

or arginine-glutamic acid residues, corresponding to a large stretch of alternating 

positive/negative charges (Figure 2.1). This domain was termed the ‘RED’ or ‘RD’ 

domain (Assier et a l, 1999) and is not present in any other Polycomb Group protein, 

although it can be found in a variety of other proteins unrelated to Pc, such as the 

cytokine IK factor, the RD and RED proteins. Drosophila shuttle craft and atrophin-1 

(see Discussion).

Because of their similar length, the HPC3 and Drosophila Pc proteins appear to be 

more closely related to each other than to the other Poly comb homologues, HPC2 (558 

aa), M33 (519 aa) and XPc (521 aa) are much larger proteins. Flowever, the similarity 

in length is not reflected at the sequence level: With only 24% overall identity, HPC3 

is more similar to the other Polycomb homologues than to Drosophila Pc (Table 2.1). 

This tendency is also reflected in the comparison of the protein domains of HPC3 and 

Pc, since their respective chromodomains and C-Boxes are -65% identical, compared 

to approximately 75% identity between HPC3 and the other Poly comb proteins (Table

2.1). A sequence alignment between HPC3 and Drosophila Pc was carried out to be 

able to compare them in more detail (Figure 2.4).

The alignment of HPC3 with Pc shows sequence similarities along the whole length 

of both proteins. Interestingly, the RED domain of HPC3 lies in a similar linear 

position to one of the two poly-histidine repeats and a stretch of serine residues in Pc 

(Figure 2.4). Similar poly-His and poly-Ser repeats are also present in HPC2 (residues 

380-398) and M33 (residues 106-120), but they do neither linearly align with the 

repeats in HPC3, nor Pc, nor with each other (Figure 2.2).
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A mouse homologue of HPC3

Database searches using the hpc3 sequence revealed the presence of a highly 

related mouse EST sequence (accession number AA275566) that showed very strong 

homologies within the 5’ end of hpc3. This EST clone, derived from a kidney cDNA 

library, was obtained and subjected to numerous rounds of sequencing in forward and 

reverse orientation in order to determine its full length cDNA sequence.

Although the EST clone and hpc3 are 86% identical at DNA level (Figure 2.5), the 

clone does not yield a good hypothetical protein translation. Homology with HPC3 can 

only be found up to the first half of the chromodomain, then several stopcodons 

terminate the protein sequence (Saurin, 1998). Detailed pairwise analysis revealed that 

this is due to the absence of several regions of the sequence from the EST clone that 

are present in the hpc3 sequence: The chromodomain and the RED domain are missing 

(Figure 2.5). If present, these sequence stretches would result in a larger open reading 

frame for the EST clone with a much higher degree of identity with hpc3.

In order to verify the accuracy of the 5’ end of the mouse EST clone and to 

determine whether the sequence deletions could be an artefact due to the generation of 

the EST library and whether they could be amplified from a different cDNA library, 

PCR was performed with a mouse testis cDNA library cloned into the pGADlO vector 

(Clontech), using primers that anneal upstream from the multiple cloning site in the 

vector sequence and at various positions downstream in the EST clone. To ensure 

maximum specificity during amplification, ‘touchdown’ PCR (see Material and 

Methods) was carried out, and a 270 bp-PCR product was cloned and sequenced (data 

not shown). This revealed that the amplified clone was identical to the EST sequence, 

but included an additional sequence that is missing in the EST clone (Figure 2.6).

Comparison of this PCR product with HPC3 showed a very high level of homology 

with the HPC3 chromodomain sequence with 92% and 100% at the DNA and protein 

levels, respectively (Figure 2.7).

If the PCR-amplified cDNA sequence was added to the EST clone, the resulting 

open reading frame is much larger and correlates well with the hpc3 cDNA, being87% 

identical (data not shown). Translation initiation and termination codons are present at 

identical positions, and an alignment of the hypothetical protein with HPC3 

demonstrates their 93% identity (Figure 2.8). The mouse clone was therefore
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assumed to be the murine homologue of HPC3 and referred to as mouse Polycomb 3 

(MPc3).

Interestingly, the MPc3 sequence has a much shorter RED domain than HPC3: 

Whereas HPC3 contains 33 alternating repeats, MPc3 has only five (Figure 2.8). In 

contrast to the mouse chromodomain, no additional RED domain sequence could be 

amplified by PCR.

During the course of this work, the full length MPc3 cDNA was isolated and cloned 

from an eleven-day mouse embryo cDNA library (Hemenway et a l, 2000). It contains 

the chromodomain and the C-Box, but like in the clone presented here, the RED 

domain only contains five repeats (Figure 2.9). The identification of this murine 

homologue of HPC3 supports the hypothesis that the missing chromodomain sequence 

in the EST clone is an artefact of the mouse cDNA library used in its isolation.

Expression of the human and mouse pc3 gene

Northern Blot analysis

To gain insight into the potential functions of Polycomb 3, its expression was 

examined in human and mouse tissues by Northern blot analysis.

The isolated full length hpc3 cDNA indicated an open reading frame of 1.1 kb, with 

the putative polyA^ RNA predicted to be approximately 1.4 kb (Saurin, 1998). The C- 

terminal 440 bp of the hpc3 cDNA were used as a probe to screen multiple tissue 

Northern (MTN) blots, with a 2-kb human p-actin cDNA as control probe.

Hybridisation of the hpc3 probe to the human MTN blots reveals the presence of 

two mRNA species with molecular sizes of approximately 1.4 kb and 4.1 kb (Figure 

2.10A). The 1.4-kb species is more prominent than the 4.1-kb species in most tissues, 

and it correlates well with the predicted size of the hpc3 mRNA. Expression levels of 

the 1.4-kb mRNA species vary in the different tissues: High expression can be 

observed in heart and testis, if the amount of total polyA^ RNA loaded from each 

tissue is qualitated by the strength of hybridisation signals given by the p-actin control 

probe (Figure 2.10A). The other tissues show similar ubiquitous low-level expression, 

with very weak signals in the colon and peripheral blood leukocytes.
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The 4.1-kb band also shows varying levels of expression in the different human 

tissues, although they do not always correlate with the smaller 1.4-kb species: Similar 

high expression is detected in heart and testis, but the 4.1-kb signal is much stronger in 

the brain and pancreas, where the smaller band is relatively weak (Figure 2.10A). The 

nature of this larger 4.1-kb RNA band is unclear, but it may correspond to an 

alternatively spliced mRNA or a mRNA species from a related gene (see Discussion).

The presence of the MPc3-EST clone provided the opportunity to study the 

expression of pc3  in mouse tissues as well, so mouse MTN Northern blots were 

screened with the full length mpc3 EST cDNA as probe. This revealed a similar 

pattern of hybridisation to that of hpc3, with two mRNA species of a very similar size 

to those seen in the human tissues, one at -1.4 kb, the other at -4.1 kb (Figure 2.1 OB). 

Again, the 1.4-kb mRNA correlates well with the open reading frame of the cDNA 

clone. However, when the levels of mRNA loading are taken into account using the 

hybridisation strength of the p-actin control probe, the relative abundance of the mpc3 

species in different tissues does appear to differ slightly from hpc3: Very high 

expression of mpc3 can be detected in brain, lung and liver tissues (Figure 2.1GB), 

where hpc3 only shows very low levels (Figure 2.10A). On the other hand, whereas 

hpc3 is very prominent in testis, mpc3 gives only a weak hybridisation signal (Figure 

2.10A&B).

The expression of mpc3 was also analysed at different stages of mouse 

embryogenesis using polyA^ RNA from whole mouse embryos at different days of 

development (Figure 2. IOC). Hybridisation of this Northern blot revealed that mpc3 is 

expressed at high levels during the initial stages of embryogenesis, but this initially 

high expression decreases drastically after day 7, and by day 17, the hybridisation 

signal is reduced to about 1/4 of the signal at day 7 (Figure 2.IOC). Interestingly, the 

4.1-kb mRNA species is also present in the embryonic tissues, although its expression 

level does not appear to undergo a similar change like the 1.4-kb species. It maintains 

the same expression level throughout development until day 15, before the intensity of 

its signal decreases slightly (Figure 2.IOC). In order to rule out cross-hybridisation 

with other closely related polycomb  mRNA species, the mouse Northern blot 

hybridisations were repeated using a probe that did not contain any of the conserved 

Poly comb domains (nt 271-432). This resulted in the exact same hybridisation patterns

62



C h a p t e r  2: HPC3. a new Polvcomb homologue

that had been obtained with the full length probe.

In situ hybridisation

The data presented in this section were obtained through collaboration with A. 

Gould and P. Serpente at the MRC, Mill Hill, London.

The Northern blot analysis indicated that mpc3 expression is not maintained at a 

constant high level throughout embryogenesis. In order to investigate the temporal and 

spatial regulation of mpcS in more detail, wholemount in situ hybridisation was 

performed on mouse embryos at different days of embryogenesis, using the full length 

mouse EST clone as probe.

Sense probe controls gave no signal above background (Figure 2.11 A, C, D, F), 

indicating that the patterns obtained with the antisense probe were specific for the 

mpc3 gene. At the late primitive streak stage of 7.5 days post coitum (dpc), mpc3 

mRNA is detected ubiquitously (Figure 2.1 IB). At 8.5 dpc, which represents the open 

neural tube stage, expression continues to be present throughout the embryo (Figure 

2.11C). However, more intense staining is observed in the cranial neural folds and 

developing tail bud region, compared to the somites and lateral mesoderm (Figure

2.1 IE). In contrast, hybridisation signals at 9.5 dpc were barely visible above 

background (Figure 2.1 IF, G), and by 10.5 dpc, no specific mpc3 expression could be 

detected (data not shown). Thus, mpc3 is maximally expressed at early stages of 

embryogenesis and is downregulated from the 8.5 dpc-stage onwards.

Summary

Detailed analyses of the HPC3 cDNA and protein sequences have revealed that

• HPC3 contains the Pc-typical chromodomain and C-Box, but also a so-called 

RED domain, which is unique for HPC3 and not found in any other Pc 

homologue.

• within the conserved domains, HPC3 displays a high level of sequence identity
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and similarity with the other Pc homologues, but outside these domains, the 

level of similarity is significantly decreased.

HPC3 appears more similar to D rosophila  Pc than to its mammalian 

homologues M3 3 and HPC2.

HPC3 has a murine homologue, MPc3, which is 93 % identical to the human 

protein and whose RED domain consists of only 5 alternating repeats instead of 

33 in HPC3.

hpc3 and mpc3 are ubiquitously expressed in adult tissues, albeit with varying 

intensities, similarly to other PcG genes.

mpc3 is maximally expressed at early stages of embryogenesis, but becomes 

downregulated from the 8.5 dpc-stage onwards, indicating a unique function for 

pc3.
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1 /1
ATG GAG CTT TCA GCG GTG GGG GAG CGG GTG

3 1 /1 1  
TTC GCG GCC GAA GCC CTC CTG AAG CGG CGC

M E L S A V G E R V F A A E A L L K R R
6 1 /2 1  
ATA CGG AAA GGA CGC ATG GAA TAC CTC GTG

9 1 /3 1  
AAA TGG AAG GGA TGG TCG CAG AAG TAC AGC

I  R K G R M E Y L V K W K G W S Q K Y S
1 2 1 /4 1  
ACA TGG GAA CCG GAG GAA AAC ATC CTG GAT

1 5 1 /5 1  
GCT CGC TTG CTC GCA GCC TTT GAG GAA AGG

T W E P E E N I L D A R L L A A F E E R
1 8 1 /6 1  
GAA AGA GAG ATG GAG CTC TAT GGC CCC AAA

2 1 1 /7 1  
AAG CGT GGA CCC AAG CCC AAA ACC TTC CTC

E R E M E L Y G P K K R G P K P K T F L
2 4 1 /8 1  
CTC AAA GCG CAG GCC AAG GCA AAG GCC AAA

2 7 1 /9 1  
ACT TAC GAG TTT CGA AGT GAC TCA GCC AGG

L K A Q A K A K A K T Y E F R S D S A R
3 0 1 /1 0 1  
GGC ATC CGG ATC CCC TAC CCT GGC CGC TCG

3 3 1 /1 1 1  
CCC CAG GAC CTG GCC TCC ACT TCC CGG GCC

G I R I P Y P G R S P Q D L A S T S R A
3 6 1 /1 2 1  
CGG GAG GGC CTT CGA AAC ATG GGT TTG TCC

3 9 1 /1 3 1  
CCG CCA GCG AGC AGC ACC AGC ACC AGC AGC

R E G L R N M G L S P P A S S T S T S S
4 2 1 /1 4 1  
ACC TGC CGC GCA GAG GCC CCT CGG GAC CGG

4 5 1 /1 5 1  
GAC CGA GAC CGG GAT AGG GAC CGG GAG CGG

T C R A E A P R D R D R D R 0 R D R E R
4 8 1 /1 6 1  
GAT CGA GAA AGG GAG AGG GAG CGA GAG AGG

5 1 1 /1 7 1  
GAG CGG GAA CGT GAG AGG GAA CGA GAG CGG

D R E R E R E R E R E R E R E R E R E R
5 4 1 /1 8 1  
GGT ACC AGC AGA GTG GAT GAC AAG CCC AGC

5 7 1 /1 9 1  
TCA CCG GGG GAC AGC TCG AAG AAG CGA GGC

G T S R V D D K p S S P G D S S K___ K R G
6 0 1 /2 0 1  
CCC AAG CCC CGG AAG GAG CTC CCG GAC CCC

6 3 1 /2 1 1  
TCA CAG AGG CCC TTA GGC GAA CCC AGC GCC

P . K P R K E L P D P S Q R P L G E p S A
6 6 1 /2 2 1  
GGC CTC GGA GAG TAC CTC AAG GGC AGG AAG

6 9 1 /2 3 1  
CTG GAC GAC ACC CCT TCC GGG GCA GGA AAG

G L G E Y L K G R K L D D T P S G A G K
7 2 1 /2 4 1  
TTT CCA GCC GGC CAC AGT GTG ATC CAG CTG

7 5 1 /2 5 1  
GCC CGA AGA CAG GAC TCG GAC CTG GTG CAG

F P A G H S V I Q L A R R Q D S D L V Q
7 8 1 /2 6 1  
TGT GGT GTG ACC AGC CCT AGC TCA GCT GAG

8 1 1 /2 7 1  
GCC ACG GGC AAA CTG GCT GTG GAC ACC TTC

C G V T S P S S A E A T G K L A V D T F
8 4 1 /2 8 1  
CCG GCC AGG GTG ATA AAG CAC AGG GCT GCC

8 7 1 /2 9 1  
TTC CTG GAG GCC AAA GGC CAG GGT GCC CTA

P A R V I K H R A A F L E A K G Q G A L
9 0 1 /3 0 1  
GAT CCC AAT GGC ACC CGG GTC CGA CAT GGC

9 3 1 /3 1 1  
TCA GGC CCC CCC AGC TCT GGG GGG GGC CTG

D P N G T R V R H G S G P P S S G G G L
9 6 1 /3 2 1  
TAC CGG GAC ATG GGG GCC CAG GGG GGA AGG

9 9 1 /3 3 1  
CCC TCC CTC ATC GCC AGG ATC CCT GTG GCC

Y R D M G A Q G G R P S L I A R I P V A
1 0 2 1 /3 4 1  
AGA ATC CTG GGG GAC CCG GAG GAA GAG TCC

1 0 5 1 /3 5 1  
TGG AGC CCC TCC CTG ACT AAC CTG GAG AAG

R I L G D P E E E S W S P S L T N L E K
1 0 8 1 /3 6 1  
GTG GTG GTC ACG GAC GTG ACC TCA AAC TTT

1 1 1 1 /3 7 1  
TTG ACC GTC ACC ATT AAG GAA AGT AAC ACG

V V V T D V T S N F L T V T I K E S N T
1 1 4 1 /3 8 1  
GAC CAA GGC 
D Q G

TTT
F

TTT
F

AAA
K

GAG
E

AAA
K

AGA
R

TGA

Figure 2.1. DNA and protein sequence of HPC3

Complete sequence and protein translation of the hpc3 cDNA. The DNA sequence is 
shown on top, the protein sequence below. Protein domains are marked in blue 
(chromodomain), red (RED domain) and green (C-Box); two putative nuclear 
localisation signals are underlined.
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H P C 3 ------ MELSAVG------------------ ERVFAAEALLKRRIRXGRMEZLVKWKGWSQKTSirHEPEEIIILDARLLAAFEERBREMB 65
H P C 2 ------ MELPAVG---------EHVFAVESIEKKRIRKGRVEÏLVKWRGVfSPKYMTWEPEEMILDPRLLIAFQNRERQEQ 65
M3 3 ---- MEBLS SVG----------EQVFAAECILSKRLRKGKLEZ LVKWRGWES KHHSHEPEEHI LDPRLLLAFQKKEHEKE 6 6
X P c ------ MELPAVG---------EHVFAVESIEKKRIRKGRVEZ LVKWRGMES KYNTWEPEENI LDPRLLVAFgNRERQEQ 65
PC MZGRGKGSKGKLGRDlUXODPVDLVYAAEKIIQKRViCKGWEYRVKWKGHNQRYKIWEPEVHILDRRLIDIYEQTNKSSG 80

HPC3 LYGPKKRGPKPK--TFLLKAQAKAK----------------Ai^------------- YEFRSDgARGIRIPYPGRS---PQD 113
HPC2 LMGYRKRGPKPK PLWQVP|FARRfl|VI#3LQP||TDNRAKLDLGAQGKGQGHgYEL||;KKHIigYQPHSKEGK-PRP 141
M33 VQN-RKRGKRPRCTPRKHI^sIc SRrK  LKCPDAPSKfK----------- SSSSSSgSTSSSSSSDEEEDDfOLD 130
XPc IMGYRKRGPKPK NNLVSMP§FARR%VI#:LHD#GENR%KI^@LGPIPK#--HQYOL|#KKHHIQYQPSGKDHN-EKE 139
Pc fPS--KRGIKKK-----E  K E P D P E P E E E -----------------------EDEYg---------------------------------- F T E E d v d T H Q A T |S S A T ------------H 124

HPC3 LAStSR------- AREGLRNMGLSPPASSTSTSSf-CRAEAPRDRDRDRDRDRE------- RD RERERERE 169
HPC2 PGK|GK-ZYY-QLNSiCKHHPYQPDPKMYDLQYQGGHKEAPSPTCPDLGAKSHPP-------DKWAQGAG AKGYLGAV 209
M33 SKRGPRGREfHPVPQKKAQILVAKPELKDPIRK KRGRKPLPPBQKAAR-RPVfLAKVLKfTRKOLGgiAAKLPPPLS 206
XPc HSSNKKKYYY-QLNSKKHHHYQPDPKLYBQYTIE--KESgiSTDVRNRHRDSLT------ HfQAADMG f|LKNGTD 206
Pc DKEfKK------- EKKHHHHHHHHHHIKSERNSG--RRSESPLTHHHHHHH----------------------- HBSKRQRI 174

HPC3 RERER---------- ERERERGWRVDDKPSI--------- PGDSSKKRGPKPRKELPDPSQRPLGEPSAG---------  221
HPC2 KPLAG----------AAGAPGKGfEKGPPNQIM-------PAPKBAVTGNGIGGKMKIVKNKBK-NGRIVIVHSKYMEHGM 272
M33 APVAG------- LAALKAH#KEACGGPSTMAmPB#LA#LMKGMAGSPSRGGIWQSSIVHYM§RMSQSQVQAAg-------  272
XPc SVISGPERBGIC#GVSSSP#TEf#SSPSTEL0------- MPSTELPSSGV6GKMKIVKNIc|k -NGRIVIVMSKYMEIK»1 278
Pc DHSSS----------SNSSFlHN-iFVPEPDSN-------filSSEDQPLIG#KRKAEVLKESGK-IG---------------  222

HPC3 LQEYLKG------ RK— LDDTP|GAGKFPAG------------------ HSVIQLARRQDSDLVQCGVTSPfSAEAfGKLAV 277
HPC2 QAVKIKgGEV ABG-EARSP8HKKRAADERHPPADR*FKKAAGAEEKKVBAPPKRRBEEVSGVSDPQPQDAG|r KLSP 348
M33 -RLALKAgACmCCGLGLDLKVRfQKGGELGGSPAGG KVPKAPGGGAAEQQRGNHSGSPGA|LAPfQBLSLQVLDL 346
XPc gsVKIKB------- SBE-DCDMGDVRRRFDSPGBLNGD KlCTAQEEKfEHWKKRVBSRVKIHBGSK|vDKGfVHLAG 347
Pc — VTIKS-----------SPDGPBIKP QPTQgvfPSQOgPFQDQQQAEKIASEAATQLKS 269

HPC3 DT--FP--------- ARVIKHRAAFLEAKGQGALDPNGTRVRHGSGPPSS--G---GGLYRDMG--AQGGRPS----LIA
HPC2 TKRAFGBtPLQLfafKPDLLAWDPARNTHPP|HHPHPHPHHHHHHHHHHHHAVGLNLfHVRKRCLfBfHGEREPCKK:
M33 QSVKNG------ VPGVGLLARHAPAKAIPAiNPATGKGPGSGPTGANMT|--APTD(«KGEKLTCKATALPAPSVKR
XPc LRRTYS------- fASBfLNDQPLQLTfKs|HVPMPNRTRSPVyAGEPYi--DLVYfj|PRKRCLfBANGNKELCKKTLis
Pc EQgAfP------- LAfBAINTTPAESGAEEEEVANEEGNQQAPQVPSENf------- glPKPCNNLAINQKflP "

HPC3 R— — — IP — — — —— —VARILG----——DP—EEBSWS--------- —P—  — —  — 353
HPC2 REIBSP 3fCLGOiPAAERPADLPPAAALRQPE--VILLD0DLD--- EPIDLRSVKfRSBAGEPPSlLQVKPBlPABA 499
M33 K8VAAS------ GO---- QEGHTAP-GEGRKPPALBELS»GEENSSBDiDPDSfSLPSAAQHLSVAIQl»----------  477
XPc R8V8APGIVECKGG LTPLNVP LQBPD--IILLD8DLD--- EPIDLRCVKfRCDSDflEVD — K--PE  475
Pc — —--- P—  — —  — — —  — ——LSPRALP------- PR---FWL-----------P----------------- — — —  —----  344

H P C 3 -------------------------------- SLTNL-EKVWÏDVÏSMFLIVÏIKESNÏDQGFFKEKR----------  389
HPC2 AVAVAAAAAPHeSAEKPPAEAQDBPAElLEEFKPFFGNIIITDVIABCLTVTFKEYVTV------------------  558
M3 3 ----------------------- QD-----wkPfRSLIEHVFV*DV»ABLI*V*VKESP*SVGFFNLRHY--------  519
XPc -IQV*--------- QiPQiVDVD--VC-EiQFKPFFGNIVItDVTAIICLTVÏFKEYIÏV------------------  521

P c ------------------------------AKCNISNRVVIÏDVÏVBLEÏVTIRECKÎERGFFRERDMKGDaBPVA 390

Figure 2.2. Multiple sequence alignment of HPC3 and other Polycomb homologues

The HPC3 protein sequence was aligned with the sequences of human Polycomb 2 
(HPC2), mouse Poly comb (M33), Xenopus Poly comb (XPc) and Drosophila 
Polycomb (Pc). The corresponding amino acid numbering is given to the right of each 
sequence. Hydrophobic residues are shaded blue; hydrophilic residues are shaded 
green; basic residues are shaded pink; acidic residues are shaded purple; glycines are 
shaded orange, and prolines are shaded yellow. Identical residues are indicated by an 
asterisk (*), strong homologies with a colon (;) and weak homologies with a period 
(.). The multiple alignment was performed using the ClustalX program with a gap 
penalty of 10.0 (Thompson et a i, 1997).
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; *  :
HPC3 1 -M ELSAVG-------------------E
HPC2 1 -M ELPAVG-------------------EE
M33 1 MEELSSVG------------------ E
XPc 1 -MELPAVG-------------------E
Pc 7 -GSKGKLGRDNATDDPVDI

'jV F A A E g g K  ' RIRKGR EYLVKW GWS^KY^TWEPE 
VFA ^B^KRIRKGRVEYLVKW RGW SijKYNTW EPE 

^VFAAE@i%KR RKG3!EYLVKWRGWS§KiIiNlWEPE 
^VFA EÊÎÏSKKRIRKGRVEYLVKWRGWS^KYNTWEPE 
|y AAE{gQgKR#KG VEY^VKW GW g&YNTWEPE

4 5
45
46  
45  
60

HPC3
HPC2
M33
XPc
Pc

AAFEEREREMELYGPKKRGPKPKTFL 80  
lAFQNRERQEQLMGYRKRGPKPKPLV 80  
LAFQKKEHEKEVQN-RKRGKRPRGRP 80 
VAFQNRERQEQIMGYRKRGPKPKNNL 80 
D IYEQ TN KSSG TPS— KRGIKKKEKE 94

B

HPC3 3 5 7 -N L E K -V W
HPC2 5 3 3 P F F G N - I I I
M33 4 8 6 -L IE H -V F V
XPc 4 9 6 P F F G N -IV I
Pc 3 4 8 -N IS N R W I

TDVT^N LTVT^KE 
TDVTANJLTVT KEi 
TDVTAN TVT KE' 
TDVTANfLTVT KE 
TDVT N 5|TVT ' E

3NTDQGFFKEKR----------------------3 8 9
VTV--------------------------------------- 5 5 8

3PTSVGFFNLRHY------------------- 5 1 9
I  TV--------------------------------------- 5 2 1

: k t e r g f f r e r d m k g d s s p v a  3 9 0

F igure 2.3. Polycomb protein domains

Multiple sequence alignment of the chromodomains (A) and C-Boxes (B) of HPC3, 
human Pc2 (HPC2), mouse Poly comb (M3 3), Xenopus Poly comb (XPc) and 
Drosophila Polycomb (Pc). The domains are shaded in blue (chromodomains) and 
green (C-Boxes), residues conserved in at least three proteins are yellow. The 
corresponding amino acid numbers are shown on the left and right of the sequences; 
identical residues are indicated by an asterisk (*), strong homologies with a colon (;) 
and weak homologies with a period (.). All alignments were made using the ClustalW 
program with a gap penalty of 10.0 (Thompson et a i, 1994).
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*  .  * . * * *  ; * *  * * * * * * . * . * . * * * * *

HPC3 MELSAVGER VFAAEALLKRRIRKGRMEYLVKWKGWSQKYSTWEPE 45
Pc MTGRGKGSKGKLGRDNATDDPVDLVYAAEKIIQKRVKKGWEYRVKWKGWNQRYNTWEPE 60

* * * *  * * ;  : :  .  * . * * *  *  *

HPC3 ENILDARLLAAFEEREREMELYGPKKRGPKPKTFLLKAQAKAKAKTYEFRSDSARGIRIP 105
Pc VNILDRRLIDIYEQTNK— SSGTPSKRGIKKKEKEPDPEPESEEDEYTFTEN DVDTH 115

* .  . * : . *  * : * : * * :

HPC3 YPGRSPQDLASTSRAREGLRNMGLSPPASSTSTSSTCRAEAPRDRDRDRDRDRERDRERE 165
Pc QATTSSATHDKESKKEKKHHHHHHHHHHIKSERNSGRRSESPLTHHHHHHHHESK RQ 172

*   *.  * .*  : * : . * * : * :
HPC3 RERERERERERERERGTSRVDDKPSSPGDSSKKRGPKPRKELPDPSQRPLGEPSAGLGEY 225
Pc RIDHSSSSNSSFTHNSFVPEPDSNSSSSEDQPLIGTKRKAEVLKES GK— IGV  223

: * . * .  * . : : : : * : * . . . * . *  : * : : *
HPC3 LKGRKLDDTPSGAGKFPAGHSVIQLARRQDSDLVQCGVTSPSSAEATGKLAVDTFPARVI 2 85
Pc  TIKTSPDGPTIKPQPTQQVTPSQQQPFQDQQQAEKIASEAATQLKSEQQATPLATE 279

* :  . *  : . . . . . *  *

HPC3 KHRAAFLEAKGQGALDPNGTRVRHGSGPPSSGGGLYRDMGAQGGRPSLIARIPVARILGD 345
Pc AINTTPAESGAEEEEVANEEGNQQAPQVPSENNNIPKPCNNLAINQKQPLTPLSPRALP- 338

. * * : **;**** * ; ****;*. ;***.*;
HPC3 PEEESWSPSLTNLEK-VWTDVTSNFLTVTIKESNTDQGFFKEKR--------- 389
Pc — PRFWLPAKCNISNRWITDVTVNLETVTIRECKTERGFFRERDMKGDSSPVA 390

Figure 2.4. Sequence alignment of HPC3 and Drosophila Pc

Pairwise alignment of the protein sequences of HPC3 and Drosophila Pc. Protein 
domains are coloured: chromodomains (blue), C-Boxes (green), RED domain (red) 
and poly-His/poly-Ser stretches (purple). Shading indicates the similar positions of 
the RED domain and the poly-His and poly-Ser stretches. The corresponding amino 
acid numbers are shown on the left of the sequences; identical residues are indicated 
by an asterisk (*), strong homologies with a colon (:) and weak homologies with a 
period (.). The alignment was made using the ClustalW program with a gap penalty 
of 10.0 (Thompson et a l, 1994).
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* * * * * * * *  *  *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

HPC3 ATGGAGCTTTCAGCGGTGGGGGAGCGGGTGTTCGCGGCCGAAGCCCTCCTGAAGCGGCGC 
EST ATGGAGCTCTCGGCGGTGGGGGAGCGGGTGTTCGCGGCCGAAGCCCTCCTGAAGCGGCGC

* *  * *  * * *

HPC3 ATACGGAAAGGACGCATGGAATACCTCGTGAAATGGAAGGGATGGTCGCAGAAGTACAGC 
EST ATTCGCAAA---------------------------------------------------------------------------------------------------------------

HPC3 ACATGGGAACCGGAGGAAAACATCCTGGATGCTCGCTTGCTCGCAGCCTTTGAGGAAAGG 
EST ---------------------------------------------------------------------------------------------------------------------------------G

*  * * •  * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * *  * * * * * * * * * * * * * * * *  
HPC3 GAAAGAGAGATGGAGCTCTATGGCCCCAAAAAGCGTGGACCCAAGCCCAAAACCTTCCTC 
EST GAACGGGAGATGGAGCTCTATGGCCCCAAAAAGCGAGGACCCAAGCCTAAAACCTTCCTT

***** * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * ** * * * * * * * *  * * * * 
HPC3 CTCAAAGCGCAGGCCAAGGCAAAGGCCAAAACTTACGAGTTTCGAAGTGACTCAGCCAGG 
EST CTCAAGGCCCAGGCCAAGGCAAAGGCCAAAACCTATGAATTCAGAAGTGACTCTACCAGA

* * * * * * * * * * * * * *  * * * * *  * * * * * * * *  * * * * * * * * *  *  *  *  *  *  * * * * * *  * * * * *

HPC3 GGCATCCGGATCCCCTACCCTGGCCGCTCGCCCCAGGACCTGGCCTCCACTTCCCGGGCC 
EST GGCATCCGGATCCCTTACCCAGGCCGCTCACCCCAGGATTTGGCGTCTACTTCCAGGGCC

** ****** * * **** * * * * * * * * **** * * * * * * * * * * * *  * * * ****  
HPC3 CGGGAGGGCCTTCGAAACATGGGTTTGTCCCCGCCAGCGAGCAGCACCAGCACCAGCAGC 
EST CGAGAGGGCTGGCGGAACACGGGGCTACCCCCACCAGGGAGCAGCACCAGTACCTGCAGG

* * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *

HPC3 ACCTGCCGCGCAGAGGCCCCTCGGGACCGGGACCGAGACCGGGATAGGGACCGGGAGCGG 
EST -------------------GCAGACCCACCTCGGGACCGGGACCGAGAGAGGGACA------------------------------

HPC3 GATCGAGAAAGGGAGAGGGAGCGAGAGAGGGAGCGGGAACGTGAGAGGGAACGAGAGCGG
EST -GG

* * * * * * * * *  *  *  *  *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * *  * * * * * * *  

HPC3 GGTACCAGCAGAGTGGATGACAAGCCCAGCTCACCGGGGGACAGCTCGAAGAAGCGAGGC 
EST GGTACCAGCCGTGTAGACGACAAGCCCAGCTCACCGGGGGACAGCTCCAAGAAACGAGGA

* * * * * * * ***** * * * *  * * ****** ********  * * * * * * * * ***** * * * 
HPC3 CCCAAGCCCCGGAAGGAGCTCCCGGACCCCTCACAGAGGCCCTTAGGCGAACCCAGCGCC 
EST CCGAAACCCAGGAAGGAGCCCCTGGACCCTTCACAGAGACCTTTGGGAGAGCCCAGTGCC

* * * * *  * * * * * * * * * * *  *  *  * * * * * * * * * * * * * *  *  *  *  *  *  *  *  *  *  *  *  *  * * * * * * * *  

HPC3 GGCCTCGGAGAGTACCTCAAGGGCAGGAAGCTGGACGACACCCCTTCCGGGGCAGGAAAG 
EST GGCCTTGGAGAGTACCTGAAAGGCAGGAAGCTGGATGAGACCTCTTCTGGGACAGGAAAG

* *  * * * * *  * * * * * * * * * * * * * * * * * * * *  *  *  * * * * *  * * * * * * * *  * * * * * * * * * * *

HPC3 TTTCCAGCCGGCCACAGTGTGATCCAGCTGGCCCGAAGACAGGACTCGGACCTGGTGCAG 
EST TTCCCAGCTGGCCACAGTGTGATCCAGCTTGCTCGAAGGCAGGACTCAGACCTGGTGCAA

*  * * * * * * * * * * * *  * * * * * * * * * * *  * * * * * *  *  *  *  *  *  *  * * * * * * * * * * * * * * * *

HPC3 TGTGGTGTGACCAGCCCTAGCTCAGCTGAGGCCACGGGCAAACTGGCTGTGGACACCTTC 
EST TATGGTGTGACCAGTCCTAGCTCAGCAGAGGCCTCGAGCAAGTTGGCTGTGGACACCTTT

Figure continues.
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Figure continued

* *  * * * * * * * *  * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * *  * * * * * * * *

H PC3 CCGGCCAGGGTGATAAAGCACAGGGCTGCCTTCCTGGAGGCCAAAGGCCAGGGTGCCCTA 
EST CCAGCCAGGGTAATAAAGCACAGGGCTGCTTTCCTGGAGGCCAAAGGCCAAGGTGCCCTG

*  *  *  *  *  *  * * * * * * * * * * * *  * * * *

HPC3 GATCCCAATGGCACCCGGGTCCGACATGGCTCAGGCCCCCCCAGCTCTGGGGGGGGCCTG 
EST GACCCTGGTGGTGCCAGGGTTCGACATAGTTCAGGCACCCCAGCCTCAGTGGGAAGCCTG

*  *  * * * * * * * * * * * * * *  *  *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  ******  
HPC3 TACCGGGACATGGGGGCCCAGGGGGGAAGGCCCTCCCTCATCGCCAGGATCCCTGTGGCC 
EST TATCGGGACATGGGGGCGCAAGGGGGAAGGCCCTCCCTCATCGCCAGGATCCCAGTGGCC

* * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * *  
HPC3 AGAATCCTGGGGGACCCGGAGGAAGAGTCCTGGAGCCCCTCCCTGACTAACCTGGAGAAG 
EST AGGATCCTGGGGGACCCAGAGGAAGAGTCCTGGAGCCCCTCTCTGACTAACCTGGAGAAA

★ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * ******  
H PC3 GTGGTGGTCACGGACGTGAC C TCAAAC TTTTTGAC C GTCAC CATTAAGGAAAGTAACAC G 
EST GTGGTCGTTACAGATGTGACCTCAAACTTTTTGACCGTCACCATTAAGGAGAGCAACACG

* * * * * * * *  * *  * * * * *  *  *  * * * * * * * * *

HPC3 GACCAAGGCTTTTTTAAAGAGAAAAGATGA 
EST GACCAAGGATTCTTTAAGGAAAAAAGATGA

F ig u r e  2.5. Sequence alignment of hpc3 and the mouse EST clone AA275566

The full length hpc3 cDNA and the mouse EST cDNA sequence were aligned using 
the ClustalW program with a gap penalty of 10.0 (Thompson et a i, 1994). Identical 
bases are indicated by an asterisk (*), sequences of protein domains are marked in 
blue (chromodomain), red (RED domain) and green (C-Box).
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

PCR GCGGTGGGGGAGCGGGTGTTCGCGGCCGAAGCCCTCCTGAAGCGGCGCATTCGCAAA 66 
EST GCGGTGGGGGAGCGGGTGTTCGCGGCCGAAGCCCTCCTGAAGCGGCGCATTCGCAAA 69

PCR GGAC GCATGGAATATC TC GTGAAATGGAAGGGC TGGTCGCAGAAGTACAGCAC GTGG 1 2 6
e s t  ----------------------------------------------------------------------------------------------------------------

*  *  ★ *

PCR GAGCCCGAAGAAAATATTCTGGATGCTCGCCTCCTTGCAGCCTTTGAGGAAAGGGAA 1 8 4  
e s t  --------------------------------------------------------------------------------------------------------------------GGAA 7 3

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

PCR CGGGAGATGGAGCTCTATGGCCCCAAAAAGCGAGGACCCAAGCCTAAAACCTTCCTT 2 3 7  
EST CGGGAGATGGAGCTCTATGGCCCCAAAAAGCGAGGACCCAAGCCTAAAACCTTCCTT 1 2 9

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

PCR CTCAAGGCCCAGGCCAAGGCAAAGGCCAAAACCT---------------------------------------------  2 7 1
EST CTCAAGGCCCAGGCCAAGGCAAAGGCCAAAACCTTACTTCCAGGGCCCGAGAGGG 1 8 5

F ig u r e  2.6. Alignment of the sequence amplified by PCR with the EST clone

Pairwise alignment of the sequence of the PCR product amplified from a mouse testis 
cDNA library with the cDNA of the mouse EST clone. Identical bases are indicated 
by an asterisk (*), corresponding basepair numbers are shown on the left of the 
sequences. Chromodomain sequence is marked in blue. The alignment was performed 
using the ClustalW program with a gap penalty of 10.0 (Thompson et a i, 1994).
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

HPC3 ATGGAGCTTTCAGCGGTGGGGGAGCGGGTGTTCGCGGCCGAAGCCCTCCT 50
m o u s e -------------------------GCGGTGGGGGAGCGGGTGTTCGCGGCCGAAGCCCTCCT 38

* * * * * * * * * * * *  *  *  * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * *

HPC3 GAAGCGGCGCATACGGAAAGGACGCA#GGAATACCICG%GAAATGGAAGG 1 0 0
m o u s e  GAAGCGGCGCATTCGCAAAGGACGCATGGAATATCTCGTGAAATGGAAGG 88

*  * * * * * * * * * * * * * * * * * * * *  * * * * *  *  *  *  *  * * * * *  *  *  * * * * * *

HPC3 GAIGGTCGCAGAAGTACAGCACATGGGAACCGGAGGAAAACATCCTGGAT 1 5 0
m o u s e  GCTGGTCGCAGAAGTACAGCACGTGGGAGCCCGAAGAAAATATTCTGGAT 138

* * * * * *  *  *  *  * * * * * * * * * * * * * * * * * * * * *  *  * * * * * * * * * * * * * *

HPC3 GCTCGCTTGCTCGCAGCCTTTGAGGAAAGGGAAAGAGAGATGGAGCTCTA 2 0 0
m o u s e  GCTCGCCTCCTTGCAGCCTTTGAGGAAAGGGAACGGGAGATGGAGCTCTA 188

* * * * * * * * * * * * * * *  * * * * * * * * * * *  * * * * * * * * * * *  * * * * *  *  *  *

HPC3 TGGCCCCAAAAAGCGTGGACCCAAGCCCAAAACCTTCCTCCTCAAAGCGC 2 5 0
m o u s e  TGGCCCCAAAAAGCGAGGACCCAAGCCTAAAACCTTCCTTCTCAAGGCCC 2 3 8

* * * * * * * * * * * * * * * * * * * * * *  *

HPC3 AGGCCAAGGCAAAGGCCAAAACTTACGAGTTTCGAAGTGACTCAGCCAGG 3 0 0
m o u s e  AGGCCAAGGCAAAGGCCAAAACCT------------------------------------------------------  2 6 2

B
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

HPC3 MELSAVGERVFAAEALLKRRIRKGRMEYLVKWKGWSQKYSTWEPEEMILD 50
m o u s e   AVGERVFAAEALLKRRIRKGRMEYLVKWKGWSQKYSTWEPEEHILD 46

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

HPC3 ARLLAAFEEREREMELYGPKKRGPKPKTFLLKAQAKAKAKTYEFRSDSAR 1 0 0
m o u s e  ARLLAAFEEREREMELYGPKKRGPKPKTFLLKAQAKAKAK--------------------- 86

F i g u r e  2.7. Sequence alignment of the mouse PCR product with HPC3

Pairwise alignment of (A) the DNA sequence and (B) hypothetical protein translation 
of the mouse PCR product with the HPC3 cDNA and protein sequence. Identical 
residues are shaded with the same colour and marked with an asterisk (*); basepair 
and amino acid numbers are indicated, respectively. In the protein sequences, 
hydrophobic residues are shaded blue; hydrophilic residues are shaded green; basic 
residues are shaded pink; acidic residues are shaded purple; glycines are shaded 
orange, and prolines are shaded yellow. The alignment was performed using the 
ClustalX program (Thompson et a i, 1997).
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

EST MEI.SAVGERVFAAEALLKRRIRKGRMEYLVKNKGWSQKYSTWEPEENILDARLLAAFEER 
HPC3 MELSAVGERVFAAEALLKRRIRKGRMEYLVKWKGWSQKYSTWEPEENILDARLLAAFEER

I* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • * * * * * * * * * * * * * * * * * * * * *  

EST EREMELYGPKKRGPKPKTFLLKAQAKAKAKTYEFRSDSTRGIRIPY'PGRSPQDLASTSRA
HPC3EREM ELYGPKKRGPKPKTFLLKAQAKAKAKTYEFRSDSARGIRIPYPGRSPQDLASTSRA

*  *  *  *  *  * * ^ * * ^ * * * * *  * * * . ^ * * * * *  * * * * *

EST REGW RNTGLPPPGSSTST CRADPPRDRD------------ RERDR---------------------------------------
HPC3 REGLRNMGLSPPASSTSTSSTCRAEAPRDRDRDRDRDRERDRERERERERERERERERER

* * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * . *  ^ *  * • *  *  

EST GTSRVDDKPSSPGDSSKKRGPKPRKEPLDPSQRPLGEPSAGLGEYLKGRKLDETSSGTGK 
HPC3 GTSRVDDKPSSPGDSSKKRGPKPRKELPDPSQRPLGEPSAGLGEYLKGRKLDDTPSGAGK

* * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * .  * * * * * * * * * * * * * * * * * * * * * * * * * * *  
EST FPAGHSVIQLARRQDSDLVQYGVTSPSSAEASSKLAVDTFPARVIKHRAAFLEAKGQGAL 
HPC3 FPAGHSVIQLARRQDSDLVQCGVTSPSSAEATGKLAVDTFPARVIKHRAAFLEAKGQGAL

** * . * * * * * * * « *  *  ̂* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
EST DPGGARVRHSSGTPASVGSLYRDMGAQGGRPSLIARIPVARILGDPEEESWSPSLTNLEK 
HPC3 DPNGTRVRHGSGPPSSGGGLYRDMGAQGGRPSLIARIPVARILGDPEEESWSPSLTNLEK

*****************************
EST VW TDVTSNFLTVTIKESNTDQGFFKEKR 
HPC3 VW TDVTSNFLTVTIKESNTDQGFFKEKR

F ig u r e  2.8. Alignment of the theoretical EST protein (MPc3) with HPC3

The theoretical protein sequence of the PCR product shown in Figure 2.7B was 
inserted into the EST protein (arrows), and the resulting open reading frame was 
aligned with the HPC3 protein using the ClustalW program with a gap penalty of 
10.0 (Thompson et a i, 1994). The sequence derived from the PCR product is marked 
in italics and bold, protein domains are coloured in blue (chromodomain), red (RED 
domain) and green (C-Box). Identical residues are indicated by an asterisk (*), strong 
homologies with a colon (:) and weak homologies with a period (.).

73



C hapthr  2: HPC3, a new Poly comb homologue

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

HPC3 MELSAVGERVFAAEALLKRRIRKGRMEYLVKWKGWSQKYSTWEPEENILD 5 0
MPC3 MELSAVGERVFAAEALLKRRIRKGRMEYLVKWKGWSQKYSTWEPEEHILD 5 0

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  » *

HPC3 ARLLAAFEEREREMELYGPKKRGPKPKTFLLKAQAKAKAKTYEFRSDSAR 1 0 0
MPC3 ARLLAAFEEREREMELYGPKKRGPKPKTFLLKAQAKAKAKTYEFRSDSTR 1 0 0

* * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  ^ *  *  ^ *  *  *  * * * * * . ^ * * * *

HPC3 GIRIPYPGRSPQDLASTSRAREGLRNM GLSPPASSTSTSSTCRAEAPRDR 1 5 0
M Pc3 G IR IPY PG RSPQ D LA STSRA REG LRN TGLPPPG SST STCRADPPRDR 1 4 7

*  * * * * *  * * * * * * * * * * * * * * * * * * * *

HPC3 DRDRDRDRERDRERERERERERERERERERGTSRVDDKPSSPGDSSKKRG 2 0 0  
M Pc3 D------------- RERDR----------------------------------------GTSRVDDKPSSPGDSSKKRG 17 3

* * * * * *  * * * * * * * * * * * * * * * * * * * * * * * *  « *  , * *  ;  * * * * * * * * * * * *

HPC3 PKPRKELPDPSQRPLGEPSAGLGEYLKGRKLDDTPSGAGKFPAGHSVIQL 2 5 0
M Pc3 PKPRKEPLDPSQRPLGEPSAGLGEYLKGRKLDETSSGZGKFPAGHSVIQL 2 2 3

* * * * * * * * * *  * * * * * * * * * *  « * * * * * * * * * * * * * * * * * * * * * * * * * * *

HPC3 ARRQDSDLVQCGVTSPSSAEATGKLAVDTFPARVIKHRAAFLEAKGQGAL 3 0 0
M Pc3 ARRQDSDLVQYGVTSPSSAEASSKLAVDTFPARVIKHRAAFLEAKGQGAL 27  3

**^*.****^**^*;* *^*******************************
HPC3 DPHGZRVRHGSGPPSSGGGLYRDM GAQGGRPSLIARIPVARILGDPEEE8 3 5 0
M Pc3 DPGGARVRHSSGZPASVGSLYRDM GAQGGRPSLIARIPVARILGDPEEE8 3 2 3

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

HPC3 W SPSLTNLEKVW TDVTSNFLTVTIKESNTDQGFFKEKR 3 8 9
M Pc3 W SPSLTNLEKVW TDVTSNFLTVTIKESM TDQGFFKEKR 3 6 2

F ig u r e  2.9. Sequence alignment o f  the HPC3 and MPc3 protein sequences

The HPC3 and MPc3 proteins were aligned using the ClustalX program (Thompson  
et ai,  1997). Hydrophobic residues are shaded blue; hydrophilic residues are shaded  
green; basic residues are shaded pink; acidic residues are shaded purple; glycines are 
shaded orange, and prolines are shaded yellow . Am ino acid numbers are shown on 
the left o f  the sequences, identical residues are shaded with the same colour and 
indicated by an asterisk (*), strong hom ologies with a colon  (:) and weak hom ologies  
with a period (.).
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F ig u r e  2.10. Northern blot analysis ofpolycomh 3 gene transcripts.

Multiple tissue northern blots of (A) human, (B) mouse adult tissues and (C) RNA 
from mouse embryos at different developmental stages were probed with the C- 
terminus of hpc3 (440 bp) and full length mpc3 (1.1 kb). Each lane on the blots 
represents 2 pg of polyA^ RNA isolated from the indicated tissues. The probes used 
for hybridisation were (A) the hpc3 cDNA isolated in the yeast two-hybrid screen 
(upper panels) and (B, C) the mpc3 cDNA isolated from a mouse EST clone (upper 
panels). A p-actin fragment was used to quantitate RNA loading (lower panels). RNA 
size markers (kb) are indicated.
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7.5 dpc

8.5 dpc

8.5 dpc

9.5 dpc

F igure 2.11 Embryonic expression of murine Pc3.

In situ hybridisation with sense (A, C, D, F) and antisense (B, C, E, G) probes for 
mpc3. Lateral views of 7.5 dpc (A, B), 8.5 dpc (C), and 9.5 dpc (F, G) embryos and 
dorsal views of 8.5 dpc embryos (D, E) are shown.
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C hapter  3: The HPC3 protein

Characterisation of polyclonal antl-HPC3 peptide antisera

To assist with the in vivo studies on the properties of the HPC3 protein, polyclonal 

antisera against synthetic HPC3 peptide sequences had been produced in rabbits. Two 

regions with relatively high solvent accessibility within the HPC3 protein were 

selected for peptide synthesis based on the predicted secondary structure of HPC3, 

ensuring that they were not located within any of the conserved protein domains, 

which could lead to cross-reaction of the antibody with the other Polycomb 

homologues.

The two peptides chosen were residues 190-209 (antisera ASAIO and ASAl 1) and 

226-240 (antisera ASA12 and A SA l3) and are shown in Figure 3.1. The resulting 

antisera were tested by immunofluorescence, immunoprécipitation and Western blot 

analysis.

Characterisation by immunofluorescence

Primarily, the HPC3 anti-peptide antisera were all tested by indirect co- 

immunofluorescence on fixed human fibrosarcoma cells (2C4; derivative of the 

HT1080 cell line), together with a monoclonal antibody against the human PcG 

protein BMIl (gift from A. Otte) as a control.

Of all the four antisera raised, only ASAl2 gave a signal by immunofluorescence. 

It consisted of a uniform microparticulate nuclear labelling pattern with two 

concentrated foci (Figure 3.2A, green channel). This staining obtained with the 

ASAl2 antiserum overlaps with the immunofluorescence pattern of the BMIl protein 

(Figure 3.2A, red and yellow channel). As it had been shown that BMIl colocalises 

with RINGl in the same nuclear domains, the PcG bodies (Saurin et al., 1998;
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see also Figure 5.IB), it was concluded that the staining pattern obtained with the 

ASAl2 antiserum is specific for HPC3 and PcG bodies.

Thus, endogenous HPC3 in human 2C4 cells is a nuclear protein that localises to 

defined subnuclear domains, the PcG bodies, that also contain other PcG proteins, 

such as BMIl and RINGl.

Characterisation by Western blot analysis

The final bleedouts obtained from the rabbits immunised with the HPC3 peptides 

were tested by a Western blot of a gel-purified HPC3-GST fusion protein, which was 

produced by expression in E. coli (Figure 3.2B). The HPC3-GST protein is 

approximately 66 kDa in size, and if probed with an antibody against the GST tag, one 

major band of this size is detected (see Figure 3.5B). When the HPC3-GST was 

probed with the HPC3 antisera, signals were generated with all four: ASAIO produces 

one band at approximately 55 kDa on the Western blot, whereas ASAl 1, ASA12 and 

A SA l3 recognise multiple bands, with molecular weights ranging from 55 kDa to 66 

kDa (Figure 3.2B).

Only the ASAl2 and ASAl3 antisera recognise the major band of 66 kDa that is 

also detected by the anti-GST antibody, as well as additional bands of smaller 

molecular weight. ASAl 1 detects a major band of -55 kDa and two weaker bands at 

-60 kDa, and ASAIO gives only one signal at -55 kDa (Figure 3.2B). The fact that 

there are multiple bands present might be due to degradation of the purified HPC3- 

GST protein, although the reason for the different intensities of the respective signals 

remains unclear.

As the ASAl2 antiserum was the only one that gave consistent results in both 

immunostaining and Western blot analysis, it was decided to characterise this 

antiserum in more detail.
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Analysis of the ASA 12 antiserum

Western blot analysis

Western blot analysis of human 2C4 whole cell extracts using the A SA l2 pre- 

immune serum showed that, prior to immunisation, the rabbit serum detects a number 

of protein species (Figure 3.3A), although the signals are very faint and were 

considered to be non-specific. Immunisation with the ASAl2 peptide resulted in an 

immunogenic response against one major protein of ~ 65 kDa in 2C4 cells, plus a 

number of proteins with molecular weights of 35 and 50-65 kDa (Figure 3.3A, 

arrowheads). Only the 60-kDa protein is detected by the pre- as well as by the post- 

immune serum. The calculated molecular weight of the HPC3 protein is 43 kDa, and it 

was estimated that it would give a signal in the range of 40-50 kDa using SDS-PAGE 

and Western blot analysis. The 50-kDa protein recognised by the A SA l2 antiserum 

(Figure 3.3A, black arrowhead) is therefore likely to represent the HPC3 protein.

To investigate the nature of the other protein species detected by the ASA 12 anti

serum, to determine whether they were HPC3-related or due to non-specific cross

reactions of the antibody, the ASAl2 antiserum was subjected to affinity purification, 

using the A SA l2 peptide coupled to NHS-activated sepharose beads. The purified 

antibody was then tested on whole 2C4 cell extracts and on in vitro translated HPC3 

(Figure 3.3B). Affinity purification resulted in a different staining pattern than that 

obtained with the crude antiserum: The major 60-kDa protein that had been recognised 

by the crude antiserum (Figure 3.3A) is hardly detected by the purified serum (Figure 

3.3B) and neither are the signals at 35 and 55 kDa. Instead, two prominent protein 

species of 46 and 50 kDa are identified by the purified ASAl2 antiserum (Figure 3.3B, 

asterisk and black arrowhead). The 46-kDa band corresponds well with the signal 

detected by the crude serum and the calculated molecular weight of HPC3, and 

purification had increased rather than reduced its intensity. The nature of the 50-kDa 

protein species is not entirely clear; the signal appears to be specific and might 

represent a modified form of HPC3.

In vitro translation of full length HPC3 resulted in the generation of proteins of 46 

and 50 kDa that are also recognised by the purified ASA12 antiserum (Figure 3.3B, 

black arrowhead and asterisk) and that gave a clear signal at the same molecular
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weight in autoradiography (Figure 3.3C, black arrowhead). This supports the 

conclusion that the antibody specifically recognises HPC3 in the whole cell extract 

and that possible modifications generate multiple HPC3 protein species of varying 

molecular weight. An immunoreactive species of ~96 kDa can also be seen, the nature 

of which is at present unclear.

Immunoprécipitation anaiysis

To further ensure the specificity of the ASAl 2 antibody, it was tested for its ability 

to immunoprecipitate transfected, GFP-tagged HPC3. COS-7 cells were transiently 

transfected with a HPC3_pEGFP-C2 expression construct, and 24 h post-transfection, 

immunoprécipitation with the whole cell extract using the A SA l2 anti-HPC3 

antiserum was performed.

The GFP tag adds 27 kDa to the molecular weight of HPC3, and the fusion protein 

is recognised by an anti-GFP antibody (Antibody production service, ICRF) at 

approximately 70 kDa in SDS-PAGE and Western blot (Figure 3.4, left arrowhead). 

Immunoprécipitation with the crude as well as with the purified A SA l2 antiserum 

resulted in detection of the 70-kDa HPC3-GFP fusion protein by the anti-GFP 

antibody (Figure 3.4, right arrowhead), whereas immunoprécipitation using the pre- 

immune serum gave no band at this molecular weight. Thus, it can be concluded that 

the ASAl2 antibody is able to specifically immunoprecipitate transfected HPC3.

Additionally, two major signals are detected following immuno-complex 

formation: The band at -50 kDa could represent cross-reactivity of the heavy chain of 

the rabbit IgG used for the immunoprécipitation with the anti-mouse IgG used in the 

Western blot. However, the nature of the 100-kDa protein, which is also recognised, is 

not clear at present. As it consistently appears in all three precipitation experiments 

performed, but not in the Western blot with the pre-IP cell extract (Figure 3.4), it is 

possible that it represents a ‘background’ product due to non-specific cross-reaction of 

the anti sera during immunoprécipitation.
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Production and characterisation of poiycionai antisera 

against fuii length HPC3

To raise antisera against full length HPC3, it was necessary to express enough 

protein to complete the injection schedule used for producing polyclonal antisera in 

rabbits (~1 mg protein per rabbit). Therefore, the full length hpc3 cDNA was cloned 

into the pGEX30x vector for inducible expression of a GST-tagged HPC3 protein in E. 

coli.

The pGEX30x vector allows expression of the cloned gene as a C-terminal fusion 

protein to the 26 kDa glutathione S-transferase (GST) domain of Schistosoma 

japonicum. It also contains the la d  gene which encodes the lac repressor protein. In 

the uninduced state, the lac repressor binds to the Ptac promoter, repressing expression 

of the GST fusion protein. Upon induction with isopropyl p-D-thiogalactoside (IPTG), 

derepression occurs because the lac repressor now binds IPTG, and the GST fusion 

protein is expressed.

Addition of 1 mM IPTG to 1 litre of E. coli transfected with the HPC3_pGEX30x 

construct resulted in increasing expression of a 66-kDa protein over a period of several 

hours (Figure 3.5A). Western blot analysis using an anti-GST antibody confirmed that 

it is the HPC3-GST fusion protein (data not shown). Test inductions had shown that 

expression of the fusion protein reached its maximum four hours after addition of 

IPTG (Figure 3.5A), thus the cells were harvested at this time point. Attempts to purify 

the HPC3-GST fusion protein through binding to glutathione agarose beads failed due 

to the insolubility of the protein (data not shown). To avoid lengthy purification 

procedures, specifically with solubilising the protein, it was decided to perform urea 

extraction, followed by electro-elution from preparative SDS-PAGE (see Materials 

and Methods). As the purified protein was to be used for immunisation procedures, it 

was not necessary to renature it into functional conformation. Western blot analysis 

using an antibody against the GST domain confirmed successful elution of the 66-kDa 

protein (Figure 3.5B, left panel), and when the HPC3-specific ASA12 antiserum was 

used for the same elution sample, it detected a protein of the same molecular weight 

(Figure 3.5B, right panel), confirming the successful purification of the HPC3-GST 

fusion protein.
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Two rabbits were immunised with the purified HPC3-GST protein, and the 

obtained antisera, JBADl and JBAD2, were tested by immunofluorescence and 

Western blot analysis.

Immunostaining of fixed human HT 1080 fibrosarcoma cells with either pre- 

immune antisera did not give any significant signal apart from a very faint background 

staining (Figure 3.6, left panels). In contrast, following the immunisation, the signal 

obtained with the JBADl and 2 antisera is similar to that obtained with the ASAl2 

anti-peptide and BMIl antibodies (see Figure 3.2): Two concentrated nuclear foci, 

together with a microparticulate labelling (Figure 3.6, right panels). Thus, both 

antisera raised against full length HPC3 appear to recognise the same nuclear domains, 

the PcG bodies, as the antibodies against other Polycomb Group proteins, such as 

RINGl and BMIl.

The anti-HPC3 pre- and post-immune sera were then tested in Western blot analysis 

on U-2 OS total cell extracts, either untransfected or transiently transfected with a 

HPC3-GFP expression construct, whose expression had been tested with an anti-GFP 

antibody (data not shown), and on the purified HPC3-GST fusion protein (Figure 3.7). 

The JBAD 1 and 2 pre-immune sera did not give any signals on untransfected or 

transfected U-2 OS cell extract (Figure 3.7A & B, left panels), but the JBADl pre- 

immune serum did recognise the HPC3-GST protein on the Western blot (Figure 3.7A, 

arrowheads).

The JBADl post-immune antisera also failed to recognise endogenous HPC3 in the 

untransfected U-2 OS cells, but it does detect a faint signal at -70  kDa that 

corresponds to exogenous HPC3-GFP, as well as the HPC3-GST fusion protein 

(Figure 3.7A, right panel). JBAD2 seems to be able to recognise endogenous HPC3: 

Two protein bands, albeit very weak, appear when the antiserum is tested on 

untransfected cells (Figure 3.7B, right panel, asterisks), which correspond to the HPC3 

protein species of 46 and 50 kDa that were detected with the ASAl2 antibody (see 

Figure 3.3B). In contrast to JBADl, JBAD2 fails to detect the HPC3-GFP protein, but 

it is also able to recognise the HPC3-GST fusion protein (Figure 3.7B, right panel).

Taken together, although both sera appear to be functioning in immunolabelling 

experiments, their performance in Western blot analysis remained dubious and 

contradictory, so that in most cases the ASAl2 antiserum was used instead.
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The HPC3-RING1 interaction

The hpc3 cDNA had been isolated through the interaction of the protein’s C-box 

domain with RINGl in a yeast two-hybrid screen (Saurin, 1998; Bardos et a l, 2000). 

But although the yeast two-hybrid system is a highly sensitive in vivo assay, the risk of 

producing false-positive as well as false-negative results is relatively high. Thus, to 

investigate whether the HPC3-RINGl interaction is bona fide and not an artefact due 

to the system through which it was detected or the high sequence conservation of the 

HPC3 C-Box domain, it was necessary to demonstrate that both full length proteins 

can interact with each other, and that they can interact in vivo.

Analysis of the HPC3-RING1 interaction in yeast

To test whether full length HPC3 is able to interact with RINGl, a yeast two-hybrid 

interaction assay was used. This method is based on the same principle as a yeast two- 

hybrid screen for new protein interaction partners, i.e. the ability of two interacting 

proteins to bring a transcriptional activation domain into close proximity with a DNA 

binding site that regulates expression of an adjacent reporter gene (Fields & 

Stemglanz, 1994).

Two different cloning vectors were used to generate fusions of the DNA binding 

domain (DBD) and the activation domain (AD) of the yeast GAL4 transcription factor, 

respectively, with genes encoding the proteins that potentially interact with each other 

(Figure 3.8). The recombinant hybrid proteins are co-expressed in yeast and are 

targeted to the yeast nucleus. An interaction with the DNA DBD fusion protein with 

the AD fusion protein brings the separate GAL4 domains into close physical proximity 

and thus creates a novel transcription factor with binding affinity for a GAL4- 

responsive upstream activation site (UAS). The transcriptional activation function is 

restored, and this factor is then able to activate reporter genes having GAL4-UAS in 

their promoters, which makes the protein-protein interaction phenotypically detectable 

(Figure 3.8). If the two proteins do not interact with each other, the reporter genes will 

not be transcribed.

The full length hpc3 cDNA was cloned into the pGANG yeast expression vector, 

which allowed its expression as a fusion to the GAL4 activation domain. In the
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case of RINGl, the same DNA binding domain fusion construct of full length RINGl 

in the pAS2-l vector that had been generated for the original yeast two-hybrid screen 

was now used for the interaction assay. The experimental procedure is represented in 

Figure 3.9. The fusion plasmids were cotransformed into the PJ69-4A yeast reporter 

strain (James et al., 1996), which was then plated out on synthetic dropout medium 

lacking histidine, leucine and tryptophan (SD/-His/-Leu/-Trp). This allowed selection 

for cotransformants that expressed the respective markers that allow colony growth in 

spite of the absence of amino acids leucine and tryptophan as well as both fusion 

proteins, which activate the HIS3 reporter gene through their interaction to enable 

growth on medium lacking histidine (Figure 3.9). In the next step, colorimetric assays 

were performed: the colony-lift (3-galactosidase assay to confirm the interaction of the 

GAL4 DBD and AD fusion proteins and the yeast liquid culture assay to quantitate the 

relative interaction strength (see Material and Methods).

Cotransformation of the HPC3-AD and RINGl-DBD constructs enabled colony 

growth on minimal medium lacking histidine, and when the colony-lift P-galactosidase 

assay was carried out, colour development confirmed the protein-protein interaction 

(data not shown). In order to be able to quantitate relative interaction strength, the 

liquid culture assay was performed.

The yeast strain PJ69-4A that was used for these experiments has the disadvantage 

that its GAL7 promoter is induced by the permeabilisation treatments used for the P- 

gal colorimetric assays, which results in ‘background’ expression of the lacZ reporter 

gene (James et a l, 1996). For this reason, a number of controls were included in the 

liquid assays to be able to rule out false-positive results. These consisted of 

cotransformations of the HPC3-AD construct with the empty GAL4-DBD expression 

vector (pAS2-l), the RINGl-DBD construct with the empty GAL4-AD vector 

(pGANG) and both GAL4-AD and -DBD vectors together (Figure 3.10).

In the liquid assay, the HPC3-RINGl cotransformants displayed a P-galactosidase 

activity of nearly forty units (Figure 3.10) This corresponds to a significant, almost 

eight-fold increase in lacZ reporter gene expression when compared to the negative 

controls, which generally gave a p-galactosidase activity between three to five units 

(Figure 3.10). Thus, it was confirmed that not only the HPC3 C-Box, but also the full 

length HPC3 protein, is capable of interacting with RINGl in yeast.
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Analysis of the HPC3-RING1 interaction in mammaiian ceiis

To demonstrate that the interaction between HPC3 and RINGl is bona fide  in a 

mammalian environment, immunoprécipitation analysis of the two proteins from 

mammalian cell lysates was carried out.

The following expression vectors were chosen: The full length hpc3 cDNA was 

cloned into the pEF-FLAG expression vector, which allows expression of HPC3 with 

an N-terminal FLAG epitope tag, and ringl was cloned into the pEGFP-C2 expression 

vector to generate an N-terminal fusion of the GFP tag to RINGL In both cases, the 

chosen tags also have the advantage that they add to the molecular weights of the 

HPC3 and RINGl proteins, respectively, which facilitates their recognition in Western 

blot analysis.

COS-7 cells were transiently cotransfected with the HPC3-FLAG and RING 1-GFP 

constructs, and 24 hours post-transfection, cell lysates were prepared tested for 

successful coexpression of both fusion proteins by Western blot: The anti-FLAG 

antibody recognises a protein o f -60 kDa (Figure 3.11 A), and as the FLAG tag adds ~ 

10 kDa to the 43-kDa HPC3, this agrees with the molecular weight of the HPC3- 

FLAG fusion protein. No signal is detected in the untransfected cells (Figure 3.11 A).

When the same cell extract is probed with an anti-GFP antibody, a protein species 

of 75 kDa is detected, corresponding to the predicted size of RING 1-GFP, which is not 

present in the untransfected cells (Figure 3.1 IB).

Once coexpression had been confirmed, immunoprécipitation was carried out using 

the FLAG epitope system, which consists of a highly specific monoclonal anti-FLAG 

antibody covalently attached to an agarose resin. This allows efficient binding of 

FLAG-tagged proteins without the need for preliminary steps and calibrations, and 

coimmunoprecipitated proteins can be eluted easily (see Material and Methods).

Immunoprécipitation was carried out with cell extracts cotransfected with HPC3- 

FLAG and RINGl-GFP, and the negative control consisted of untransfected COS-7 

cell extract, which was subjected to the same experimental procedure. Following 

washing to remove non-specifically bound proteins, immunoprecipitated complexes 

were specifically eluted with the FLAG peptide (see Material and Methods). Western 

blot analysis of eluted proteins using the anti-GFP antibody resulted in the detection of 

the 75-kDa protein species (Figure 3.11C), which corresponds with the RINGl-
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GFP fusion protein that had been detected prior to immunoprécipitation (Figure

3.1 IB), demonstrating the specific co-elution of RINGl-GFP. In addition, two bands 

at approximately 48 and 52 kDa are detected, which can also be seen using 

untransfected cell extracts. The mouse IgG heavy chain has a molecular weight of ~ 50 

kDa, and it is likely that it represents one of these two bands, as the anti-FLAG 

antibody used for the immunoprécipitation and although it is covalently attached to the 

sepharose beads, control experiments had shown that free anti-FLAG antibody can 

still be detected in the resin (data not shown). The anti-GFP antibody used for Western 

blot detection is also of mouse origin, so that it is likely to detect the anti-FLAG 

antibody (Figure 3.11C). The nature of the smaller protein species remains unclear.

Thus, consistent with the data obtained from the interaction assays in yeast, HPC3 

and RINGl are also able to interact with each other in their native mammalian 

environment.

Analysis of the HPC3-RING1 interaction domains

HPC3 was isolated in the yeast two-hybrid screen through the interaction of its C- 

Box domain with RINGL This conserved domain has previously been shown to be 

necessary and sufficient for the interactions of both HPC2 and XPc with RINGl 

(Satijn et al., 1997a; Satijn & Otte, 1999b). To determine whether this also applies to 

HPC3 and to test for the specificity of the HPC3-RING1 interaction, the yeast two- 

hybrid protein-protein interaction assay was utilised.

In order to test which protein domains are involved in maintaining their interaction, 

a number of yeast expression constructs were generated that express the GAL4 AD 

and DBD as fusions to protein domains of HPC3 and RINGl, respectively. Constructs 

were made with the pGANG vector for full length HPC3, the HPC3 C-Box or HPC3 

lacking the C-Box (AC-Box) fused to the GAL4 AD (Figure 3.12A), whereas full 

length RINGl, RINGl lacking the RING finger (ARING finger) or the RING finger 

alone were fused to the GAL4 DBD in the pAS2-l vector (Figure 3.12B).

To rule out activation of the lacZ reporter gene by the GAL4 DBD fusion protein in 

the absence of the GAL4 activation domain, these constructs were tested in single 

transformations, followed by the colony-lift p-galactosidase assay (data not shown).
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The RINGl RING finger showed considerable transactivation ability on its own when 

only the amino acids 1 to 86 of the RlNGl protein sequence were expressed, even 

with increasing concentrations of 3-amino-1,2,4-triazole (3-AT) to inhibit background 

growth due to leaky HISS expression (data not shown). To eliminate this problem of 

transactivation, various constructs were generated that gradually extended the 

sequence after the RING finger, and which were then tested in the colony-lift (3- 

galactosidase assay (data not shown). If the GAL4 DBD fusion construct of the RING 

finger is extended, so that it expresses amino acids 1 to 155 of the RlNGl protein, 

transactivation activity is abolished. This construct was therefore used for the 

interaction assays with HPC3 (Figure 3.12B).

To quantitate the relative interaction strengths between the HPC3 and RlNGl 

fusion proteins, the yeast liquid interaction assay was used (see earlier). Various 

combinations of the AD and DBD expression constructs were cotransformed, and the 

resulting p-galactosidase expression was measured and compared against the 

interaction strength of the full length proteins. The plasmid combinations used for 

transformations are shown in Figure 3.13. Several negative controls with the empty 

expression vectors were included, sine the PJ69-4A yeast strain used in these assays 

has low-level P-galactosidase activity (see earlier).

When compared, the relative interaction strength between the HPC3 C-Box alone 

and full length RlNGl is almost identical to that seen with both full length HPC3 and 

RlNGl (33 compared to 35units; Figure 3.13 A). Consistent with this, deletion of the 

C-Box results in a substantial, more than two-fold reduction in the strength of the 

interaction: The AC-Box-RlNGl combination gave only fifteen units of p- 

galactosidase activity (Figure 3.13A). This demonstrates that the C-Box alone is 

necessary and sufficient for mediating the interaction of HPC3 with RlNGl.

On the other hand, it is less clear which domains of the RlNGl protein are 

necessary for maintaining the interaction with HPC3: The RING finger alone is not 

capable of reconstituting the full interaction strength obtained with full length RlNGl 

and HPC3 (Figure 3.13B). RING finger and full length HPC3 cotransformants display 

a three-fold reduction in interaction strength when compared with both full length 

proteins, but when the ARING finger fusion construct is used with full length HPC3 

instead, full interaction could still not be recovered: P-galactosidase activity could
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only be increased from 10 up to 15 units (Figure 3.13.B).

Thus, it can be concluded that, although the RING finger alone is not sufficient to 

maintain the protein-protein interaction, in the context of full length RINGl, it does 

appear to contribute to the overall interaction strength.

Analysis of the HPC3~BMI1 Interaction

Endogenous HPC3 colocalises with the PcG protein BMIl in distinct nuclear foci 

(see Figure 3.2). Since both BMIl and RINGl are capable of interacting with the 

mammalian Polycomb homologues M33 and HPC2 (Hashimoto et a l, 1998; Satijn & 

Otte, 1999b), the yeast two-hybrid interaction assay was used to test whether BMIl 

also interacts with HPC3.

The full length mouse Bmil cDNA in the GAL4 DBD expression vector pPC97 

(gift from M. van Lohuizen) was cotransformed together with the full length HPC3- 

GAL4 AD fusion construct into the PJ69-4A yeast reporter strain, and the interaction 

strength of the resulting fusion proteins was analysed by measuring p-galactosidase 

expression. In parallel, full length HPC3 was tested against a truncated Bmil fusion 

construct (tBmil) in the pAS2-l vector (gift from M. van Lohuizen), encompassing 

amino acids 136 to 326, which contains the helix-tum-helix domain, but not the Bmil 

RING finger domain (Figure 3.14).

After cotransformation, the colony-lift p-galactosidase assay was carried out, followed 

by the liquid culture assay to quantitate relative interaction strengths. 

Cotransformations of the empty GAL4 DBD and AD vectors were included as a 

negative control.

In the liquid assay, the HPC3-Bmil cotransformants displayed a p-galactosidase 

activity of -12 arbitrary units, which corresponds to a 4-fold increase in lacZ reporter 

gene expression when compared with the ~3 units of the negative control (Figure 

3.14). In contrast, when the truncated Bmil fusion protein, which lacks the RING 

finger domain, was tested against full length HPC3, a p-galactosidase activity of only 

~7 units was measured (Figure 3.14).

Although the P-galactosidase readout for HPC3 and Bmil in the liquid assay is much 

lower than the one that was measured when analysing the HPC3-RING1
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interaction in yeast (compare Figure 3.10), the increase still seems significant when 

compared with the negative controls: Cotransfection of HPC3 and Bmil results in an 

almost 4-fold increase of p-galactosidase activity. In contrast, when the tBmil 

construct is analysed together with HPC3, the full interaction strength as observed 

with full length Bmil cannot be reconstituted, p-galactosidase activity is only -2-fold 

more than with the negative control (Figure 3.14).

Thus, it appears that HPC3 and Bmil are capable of interacting in this yeast assay and 

that the Bmil RING finger domain is involved in mediating the interaction, since its 

deletion results in a decrease of P-galactosidase activity.

Summary

Analyses of the HPC3 protein have shown that

• endogenous HPC3 is a nuclear protein that localises to discrete foci in 2C4 

fibrosarcoma cells, which also contain the PcG protein BMIl.

• HPC3 gives at signal at approximately 46 kDa in Western blots, in which a 

second protein species of -50 kDa is also detected by an affinity-purified anti

peptide antibody, the exact nature of which is unclear.

• full length HPC3 interacts with RINGl in vivo.

• the HPC3-RING1 interaction is mediated by the HPC3 C-Box domain.

• the RINGl RING finger domain appears to contribute to the interaction, but is 

not sufficient to maintain it on its own.

• HPC3 interacts with mouse Bmil in yeast, and the Bmil RING finger domain 

appears to contribute to full interaction strength.
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1 MELSAVGERV FAAEALLKRR IRKGRMEYLV KWKGWSQKYS TW EPEENILD

51 ARLLAAFEER EREMELYGPK KRGPKPKTFL LKAQAKAKAK TYEFRSDSAR

101 G IR IPY PG R S PQDLASTSRA REGLRNMGLS PPA S ST ST SS  TCRAEAPRDR

ASA 10+11
151 DRDRDRDRER DRERERERER ERERERERER GTSRV DD KP^^k™ p??™ u«^:i.i;

ASA 10+11 ASA 12+13
201 SQRPLGEPSA GLGEYjLKGRK LDDTPSGAGK FPAGHSVIQL

251 ARRQDSDLVQ CGVTSPSSAE ATGKLAVDTF PARVIKHRAA FLEAKGQGAL

301 DPNGTRVRHG SGPPSSGGGL YRDMGAQGGR P S L IA R IP V A  R ILG D PEEES

351 WSPSLTNLEK V W TD V TSN F LTV TIK ESN T DQGFFKEKR

F i g u r e  3.1. Localisation o f  the peptides used to raise anti-HPC3 antisera

The HPC3 protein sequence is given with the protein domains marked in blue 
(chromodomain), red (RED domain) and green (C-Box). The corresponding amino 
acid numbers are indicated to the right o f  the sequence. The location o f  the peptide 
sequences used for immunisation is marked by blue (A SA  10 and 11) and purple 
(A SA  12 and 13) shading.
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F ig u r e  3.2. Characterisation o f  the anti-HPC3 peptide antisera

(A) Endogenous HPC3 and B M Il were im m unolocalised in 2C4 eells using the 
A SA  12 antiserum (1:200 dilution; green channel) and the anti-BM Il monoelonal 
antibody (red ehannel). Colocalisation is shown by a yellow  colour in the merged 
image. A ll im ages represent single optical sections. (B) Western blot analysis o f  the 
A SA  10-13 antisera (1:100) with the purified HPC3-GST fusion protein, indicated by 
a blaek arrowhead. M olecular weight standards are shown (kDa).
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F igure  3.3. Western blot analysis o f  the A SA  12 anti serum

2C4 cell extracts were probed using (A) the pre-immune, crude and (B, left lane) 
purified A S A  12 antiserum (1:100 dilution). The purified antibody was tested on in 
vitro translated (IVT) HPC3 (B , right panel), which was also used for 
autoradiography (C). HPC3 protein species are marked by black arrowheads and 
asterisks, open arrowheads indicate possible non-specific signals. M olecular weight 
standards are indicated (kDa).
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F ig u r e  3.4. Immunoprécipitation analysis o f  the A SA  12 antiserum

CO S-7 cells were transiently transfected with a HPC3-GFP expression construct and 
tested for expression o f  the HPC3-GFP fusion protein by Western blot (left panel). 
Subsequent immunoprécipitations were carried out with the pre-immune, crude and 
purified A SA  12 antiserum (right panel). The HPC3-GFP fusion protein (arrowheads) 
was detected in Western blot analysis by the anti-GFP antibody. M olecular weight 
standards are indicated (kDa).
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Fig u r e  3.5. Expression and purification o f  a HPC3-GST fusion protein

(A) Coom assie-stained polyacrylamide gel with total cell extract samples from E. coli 
cells transfected with the H PC3_pEX 30x construct before (0) and up to 4 hours after 
induction with 1 mM IPTG to exam ine expression o f  the HPC3-GST fusion protein.
(B) The purified protein was subjected to Western blot analysis, using an anti-GST  
antibody (1:2000; left panel) and the A SA  12 anti-HPC3 peptide antiserum (1:100; 
right panel). The HPC3-GST fusion protein is marked by arrowheads, and molecular 
weight standards are indicated (kDa).
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pre-immune post-immune

JBAD l

JBAD2

F ig u r e  3.6. Immunofluorescence analysis with anti-full length HPC3 antisera

Fixed human HT 1080 fibrosarcoma cells were immunolabelled using the pre- 
immune (left panels) and post-immune (right panels) JBADl and JBAD2 
antisera (1:100 dilution). All images represent projections of multiple single 
optical sections of ~1 pm.
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F ig u r e  3.7. Western blot analysis of the JBADl and JBAD2 antisera

JBADl (A) and JBAD2 (B) pre- and post-immune antisera were used in a 1:100 
dilution to detect either endogenous HPC3 or transfected HPC3-GFP in U-2 OS cell 
extracts (left and middle lanes) and the purified HPC3-GST fusion protein (right 
lanes). Arrowheads and asterisks indicate the position of the HPC3 protein in the 
Western blots; molecular weight standards are shown (kDa).
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F ig u r e  3.8. Principle o f  the yeast two-hybrid protein-protein interaction assay

Schematic representation of the assay used to test interactions of known proteins 
(adapted from Yeast Protocols handbook, Clontech). The proteins of interest, X and 
Y, are expressed as fusion with the GAL4 activation (AD) and DNA binding (DBD) 
domains. (1) After cotransformation, the DBD targets protein Y to a GAL4 upstream 
activation (UAS) site, close to the promoter of the reporter genes. (2) Through the 
interaction of X and Y, the GAL4 AD is brought into close proximity with the 
promoter and activates transcription of the reporter genes HISS and lacZ, which is 
phenotypically detectable by growth selection and colorimetric assays.
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Plasmid 1: 
GAL4 DBD-RINGl

Marker; TRPl

V

Plasmid 2: 
GAL4 AD-HPC3

Marker: LEU2
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Cotransformation 

into yeast strain with HIS3/lacZ reporter genes

i
Selection of cotransformants 

on SD/-His/-Leu/-Trp

Colony-lift (Cgalactosidase assay 
with X-gal

Quantitative liquid 
interaction assay with CPRG

i
F ig u r e  3.9. Testing for an interaction between two known proteins

Schematic diagram of the experimental procedure for the yeast two-hybrid interaction 
assays. Following cotransformation and growth selection on minimal medium, 
colorimetric assays are performed using X-gal or CPRG as substrates for p- 
galactosidase.
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AD DBD

HPC3 + RING1

pGANG + pAS2-l 

pGANG + RINGl 

HPC3 + pAS2-l
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p-galactosidase activity (arbitrary units)

F i g u r e  3.10. Full length HPC3 is able to interact with RlNGl in yeast

HPC3-AD and RlNGl-DBD expression constructs were cotransformed into PJ69-4A, 
and positive cotransfoimants were tested for p-galactosidase activity (arbitrary units), 
using the liquid assay. Negative controls were cotransformations of the empty GAL4 
AD and DBD vectors with HPC3 and RINGl, respectively. Measurements were 
taken in triplicates, with the standard deviation indicated.
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F ig u r e  3.11. Immunoprécipitation analysis of the interaction of HPC3 and RINGl

COS-7 cells were transiently transfected with the HPC3-FLAG and RINGl-GFP 
expression constructs, and expression of the fusion proteins was tested 24 h after 
transfection by Western blot using the anti-FLAG (A) and anti-GFP (B) antibodies, 
respectively. Immunoprécipitation was carried out using an anti-FLAG antibody, and 
Western blot with the anti-GFP antibody confirms the presence of 
immunoprecipitated RlNGl-GFP (C). Molecular weight standards are indicated 
(kDa).
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C-Box
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RINGl
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RING finger l 

ARING finger
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F ig u r e  3.12. Yeast expression constructs of HPC3 and RINGl

Schematic representation of the constructs used to analyse the interaction domains of 
HPC3 and RINGl. Partial cDNAs were generated by PGR using appropriate primers 
and cloned into the GAL4 AD (A) and DBD (B) fusion expression vectors. The 
chromodomain (CD), RED domain (RED), C-Box and RING finger domains are 
represented by shaded boxes, and corresponding amino acids of the protein sequences 
are indicated.
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F ig u r e  3.13. Analysis of the HPC3-RING1 interaction domains

Cotransformants of HPC3- and RING1-GAL4 fusion constructs were assayed for p- 
galactosidase activity (arbitrary units). The combinations of full length RINGl with 
HPC3 constructs (A) and full length HPC3 with RINGl constructs (B) are listed, the 
chromodomain (CD), RED domain (RED), C-Box and RING finger domain are 
marked. Measurements were taken in triplicates, with the standard deviation 
indicated.
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F ig u r e  3.14. Analysis of the HPC3-Bmil interaction in yeast

The full length HPC3-GAL4 AD expression construct was cotransformed with a full 
length mouse BMI1-GAL4 DBD and a truncated Bmil-GAL4 DBD (tBmil) 
expression construct, which does not contain the RING finger domain, respectively. 
Positive cotransformants were analysed for p-galactosidase activity (arbitrary units). 
In parallel, the empty expression vectors pGANG and pAS2-l were tested. Bmil 
protein domains, the RING finger and a helix-tum-helix (HTH) domain, are shown as 
shaded boxes. Measurements were taken in triplicates, with the standard deviation 
indicated.
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C h a p t e r  4: HPC3, a transcriptional repressor

When recruited to a promoter, PcG proteins act as transcriptional repressors in 

transiently transfected mammalian cells (Bunker & Kingston, 1994), and they are able 

to exert this silencing function over a distance of several kilobases (Bunker & 

Kingston, 1994; Bienz & Müller, 1995). It is the C-Box domain that is responsible for 

mediating the repression function of Drosophila and Xenopus Pc, as well as for their 

mammalian homologues M33, MPc2 and HPC2 (Bunker & Kingston, 1994; Cohen et 

al., 1996; Alkema et a l,  1997b; Satijn et a l ,  1997a; Satijn et a l ,  1997b; 

Schoorlemmer et a l, 1997). However, apart from this conserved domain and the 

chromodomain, these Pc proteins show little homology or similarity (see Table 2.1). 

RINGl and its mouse homologues also repress transcription of reporter genes (Satijn 

et a l, 1997a; Schoorlemmer et a l, 1997), and collaboration with HPC2 increases the 

silencing function of both proteins (Satijn et a l, 1997a).

As HPC3 has a C-Box domain and interacts with RINGl, it seemed likely that it 

represses transcription. In order to further classify HPC3 as a mammalian PcG protein 

and a true Polycomb homologue, it was assessed whether it can silence reporter gene 

expression when targeted to a promoter.

Reporter gene constructs and repression assays

Full length and partial HPC3, as well as RINGl cDNAs were cloned into the 

mammalian expression vector, pMLV-GAL4, which allowed their expression as C- 

terminal fusion proteins with the GAL4 DNA binding domain (GAL4 DBD).

The transcriptional activity of the GAL4 DBD fusion proteins was assessed using a 

variety of reporter constructs (gift from M. Vidal; see also Schoorlemmer et a l,  1997), 

which are shown in Figure 4.1. The reporter gene used in the assays was the 

chloramphenicol acetyltransferase (CAT), which had been cloned into the
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pUC18 plasmid. CAT expression is placed under the control of a -110 to +56 Herpes 

simplex virus thymidine kinase (HSVtk) minimal promoter. In the case of the construct 

pG5tkCAT, this promoter contains five GAL4 binding sites located 120 bp upstream 

of the TATA box (Figure 4.1 A).

In the pG5-1.6-tkCAT construct, the five GAL4 binding sites were moved upstream 

of same HSVtk promoter by the insertion of a 1.6-kb DNA fragment (Figure 4.IB). 

The ptkCAT plasmid uses the same minimal HSVtk promoter as pG5tkCAT and 

pG5-1.6-tkCAT, but it lacks the GAL4 binding sites (Figure 4.1C).

Upon transfection of these reporter constructs, the CAT gene is expressed 

constitutively in the host cells. If a GAL4 DBD fusion protein is present, it will be 

targeted to the HSVtk promoter through the interaction of the fused DNA binding 

domain with the upstream activation site. Any repression function is then 

phenotypically detectable by a decrease in the relative amount of CAT protein, which 

is measured by ELISA (see Materials and Methods).

To standardise CAT reporter gene expression in relation to the transfection 

efficiency, a p-galactosidase expression plasmid was always cotransfected as a 

reference together with both the GAL4 DBD fusion and the CAT reporter gene 

constructs. CAT expression was then determined and normalised against p- 

galactosidase protein levels (see Materials and Methods). CAT values obtained with 

the reporter plasmid in the presence of empty pMLV-GAL4 vector were set to 100 

arbitrary units, and CAT levels in cells cotransfected with HPC3-GAL4 or RINGl- 

GAL4 were expressed relative to those obtained with the empty GAL4 vector.

Dose-dependent repression by HPC3

In order to assess whether HPC3 is able to repress transcription of a reporter gene, 

increasing amounts of the HPC3-GAL4 expression construct were transiently 

cotransfected in COS-7 cells with the pGStkCAT reporter gene plasmid (Figure 4.1 A) 

and the p-galactosidase reference plasmid. 48 h post-transfection, CAT and P-gal 

ELISA were performed to measure reporter gene expression. The measurement 

obtained from the transfections with the empty GAL4 DBD fusion plasmid were set to 

be the ‘base’ value of 100 arbitrary units and used for comparison with CAT protein

105



C h a p t e r  4: HPC3. a transcriptional repressor

levels in the presence of HPC3-GAL4. In parallel, the same amounts of HPC3-GAL4 

plasmid were cotransfected with the ptkCAT reporter construct (Figure 4.1C), which 

lacks the GAL4 binding sites.

Expression of increasing amounts of HPC3-GAL4 resulted in a significant decrease 

of CAT expression (Figure 4.2). This repression activity is dose-dependent and 

appears to be maximal in the presence of 1 |Xg of HPC3-GAL4 plasmid, since higher 

amounts did not reduce CAT expression any further. A ten-fold less reduction in this 

effector plasmid resulted in a 50 % decrease of CAT protein levels (Figure 4.2), which 

makes HPC3 quite a potent repressor: Half-maximal CAT expression is obtained from 

transfections containing 25-fold less HPC3-GAL4 plasmid than reporter gene 

construct.

Comparison with the cotransfections using the ptkCAT reporter construct shows 

that repression by HPC3-GAL4 is specific in this system: If the GAL4 UAS is not 

present, CAT expression is minimally affected, although some repression at high 

concentrations with the ptkCAT control vector is observed (Figure 4.2). This may be 

caused by squelching of the basal transcriptional machinery due to overexpression.

Thus, it could be shown that HPC3 behaves as a potent transcriptional repressor 

capable of silencing reporter gene expression in a dose-dependent manner when 

recruited to DNA by a heterologous DNA binding domain.

Repression from a distance

To test whether HPC3 is able to exert its repression function over a distance, the 

performance of HPC3-GAL4 in the presence of the pG5-l .6-tkCAT reporter construct, 

in which the five GAL4 binding sites have been placed 1.6 kb upstream of the HSVtk 

promoter (Figure 4.IB), was compared to pG5tkCAT (Figure 4.1 A). Since RINGl had 

also been shown to have repression function (Satijn et a l, 1997a; Schoorlemmer et a l, 

1997), it was analysed in parallel with HPC3 in this assay for comparison.

With pG5-1.6-tkCAT, CAT expression was significantly reduced in the presence of 

HPC3-GAL4 (Figure 4.3, left black column), although to a slightly lesser extent than 

seen with pG5tkCAT (Figure 4.3, left grey column). In comparison with the empty 

GAL4 expression plasmid, HPC3-GAL4 reduces reporter gene transcription down to
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-25 % with pG5-1.6-tkCAT (Figure 4.3, left and right black columns), instead of ca. 

5 % with pGStkCAT.

When assessed with the pGStkCAT construct, RINGl reduces CAT protein levels 

to ca. 10 % of maximum expression, similar to HPC3 (Figure 4.3, middle and right 

grey columns). But RINGl appears to be less competent than HPC3 at repression from 

a distance: In the presence of pG5-1.6-tkCAT, RING1-GAL4 decreases CAT 

expression to approximately 65 % (Figure 4.3, middle and right black columns).

To ensure that these findings are not influenced by the cellular environment, the 

experiments were repeated in HT 1080 fibrosarcoma cells, from which similar results 

were obtained (data not shown).

Mapping the HPC3 repression domain

Previous studies with Drosophila Pc showed that a C-terminal truncation of 

86 amino acids reduced its repression activity, whereas a deletion of the C- 

terminal 188 amino acids had little effect (Bunker & Kingston, 1994. Transcriptional 

repression by both M3 3 and HPC2 is dependent of the presence of the C-Box domain 

(Satijn et a l, 1997a; Satijn et a l, 1997b; Schoorlemmer et a l,  1997). To test whether 

the C-Box domain of HPC3 is responsible for its trancriptional repression, GAL4 

DBD fusion constructs were made for the HPC3 C-Box domain alone and for HPC3 

lacking the C-Box (HPC3AC), and their repression activities compared in the CAT 

assay (Figure 4.4).

Surprisingly, the HPC3 C-Box does convey the repression function of HPC3: When 

transfected with the pG5tkCAT reporter plasmid, reporter gene expression is reduced 

by only ca. 50 % (Figure 4.4). In contrast, cotransfection of HPC3AC with pG5tkCAT 

resulted in maximal repression of CAT expression and is indistinguishable from 

repression by full length HPC3 (Figure 4.4). Thus, although it has some weak 

repressive function on its own, the C-box domain does not appear to be necessary for 

repression by HPC3.

To define regions of HPC3 that are involved in conveying its repression function, a 

panel of expression constructs was generated, with different protein domains of HPC3 

fused to the GAL4 DBD. The aim was to analyse a possible repression function of the
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chromodomain (CD) and the RED domain (RED) on their own, as well as that of the 

respective deletion proteins, ACD and ARED (Figure 4.5). In addition, a construct was 

made that contained neither the chromodomain nor the C-Box, although it did contain 

the RED domain plus a C-terminal expansion, termed REDAC (Figure 4.5).

Together with full length HPC3, HPC3AC and the C-Box, the performance of these 

constructs in the repression assays was analysed (Figure 4.5). Comparison of the 

different CAT protein values obtained shows that the different fusion constructs can 

roughly be divided into two subgroups: On the one hand, there are the HPC3 fusion 

constructs that are able to reduce CAT expression to less than 50 % of the 

measurement taken with the empty GAL4 DBD vector (Figure 4.5, upper half); on the 

other hand, there are HPC3 constructs that have less or no repression ability (Figure

4.5, lower half). The HPC3 C-Box alone appears to occupy an ‘intermediate’ position 

and could be placed in the first group as well as in the second, as it only just decreases 

CAT protein levels to less than 50 %.

On the basis of their performance in the repression assays, the comparison of the 

different constructs reveals that all the HPC3-GAL4 fusion proteins that are able to 

repress CAT reporter gene expression to significantly less than 50 % maximum 

expression contain the sequence stretch encompassing amino acids 55 to 147 between 

the chromodomain and the RED domain (Figure 4.5, orange box). Interestingly, the 

constructs that show less or no repression ability, CD-GAL4, REDAC-GAL4 and 

RED-GAL4, do not contain this part of the HPC3 protein (Figure 4.5).

In order to analyse this protein domain in more detail, additional GAL4 fusion 

constructs were generated and included in the repression analysis. The graph in Figure 

4.6 summarises the results of multiple repeated repression assays with the various 

GAL4 constructs, and each repeat was performed with 3-5 parallel transfections.

The extended analysis of the repression function of the different HPC3 protein 

domains confirmed that the fusion constructs can be separated into two groups (Figure 

4.6): The fusion proteins that show repression abilities similar to full length and AC 

HPC3 are: ARED, which extends after the chromodomain, but terminates just before 

the RED domain; ACD, which is a deletion of the chromodomain; CDRED, which is 

similar to ARED, but does contain the RED domain (Figure 4.6). In contrast, the 

constructs that failed to decrease CAT protein levels significantly or had no repression
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function at all, are REDAC, which is the RED domain with a C-terminal expansion; 

CD, the chromodomain on its own; RED, the RED domain alone (Figure 4.6). 

Interestingly, the chromodomain appears to have transcriptional activation properties, 

its presence increases CAT protein levels above the standard value obtained with the 

empty GAL4 vector (Figure 4.5 and 4.6).

All constructs that have a similar repression function to full length HPC3 contain 

the 92-amino acid stretch between the chromodomain and the RED domain (Figure

4.6, orange box). When this was fused to the GAL4 DBD domain and tested in the 

repression assay, it could be shown that this domain of HPC3 is indeed necessary and 

sufficient to decrease CAT protein levels to less than 50 % (Figure 4.6).

Thus, in the case of HPC3, the conserved C-Box does not convey the protein’s 

repression function, instead, the domain between amino acids 55 to 147 appears to be 

responsible for mediating reporter gene silencing by HPC3.

Summary

Analyses of the effect of HPC3 on CAT reporter gene expression have shown that

• HPC3 is able to repress reporter gene transcription in a dose-dependent manner 

when targeted to DNA by a heterologous DNA-binding domain.

• HPC3 is able to exert its repression function over a distance.

• the conserved C-Box is not the repression domain of HPC3.

• the sequence stretch between the HPC3 chromodomain and the RED domain 

appears to mediate repression of reporter gene expression.
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GAL4 I AS HSVtk CAT pGStkCAT

B

HSVtk1.6 kbGAL4 I AS CAT

HSVtk CAT ptkCAT

F ig u r e  4.1. CAT reporter gene constructs

Schematic representation of the reporter plasmids used in the repression assays. 
(A) pGStkCAT contains five GAL4 DNA binding sites in a GAL4 upstream 
activation site (GAL4 UAS) immediately upstream of the (-105 to +51) Herpes 
simplex thymidine kinase (HSVtk) minimal promoter. (B) pG5-1.6-tkCAT contains 
the same GAL4 UAS placed 1.6 kb upstream from the HSVtk promoter. (C) ptkCAT 
uses the same promoter, but lacks the GAL4 UAS.
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F ig u r e  4 .2 . HPC3 represses transcription in a dose-dependent manner

COS-7 cells were transiently transfected with 2.5 pg of either pG5tkCAT (open 
squares) or ptkCAT (open circles), 50 ng p-galactosidase reference plasmid and 
increasing amounts of HPC3-GAL4. CAT protein levels were determined by ELISA 
48 hours post-transfection and standardised to p-galactosidase levels from the 
reference plasmid. Results are expressed as normalised CAT levels (arbitrary units) 
relative to those obtained with the empty pMLV-GAL4 expression vector. Values 
represent the averages of five independent experiments, with the standard deviation 
indicated.
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□  pG5tkCAT 

■  pG5-1.6-tkCAT

HPC3 RINGl GAL4

F i g u r e  4.3. Repression from a distance by HPC3 and RINGl

COS-7 cells were transfected with 2.5 pg of either pG5tkCAT (grey columns) or 
pG5-1.6-tkCAT (black columns), 50 ng p-galactosidase reference plasmid and 
1.67 pg of either HPC3-GAL4, RINGl-GAL4 or empty pMLV-GAL4 expression 
plasmids. CAT protein levels were determined by ELISA 48 hours post-transfection 
and standardised to p-galactosidase levels from the reference plasmid. Results are 
expressed as normalised CAT levels (arbitrary units) relative to those obtained with 
the empty pMLV-GAL4 expression vector. Values represent the averages of five 
independent experiments, with the standard deviation indicated.
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F ig u r e  4 .4 . The C-Box is not the repression domain of HPC3

COS-7 cells were cotransfected with pG5tkCAT, the p-galactosidase reference 
plasmid and the indicated HPC3-GAL4 constructs. The chromodomain (CD), RED 
domain and C-Box are marked by shaded boxes. CAT protein levels were determined 
by ELISA 48 hours post-transfection and standardised to p-galactosidase levels from 
the reference plasmid. Results are expressed as normalised CAT levels (arbitrary 
units) relative to those obtained with the empty pMLV-GAL4 expression vector. 
Values represent the averages of five independent experiments, with the standard 
deviation indicated.
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F ig u r e  4.5. Mapping the HPC3 repression domain

The indicated fragments of HPC3 were cloned into the pMLV-GAL4 expression 
vector and compared in the CAT repression assay. Chromodomain (CD), RED 
domain (RED) and the C-Box are represented by shaded boxes, the potential 
repression domain is marked by an orange box. COS-7 cells were cotransfected with 
pG5tkCAT, the p-galactosidase reference plasmid and the indicated HPC3-GAL4 
constructs. CAT protein levels were determined by ELISA 48 hours post-transfection 
and standardised to p-galactosidase levels from the reference plasmid. Results are 
expressed as normalised CAT levels (arbitrary units) relative to those obtained with 
the empty pMLV-GAL4 expression vector. Values represent the averages of five 
independent experiments, with the standard deviation indicated.

114



C h a p t e r  4: HPC3. a transcriptional repressor

CD RED C-Box ?
75 100 125 150

I_______ !_______ L
full length 

AC 
ARED 

ACD 
CDRED

REDAC

I r  I
100 125 150

F ig u r e  4.6. Analysis of the HPC3 repression domain

The analysis of the performance of the HPC3 protein domains in its repression 
function was extended with additional constructs. Chromodomain (CD), RED domain 
(RED) and the C-Box are represented by shaded boxes, the potential repression 
domain is marked by an orange box. COS-7 cells were cotransfected with 
pG5tkCAT, the P-galactosidase reference plasmid and the indicated HPC3-GAL4 
constructs. CAT protein levels were determined by ELISA 48 hours post-transfection 
and standardised to P-galactosidase levels from the reference plasmid. Results of 
multiple experiments were summarised and are expressed as normalised CAT levels 
(arbitrary units) relative to those obtained with the empty pMLV-GAL4 expression 
vector. Values represent the averages of three to five independent experiments, with 
the standard deviation indicated.
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C hapter  5: Subcellular localisation of HPC3

PcG proteins form multiprotein complexes that can be visualised as distinct nuclear 

domain and have therefore been termed ‘PcG bodies’. PcG bodies represent discrete 

foci that vary in size and number depending on the cell line, as well as in their 

composition. They associate with large areas of pericentromeric heterochromatin in a 

stable and cell-cycle independent manner (Saurin et a l, 1998; Satijn & Otte, 1999a).

It has previously been shown that PcG complexes in Drosophila vary in 

composition, depending on their chromosomal localisation (Strutt & Paro, 1997), and 

it has been suggested that different PcG complexes function in an antagonistic manner 

(Lessard et a l, 1999). The PRCl complex of PcG proteins, although in excess 

of 2 million Daltons in size, only contains a subset of PcG proteins (Shao et a l,  1999), 

and a variety of unrelated proteins have been shown to colocalise with PcG 

complexes, for example the synovial sarcoma proteins SSX and SYT-SSX (Soulez et 

a l, 1999) or the GAGA factor (Strutt et a l, 1997; Horard et a l, 2000).

To further characterise the mammalian PcG complex, immunofluorescence studies 

were carried out to analyse the HPC3 protein in its subcellular context.

Localisation of endogenous HPC3

Immunolabelling with the anti-HPC3 antisera had shown that endogenous HPC3 is 

concentrated in two nuclear foci with additional diffuse nuclear staining in 2C4 

fibrosarcoma cells and that its localisation pattern overlaps with that of the human PcG 

protein BMIl (see Figure 3.2A). To further characterise the subcellular localisation of 

HPC3, double immunolabelling experiments with HPC3, RINGl and BMIl were 

performed in a number of different cell lines. Labelling of endogenous BMIl served as 

a control to stain PcG bodies and for comparison of the localisation patterns of HPC3 

and RINGl, as only rabbit antisera for these proteins were available at the time. The
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ASA12 anti-HPC3 peptide antiserum was used to stain HPC3, while the anti-RINGl 

peptide antiserum AS A3 or a BMIl monoclonal antibody (gift from A. Otte) was used 

to label PcG bodies.

In the three cell lines tested, endogenous HPC3 colocalises with the same PcG 

bodies that contain BMIl (Figure 5.1A). In 2C4 fibrosarcoma cells, HPC3 is 

concentrated in two prominent nuclear foci (Figure 5.1 A, upper panels), whereas in U- 

2 OS and SAOS-2 osteosarcoma cells, colocalisation in multiple PcG bodies can be 

observed (Figure 5.1 A, middle and lower panels). Additionally, a homogeneous 

microparticulate labelling of HPC3 throughout the nucleus is detected (Figure 5.1 A, 

green channels). Interestingly, in U-2 OS and SAOS-2 cells, HPC3 forms additional 

concentrated domains that do not appear to contain BMIl (Figure 5.1 A, middle and 

lower panels).

Co-immunofluorescent staining of RINGl and BMIl (Figure 5.IB) further 

confirms that HPC3 colocalises with the same subset of PcG bodies that contains the 

mammalian PcG proteins RINGl and BMIl.

These results demonstrate that HPC3 associates with BMIl and RINGl in PcG 

bodies, although HPC3 appears to be able to form additional foci that do not contain 

BMIl.

Localisation of exogenous HPC3

To facilitate immunofluorescence studies of HPC3, it was decided to use the green 

fluorescent protein (GFP) reporter system. The GFP protein from the bioluminescent 

jellyfish Aequorea victoria as a protein tag retains the normal biological activity of the 

heterologous partner, as well as the fluorescent properties of native GFP. The use of 

GFP as fluorescent tag provides enhanced sensitivity and resolution in comparison to 

standard antibody staining techniques and eliminates the need for fixation, cell 

permeabilisation and antibody incubation steps normally required when using 

antibodies tagged with chemical fluorophores. Fusion to GFP allows in vivo 

localisation of proteins and kinetic studies of protein localisation and trafficking. Thus, 

GFP has become a well established marker of gene expression and protein targeting in 

intact cells and organisms (Tsien, 1998).
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The full length hpc3 cDNA was cloned into the pEGFP-C2 expression vector, 

which allowed its expression as a C-terminal fusion to GFP. Expression of the HPC3- 

GFP fusion protein in transiently transfected U-2 OS cells was tested by Western blot 

analysis with an antibody against the GFP tag, which detects a protein species of 

approximately 70 kDa not present in the untransfected cells (Figure 5.2A).

For comparison, U-2 OS cells were transfected with the empty pEGFP-C2 

expression vector and subsequently analysed by confocal microscopy: The GFP is 

uniformly distributed throughout nucleus and cytoplasm (Figure 5.2B).

When analysed by confocal microscopy, U-2 OS cells transfected with the HPC3- 

GFP expression construct showed a distinct fluorescent pattern: Multiple bright foci 

can be seen in the nucleus that differ in size and appear to be excluded from the 

nucleoli (Figure 5.2C). This pattern is reminiscent of the fluorescent labelling of 

endogenous HPC3 in U-2 OS cells (see Figure 5.1 A), where multiple dots of different 

sizes are also detected. Additionally, the same microparticulate staining is observed in 

the transfected cells (Figure 5.2B) as previously detected when endogenous HPC3 was 

analysed (Figure 5.1 A).

Although the HPC3-GFP localisation pattern appears to be identical to that of 

endogenous HPC3, it was necessary to verify that the exogenous protein does 

colocalise with endogenous HPC3 and PcG bodies before further studies could be 

carried out. For this, immunolabelling analyses were carried out using U-2 OS cells 

transfected with HPC3-GFP and antibodies against endogenous BMIl and RTNGl.

Confocal analysis of the HPC3-GFP-transfected cells labelled with the anti-RINGl 

ASA3 antiserum showed that the fusion protein colocalises with endogenous RINGl 

in multiple dots in the nucleus (Figure 5.3). Again, the diffuse nuclear staining is also 

present in both the green and the red channel and therefore appears to be specific, but 

it remains to be shown whether it is connected with HPC3 function.

However, when the distribution of HPC3-GFP was compared to the localisation of 

endogenous BMIl in U-2 OS cells, two different localisation patterns were observed 

in the same cell population: either complete colocalisation of HPC3-GFP with 

endogenous BMIl in various nuclear foci (Figure 5.4, upper panels) or no 

colocalisation of HPC3-GFP and BMIl (Figure 5.4, lower panels). This results is 

reminiscent of the observation that endogenous HPC3 appears to form foci that do not
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contain BMIl (see Figure 5.1).

Expression of exogenous proteins with fusion tags can interfere with the normal 

biological activity of the protein, so in order to rule out a possible influence of the GFP 

tag in this study, the localisation pattern of HPC3-GFP was compared with that of 

HPC3 fused to a different tag, the hemagglutinin (HA) of the influenza virus.

The HPC3-HA expression construct (HPC3_pEF-HA) was transiently transfected 

into U-2 OS cells, and colabelling was performed with a rabbit polyclonal anti-HA 

antibody to detect HPC3-HA and with the monoclonal anti-BMIl antibody to label 

PcG bodies. Comparison of HPC3-HA and BMIl showed that HPC3-HA localises to 

the nucleus of U-2 OS cells and forms multiple foci that also contain BMIl (Figure 

5.5A), in addition to a diffuse nuclear staining. When HPC3-GFP and HPC3-HA 

expression constructs are cotransfected, both fusion proteins completely colocalise in 

the same nuclear dots (Figure 5.5B). To ensure that the choice of cell line had no 

influence on the localisation of the exogenous protein, expression of HPC3-GFP and 

HPC3-HA was also tested in HT1080 fibrosarcoma and COS-7 cells, and identical 

results were obtained (data not shown).

Thus, it could be shown that the fusion tag is not likely to alter the localisation 

pattern of the protein and that exogenous HPC3 colocalises with endogenous RINGl. 

When compared with endogenous BM Il, both total and no colocalisation were 

detected, which is reminiscent of the observation that endogenous HPC3 is capable of 

forming additional foci in U-2 OS cells that do not contain BMIl.

Mapping the localisation domain of HPC3

Functional analyses of the protein domains of Drosophila Pc revealed that its 

repression activity is conveyed by the C-Box domain, which is also involved in 

mediating protein-protein interactions, but that this domain is apparently not involved 

in directing subcellular localisation of the protein (Müller, 1995; Reijnen et a l, 1995; 

Satijn & Otte, 1999b). In contrast, when the chromodomain is deleted or mutated, the 

repressive activity of Pc is preserved, but chromosomal binding is abolished, and Pc 

becomes uniformly distributed throughout the nucleus instead (Messmer et a l, 1992; 

Franke et a l,  1995. It seems likely that the chromodomain of the vertebrate Pc
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homologues is also involved in directing protein localisation, however, its actual 

function in that respect remains to be analysed.

Analysis of the HPC3 C-Box

The HPC3 C-Box domain mediates the interaction of HPC3 with RINGl and is 

potentially involved in other protein-protein interactions as well. Other Polycomb 

homologues repress gene transcription through their C-Box, but this is not the case for 

HPC3: Although in reporter assays, the HPC3 C-Box has some repression properties, 

it is not able to silence gene expression in the same way that the full length protein 

does (see Figure 4.4).

To investigate whether the HPC3 C-Box might be involved in directing subcellular 

localisation of the full length protein, this domain was cloned into the GFP expression 

vector, and its localisation pattern was analysed in transiently transfected cells by 

immunofluorescence microscopy. For comparison, immunolabelling of endogenous 

BMIl and RINGl was performed (Figure 5.6).

In contrast to full length HPC3-GFP, the HPC3 C-Box alone does not form distinct 

foci in the nucleus, but is distributed uniformly throughout the nucleus and cytoplasm 

(Figure 5.6A & B, green channels). When colabelling was performed using the anti- 

BMIl (Figure 5.6 A) or anti-RINGl antibodies (Figure 5.6B), no colocalisation with 

PcG bodies is observed, as the yellow-orange colour in the merged images is caused 

by the overlay of the images.

In contrast, the AC-GFP fusion protein, which encompasses the full length HPC3 

sequence, but not the C-Box, solely localises to the nucleus of transiently transfected 

cells and forms distinct domains (Figure 5.7, green channel). However, those foci only 

occasionally overlap with PcG bodies, as demonstrated by immunofluorescent 

labelling of endogenous BM Il (Figure 5.7, merged channel). A possible 

colocalisation, indicated by a yellow colour in the merged image of the projection of 

multiple optical sections (Figure 5.7, upper panel, white arrowhead), is also detected in 

the single optical image (Figure 5.7, lower panel, white arrowhead). It can therefore be 

concluded that those dots are in the same optical section, indicating a colocalisation 

within limitations of the confocal microscope. However, the majority of AC HPC3-
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GFP and BMIl foci does not appear to colocalise.

When the localisation pattern of endogenous RINGl and the AC-GFP fusion 

protein are compared, as similar observation is made: A small number of foci appear 

to overlap in both projection and single optical section (Figure 5.8, arrowheads), 

indicating a bona fide colocalisation rather than juxtaposition. But as in the case with 

BM Il, the localisation patterns of the AC HPC3 protein differs from that of 

endogenous PcG bodies or full length HPC3-GFP.

Thus, the HPC3 C-Box appears to have influence on the subcellular localisation of 

full length HPC3: Although the AC fusion protein is capable of forming nuclear foci, 

their appearance clearly differs from those generated by full length HPC3 (compare 

Figures 5.2C, 5.7 & 5.8). The C-Box on its own does not localise to discrete dots, but 

is uniformly distributed in the whole cell, and it can therefore be concluded that it is 

not the localisation domain of HPC3. However, it appears to contribute to proper 

localisation of full length HPC3, since the foci generated by the AC fusion protein are 

more numerous and smaller than the ones formed by full length HPC3-GFP and only 

partially colocalise with PcG bodies.

Analysis of HPC3 protein domains

In order to gain more insight into the function of the different HPC3 protein 

domains and their involvement in subcellular localisation, a panel of expression 

constructs was generated that fused various protein domains of HPC3 to the C- 

terminus of GFP. Their expression was tested by transient transfections and Western 

blot, and the subcellular localisation of the fusion proteins was analysed by confocal 

microscopy (Figure 5.9).

Comparison of the localisation patterns of the showed that full length, AC, ARED 

and RED ACD HPC3-GFP fusion proteins all localise only to the nucleus and form 

distinct foci (Figure 5.9A), whereas the C-Box, ACD, REDAC, CD and RED HPC3- 

GFP fusion proteins are uniformly distributed throughout the whole cell (Figure 5.9B), 

similar to the localisation pattern of the empty GFP vector (see Figure 5.2B).

Although the fusion proteins of the first group (Figure 5.9A) all localise to the 

nucleus and form discrete domains, their localisation patterns differ: In comparison to
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full length HPC3-GFP, the AC fusion protein (see also previous section) forms many 

smaller foci that are distributed throughout the whole nucleus, including the nucleoli, 

which tend to be excluded by the full length protein (Figure 5.9A). Interestingly, the 

absence of the C-Box domain does not appear to change the ability to form dots per se, 

but alters the phenotype of the foci: They become more diffuse and relocalise within 

the nucleus (Figure 5.9A).

Absence of either the C-Box, the chromodomain or the RED domain does not 

change the nuclear localisation of the corresponding HPC3-GFP fusion proteins, but 

compared to full length and AC HPC3, the ARED and RED ACD proteins appear to 

have an increased tendency to cluster into relatively large aggregates that colocalise 

with nucleoli, and fewer wild type-like dots are formed (Figure 5.9A).

The HPC3 C-Box, chromodomain and RED domain fusion proteins are all 

ubiquitously distributed throughout nucleus and cytoplasm, as are the ACD and 

REDAC fusion proteins (Figure 5.9B). It seems that of the two putative nuclear 

localisation signals present in the HPC3 protein sequence (see Figure 2.1), the one 

which is located C-terminal of the chromodomain is necessary and sufficient for 

nuclear localisation of HPC3. However, further more detailed analysis will be 

necessary to support this postulation.

Interestingly, the same domain is present in all the GFP fusion proteins that form 

nuclear foci comparable to full length HPC3, encompassing the sequence stretch 

between the chromodomain and the RED domain (Figure 5.10, orange box), whereas 

the fusion proteins that localise homogeneously throughout the cell do not contain this 

domain (Figure 5.10).

The ACD construct does not seem to fit this classification: It does contain the 92-aa 

sequence between chromo- and RED domain as well as the first nuclear localisation 

signal, but the ACD fusion protein localises ubiquitously in the nucleus and cytoplasm 

(Figure 5.9B & 10). Therefore, it cannot be completely ruled out that the 

chromodomain contributes to the correct subcellular localisation of HPC3, although it 

is not sufficient to mediate nuclear localisation on its own.

Since the same sequence stretch of HPC3 appears to mediate its repression function 

and nuclear localisation to foci, this sequence will be referred to as the repression- 

localisation domain of HPC3 (RL3 domain).
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Analysis of the RL3 domain

In order to verify that the RL3 sequence between the HPC3 chromodomain and 

RED domain is necessary and sufficient for localising HPC3 to nuclear foci, the 

corresponding cDNA, encompassing amino acids 55 to 147, was cloned into the GFP 

fusion vector. The localisation pattern of the resulting fusion protein was analysed by 

confocal microscopy after transient transfection in U-2 OS cells (Figure 5.11). RL3- 

GFP localises to distinct, large nuclear foci that do not colocalise with the nucleoli and 

that appear similar to the dots formed by full length HPC3 (see Figure 5.2C). The RL3 

sequence therefore appears to be the domain of HPC3 that is responsible for its 

localisation to nuclear foci.

Additional co-immunofluorescence analyses were carried out to further test the 

colocalisation of this HPC3 domain with PcG bodies. Surprisingly, the GFP fusion 

protein of the RL3 domain does not appear to colocalise with endogenous RINGl 

(Figure 5.12A), and labelling of endogenous BMIl also failed to show a significant 

overlap with the GFP fusion protein (Figure 5.12B). Although an association can be 

observed between some RL3 foci and RINGl and BMIl-containing foci, the majority 

of nuclear dots does not overlap. Thus, although the HPC3-RL3 domain is able to 

form distinct nuclear foci, it appears that these dots do not represent PcG bodies 

because they do not contain RINGl or BM Il.

To test whether the RL3 domain might localise to another subnuclear domain 

instead, a possible colocalisation with the PML oncoprotein (Hodges et a l,  1998) was 

analysed, but similar to PcG bodies, the majority of the respective foci does not 

overlap (Figure 5.13). Comparison of a projection of images with a single optical 

section indicates that RL3 appears to associate with PML in some cases (Figure 5.13, 

merged images). However, as numerous domains are present in the cell nucleus, 

colocalisation of the RL3 domain with other nuclear structures cannot be ruled out. 

Additional immunofluorescent labellings will have to be carried out to gain further 

insight into the exact nature of these foci.

As the RL3-GFP fusion protein localises to distinct nuclear foci (Figure 5.11), 

which apparently do not represent PcG bodies, since they do not contain endogenous 

RINGl or BMIl (Figure 5.12), the RL3 localisation pattern was further investigated. 

The RL3-GFP expression construct was transiently cotransfected with the full
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length HPC3-HA construct into U-2 OS cells, and the localisation of the respective 

fusion proteins was analysed by co-immunofluorescence (Figure 5.14).

Comparison of cotransfected cells revealed that the localisation patterns vary 

significantly within the same population: Firstly, there are cells where no 

colocalisation between RL3-GFP and full length HPC3-HA is observed (Figure 5.14, 

upper panels); secondly, some cells show a partial colocalisation where RL3-GFP 

completely colocalises with HPC3-HA, and additional foci are present that only 

contain full length HPC3-HA (Figure 5.14, middle panels); and thirdly, complete 

colocalisation of both proteins can be detected in some cells (Figure 5.14, lower 

panels). All three phenotypes are present within the same population of cotransfected 

cells, but it remains unclear how they are generated, and additional analysis is 

necessary to gain further insights into the ability of the RL3 domain to influence the 

subcellular localisation of HPC3.

Analysis of the RED domain

The RED domain is unique to the HPC3 protein; it is not present in mouse Pc3 or 

any other Polycomb homologue. In order to gain more insight into a possible function 

of this domain in HPC3, an expression construct was generated of the full length 

HPC3 sequence, with the RED domain deleted, termed FLARED. For this, a three-way 

ligation strategy was chosen, which is summarised in Figure 5.15. PCR was carried 

out to amplify the HPC3 sequence from basepairs 1 to 435 (see Figure 2.1) with a 

forward primer that contained a Hind  III restriction site and a reverse primer that 

contained a Kpn I restriction site. The resulting PCR product was first subcloned into 

the pCR-Blunt vector for sequence analysis and then ligated into the pEGFP-C3 

expression vector, using the Hind III and Kpn I cloning sites (Figure 5.15). In parallel, 

a restriction digest was carried out with the full length HPC3_pEGFP-C2 construct, 

using the Kpn I enzyme. The hpc3 cDNA contains a Kpn I restriction site directly after 

the RED domain, and a second Kpn I site is located 3’ of the hpc3 sequence in the 

multiple cloning site of the pEGFP-C2 expression vector (Figure 5.15). Digestion with 

Kpn I therefore released a hpc3 fragment from nt 541 until the stop codon, plus part of 

the GFP vector cloning site (Figure 5.15).
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The GFP vector containing the \-A3>5_hpc3 fragment was then subjected to 

restriction digest with Kpn I, which resulted in linearisation of the construct. Finally, 

the _hpc3_Kpn I fragment was ligated into the linearised plasmid. The result

was the full length hpc3 cDNA sequence without the RED domain, FLARED 

(Figure 5.14).

Expression of the FLARED GFP fusion protein (Figure 5.16A) was confirmed by 

transient transfection and Western blotting (data not shown), and its localisation was 

analysed by confocal microscopy and compared with that of PcG bodies (Figure 5.16). 

The FLARED protein appears to localise preferentially to the cytoplasm, although a 

fluorescent signal is also detected in the cell nucleus, albeit fainter than the one in the 

cytoplasm (Figure 5.16A). When compared to endogenous BM Il, the cytoplasmic 

accumulation of the FLARED protein is obvious, as no colocalisation with PcG bodies 

is observed (Figure 5.16B).

Analysis of the FLARED-GFP fusion protein demonstrates that the RED domain is 

apparently necessary in the context of full length HPC3, but not sufficient for 

localisation of HPC3 to nuclear foci. The RED domain is not capable of forming dots 

on its own (Figure 5.10B), but neither is the FLARED protein (Figure 5.16). Thus, it 

cannot be ruled out that the RED domain, similar to the chromodomain, contributes to 

the localisation of HPC3 to nuclear foci that colocalise with PcG bodies.

Analysis of the HPC3-GFP protein dynamics

To gain further insights into the dynamics of the HPC3 protein, confocal 

microscopy was carried out with live U-2 OS cells 24 hours after they had been 

transiently transfected with the full length HPC3-GFP expression construct. A cell 

expressing the HPC3-GFP fusion protein was selected and over a period of 

approximately 2 hours, confocal images were taken every 5 minutes.

Analysis of the images taken during the time-course shows that the HPC3-GFP 

protein is not a stationary, but dynamic (Figure 5.17). Initially, many small foci are 

observed that are distributed throughout the nucleus, (Figure 5.17A, to). Over time, 

however, this localisation pattern changes: The small foci move around in the cell 

nucleus and fuse together to form larger aggregates, until the number of small foci has
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significantly decreased (Figure 5.17A, (9 5). Compared to the smaller dots, these HPC3- 

GFP ‘clusters’ seem less mobile than the small disperse dots. The experiment was 

repeated with a cell that showed larger protein clusters to begin with (Figure 5.17B, 

to), and a similar observation was made. Over a period of time, the smaller foci fuse 

together to large stationary aggregates, until almost none are visible anymore (Figure 

5.17B, tçs).

Thus, it appears that exogenous HPC3 is not static in the nucleus, but capable of 

movements over a period of time, as shown by the small and dispersed foci fusing 

together to form larger nuclear domains. Further analysis is however necessary to 

determine to what extend these protein dynamics reflect the properties of the 

endogenous protein and in what way they might be significant for HPC3 function. But 

this analysis indicates that PcG bodies might have dynamic properties that could 

represent an important part of their functions.

Summary

Detailed analysis of the subcellular localisation HPC3 revealed that

• endogenous HPC3 colocalises with multiple PcG bodies that vary in size and 

number in different cell types.

• HPC3 forms additional foci that do not contain BM Il.

• exogenous tagged HPC3 colocalises with endogenous RINGl, but when compared 

with endogenous BMIl, both total and no colocalisation are detected, reminiscent 

of the observation that endogenous HPC3 forms additional foci that do not contain 

BMIl.

• subcellular localisation of the full length protein is influenced by the HPC3 C-Box: 

Although this domain on its own is not capable of either directing nuclear 

localisation or forming foci, it appears to contribute to localisation of full length 

HPC3-GFP, as foci formed by the AC fusion protein are different from those 

formed by the full length protein

• the same domain that mediates the repression function of HPC3 appears to be 

necessary for its localisation to nuclear dots and has been termed the
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repression-localisation domain of HPC3 (RL3). But since the ACD and FLARED 

fusion proteins, which do not contain the RL3 domain, are uniformly distributed, it 

cannot be ruled out that the chromodomain and RED domain contribute to the 

correct localisation of HPC3.

the majority of the foci formed by the RL3 domain does not contain RINGl, BMIl 

or PME.

different colocalisation patterns of full length exogenous HPC3 and the RL3 fusion 

protein are detected, so it appears that RL3 can alter the localisation pattern of 

HPC3 and relocate it from PcG bodies to a different subnuclear domain, whose 

nature remains unclear at present.

exogenous HPC3 is not static in the nucleus, but capable of movements, since over 

a period of time, the small and disperse foci fuse together to form larger, static 

nuclear domains. It remains to be shown if these protein dynamics are connected 

with HPC3 function.
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F i g u r e  5.1. HPC3 localises to the same PcG bodies as BMIl and RINGl

(A) Endogenous HPC3 was immunolocalised using the ASA 12 antiserum (green 
channel) in 2C4 (upper panels), U-2 OS (middle panels) and SAOS-2 cells (lower 
panels), and its distribution was compared with that of BMIl by using the anti-BMI 1 
monoclonal antibody (red channel). (B) Endogenous RINGl and BMIl were 
immunolocalised in 2C4 cells using the ASA3 antiserum (green channel) and the 
anti-BMI 1 monoclonal antibody (red channel). Any colocalisation is shown by a 
yellow colour in the merged panels. All images represent single optical sections 
( - 1 pm).
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F i g u r e  5.2. Analysis of the expression of full length HPC3-GFP

(A) The full length HPC3 cDNA was cloned into the pEGFP-C2 expression vector 
(Clontech) and expression of the fusion protein was tested by Western blot analysis 
using an anti-GFP antibody on untransfected and transfected U-2 OS cell extracts. 
Molecular weight standards are indicated (kDa). (B) The empty pEGFP-C2 
expression vector and (C) HPC3_pEGFP-C2 were transiently transfected into U-2 OS 
cells, and their subcellular localisation was analysed by confocal microscopy. All 
images represent projections of multiple single optical sections through the cell 
(~lpm).
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HPC3-GFP endogenous RINGl merge

F i g u r e  5.3. HPC3-GFP colocalises with endogenous RINGl

U-2 OS cells were transiently transfected with the HPC3_pEGFP-C2 expression 
construct and the distribution of the fusion protein (green channel) was compared to 
that of endogenous RINGl, labelled by the AS A3 antiserum (red channel). 
Colocalisation is shown by a yellow colour in the merged image. All images 
represent projections of multiple single optical sections (~lpm).
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HPC3-GFP BM Il merge

F i g u r e  5.4. Analysis of the localisation of HPC3-GFP and endogenous BMIl

U-2 OS cells were transiently transfected with the HPC3-GFP expression construct, 
and localisation of the fusion protein (green channels) was compared with that of 
endogenous BMIl, labelled using the anti-BMI 1 antibody (red channels). 
Colocalisation is shown by a yellow colour in the merged images. All images 
represent projections of multiple single optical sections ( ~ 1  pm).

1 3 1



C h a pt e r  5: Subcellular localisation of HPC3

HPC3-HA BM Il merge

B
HPC3-GFP HPC3-HA merge

F ig u r e  5.5. Comparison of the subcellular localisation of HPC3-GFP and HPC3-HA

(A) U-2 OS cells were transiently transfected with the HPC3_pEF-HA expression 
construct, and coimmunofluorescence analysis was carried out using a rabbit 
polyclonal anti-HA antibody (Zymed) to label the HPC3-HA fusion protein (green 
channel) and the anti-BMI 1 mouse monoclonal antibody to label BMIl (red channel).
(B) Cotransfection of U-2 OS cells with HPC3_pEGFP-C2 and HPC3 pEF-HA 
expression constructs, followed by confocal analysis of the HPC3-GFP (green 
channel) and HPC3-F1A (red channel) fusion proteins. Colocalisation is shown by a 
yellow colour in the merged images. All images are projections of multiple single 
optical sections ( - 1  pm).
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F i g u r e  5.6. Subcellular localisation of the HPC3 C-Box-GFP

The HPC3 C-Box sequence was cloned into the pEGFP-C2 expression vector, 
transiently transfected into U-2 OS cells, which were analysed by confocal 
microscopy. The localisation of the C-Box-GFP fusion protein (green channels) was 
compared with that of (A) endogenous BMIl and (B) endogenous RINGl, which 
were immunolabelled using the ASA3 anti-RINGl and anti-BMI 1 antisera (red 
channels). Any colocalisation is indicated by a yellow colour in the merged images. 
All images represent projections of multiple single optical sections (-1 pm).
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F i g u r e  5.7. Partial colocalisation of AC HPC3-GFP with BMIl

The HPC3 sequence without the C-Box domain was cloned into the pEGFP-C2 
expression vector, and localisation of the fusion protein was analysed in transiently 
transfected U-2 OS cells by confocal microscopy (green channels). Endogenous 
BMl 1 was labelled (red channels) to stain for PcG bodies, and possible colocalisation 
is indicated by a yellow colour (white arrowheads) in the merged images. The 
projection of multiple single images (upper panels) is compared with one single 
optical section (lower panels) to verify true colocalisation.
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F i g u r e  5.8. Partial colocalisation of AC HPC3-GFP with RING 1

The HPC3 sequence without the C-Box domain was cloned into the pEGFP-C2 
expression vector, and localisation of the fusion protein was analysed in transiently 
transfected U-2 OS cells by confocal microscopy (green channels). Endogenous 
RINGl was labelled using the ASA3 antiserum (red channels) to stain for PcG 
bodies, and colocalisation is indicated by a yellow colour (white arrowheads) in the 
merged images. The projection of multiple single images (upper panels) is compared 
with one single optical section (lower panels) to verify true colocalisation.
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Figure continues.
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Figure continued
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F ig u r e  5.9. Analysis of the localisation of the HPC3-GFP expression constructs

The cDNA sequences of various protein domains of HPC3 were cloned into GFP 
expression vectors using PGR and convenient restriction sites. The constructs were 
transiently transfected into U-2 OS cells, and localisation of the fusion proteins was 
analysed by confocal microscopy. The corresponding constructs are shown next to 
each image. Comparison revealed (A) constructs that localise to distinct domains in 
the nucleus, in contrast to (B) fusion proteins that are uniformly distributed. All 
images represent projections of multiple single optical sections ( - 1 pm).
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F i g u r e  5.10. HPC3-GFP expression constructs and their subcellular localisation

Schematic overview of the different classes of fusion proteins according to their 
subcellular localisation. The numbers of the corresponding amino acids are indicated, 
protein domains and nuclear localisation signals are represented by shaded boxes. 
Fusion proteins that localise to nuclear domains are marked by a ‘+’, the ones that 
distribute uniformly in whole cell with a The orange box indicates the protein 
domain present in all fusion proteins that localise to distinct domains in the nucleus.
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F i g u r e  5.11. Analysis of the localisation pattern of the RL3 domain

The hpc3 cDNA sequence corresponding to amino acids 55 to 147 was amplified by 
PCR and cloned into the pEGFP-C2 expression vector. The resulting construct was 
transiently transfected into U-2 OS cells, and confocal microscopy was carried out to 
analyse the localisation of the GFP fusion protein. The image represents a projection 
of multiple single optical sections ( ~ 1  pm).
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F i g u r e  5.12. Comparison of RL3 foci with PcG bodies

U-2 OS cells were transiently transfected with the RL3-GFP expression construct, 
and localisation of the fusion protein (green channels) is compared with that of PcG 
bodies, visualised by labelling (A) endogenous RINGl and (B) endogenous BMIl 
(red channels). Yellow colour in the merged images indicates colocalisation. All 
images represent projections of multiple single optical sections ( - 1 pm).
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F igure  5.13. Comparison of RL3 foci with PML bodies

U-2 OS cells were transiently transfected with the RL3-GFP expression construct, 
and localisation of the fusion protein (green channel) is compared with that of PML 
(red channel), which is immunolocalised using an anti-PML rabbit polyclonal 
antibody (1:200 dilution). A projection of multiple single optical sections (~lpm; 
upper panel) is compared to a single section (lower panel). Colocalisation would be 
indicated by a yellow colour in the merged image.
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F igu r e  5.14. Analysis of the localisation patterns of RL3-GFP and HPC3-HA

U-2 OS cells were transiently cotransfected with the RL3-GFP and the full length 
HPC3-HA expression constructs, and localisation of the RL3 domain-GFP (green 
channels) and HPC3-HA (red channels) was analysed, using an anti-HA antibody 
(Zymed) to label HPC3-HA. The images shown resulted from cells of the same 
transfected population. Colocalisation is shown by a yellow colour in the merged 
images. All images represent projections of multiple single optical sections (-1pm).
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F igu r e  5.15. Cloning strategy for the HPC3 FLARED-GFP expression construct

Schematic overview of the cloning strategy for an expression construct of HPC3 with 
the RED domain deleted. A HPC3 fragment of nt 1 to 435 was amplified by PCR and 
cloned into the pEGFP-C3 expression vector. In parallel, a restriction digest was 
performed to release the C-terminal part of HPC3 from nt 541 onwards, which was 
subsequently ligated into the 1-435 GFP construct. The result is the full length hpcS 
cDNA sequence without the RED domain in the GFP expression vector.
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F i g u r e  5.16. Expression of FLARED HPC3-GFP

(A) The FLARED FIPC3-GFP expression construct with protein domains as shaded 
boxes and the two putative nuclear localisation sequences (NLS) indicated. 
Localisation of the GFP fusion protein was analysed in transiently transfected U-2 OS 
cells. (B) Confocal analysis of the localisation of the FLARED-GFP fusion protein 
(green channel) in transiently transfected U-2 OS cells, in comparison with 
endogenous BMIl, which was labelled with the anti-BMI 1 antibody (red channel). 
Any colocalisation would be shown in a yellow colour in the merged image. All 
images represent projections of multiple single optical sections ( ~ 1  pm).
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C h ap th r 5: Subcellular localisation of HPC3

Figure continues.
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C h a p ter  5: Subcellular localisation of HPC3

. Figure continued

B

m m

m
m

F i g u r e  5.17. Time-course analysis of HPC3-GFP in living cells

U-2 OS cells were transiently transfected with the HPC3-GFP expression construct, 
and the dynamics of the fusion protein were analysed in live cells 24 hours post
transfection. Images were taken every 5 minutes for approximately 2 hours, with 
selected images shown. (A) A cell with small disperse foci was compared with (B) 
one that showed larger aggregates. All images represent projections of multiple single 
optical sections (~lpm).
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C h a p t e r  6 :  D i s c u s s i o n

Pc3 is the third mammaiian homoiogue of Drosophiia 

Poiycomb

The amino acid sequence of HPC3 comprises several domains (Figure 2.1), some of 

which have previously been identified in Drosophila and vertebrate Polycomb proteins 

(Pearce et a l, 1992; Franke et a l, 1995; Reijnen et a l, 1995; Alkema et a l, 1997b; 

Satijn et a l, 1997b; Strouboulis et a l, 1999). Drosophila Pc contains an N-terminal 

chromodomain, implicated in both chromatin binding and mediating protein-protein 

interactions (Messmer et a l, 1992; Platero et a l, 1995; Platero et a l, 1996), as well as 

a conserved C-terminal protein-protein interaction motif termed the C-Box, which is 

required for transcriptional repression (Müller, 1995; Satijn et a l ,  1997b; 

Schoorlemmer et a l, 1997). Like the other vertebrate homologues, HPC3 also contains 

an chromodomain and a C-Box (Figure 2.1 & 2.2). The HPC3 chromodomain is more 

related to that of HPC2 and XPc than M33 or Pc, and the C-Box of HPC3 is more 

similar to the other vertebrate C-Boxes than that of Drosophila Pc, whereas in overall 

length, HPC3 appears more similar to Pc (Table 2.1; Figure 2.3).

A sequence alignment of HPC3 and Pc shows identities distributed throughout the 

length of both sequences, with the HPC3 RED domain in a similar linear position to 

one of the two poly-histidine repeats in Drosophila Pc (Figure 2.4). Analysis of 

transgenic flies, which had been generated using Pc constructs in which one or both 

poly-His stretches had been removed, showed subtle differences between wild-type 

and mutant Pc proteins regarding the association with specific target sites on polytene 

chromosomes (Franke et a l, 1995), suggesting that this protein domain might be 

implicated in targeting functions.
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The RED domain of HPC3

In addition to the chromodomain and the C-Box, HPC3 contains an unusual 

sequence, comprising a tandem repeat of Arg-Asp or Arg-Glu residues (Figure 2.1), 

which corresponds to a large stretch of alternating positive/negative charges. A 

repetitive sequence element of this type was first described in the so-called RD 

protein, which is thought to be involved in nucleic acid binding (Lévi-Strauss et a l , 

1988; Surowy et a l, 1990), and it has subsequently been termed ‘RD domain’ or 

‘RED domain’.

This domain is found in a wide range of different proteins such as the cytokine IK 

factor (K rie f  et a l ,  1994), the Drosophila transcription factor shuttle craft 

(Stroumbakis et a l, 1996), Atrophin-1 (Nagafuchi et a l, 1994) the U1-70K snRNP 

protein (Spritz et a l, 1987), and the RED protein (Assier et a l, 1999). Recently, RD 

was shown to be part of the NELF multiprotein complex, which is involved in 

repression of RNA Polymerase II elongation (Yamaguchi et a l, 1999). Acidic-basic 

repeats are associated with genes implicated in neurodegenerative disorders (Rich et 

a l , 1999), although the repeat itself has not been shown to cause any pathology, and 

the actual function of the RED domain is not clear at present.

The mouse homologue of HPC3

Database searches using the hpc3 sequence revealed the presence of a highly 

related mouse EST sequence, and sequencing of the full EST clone showed it to be the 

murine homologue of HPC3, thus it was termed MPc3. Alignments of the cDNA and 

theoretical protein sequences revealed that the EST clone does not contain the 

chromodomain and that its RED domain consists of only five repeats instead of thirty- 

three found in HPC3 (Figures 2.5 & 2.8). The MPc3 chromodomain was successfully 

amplified by PCR from a mouse cDNA library (Figures 2.6 & 2.7), but no additional 

RED sequence could be cloned. However, during the course of this work, Hemenway 

et al. (2000) isolated the full length MPc3 cDNA, which contains the chromodomain 

and the C-Box. But like the EST clone analysed in this thesis, its RED domain only 

consists of five repeats (Hemenway et a l , 2000), indicating that this shorter domain is 

not due to sequence deletions that originate from the generation of the EST
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library, which might be the reason for the missing chromodomain in the EST clone 

(Figure 2.9).

Human and mouse Pc3 are 93 % identical on the protein level. A similar high 

degree of identity is also observed with other human-murine pairs of Pc proteins: 

HPC2/MPc2 are 90 % and HPC1/M33 protein are 8 6  % identical. Other PcG proteins 

tend to be very conserved between the two species as well: Murine and human BMIl 

share 97 % identity, HPHl and MPhl are 91 % identical. Surprisingly, the identities 

between homologues of the same species remain quite low, HPC3 only shows 28 % 

overall identity compared with HPC2 (Table 2.1), MPc2 and M33 are 26 % identical, 

and HPHl and HPH2 share even less sequence homology (16 %). The highest degree 

of conservation is found between the distinct protein domains of the different Pc 

homologues (Table 2.1), and if these domains are left out of the comparison, the 

overall identity drops even further: in the case of HPC3 compared to other Pc proteins, 

to less than 20 % (Table 2.1).

Whereas Drosophila PcG proteins appear to be unique, it is a characteristic feature 

of the mammalian PcG that its members exist in pairs, such as BM Il/M el 18, 

MPhl/MPh2, HPH1/HPH2, M33/MPc2, Ring la/Ring lb, Ezhl/Ezh2, EZH1/EZH2. 

Studies with knockout mice for the different murine PcG proteins revealed that, firstly, 

the mutant phenotypes in mice are much less severe than the ones observed in flies, 

secondly, that intermediate phenotypes could be observed, indicating gene dosage 

effects, and thirdly, that genetic interactions occur even between non-homologous PcG 

genes (van Lohuizen, 1998). It has been suggested that the existence of highly related 

gene and protein pairs results in functional redundancy, so that loss of one gene can be 

compensated by the overlapping functions of the respective partner. This hypothesis 

would also account for the synergistic functions and dosage effects that were observed 

in double mutant mice (van Lohuizen, 1998) and is supported by the fact that many of 

the PcG proteins are involved in homo- and heterodimerisation processes: Their 

genetic interactions are reflected on the molecular level (Satijn & Otte, 1999a). 

However, it has to be noted that the functional overlap between partnering proteins 

could be more of indirect than of direct nature: BMIl has been paired with Mel 18, 

since their mutant phenotypes overlap and show synergistic effects (Akasaka et al., 

1996; Akasaka et a l, 2001), but they differ on the molecular level: Although both are
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transcriptional repressors, BMIl has been characterised as a proto-oncogene, whereas 

Mel 18 is thought to be a tumour suppressor (Haupt et a l, 1993; Kanno et a l, 1995).

Polycomb is so far the first PcG protein for which a third homologue has been 

described in mouse and human (Bardos et a l, 2000; Hemenway et a l, 2000; Garcia- 

Cuellar et a l,  2001), but given that dosage effects, synergistic function and 

participation in a network of protein-protein interactions is a characteristic feature of 

the mammalian PcG, it might well be possible that the other members of the group 

also have more yet unidentified homologues.

A n  e a r l y  e m b r y o n i c  r o l e  f o r  P c 3 ?

Northern analysis of hpc3 and mpc3 gene expression shows that both are expressed 

in a wide variety of adult tissues, although the expression levels vary (Figure 2.10A & 

B).

Ubiquitous expression in adult tissues has also been shown for the other 

mammalian Pc homologues: M33, MPc2 and HPC2 mRNAs are all detectable in a 

number of adult tissues, but similar to HPC3 and MPc3, the intensity of the signals 

varies (Alkema et a l, 1997b; Satijn et a l, 1997b; Hashimoto et a l, 1998). The human 

PcG genes bmil, ring, hphl, hpc2 and ezh2 are all highly expressed in the heart and in 

testis (Gunster et a l, 2001) and consistent with this, high levels of hpc3 expression 

were observed in these tissues (Figure 2.10A).

When compared with the expression patterns of other PcG genes, it was 

demonstrated that expression of the mouse Pc homologue, m33, overlaps substantially, 

but not completely, with that of bmil and mphl in different adult tissues (Alkema et 

a l,  1997a; Alkema et a l, 1997b; Hashimoto et a l, 1998), every tissue expresses at 

least one of the three genes strongly. This is consistent with the observation that 

phenotypes of various PcG knockout mice do not entirely overlap (van der Lugt et a l , 

1994; Core et a l, 1997), indicating unique functions for the different PcG members in 

addition to their role in Hox gene regulation, which might well be tissue-specific.

Northern blot analyses of both human and mouse Pc3 show an additional signal at 

-4.1 kb, whose intensity also varies between the different tissues (Figure 2.10A & B; 

Hemenway et a l, 2000). The exact nature of this mRNA species is unclear, it may
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represent an alternatively spliced or highly related mRNA. Although repeated 

hybridisation with a smaller, mpcj-specific probe gave the same signal pattern with 

two bands, it cannot be ruled out completely that the 4.1-kb species corresponds to a 

yet unidentified Pc-related transcript, since vertebrate PcG genes and proteins all 

appear to have at least one homologue.

For mpc3, both the RNA blot and in situ hybridisation data indicate that expression 

is high at 7.5-8.5 dpc but decreases dramatically after that, being barely detectable at 

the 9.5-dpc stage. From 9.5 dpc onwards, expression is no longer seen by wholemount 

in situ hybridisation (Figure 2.1 IF), although low levels of mRNA continue to be 

detectable by Northern analysis at later stages (Figure 2 .IOC). While the possibility 

cannot be ruled out that this late phase of low expression is functional, it is probable 

that any major role of mpc3 during embryogenesis is associated with the high levels of 

expression seen at earlier stages.

Comparison with other mammalian Pc homologues reveals that a temporal 

regulation of expression during embryonic development is also observed for m ii, but 

apparently not for mpc2. In contrast to the dramatic downregulation of mpc3 observed 

after 8.5 dpc, m33 gene expression is sustained in most embryonic tissues from 9.5 to 

11.5 dpc before it decreases (Pearce et a l, 1992; Hashimoto et a l,  1998), and even 

continues in the central nervous system at 15.5 dpc (Schoorlemmer et a l, 1997). Low 

expression levels of mpc2 are detected throughout embryonic development with no 

apparent downregulation (Alkema et a l, 1997b).

Analysis of their expression indicates that Hox genes are controlled by separable 

establishment and maintenance phases. For example, the neural establishment phase 

for several murine Hox genes occurs at approximately 7.5-8.5 dpc, when mpc3 

expression levels are high. The switch over to maintenance occurs at 8.5-9.5 dpc, 

correlating with the time when mpc3 expression is being downregulated (for example, 

see Gould et a l, 1997; Gould et al, 1998; Studer et a l, 1998). Hence the timing of 

expression of mpc3 suggests that if this particular Polycomb homologue has a function 

in mouse Hox gene regulation, then it may be during the establishment rather than the 

maintenance phase. This potential early role for MPc3 would contrast with the role of 

Drosophila Pc itself, which is known to directly affect the maintenance but not the 

establishment phase of homeotic gene regulation during embryogenesis (Simon,
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1995).

In contrast to the other known PcG genes, eed appears to be unique. No similar 

gene or protein has yet been described, and its murine null phenotype is more severe 

than that of any other PcG gene: Homozygous embryos die at gastrulation (Faust et 

a l, 1995; Schumacher et a l, 1996), indicating a complete loss of function, whereas 

other single knockout mutants, such as hmil, m ell8  or m33 are partially rescued by 

their respective homologues (Akasaka et a l, 1996; Core et a l, 1997; Bel et a l, 1998; 

Akasaka et a l, 2001). Interestingly, the eed deficit is visible before the earliest Hox 

gene activity (Krumlauf, 1994), implying a role for eed before or at the onset of Hox 

gene expression rather than in maintenance.

The marked difference in the expression patterns of MPc3 and M3 3 raises the 

possibility that at least some of the functions of these two Polycomb homologues may 

be non-overlapping and the knockout phenotype of MPc3 would be informative in this 

regard.

H P C 3  i s  p a r t  o f  t h e  P c G  I n t e r a c t i o n  n e t w o r k

Since RINGl was identified as a member of the mammalian PcG group, it has 

emerged that it participates in a number of protein-protein interactions associated with 

the PcG-m complex, but is also capable of interacting with a number of other proteins. 

PcG interaction partners of RINGl are BMIl, HPC2, M33, XPc and MPh2 and in 

addition, it has been shown that RINGl can homodimerise (Satijn & Otte, 1999a). 

Among its non-PcG interaction partners are the RYBP and E2F6 proteins (Garcia et 

a l, 1999; Trimarchi et a l, 2001).

The hpc3 cDNA had been isolated through the interaction of the HPC3 C-Box 

domain with human RINGl in a yeast two-hybrid screen (Saurin, 1998; Bardos et a l, 

2000). But although the yeast two-hybrid system is a highly sensitive in vivo assay, it 

does have limitations: The risk of producing false-positive as well as false-negative 

results is relatively high. False-positive results can occur due to non-specific protein- 

protein interactions detected in the yeast system that might not necessarily occur in the 

proteins’ native cellular environment because of the differences between the yeast 

cellular functions compared to a different eukaryotic or a prokaryotic background. For
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example, proteins that interact in yeast may normally never be present in the same 

cellular compartment or during the same stage of the cell cycle, or their interaction 

domains may not be accessible in their native environment due to different protein 

folding or translational modifications (Fields & Stemglanz, 1994). Extensive control 

experiments are therefore essential when performing a yeast two-hybrid analysis to 

eliminate false-positive and -negative results, and the results have to be supported by 

additional biochemical approaches.

HPC3and RING1

The mammalian Pc homologues HPC2 and M33 both interact with RINGl through 

their respective C-Box domains (Schoorlemmer et al., 1997; Satijn & Otte, 1999b). To 

verify that the HPC3-RING1 interaction is real and not simply due to either the high 

degree of conservation of the C-Box domain or the experimental system used for the 

isolation, the interaction of full length HPC3 with RINGl was analysed: first in yeast 

to show that both full length proteins can interact, and then in mammalian cells to 

prove that they also interact in vivo (Chapter 3).

Comparison with the negative controls, consisting of various combinations of 

empty yeast expression vectors and RINGl or HPC3 fusion constructs, showed that 

full length HPC3 is capable of interacting with RINGl in yeast, demonstrated by the 

significant increase of p-galactosidase activity in the HPC3-RINGl cotransformants 

(Figure 3.10).

To verify this result in a mammalian background, immunoprécipitation analysis 

was carried out. However, as only rabbit antisera against both HPC3 and RINGl were 

available at that time, it was not possible to detect immunoprecipitated endogenous 

proteins: The anti-rabbit secondary antibodies that are used in the immunoblot 

procedure also recognise the rabbit IgG heavy and light chains of the anti-HPC3 and 

anti-RINGl antibodies, thus masking the possible presence of immunoprecipitated 

proteins. This problem is emphasised by the fact that both proteins run at 

approximately the same size as the rabbit IgG heavy chain in SDS-PAGE and Western 

blot analysis, i.e. -50 kDa. The low abundance of endogenous HPC3 in most cell lines 

(R. Slany, personal communication) also presents a difficulty for the interaction
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analysis. It was therefore decided to use transiently transfected tagged HPC3 and 

RINGl fusion proteins, so that appropriate antibodies could be used for 

immunoprécipitation and Western blot analysis.

Co-expression of HPC3-FLAG and RINGl-GFP, followed by immunoprécipitation 

using an anti-FLAG antibody and Western blot analysis with an anti-GFP antibody, 

resulted in the detection of the RINGl-GFP fusion protein (Figure 3.11), 

demonstrating the in vivo interaction of HPC3 and RINGl. The more abundant 

overexpression of RINGl-GFP in contrast to HPC3-FLAG (compare Figure 3.11 A & 

B) represented a risk that residual RINGl-GFP could be present in the extract after 

immunoprécipitation, however, immunocomplexes were washed carefully with large 

excess volumes of lysis buffer at least 5 times to eliminate proteins not bound to the 

sepharose beads, and the experiment was repeated to ensure reproducibility. Thus, it 

can be concluded that exogenous full length HPC3 is capable of interacting with 

exogenous RINGl in vivo.

Although the interaction of M33, HPC2 and MPc3, respectively, with RINGl 

(Satijn et a l, 1997a; Schoorlemmer et a l, 1997; Hemenway et a l, 2000) supports the 

finding that HPC3 can interact with RINGl, it has to be considered that the use of 

exogenous rather than endogenous proteins for immunoprécipitation can mask the 

nature of this protein-protein interaction: Overexpression of both HPC3 and RINGl 

will not reflect a transient or of low affinity interaction of endogenous proteins, or the 

possibility that their interaction could be tissue-specific, which might be linked to their 

functions. HPC3 and RINGl are both expressed ubiquitously, but concluding from the 

analysis of their mRNA distributions, their expression levels vary significantly 

between different tissues (Chapter 2; Saurin, 1998; Gunster et a l, 2001). In order to 

gain further insight, immunoprécipitation with endogenous proteins would therefore 

be of interest.

To map the respective protein domains that mediate the interaction of RINGl and 

HPC3, the yeast two-hybrid interaction assay was used. When tested against full 

length RINGl, the HPC3 C-Box is able to reconstitute a similar increase in p- 

galactosidase activity like full length HPC3 (Figure 3.13A). However, the domain of 

RINGl that mediates the interaction with HPC3 is less obvious: The RING finger on 

its own is not capable of maintaining the full interaction strength with HPC3, but
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neither is the ARJNG fusion protein, which does not contain the RING finger (Figure 

3.13B). Therefore, the RING finger domain is apparently necessary, but not sufficient 

for the HPC3-RINGl interaction.

These results are consistent with analyses of interacting domains of RINGl and 

other Pc homologues: XPc, HPC2 and M33 all interact with RINGl through their 

conserved C-Box domain, and it is the C-terminal part of RINGl, not the RING finger, 

which mediates these interactions (Satijn et a l, 1997a; Schoorlemmer et a l,  1997; 

Satijn & Otte, 1999b). Furthermore, the interaction between MPc3 and mouse Ring IB 

also occurs via the C-Box of MPc3 (Hemenway et a l,  2000). Thus, the RINGl- 

Polycomb interaction is apparently not only highly conserved between the different 

species per se, but also in terms of the respective interaction domains. However, how 

RINGl can interact simultaneously with both HPC2 and HPC3 in the same complex 

through the same domain, remains a matter of speculation. One possible mechanism 

could be presented by the fact that RINGl is capable of homodimerisation, mediated 

by both its N- and C-termini (Satijn & Otte, 1999b). So at least two RINGl molecules 

might be present in one complex, which in turn could each interact with a different Pc 

homologue, respectively (Figure 6.1). Alternatively, it could also be possible that 

HPC3 and HPC2 are competitors in the interaction with RINGl and are not present in 

the same protein complex (Figure 6.1). It is not known whether HPC3 and HPC2 can 

interact or homodimerise, or whether their respective presence in the PcG complex 

might be restricted to certain tissues. Recent work by Gunster et al. (2001) indicates 

that the composition of the PcG-m complex can vary in different tissues or even 

among cell types within the same tissue. Clearly, further analysis of the interactions 

between HPC3 and the other PcG proteins is necessary to establish its exact position in 

a PcG complex.

HPC3and BMI1

Another central protein of the PcG-m complex is BMIl, which is involved in a 

number of protein-protein interactions. Among its interactions partners are the Pc 

homologues XPc, M33 and HPC2, but also BMIl itself, RINGl and HPH and their 

respective mouse homologues (Alkema et a l, 1997a; Satijn et a l, 1997a; Hashimoto
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et a l, 1998; Hemenway et a l, 1998; Satijn & Otte, 1999b).

To investigate if the third mammalian homologue of Polycomb is also capable of 

interacting with BMIl, the yeast two-hybrid interaction assay was performed with full 

length HPC3 and mouse Bmil. Human and murine BMIl are 98 % identical, so that it 

is likely that both proteins shown the same features and have the same interaction 

partners.

Cotransformation of HPC3 and Bmil resulted in a 4-fold increase of p- 

galactosidase activity compared to the negative control, which consisted of the empty 

yeast expression vectors (Figure 3.14). In contrast, the tBmil-HPC3 combination only 

gave an approximately 2-fold increase. The p-galactosidase activity from this 

interaction is much lower than when the HPC3-RINGl interaction was analysed 

(compare Figure 3.10), which might result from the high variability of this kind of 

assay: Total P-galactosidase activity varied substantially between the independent 

experiments, which might be caused by varying efficiency of transformation, 

expression, cell lysis or enzyme-substrate interaction. However, negative controls 

were always included, and the experiment was repeated several times with similar 

results. It was therefore concluded that HPC3 is capable of interacting with BMIl in 

yeast and that the BMIl RING finger domain contributes to the interaction strength, 

but further analysis is necessary to confirm this interaction in vivo. Interaction of 

HPC3 with BMIl could implicate a collaboration of these proteins in regulation of the 

ink4a gene locus, a target of BMIl (Jacobs et a l,  1999a; Jacobs et a l,  1999b), 

providing a possible link between HPC3 function and biological processes such as cell 

cycle regulation or apoptosis.

BMIl interacts with M33 and HPC2, respectively (Reijnen et a l, 1995; Hashimoto 

et a l, 1998), which supports the finding that HPC3 can interact with BMH in yeast. If 

HPC3 is capable of forming a trimeric complex with BMIl and RINGl, it is likely to 

be part of the multimeric PcG-m complex (Figure 6.1). However, the existence of 

HPC3-specific foci (see Figure 5.1) indicates that HPC3 could be present in different 

subsets of complexes that do not contain BMH, and further experiments are needed to 

identify other constituents of HPC3-containing complexes.
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RINGm HPC3

BMI

R I N G i n i BM Il

F i g u r e  6.1. HPC3-containing PcG complexes

Schematic overview of the interactions between HPC3 with RJNGl and BMI 1 and 
PcG complexes. The trimeric complex of HPC3, RINGl and BMIl serves as a core 
unit to propose models for human PcG complexes, based on protein-protein 
interactions between RINGl, HPC2 and BMIl (Satijn & Otte, 1999b).
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HPC3 and the PcG complex

Similarly to RINGl, different protein domains of BMIl are involved in protein- 

protein interactions with different proteins. The RING finger domain of BMIl 

mediates its interaction with RINGl and with itself, but although it is necessary, it 

does not appear to be sufficient, since adjacent sequences also appear to be involved. 

In contrast, interaction of Bmil with MPh2 occurs via its helix-turn-helix motif 

(Hemenway et a l, 1998; Satijn & Otte, 1999b). Mouse Ring IB (also known as dinG) 

also interacts with MPh2, and they form a stable complex with Bmil (Hemenway et 

a l,  1998), but interestingly, no interaction was observed between human RINGl and 

HPHl or HPH2 (Satijn & Otte, 1999b). A similar observation was made for Pc 

homologues: HPC2 is capable of interacting with CtBP, whereas its homologue M33 

is not (Sewalt et a l, 1999). It therefore seems possible that unique functions between 

different homologues might be achieved through specific interactions with other 

proteins.

Hemenway et a l  (1998) suggested that mouse Bmil, Ring IB and MPh2 form a 

trimeric complex, in which the interaction between Bmil and MPh2 is stabilised by 

Ring IB. Detailed in vitro and in vivo analyses have shown that these and other 

proteins are associated in a multimeric complex, mediated through specific protein- 

protein interactions between different protein domains (Satijn & Otte, 1999a).

So how does HPC3 fit into the PcG protein-protein interaction network? PcG 

proteins associated with BMH and RINGl in a multiprotein complex are HPC2, 

HPHl, HPH2 and SCM (Satijn & Otte, 1999a). Since both BMH and RINGl can 

homodimerise, it could be possible that their respective protein domains are involved 

in a number of interactions with different proteins. For example, RINGl’s interaction 

with BMH is mediated by its N-terminus, whereas the interaction with HPC2 occurs 

via its C-terminal part. Similarly, interaction between BMH and MPh2 or RINGl 

involves its RING finger and helix-tum-helix motif, respectively (Hemenway et a l, 

1998; Satijn & Otte, 1999b). So if not only one but multiple copies of RINGl and 

BMI 1 are present in the complex, it seems likely that HPC3 could interact with both 

proteins simultaneously (Figure 6.1). Like HPC2 and M33, HPC3 interacts with 

RINGl through its conserved C-Box, however, it remains to be shown which domains
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are responsible for the interaction with BMIl and vice versa, and whether HPC3 or the 

other Pc proteins can also homodimerise.

T r a n s c r i p t i o n a l  r e p r e s s i o n  b y  H P C 3

Drosophila Pc and its vertebrate counterparts all display transcriptional repression 

activity when tethered to DNA by a heterologous DNA-binding domain (Bunker & 

Kingston, 1994; Müller, 1995; Alkema et a l ,  1997b; Satijn et a l ,  1997a; 

Schoorlemmer et a l, 1997). A Pc-GAL4 fusion protein is capable of establishing a 

stable and heritable silenced state of a homeotic reporter gene that is subsequently 

maintained, even if Pc-GAL4 is no longer present, but which is lost in PcG gene 

mutants (Müller, 1995). Consistent with these findings, Satijn et al. (1997) 

demonstrated that HPC2 and RINGl collaborate in repression of reporter gene 

activity. Taken together, these data indicate a functional cooperation between different 

members of the PcG to achieve gene silencing.

Similar to the other Pc proteins, HPC3 is capable of interacting with RINGl, and it 

also contains the conserved domains. Using a CAT reporter gene assay, it could be 

demonstrated that HPC3 also shares the ability to repress transcription with its 

homologues (Figure 4.2). Comparison of the effects HPC3-GAL4 has on reporter gene 

expression in presence or absence of GAL4 binding sites shows that its repression 

activity depends on the presence of the GAL4 UAS: If no GAL4 binding sites are 

present in the reporter gene construct (see Figure 4.1C), CAT expression is hardly 

affected in the presence of small amounts of HPC3-GAL4 fusion construct. Although 

increasing amounts of effector plasmid tend to result in a decrease of CAT protein 

levels in the negative control, the repression by HPC3 still remains significant as 

observed with the pG5tkCAT reporter construct (Figure 4.2). Similar observations 

were made for dose-dependent repression by M33 and RINGl (Schoorlemmer et a l, 

1997). Note that the decrease of CAT expression with the ptkCAT construct becomes 

only obvious when more than 0.3 p.g of HPC3-GAL4 plasmid DNA are cotransfected 

(Figure 4.2). The decrease of CAT expression upon introduction of increasing amounts 

of effector plasmid could be due to squelching of the basal transcription machinery, 

which implicates that limiting components, i.e. co-activators that are required for
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transcriptional activation, are sequestered away from a promoter by interacting directly 

or indirectly with an abundant factor, resulting in repression of transcription (Cahill et 

a l, 1994).

Bunker and Kingston (1994) also argue that overexpression of activators in 

transient repression assays could have a saturating effect, and they demonstrated that 

the amount of GAL4 binding sites influences activation of the reporter genes. It seems 

therefore possible that overexpression of a potent transcriptional repressor such as 

HPC3 can have such a saturating effect as well, resulting in inhibition of both 

activated and basal transcription, which could explain the observed decrease in 

transcriptional activity.

HPC3 can function as a repressor of reporter gene activity when bound either 

proximal or 1.6 kb away from the promoter (Figure 4.3). This ‘repression-at-a- 

distance' is similar to that observed with M33 (Schoorlemmer et a l,  1997) and is 

consistent with other experiments showing that several mammalian and Drosophila 

PcG proteins can exert their repressive effects over several kilobases (Bunker & 

Kingston, 1994; Müller, 1995).

The general repression ability of HPC3 lies within the same range like that of other 

Pc proteins: When tested in similar assays, Pc, XPc, M33 and HPC2 all repress 

transcription of reporter genes down to less than 20 % of the control values, and the 

repression activity of other PcG proteins, notably RINGl and BM ll, also lies within 

this range (Bunker & Kingston, 1994; Alkema et a l,  1997b; Satijn et a l,  1997a; Satijn 

et a l,  1997b; Schoorlemmer et a l, 1997). However, one has to be cautious when 

comparing results obtained independently from different reporter systems, as cell 

types, reporter and fusion constructs, activation domains, binding sites and promoters 

can influence the outcome of a specific assay (Bunker & Kingston, 1994; Satijn et a l, 

1997a).

The repression domain of HPC3

Both HPC2 and M33 repress transcription via their conserved C-Box domain, 

which is also the repression domain of Drosophila Pc (Müller, 1995; Satijn et a l, 

1997b; Schoorlemmer et a l, 1997). Since this domain is highly conserved between Pc
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proteins of different species (ca. 70 % identity; see Table 2.1), it was surprising to find 

that the C-Box is not the repression domain of HPC3 (Figure 4.4). Expression of the 

CAT reporter gene is only reduced down to approximately 50 % of the control value, 

whereas repression by the AC-GAL4 is indistinguishable from that by full length 

HPC3. Although it cannot be excluded at present that this observation is due to 

different reporter systems used for the analysis of the respective C-Box domains, it 

appears that, whereas the C-Box is sufficient for maximum repression in other Pc 

proteins, an additional repression domain is present in HPC3 that mediates its 

repression activity. Notably, studies with Drosophila Pc showed that a C-terminal 118 

residue deletion was less deleterious for repression than a 86 residue deletion (Bunker 

& Kingston, 1994). Consistent with this, an N-terminally extended GAL4 fusion of the 

M33 C-Box was a more potent repressor than either full length M33 protein or the 

M33 C-Box alone (Schoorlemmer et a l, 1997). It therefore appears that sequences 

adjacent to the Pc and M33 C-Boxes can contribute to their repression function.

Analysis of the repression ability of the different HPC3 protein domains in the CAT 

reporter gene assay showed that all GAL4 fusion constructs that contained amino acids 

55 to 147 are able to repress reporter gene transcription in a similar range like full 

length HPC3, whereas fusion constructs that do not contain this domain, show 

significantly less or no repression function (Figures 4.5 & 4.6). The C-Box displays 

some repression ability on its own, but it is not able to achieve a similar degree like 

full length HPC3-GAL4 or the fusion constructs that contain amino acids 55 to 147. 

Thus, it takes an intermediate position when fusion constructs are grouped according 

to their performance in this assay (Figure 4.5). However, it cannot be excluded that a 

N-terminal extension of the HPC3 C-Box could increase its repression ability like it 

was demonstrated with Pc and M33 (Bunker & Kingston, 1994; Schoorlemmer et a l, 

1997). Similarly, it would be interesting to compare repression function of the 

domains of the various Pc homologues that correspond to the repression domain of 

HPC3, however, they have not been analysed to date.

Interestingly, the HPC3 chromodomain shows transcriptional activation activity in 

the reporter gene assay, as its expression resulted in an increase of CAT expression 

when compared to the control value (Figure 4.5 & 4.6). Pc chromodomain mutants had 

been shown to repress equally to or even to a greater degree than wild-type Pc
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(Messmer et a l, 1992; Bunker & Kingston, 1994; Müller, 1995), which is consistent 

with the observation that chromodomains are often found in proteins associated with 

gene silencing functions (Cavalli & Paro, 1998a; Jones et a l,  2000). However, it 

might also be possible that chromodomains are also involved in positive rather than 

negative regulation of transcription, since they have been identified in potential 

transcriptional activators, such as the Retinoblastoma binding protein 1 (RBPl) and 

Drosophila Male-specific lethal 3 (MSL3), both of which are implicated in activation 

of transcription (Koonin et a l, 1995).

In contrast to other studies, in which the chromodomain was analysed by means of 

single amino acid mutations or domain deletions (Messmer et a l, 1992; Bunker & 

Kingston, 1994; Müller, 1995), the HPC3 chromodomain has been analysed on its 

own, rather than in the context of the full length protein. It might therefore be possible 

that a putative activation ftmction is masked in the presence of other protein domains 

in the full length protein. For example, the AC, ARED and CORED fusion constructs 

all contain the chromodomain, but the HPC3 repression domain is also present and 

appears to have a dominant effect in terms of inhibiting an activation ftmction (Figures 

4.5. and 4.6).

How does HPC3 repress transcription?

Since HPC2 interacts with RINGl, and they cooperate in transcriptional repression 

(Satijn et a l, 1997a), it seems possible that HPC3 could also achieve gene silencing 

through interaction with other proteins. Experiments to test functional cooperation 

between HPC3 and RINGl did not give conclusive results (data not shown), but it 

cannot be ruled out at present that their interaction has implications for their respective 

function(s). Similarly, the interaction of HPC3 with BMIl (Figure 3.14) could also 

contribute to HPC3-mediated repression. Exactly how PcG proteins silence genes is 

still unclear, and repression through interaction and recruitment of other factors 

represents a likely mechanism. For example, HPC2 interacts with the corepressor 

CtBP, which in turn is recruited to a variety of repressive complexes, and this 

interaction is mediated by a specific 6-amino acid motif in HPC2 (PIDLRS), a 

conserved CtBP-interaction motif (Sewalt et a l, 1999). Intriguingly, HPC3 contains a
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similar amino acid sequence (PQDLAS; aa 111 to 116) like HPC2 in its RL3 domain, 

and the possibility of interaction with CtBP is currently under investigation. It is 

tempting to speculate that RJNGl, HPC2 and HPC3 can associate with CtBP via 

reciprocal recruitment mechanisms and cooperate in transcriptional repression. All 

four proteins participate in a number of protein-protein interactions, which connect the 

PcG with a variety of biological processes (see Chapter 1), indicating that individual 

PcG proteins or even PcG complexes are involved in the repression of many more 

target genes than just Hox genes, as demonstrated by the interaction with CtBP.

Analysis of PcG proteins indicates that repression by PcG-i complexes involves 

histone deacetylation, whereas the PcG-m complex appears to utilise another silencing 

mechanisms: HD AC inhibitors relief repression by EED, but do not influence 

repression by HPC2 or XPcl (Strouboulis et a l, 1999; van der Vlag & Otte, 1999). 

Consistent with these data, it has been demonstrated that interaction of CtBP and 

Ikaros mediates repression of transcription in a histone deacetylase-independent 

manner (Koipally & Georgopoulos, 2000). Cooperation with other proteins like the 

corepressor CtBP therefore represents a potential silencing mechanism for PcG-m 

proteins. Whether HPC3-mediated repression involves histone deacetylation or 

recruitment of additional factors remains to be investigated.

H P C 3  a n d  P c G  b o d i e s

Analysis of localisation patterns and biochemical interactions has shown that PcG 

proteins form large, heterogeneous multiprotein complexes that associate with DNA 

and can be visualised as distinct nuclear foci (for examples, see Alkema et a l,  1997a; 

H ashim oto et a l,  1998; Satijn & Otte, 1999a and references therein). Co- 

immunolabelling experiments demonstrated that these PcG bodies represent a new 

class of structure that does not overlap with other known nuclear domains, such as the 

nucleolus, Cajal bodies or sites of replication or transcription, although partial 

association with kinetochores was observed. PcG bodies tend to localise to 

chromosome 1 territories and associate with pericentromeric heterochromatin in a 

number of cell lines. The association with chromosomes is maintained throughout 

mitosis by duplication and subsequent segregation of PcG bodies bound to both
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separating chromatids (Satijn et a l, 1997a; Saurin et a l, 1998; Voncken et a l,  1999).

Recent data suggest that PcG bodies are generated by a network of multiple 

interactions between the participating proteins and that subsets of complexes exist that 

differ in composition (Satijn & Otte, 1999a). It has been postulated that BMIl and 

RINGl may serve as core proteins for the establishment of a multimeric PcG complex 

(Satijn & Otte, 1999b). Similar to HPC2, murine Bmil appears to interact with HPC3 

in yeast (Figure 3.14), and given that HPC3 is a new vertebrate Pc homologue, it was 

speculated that HPC3 colocalises with other PcG proteins in the same PcG bodies that 

are known to contain HPC2, BMIl and RINGl (Satijn et a l, 1997a). Analysis of the 

subcellular localisation of endogenous HPC3 clearly supports this prediction, in that 

HPC3 colocalises with PcG bodies in three different human cell lines (Figure 5.1). 

Thus, it appears that RINGl can be associated with BMIl, HPC2 and HPC3 within the 

same PcG body, although the exact nature of these interactions in vivo remains to be 

determined. In addition to the major HPC3 immunofluorescence foci, a more diffuse 

granular staining pattern is also observed (Figure 5.1 A), similar to that reported for 

BMIl, HPC2, RINGl and HPHl (Gunster et a l, 1997; Satijn et a l, 1997a).

Notably, HPC3 foci were observed in U-2 OS and SAOS-2 cells that do not appear 

to contain BMIl (Figure 5.1 A). Further analyses are necessary to determine the nature 

of these dots and whether they associate with another nuclear structure, but it is 

tempting to speculate that they indicate a possible unique function for HPC3.

Interestingly, van Lohuizen et al. (1998) observed a localisation pattern of the PcG- 

i proteins EED and EZH2 that is similar to that of HPC3: a diffuse nuclear staining as 

well as discrete foci, in which both proteins colocalise with HPHl. It might therefore 

be possible that PcG-i proteins are capable of interacting with PcG-m proteins, and 

that these interactions perhaps are difficult to detect due to their transient nature or 

limited sensitivity of yeast two-hybrid or immunoprécipitation approaches. In contrast, 

no colocalisation was observed for EED and EZH2 with HPC2 (Sewalt et a l, 1998).

The hypothesis that HPC3 might have a unique function is further supported by the 

finding that transiently transfected HPC3-GFP colocalises with endogenous RINGl 

(Figure 5.3), but when compared with endogenous BM Il, both total and no 

colocalisation can be detected (Figure 5.4). The ability of endogenous HPC3 to form 

additional dots that do not contain BMIl is apparently reflected by exogenous HPC3.
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In line with the hypothesis that PcG bodies could represent storage domain where 

surplus PcG proteins are stored until required (Saurin et a l, 1998), it could be argued 

that overexpression leads to localisation of HPC3-GFP to BMI 1 -containing bodies, 

once a certain level of expression is reached. Conversely, it might be possible that 

overexpression of HPC3 leads to dissociation from BMIl and PcG bodies. It is not 

known, for example, whether the colocalisation of HPC3-GFP and RJNGl (Figure 

5.3) also includes BMIl, and further studies are needed to determine composition and 

function of the HPC3-specific foci.

T h e  l o c a l i s a t i o n  d o m a i n  o f  H P C 3

The C'Box is necessary, but not sufficient for HPC3 iocaiisation

The C-Box domain of Pc and its homologues is involved in mediating protein- 

protein interactions and repression activity (for examples, see Satijn et a l,  1997a; 

Satijn et a l, 1997b; Schoorlemmer et a l, 1997). Expression of a HPC2 mutant that 

lacks the C-Box results in transformation of the transfected cells as marked by 

phenotypic changes and altered marker gene expression, which can be reversed by 

subsequent transfection of full length HPC2 (Satijn et a l, 1997b).

In contrast, although mediating the interaction with RINGl, the HPC3 C-Box is not 

the repression domain of HPC3 (Chapters 3 & 4). Confocal analysis revealed that a C- 

Box-GFP fusion protein does not localise to nuclear foci, but is uniformly distributed 

in the whole cell (Figure 5.6). This surprising observation stands in contrast to the fact 

that the HPC3 C-Box mediates the interaction with RINGl, and it had been expected 

that it would therefore be targeted to RING 1 -containing PcG bodies. It might be 

possible that the GFP tag interferes with the interaction of the C-Box with RINGl, 

which could then result in incorrect localisation. However, the GAL4-tagged C-Box is 

still capable of interacting with RINGl when tested in the yeast two-hybrid interaction 

assay (Figure 3.13), although interaction of the C-Box-GFP with RINGl will have to 

be verified to rule out any possible influence of the GFP tag.

Although the localisation pattern of the HPC3-C-Box seems inconsistent with the 

yeast two-hybrid data, it might be that it is the interaction with components of the PcG
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complex other than RINGl that leads to localisation of HPC3 to PcG bodies, and this 

could be mediated by other domains than the HPC3 C-Box.

But it is clear that the C-Box contributes to the correct subcellular localisation of 

full length HPC3-GFP, since the nuclear foci formed by the AC protein do not 

resemble the localisation pattern of full length HPC3 (compare Figures 5.2C and 5.8), 

they are smaller and have a more granular appearance. In addition, they also localise to 

nucleoli, which tend to be excluded by the full length protein. Comparison of the 

projection image with a single optical section shows that PcG bodies, labelled by 

RINGl staining, associate with the AC foci and partially overlap (Figure 5.8). 

Therefore, although the C-Box on its own is not sufficient for targeting HPC3 to PcG 

bodies, it is necessary for maintaining the correct localisation pattern.

HPC3 domains and subcellular localisation

Comparison of the subcellular localisation of the fusion proteins revealed that they 

can be divided into two groups: constructs generating fusion proteins that localise only 

to the nucleus and form distinct foci (Figure 5.9A), and constructs, whose resulting 

GFP fusion proteins are uniformly distributed throughout the whole cell (Figure 5.9B), 

similar to the localisation pattern of the empty GFP vector (Figure 5.2B).

This division is similar to the grouping of GAL4 expression plasmids based on their 

activity in the repression assays: Here, one group consists of the expression constructs 

that show similar repression ability to the full length protein, whereas constructs in the 

other group that have significantly less or no repression function (see Figures 4.5 and

4.6).

Interestingly, all fusion proteins that localise to the nucleus and are capable of 

forming distinct nuclear domains contain the 92-amino acid stretch between the HPC3 

chromodomain and RED domain (Figure 5.10), which was also found in all the GAL4 

fusion constructs with repression ability similar to full length HPC3 (see Figures 4.5 &

4.6). Since this particular domain appears to be involved in both repression and 

localisation of HPC3, it was termed 'repression-localisation domain of HPC3’ (RL3).

It seems noteworthy that none of the fusion proteins are completely excluded from 

the nucleus, although C-Box-, CD- and RED-GFP do not contain any of the two
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putative nuclear localisation signals (Figure 5.9B). Conversely, the FLARED protein 

includes both NLS, but tends to accumulate in the cytoplasm (Figure 5.16), whereas 

the REDAC and ACD proteins contain one or both NLS, respectively, and distribute 

uniformly throughout the whole cell (Figure 5.9B). It is therefore not clear if  and in 

what way the nuclear localisation signals contribute to localisation of HPC3, and 

further deletion or mutation analysis will be necessary to establish their function.

The RED domain on its own is not sufficient to mediate correct localisation of 

HPC3 (Figure 5.9B), but since the FLARED protein primarily localises to the 

cytoplasm and appears to be excluded from the nucleus (Figure 5.16), the RED 

domain is necessary in the context of the full length protein for nuclear localisation. 

The distribution of the FLARED protein is surprising, since the other Pc homologues, 

which do not contain a RED domain, all colocalise with other PcG protein in nuclear 

foci. The dramatic change of the HPC3 localisation pattern resulting from deletion of 

the RED domain was unexpected, since all other protein domains remain intact. 

However, it is possible that the RED domain influences the overall structure of the 

HPC3 protein, or alternatively, that it represents a protein-protein interaction motif 

needed for nuclear localisation, which could explain its deletion phenotype. 

Interestingly, the HPC3 RED domain aligns with a Pc poly-His sequence (Figure 2.4). 

The function of the poly-His stretches of Drosophila Pc is not known, but it was 

shown that their deletion leads to subtle changes of the Pc localisation pattern (Franke 

et a l, 1995). Thus, although the functions of both HPC3 RED domain and Pc poly-His 

stretches remain elusive, it is tempting to speculate that their similar position indicates 

a similar function.

T h e  R L 3  d o m a i n

The full length, AC, ARED and RED ACD HPC3-GFP fusion proteins all localise to 

the nucleus and form nuclear foci and aggregates. Comparison of the corresponding 

constructs shows that they all contain the RL3 domain between the chromo- and the 

RED domain (Figure 5.10). When expressed as a GFP fusion protein, the RL3 domain 

localises to nuclear foci, which (Figure 5.11), further supporting the hypothesis that 

this domain is the minimal unit necessary to localise HPC3 to nuclear foci.
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The dominant effect of the RL3 domain on localisation is clearly illustrated by 

comparison of the CD localisation pattern with that of ARED, and RED localisation 

with that of RED ACD: Both the chromodomain and the RED domain on their own are 

not capable of mediating nuclear localisation, but when these domains are flanked by 

the RL3 domain, the respective fusion proteins are targeted into distinct nuclear foci 

(Figure 5.9). Intriguingly, this is reminiscent of the observation that the CD-GAL4 

protein shows transcriptional activation in the reporter gene assay, but the presence of 

the RL3 domain is sufficient to reverse this into a repression activity similar to the full 

length protein (Figure 4.5). These results strongly suggest that the RL3 domain 

represents a functional domain that is implicated in both repression and localisation of 

the HPC3 protein.

However, the ACD fusion protein, which corresponds to full length HPC3 missing 

the chromodomain, localises ubiquitously in nucleus and cytoplasm (Figure 5.9B & 

5.10), consistent with the findings that deletions or mutations in the Pc chromodomain 

lead to dissociation of Pc from chromosomes (Messmer et a i, 1992; Franke et al., 

1995). The ACD localisation phenotype contradicts the postulated localisation function 

for RL3 and implies that the chromodomain contributes to localisation of full length 

HPC3. Conversely, the RED ACD protein, which consists of the RL3 and the RED 

domain, but not the chromodomain, is found in distinct domains in the nucleus (Figure 

5.9A). It therefore appears that in the case of the ACD protein, the presence of the RL3 

domain is not sufficient for nuclear localisation.

The comparison of the different HPC3 domains in both repression and localisation 

studies has provided very interesting insights into their functions. However, such an 

analysis of isolated domains can generate artefacts and produce false-positive or false- 

negative results. Therefore, it has to be interpreted with caution, since the proper 

function of a domain might depend on the context of the full length protein.

The role of the HPC3 chromodomain in repression and localisation is somewhat 

unclear: In the repression assay, the HPC3 chromodomain on its own has an activating 

function, but this is masked by the presence of the RL3 domain, whose presence 

results in wild type-like repression (Figures 4.5 & 4.6). However, the absence of the 

chromodomain prevents nuclear localisation for the ACD protein, which is apparently 

not influenced by the RL3 domain (Figure 5.9). These contradicting observations
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suggest that the function of the HPC3 chromodomain is dependent on the context of 

the full length protein, although the RL3 domain is clearly involved in mediating 

repression and nuclear localisation.

A more detailed analysis of the RL3 foci showed that no colocalisation with PcG 

bodies can be observed (Figure 5.12). It therefore appears that, although RL3 seems 

necessary for forming nuclear foci, it is not sufficient for localisation to PcG bodies. 

The C-Box was shown to contribute to HPC3 localisation, but it is not sufficient, and 

further experiments have to be carried out to analyse the role of the different HPC3 

domains. It will be of particular interest to investigate if interaction with other proteins 

is involved in targeting HPC3 to PcG bodies as well as to HPC3-specific foci.

It is possible that the RL3 domain colocalises with another nuclear structure, and to 

investigate this, colocalisation of RL3 with another nuclear structure than PcG bodies 

was investigated by comparison with the oncoprotein PML, a component of prominent 

nuclear domains termed PML bodies (Hodges et al., 1998). Although an association 

between some RL3 and PML bodies could be detected, the majority of the foci do not 

colocalise (Figure 5.13), similar to observations that RJNGl infrequently associates 

with PML bodies (Satijn e /a /., 1997a; Saurin et a l,  1998). However, numerous 

structures are present in the nucleus (Dundr & Misteli, 2001), and it cannot be ruled 

out that the RL3 protein localises to domains other than PcG or PML bodies. Further 

interaction and localisation analyses are necessary to determine the exact nature of the 

RL3 foci.

Interestingly, when localisation of the RL3-GFP protein was compared to that of 

cotransfected full length HPC3-HA, it was observed that the localisation patterns of 

both proteins vary within the same population of transfected cells: Total, partial and no 

colocalisation of RL3-GFP and HPC3-HA occur (Figure 5.14). Considering that RL3 

does not colocalise with either RINGl or BMIl (Figure 5.12), but full length HPC3- 

GFP does (Figures 5.3 & 5.4A) and that full length HPC3-HA colocalises with 

endogenous BMIl as well as with full length HPC3-GFP (Figure 5.5), it appears that 

RL3 can influence the localisation pattern of exogenous HPC3. One possibility is that 

RL3 overexpression gradually dissociates full length HPC3-HA from PcG bodies, 

which could explain the ‘intermediate’ localisation patterns, where HPC3-HA partially 

colocalises with RL3-GFP, but is also detected in foci that do not contain RL3 (Figure
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5.14, middle panels).

Since the RL3 domain shows dominant functions in mediating repression and 

localisation, it seems feasible that it could also exert a similar effect by protein-protein 

interactions and thus target other proteins away from their correct localisation sites. 

The result shown in Figure 5.14 suggests that RL3 can interact with HPC3, but it 

remains to be shown whether HPC3 can homodimerise and whether this could be 

mediated by the RL3 domain. Similarly, the identification of interactions with other 

proteins and RL3 will provide more insight into its effects on nuclear localisation and 

repression.

Recent data suggest that interactions between PcG-i and PcG-m proteins are not as 

exclusive as it was initially postulated (for example, see Garcia et a l, 1999), and it has 

been revealed that many of the proteins, which had originally been classified as 

constituents of the PcG-i complex, such as Rpd3, p55 and dMi-2, cofractionate with 

the Drosophila PRCl complex (Saurin et a l, 2001). Endogenous HPC3 forms foci 

that do not contain BMIl (Figure 5.1), and an interaction of HPC3 with PcG-i proteins 

has not yet been investigated. So it might well be possible that HPC3 can associate 

with more than one subset of PcG complexes, which could give rise to the variety of 

localisation phenotypes.

However, one has to keep in mind that overexpression of proteins or protein 

domains can result in aberrant localisation compared to endogenous protein, 

particularly if, as in case with RL3, a particular domain is analysed out of the context 

of the full length protein. Since the RL3 domain contains a putative nuclear 

localisation signal, it has to be considered that this could mediate entry into the 

nucleus, where the fusion protein then aggregates into large foci, which do not 

necessarily have to convey a specific function.

Taken together, the RL3 domain is involved in transcriptional repression by and 

subcellular localisation of HPC3 and therefore represents a functional domain of the 

HPC3 protein. Clearly, further analysis is necessary to determine its role in mediating 

HPC3 function(s) and whether it is HPC3-specific or if it is also a functional domain 

for other Polycomb proteins.

170



C h a p t e r  6: D iscussion

A r e  P c G  c o m p l e x e s  d y n a m i c  s t r u c t u r e s ?

An initial analysis of the localisation of HPC3-GFP in the nucleus over a period of 

time has shown that the foci formed by the fusion protein appear to move within the 

nucleoplasm to fuse together to larger domains, which seem less mobile than the 

smaller dots (Figure 5.17). This time-course analysis could indicate that PcG proteins 

or complexes are capable of movements in the nucleus, however, further experiments 

are necessary to establish the nature of their possible dynamics. The observed 

aggregation to larger clusters could also result from overexpression of the GFP fusion 

protein, and the disappearance of the smaller foci might be due to protein degradation, 

rather than indicating real molecular movements.

But since it has been observed that HPC3 localises to different types of foci, it 

seems possible that a dynamic exchange between different foci could occur, with 

proteins ‘shuttling’ back and forth between different loci. The finding that a number of 

protein can be found in both PcG-m and PcG-i complexes (Saurin et a l, 2001) could 

provide support for this hypothesis. If and how an exchange of components between 

different complexes takes place, remains to be determined.

Nuclear compartments are stable structures, but it has been demonstrated that their 

components are in continuous flux between compartment and nucleoplasm, and the 

residence time of most proteins in compartments is in the order of a minute or less, 

indicating a rapid exchange rate (Phair & Misteli, 2000).

Time-lapse microscopy revealed that interphase chromatin has only restricted 

mobility (Marshall et a l, 1997), but experiments using the fluorescence recovery after 

photobleaching (FRAP) technique have shown that chromatin-binding proteins such as 

histone HI continuously and rapidly exchange between binding sites, with the 

exception of core histones, which generally reside on chromatin for several hours 

(Lever et a l,  2000; Misteli et a l, 2000). It remains to be shown whether specific 

heterochromatin proteins like HPl or Pc are mobile or immobile in heterochromatin. 

The transient interactions of structural chromatin-binding proteins may contribute to 

the dynamics of chromatin itself, and it has been suggested that the rapid exchange 

rate might be essential for transcriptional activators to gain access to binding sites. 

Thus, controlling the exchange rate of a protein on chromatin could contribute to the 

regulation of gene expression (Misteli, 2001).
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Transcriptional regulation by PcG proteins through altering higher order chromatin 

structure could therefore well include dynamic association with chromatin. However, 

considering that they are responsible for the maintenance of the repressed state, rather 

than being involved in its establishment, the proposed model would argue against 

dynamic movements of PcG proteins. The fact that a number of PcG proteins remain 

associated with chromosomes during mitosis (Saurin et a l, 1998) is also in favour of 

the hypothesis that PcG proteins remain associated with chromatin in a stable manner. 

Others have reported that chromatin-association of a PcG protein is not constant, but 

dependent on the cell cycle status (Voncken et a l, 1999), and a detailed analysis of 

PcG dynamics needs to be carried out to gain further insights.

F u n c t i o n a l  d i v e r s i t y  t h r o u g h  p r o t e i n - p r o t e i n  i n t e r a c t i o n s

PcG proteins associate in heterogeneous multiprotein complexes that vary in size 

and composition (Satijn & Otte, 1999a). The members of different PcG complexes 

usually do not interact or colocalise (Sewalt et a l, 1998; van Lohuizen et a l,  1998; Ng 

et a l , 2000), although some proteins have been shown to associate with both the PcG-i 

and the PcG-m complex (for examples, see Garcia et a l,  1999; Satijn et a l,  2001; 

Saurin et a l, 2001).

The numerous intra-PcG interactions are supplemented by a variety of interactions 

with non-PcG proteins, which provide molecular links to many different biological 

processes. EED, EZH2 and YYl interact with histone deacetylases and the histone- 

binding protein p55, a subunit of the remodelling complex NURF that also binds to the 

RB protein (Yang et a l,  1996; Tie et a l, 2001). Among the interacting partners of 

PcG-m proteins are CtBP, Ikaros, RYBP and E2F6 (Brown et a l, 1997; Garcia et a l, 

1999; Sewalt et a l, 1999; Trimarchi et a l, 2001), which in turn can associate with 

many different molecules or, as it is the case with CtBP and Ikaros or E2F6 and 

RYPB, respectively, can even interact with each other (Koipally & Georgopoulos, 

2000; Trimarchi et a l, 2001; see Figure 1.1).

Many of these PcG-interacting proteins are linked to biological processes such as 

chromatin remodelling, cell proliferation, senescence, differentiation and 

tumourigenesis. Since the molecular mechanism of PcG-mediated repression still
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remains elusive, the identification of PcG-interacting proteins provides interesting 

insights into PcG functions.

HPC3 and ENL

Murine and human Pc3 both interact with ENL and the highly related AF9 proteins, 

fusion partners of the MLL protein, which is often involved in chromosomal 

translocation events associated with the development of leukaemias (Garcia-Cuellar et 

a l,  2001; Hemenway et a l, 2001). Interestingly, the Pc3 domain that mediates the 

ENL/AF9 interaction does not overlap with any of the described functional domains: It 

is the sequence stretch between the RED domain and the C-Box, which does not 

display any special motif or conserved sequences. The Pc3-interaction domain of both 

ENL and AF9 lies in their respective C-termini, which is also the part that becomes a 

MLL fusion partner (Garcia-Cuellar et a l, 2001; Hemenway et a l, 2001). MLL is the 

human homologue of the Drosophila Trithorax protein and in analogy to Trx function 

in flies, it is implicated in maintenance of mammalian Hox gene expression. It contains 

a highly conserved SET domain, which is often found in proteins that are thought to 

influence chromatin-regulated expression. Translocation events involving the mil gene 

frequently result in deletion of the SET domain, which is replaced by sequences from a 

variety of heterologous proteins (Saha et a l, 1998).

The C-terminal domain of ENL, which is necessary for the interaction with HPC3, 

is essential for the transforming capacity of the MLL-ENL fusion protein, whereas the 

MLL moiety provides DNA-binding activity (Slany et a l, 1998). MLL belongs to the 

trxG of transcriptional activators, and although the functions of ENL and AF9 are not 

fully established, it has been demonstrated that ENL has transcriptional activation 

potential. This activity is retained upon fusion to MLL, since it is conveyed by the C- 

terminus of ENL (Slany et a l, 1998; Schreiner et a l, 1999). Moreover, ENL and AF9 

show significant similarity to TFG3, a component of the yeast SWl/SNF complex 

(Cairns et a l, 1996).

The properties of HPC3, MLL and ENL appear to be antagonistic, and the 

interaction between HPC3 and ENL provides interesting implications for the functions 

of both proteins. Since PcG proteins form multiprotein complexes through non
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overlapping protein binding sites, it might well be possible that ENL and AF9 are 

associated with a PcG complex. However, AF9 does not interact or colocalise with 

M33 (Hemenway et a l,  2001), which is reminiscent of CtBP being capable of 

interaction with HPC2, but not M33 (Sewalt et a l, 1999), indicating functional 

specificity between Pc homologues. Interestingly, it was observed that HPC3 forms 

distinct nuclear foci in U-2 OS and SA0S2 cells that do not contain BM Il, which 

further supports a possible unique function of Pc3. It remains to be shown whether 

AF9 or ENL also localise to these HPC3-specific foci, whether they associate with 

other PcG proteins as well and whether HPC3 and ENL might also cooperate on a 

functional level.

The HPC3-ENL/AF9 association provides an intriguing implication for a possible 

role for HPC3 and the PcG in leukaemogenesis. The MLL and MLL-fusion proteins 

generally colocalise, and the MLL-fusion proteins retain DNA-binding activity (Yano 

et a l,  1997; Slany et a l,  1998). Thus, it could be possible that PcG complexes are 

recruited via interaction of HPC3 with ENL or AF9 to MLL target genes and inhibit 

their expression, which could subsequently contribute to leukaemogenesis. In contrast, 

it might also be possible that MLL is recruited inappropriately to PcG target sites to 

promote transcriptional activation of normally silent genes. Further analyses have to 

be carried out to elucidate the link between repression and activation that is provided 

by the Pc3-ENL/AF9 interaction.

C o n c l u s i o n s  a n d  f u t u r e  w o r k

The molecular analyses described have provided a substantial amount of data that 

has enabled a detailed characterisation of HPC3. Its classification as a new human Pc 

homologue is based on its Pc-typical features, such as the presence of the conserved 

chromodomain and C-Box, ubiquitous expression, its interaction with RINGl and 

BM Il, its localisation to PcG bodies and its ability to function as a long-range 

transcriptional repressor. In contrast, a variety of observations have been made that 

distinguish HPC3 from the other Pc proteins: The temporal regulation of the pc3 gene 

expression points to a role for Pc3 in early development; it contains the unusual RED 

domain, which is not found in any other PcG protein; it can form nuclear foci that do
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not contain the PcG protein BMIl; and its conserved C-Box domain is apparently not 

mediating HPC3 repression activity. Additionally, Pc-typical features like localisation 

and repression involve a domain of HPC3, to which no function has been assigned to 

in other homologues so far.

Taken together, the analysis of HPC3 is by no means final. The characterisation of 

the HPC3 protein domains, as presented in Chapters 4 and 5, has produced interesting, 

but sometimes contradicting results. In order to gain more specific insight into how 

HPC3 represses transcription and mediates nuclear localisation, the analysis of the 

different domains needs to be extended and refined, particularly by investigating their 

respective functions in the context of the full length protein.

A further characterisation of MPc3 using transgenic or knockout approaches would 

provide valuable insights into the relevance of the early downregulation of pc3 and 

into specific functions of Pc3 and possibly further establish links to its involvement in 

biological processes such as leukaemogenesis.

The interaction of HPC3 with RINGl and BMIl has been verified, however, 

additional studies need to be performed to further determine involved protein domains, 

so that HPC3 can be properly integrated into the PcG protein interaction network. The 

interaction with ENL and AF9 represents an intriguing insight into possible functions 

of HPC3, and the identification of additional HPC3-interacting proteins will therefore 

be of great interest.

The refinement of protein-protein interactions involving HPC3 will also be useful 

in further analysing its repression function. The fact that mutant PcG gene phenotypes 

overlap and that PcG proteins associate in multiprotein complexes and can silence 

genes in a dose-dependent manner supports the hypothesis that they collaborate on a 

functional level, but the exact nature of this cooperation has not yet been established.

Clearly, the function of the RL3 domain still remains enigmatic. It will be of 

particular interest to test whether it is able to mediate protein-protein interactions and 

how this could contribute to its functions in mediating HPC3 localisation and 

repression. A comparison with the corresponding domains of the other homologues 

would help to establish whether RL3 is specific for HPC3 or if it displays similar 

features in other Pc proteins.

The aspect of protein dynamics of the PcG has not been addressed so far, and the
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recent development of new microscopy techniques could be of great advantage to gain 

further insights into PcG function, possibly through establishing spatial relationships 

with other proteins or specific chromatin loci.

Protein-protein interactions have supplied a number of links between the PcG and 

its involvement in a variety of crucial biological processes. Transcriptional profiling 

using microarrays could be a very useful tool for better understanding HPC3 function 

on a regulatory basis by identifying direct or indirect target genes, which are at present 

still unknown.
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C hapter  7: Material and Methods

P C R  a n d  s u b c l o n i n g  o f  H P C 3  c D N A

To clone the full-length or partial HPC3 cDNA into various bacterial or mammalian 

expression vectors, conventional Polymerase Chain Reaction (PCR) was performed 

with appropriate primers that incorporated convenient restriction enzyme sites.

For the PCR, proof-reading Pfu Polymerase (Promega) was used as follows:

5 |il lOx Pfu reaction buffer 

0.2 mM of each dNTP 

2 ng forward primer 

2 ng reverse primer 

1 |il Pfu Polymerase 

0.5 |xl DNA template 

dH20 to 50 |il

PCR reactions were usually performed with the following cycling parameters:

1 cycle: 1 min at 94°C

30 cycles: 30 sec at 94°C

1 min at the primer annealing temperature 

1 min at 72°C 

1 cycle: 10 min at 72°C

The resulting PCR product was analysed by agarose gel electrophoresis, and extracted 

from the gel using Qiaquick columns (Qiagen), according to the manufacturer’s 

protocol. The purified DNA was then ligated over night into the pCR-Blunt vector 

(Invitrogen).
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The ligation was used for transformation into E. coli cells, which were plated out on 

agar plates containing the appropriate antibiotic. Resulting colonies were used for 

inoculating 5 ml of LB medium over night, and small-scale plasmid isolation (mini 

preps) was carried out the next day. Plasmid DNA was subjected to restriction enzyme 

digest and sequencing to check the insert.

Touchdown PCR

This PCR technique (Don et a l, 1991; Roux, 1995; Hecker & Roux, 1996) is used 

to achieve maximum specificity in primer annealing and to avoid primer mismatches 

during PCR. This can be of importance in case only a low amount of template DNA is 

present or, in case of RT-PCR, the targeted transcripts represent only a very small 

portion of the cDNA pool.

When doing touchdown PCR, the annealing temperature in the first set of cycles is 

set at least as high or even exceeding the calculated annealing temperature for the 

primers used in the reaction. Thus, maximum annealing specificity is achieved in the 

first cycles, although the frequency of the annealing events is reduced accordingly, 

when compared to conventional PCR. But this changes in the following cycles, in 

which the annealing temperature is decreased down to the matching annealing 

temperature for the primers, or even below, in order to ensure sufficient amplification 

of the PCR product. The cycling paramétrés for touchdown PCR used in this work 

were as follows:

5 cycles: 30 sec at 94°C

30 sec at 64°C 

1 min at 72°C

5 cycles: 30 sec at 94°C

30 sec at 62°C 

1 min at 72°C

25 cycles: 30 sec at 94°C 

30 sec at 60°C 

1 min at 72°C

1 cycle: 10 min at 72°C
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D i r e c t  c l o n i n g  o f  H P C 3

If no PCR amplification was necessary, a direct cloning strategy was used to ligate 

the HPC3 cDNA into the desired vector.

For this, the vector and the HPC3 template were digested using the same restriction 

enzymes, and the DNA was extracted from an agarose gel. If only one restriction 

enzyme was used in the digest, the vector was subjected to dephosphorylation 

before setting up the ligation as follows:

2 |il lOx ligation buffer 

2 |il vector DNA 

10-15 |xl insert DNA

1 |xl T4 DNA Ligase (New England Biolabs) 

dHiO to 20 jil

Ligation was carried out at 16°C over night. After ethanol precipitation, the DNA was 

resuspended in 10 |xl dHzO, and the whole reaction was used for transformation of 

electrocompetent XL-1 blue E. coli cells. The resulting clones were analysed by 

restriction digest and sequencing.

R e s t r i c t i o n  e n z y m e  d i g e s t i o n  o f  D N A

DNA was generally digested in a 20 pi volume at 37°C for 1 h. The enzyme 

concentration did not exceed 10 % (v/v) and glycerol was kept below 5 % (v/v) to 

prevent ‘star’ activity. Enzymes were obtained from New England Biolabs, and digests 

were performed in appropriate buffers, supplied by the manufacturer Avith the enzyme. 

All digests were analysed by agarose gel electrophoresis.

A g a r o s e  g e i  e l e c t r o p h o r e s i s

Agarose gels (1 % w/v in TAE; 40 mM Tris-acetate, pH 7.5, 2 mM EDTA) were 

prepared with ethidium bromide (ca. 1 pg/ml). The percentage of the agarose in gels 

was determined according to the size of the DNA fragments to be resolved.
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Gels were generally run at 140 V in Ix TAE buffer, and DNA was visualised on a UV 

transilluminator.

DNA sequence analysis

PCR cycle sequencing using fluorescent dye-labelled terminators during the 

enzymatic extension reactions was employed for all DNA sequencing. All PCR 

cycling reactions were set up as followed:

8 til Terminator Ready Reaction Mix (see below)

2 |xl DNA template (double-stranded)

3.2 pmol primer 

to 20 |xl dHiO

The terminator ready reaction mix used was a single-use ABI Prism Dye 

Terminator Cycle Sequencing Ready Reaction Mix (Perkin Elmer), incorporating 

AmpliTaq DNA polymerase, FS (Roche). Following thermal cycling, unincorporated 

nucleotides were removed by ethanol precipitation, and cycle sequencing reactions 

were loaded on an automated sequencing machine.

Isolation of DNA from agarose gels

Following agarose gel electrophoresis, DNA gel slices were excised under UV 

light. DNA was extracted from these gel slices using Qiaquick columns (Qiagen) 

following the gel extraction protocol supplied by the manufacturer. Purified DNA was 

eluted from the silica-based solid support using 30-50 |il deionised water.

Déphosphorylation

To prevent re-ligation of vector DNA, dephosphorylation of the linearised vector 

DNA was performed, using 1 |il alkaline Phosphatase from calf intestine (Boehringer 

Mannheim) in the provided dephosphorylation buffer for 1 hour at 37°C. The reaction
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was stopped by ethanol precipitation, and the DNA was then usually resuspended in 

20-30 pi dHiO and stored at -20°C to be used for further use.

Precipitation and quantification of piasmid DNA

Plasmid DNA was precipitated from solutions by the addition of 1/10 volume of 

3 M Na-Acetate, pH 4.6 and 2.5 volumes of absolute, ice-cold ethanol. Precipitations 

were placed on dry ice for 10-15 min or at -20°C for 30-60 min prior to centrifugation 

at 13 000 rpm for 30 min. DNA pellets were washed with 70 % ethanol to remove salt 

and air dried. DNA was resuspended and stored in deionised water at -20°C. DNA 

concentration was determined for 1:200 dilutions of stocks according to the following 

formula: Absorbance of one A2 6 0  unit indicates a DNA concentration of approximately 

50 pg/ml.

Transformation of E. coii with piasmid DNA

Electroporation of electrocompetent cells was routinely used for the transformation 

of E. coli with plasmid DNA. E. coli were prepared for electroporation as follows: 

Cells were grown to mid-log phase (A 595  = 0.4-0.6) in Luria Broth (LB; 1 % 

bactotryptone, 1 % NaCl and 0.5 % Bacto-yeast extract) at 37°C with shaking. Cells 

were collected by centrifugation at 4 000 rpm at 4°C, and washed subsequently with 

decreasing volumes of deionised water and finally resuspended in 2-3 ml of 10 % 

glycerol. Electrocompetent E. coli cells were stored in single-use aliquots at -70°C. 

Electroporation was carried out using a BioRad Gene Pulsar, with settings 1.67 kV, 

25 |iF, 200 Q in a 1 mm path-length cuvette. Following electroporation, cells were 

recovered in LB at 37°C for 1 h, before plating on LB-agar (2 % w/v agar) containing 

appropriate antibiotics and incubation at 37°C overnight.

isoiation of piasmid DNA from E. coii

Routine large-scale (‘maxi-preps’) plasmid DNA isolations were carried out using 

the Qiagen MAXI prep kits according to the manufacturers instructions (Qiagen),
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while plasmid mini-preps were either carried out on a BioRobot 9600 (Qiagen) or 

using the Qiagen MINI prep kits. Both procedures are based on the alkaline lysis 

method (Sambrook et a l,  1989), but use a silica-based support colunrn to purify 

isolated plasmid DNA.

Bacteria! expression of a HPC3-GST fusion protein

The full length HPC3 cDNA was cloned into the pGEX-30x expression vector and 

transformed into the E. coli BL21 strain. Small-scale test inductions were carried out 

with several isolated clones: 50 ml LB medium containing the appropriate antibiotic 

were inoculated with overnight cultures and grown at 37°C with vigorous shaking 

until their ODôoo was 0.7-0.9. Before induction, 1 ml of bacterial culture was removed. 

After induction with 1 mM IPTG, cells were grown for 4 hours, with a sample being 

removed once every hour.

Bacterial samples were centrifuged to pellet cells, which were then resuspended in 

200-500 |il reducing buffer and sonicated twice with bursts of 15 sec to ensure full cell 

lysis. SDS-PAGE followed, and the protein gel was stained with staining solution 

(0.1 % Coomassie Blue, 40 % Methanol, 10 % glacial acetic acid in dHzO) over night 

before destaining (40 % Methanol, 10 % glacial acetic acid in dHiO).

Production of a HPC3 polyclonal antiserum

The HPC3-GST fusion protein was found to be insoluble, being present in bacterial 

inclusion bodies. For purification, cells were collected by centrifugation 4 hours after 

IPTG induction and resuspended in 10 ml cold PBS before sonication (4x 30 sec). 

Centrifugation followed at 10 000 rpm for 10 min at 4°C, and the resulting cell pellet 

was resuspended in 10 ml cold 20 mM Tris-HCl with 6 M urea and incubated on ice 

for 45 min, with occasional inverting. After centriftigation, the supernatant was taken 

off and stored at -20°C.

The protein extract was applied to SDS-PAGE (10 %) in preparatory scale wells. 

The 66-kDa GST-HPC3 band was cut from the gel, diced with a scalpel and 

transferred into dialysis tubing. The sample was then placed in a flatbed gel
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electrophoresis tank containing protein gel running buffer (25 mM Tris, 192 mM 

glycine, 0.1 % SDS) and electro-eluted at 100-150 V for 1 h. The resulting sample was 

analysed by SDS-PAGE and Western Blot. This material was then used directly in a 

rabbit immunisation protocol (Clare Hall laboratories, ICRF).

Purification of anti-HPC3 peptide antisera

Crude polyclonal antisera were affinity purified using antigen-coupled NHS- 

activated sepharose (Pharmacia) according to the manufacturer’s protocol. NHS- 

sepharose was activated using 1 mM HCl, prior to incubation overnight at 4°C with the 

corresponding antigen. The antigen was dissolved in coupling buffer (200 mM 

NaHCOs, 500 mM NaCl, pH 8.3), and antigen solution was added at a concentration 

of 1 mg antigen per ml sepharose beads. Following antigen incubation, unreacted 

NHS-groups were blocked by incubation with 10 mM ethanolamine. The antigen- 

coupled sepharose was then incubated with crude, precleared antisera overnight at 4°C 

with mild agitation. Unbound antibody was washed extensively with PBS, before 

elution of antigen-specific antibody with 2 M glycine (pH 2.8).

The eluted antigen-specific antibody was neutralised to pH 7.0-7.5 and the 

concentration determined at ODigo.

Mammaiian ceii cuiture

A  variety of mammalian cell lines were used throughout this study and were 

obtained through the ICRF cell production service. Adherent cells were cultured as 

monolayers in Dulbecco’s modified Eagle’s medium (DMEM) containing 10 % foetal 

calf serum (FCS), 4 mM glutamine, lOOU/ml penicillin, 100 |Xg/ml streptomycin. 

Cells were passaged by removing media, washing once with PBS to remove traces of 

serum, and incubating with 0.06 % (w/v) trypsin in versene for ~2 min. The addition 

of complete growth medium inactivated the trypsin once adherent cells were 

dislodged. Seeding was performed at dilutions appropriate to the cell line.
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Transient transfection of mammalian cell lines

Lipid transfection method

Cells were transiently transfected using either the SuperFect (Qiagen) or the 

LipofectAMINE (GIBCO BRL) transfection reagent according to the manufacturer’s 

protocol. Essentially, cells were grown to 60-80 % confluency before washing with 

PBS. The formation of the DNA-polycationic transfection complex took place using 

growth medium lacking serum and antibiotics for 10-20 min before addition to the 

washed cells. After incubation at 37°C for 3-4 h, the transfection mixture was 

removed, and cells were washed with PBS before the addition of complete fresh 

growth medium.

Calcium Phosphate transfection method

To transfect a 10-cm cell monolayer, a Calcium phosphate-DNA precipitate was 

prepared as follows: 16 |ig DNA were placed in a tube, and 366 \l\ dH20 and 416 |xl 

2x HEPES-buffered saline (HBS; 280 mM NaCl, 10 mM KCl, 1.5 mM 

Na2 HP0 4  2H20, 12 mM Dextrose, 50 mM HEPES) were added. Over a period of 30 s, 

51.6 |il of 2 M CaCl2 were slowly added with gentle mixing, forming a fine 

precipitate. The mixture was incubated at room temperature for 30-40 min, then 

resuspended and transferred into the medium above the cell monolayer. After 24 h 

incubation at 37°C/5 % CO2 , the medium was removed, and the cells were washed 

once with PBS before fresh medium was added.

Immunofluorescence labelling and microscopy

Cells were grown to 60-80 % confluency on glass coverslips and washed twice with 

PBS before fixing. Fixation was carried out with 4 % formaldehyde in PBS for 10 min 

at room temperature, followed by a wash with PBS. If the samples were auto- 

fluorescent, coverslips were mounted onto microscopy slides directly after fixation 

with formaldehyde. If immunolabelling was to be performed, permeabilisation was 

carried out with 0.5 % Triton X 100 in PBS for 10 min. After another PBS wash, cells

184



C h a p t e r  7: M ateria l and M ethods

were blocked with PBS/0.1 % Tween 20 (Sigma) containing 10 % foetal calf serum 

(FCS) for at least 10 min at room temperature. Antibody incubations were performed 

in PBS containing 10 % FCS, 0.1 % Tween 20 (Sigma) for 1 h at room temperature 

with dilutions appropriate for the antiserum used. After Ix 5 min wash in PBS-Tween 

20 (PBST) and 2x 5 min washes in PBS, samples were incubated with fluorochrome- 

conjugated secondary antibodies (1:50-1:200 dilutions; Molecular Probes) in PBST 

containing 10 % FCS for 1 h. Coverslips were then washed Ix 5 min PBST and 2x 

5 min PBS before mounting and visualisation. All samples were visualised and 

recorded on a Zeiss LSM 150 confocal microscope.

In vitro translation

HPC3 was translated in vitro using the Promega ’TNT' system according to the 

manufacturer’s protocol, using ^^S-methionine to radioactively label in vitro translated 

protein. For this, HPC3 was cloned into the pLINK expression vector (gift of R. 

Treisman, ICRF). Following in vitro translation using 1 |Lig of template, 5 p,l of ^^S- 

methionine labelled products were resolved by SDS-PAGE and visualised by Western 

blot and autoradiography.

Immunoprécipitation

Standard protocol

To assess protein-protein interactions, COS-7 cells were transiently transfected as 

above. Transfected cells were lysed 24-72 h after transfection using a number of lysis 

buffers, mainly the ones listed below:

50 mM NaCl 150 mM NaCl

20 mM Tris-HCl 50 mM HEPES

1 % NP-40 1 % NP-40

1 mM EDTA 5 mM EDTA
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All lysis buffers contained a protease inhibitor cocktail (complete Mini EDTA-free 

protease inhibitor cocktail tablets, Boehringer), and lysis was performed for 15 min on 

ice. Cell lysates were collected and subjected to brief sonication (15 sec) to ensure full 

lysis. And centrifugation at 14 000 rpm for 5 min at 4°C followed to remove cellular 

debris. All lysates were pre-cleared with 40 |il protein G sepharose (Pharmacia) for 

30 min at 4°C to minimise the amount of non-specific binding during immunocomplex 

formation. Following incubation, non-specific complexes were removed by 

centrifugation and discarding the collected protein G beads.

Immunocomplexes were formed by incubating the precleared lysates with 0.5-5 |xl 

antisera over night at 4°C with gentle agitation. The immunocomplexes were isolated 

by incubation with 40 |xl protein G sepharose for 2-4 h at 4°C. Isolated 

immunocomplexes were subjected to 3-4 rounds of washing with 1 ml of the used 

lysis buffer, removing all remaining buffer with a 23 G syringe needle after the last 

wash, before eluting bound protein in 50 pi reducing buffer at 95°C for 10 min. All 

samples were resolved by SDS-PAGE, and Western blotting was performed as 

described above.

FLAG epitope system

To facilitate biochemical and immunological analysis of the interaction between 

HPC3 and RINGl, the FLAG® epitope system (Sigma) was used. Expression as fusion 

with the small FLAG octapeptide (N-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C) allows 

fusion proteins to retain their original conformation and function. The hydrophilic 

character of FLAG increases the likelihood that it will be located on the surface of the 

fusion protein, where it is accessible to antibodies.

The immunoprécipitation is performed with ANTI-FLAG®-M2 affinity gel 

(Sigma), which is a highly specific monoclonal anti-FLAG antibody covalently 

attached to an agarose resin. The use of affinity resin allows an efficient binding of 

FLAG-tagged proteins without the need for preliminary steps and calibrations.

HPC3 was cloned into the pEF-FLAG expression vector (gift from C. Hill, ICRF) 

and co-transfected with the RINGl-GFP expression vector into COS-7 cells. Cells 

were lysed 24-48 h after transfection, using a lysis buffer with 150 mM NaCl to ensure
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proper subsequent binding of the FLAG fusion protein to the agarose beads. 

Expression of the fusion proteins was tested by SDS-PAGE and Western blot.

For immunoprécipitation, 200 pi cell lysate were incubated with 40 pi anti-FLAG 

M2 affinity gel (Sigma) at 4°C for 3 h with gentle agitation. Lysates were washed 3x 

with 1 ml lysis buffer and bound immunocomplexes were then eluted under native 

conditions by competition with 3X FLAG peptide (Sigma). Addition of 200 pi of 3X 

FLAG peptide solution (100 pg in Tris-buffered saline, TBS: 25 mM Tris-HCl, 

144 mM NaCl, pH 8.2) with gentle agitation over night at 4°C was followed by 

centrifugation and transfer of the supernatant. To decrease volume, the supernatants 

were subjected to acetone precipitation, so that the whole sample could be loaded onto 

a protein gel. All samples were resolved by SDS-PAGE, and Western blotting with the 

appropriate antibodies was performed.

SDS-PAGE and Western Blot analysis

Protein samples were resolved on gels containing 10 % acrylamide/bis-acrylamide 

solution (Anachem), 375 mM Tris (pH 8.8) and 0.1 % SDS. A stacking gel was used 

on all gels, containing 5% acrylamide, 125 mM Tris (pH 6.8), 0.1 % SDS. All gels 

were run at 70 V through the stacking gel and 170 V through the resolving gel for an 

appropriate length of time (depending on size of gel/antigen size), using SDS-PAGE 

running buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS). Sample loading buffer was 

125 mM Tris (pH 6.8), 4 % (w/v) SDS, 25 % glycerol and 5 % P-mercaptoethanol. 

Prestained 'Rainbow' molecular weight standards (Amersham) were run on all gels to 

indicate molecular weights.

Proteins were transferred onto Hybond ECL membrane (Amersham) at 80 mA for 

1 h in blotting buffer (10 mM 3-[cyclohexylamino]-l-propane-sulfonic acid or CAPS, 

pH 11), using a semi-dry transfer unit (Hoefer SemiPhor). Membranes were blocked 

against non-specific binding of antisera by incubation in blocking solution (4 % low 

fat dried milk in PBST) overnight at 4°C.

Following washes (3x 5 min) in a large excess of PBS/0.1 % Tween 20 (PBST), 

membranes were incubated with the primary antisera, diluted in blocking solution, for 

1 h with vigorous shaking. After primary antibody incubations, membranes were
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washed (3x 5 min) in a large excess of PBST, before incubation with the relevant 

horseradish peroxidase-(HRP) conjugated secondary antibody (DAKO) for 1 h with 

vigorous shaking. Membranes were again washed (3x 5 min) in PBST and 2x 10 min 

in PBS, before developing using the ECL reagent system (Amersham) according to 

the manufacturer’s protocol.

Colony lift p-galactosidase filter assay

To test protein-protein interactions, the yeast strains Y 190 or PJ69-4A (James et a l, 

1996) were cotransformed with the appropriate HPC3 and RINGl yeast expression 

constructs using the Easy Comp™ Transformation kit (Invitrogen), following the 

manufacturer’s protocol and then grown at 32°C.

When colonies were 1-3 mm in diameter, a membrane (Hybond-N, Amersham) was 

placed onto the agar plate to wet completely, before it was submerged for 10 sec in 

liquid nitrogen to permeabilise cells, colonies facing up. Membranes were thawed at 

room temperature and then placed on top of a Whatman filter presoaked with Z buffer 

(Yeast protocols handbook, Clontech) containing 1 mg/ml X-gal and p- 

mercaptoethanol and incubated at 32°C for 30 min to several hours for colour 

development.

Yeast two-hybrid Interaction assay

To assess strength of protein-protein interactions, a yeast liquid culture assay with 

chlorophenol red-p-D-galactopyranoside (CPRG) as substrate was used (Yeast 

protocols handbook, Clontech).

For this, 5 ml overnight cultures were grown in the appropriate liquid synthetic 

dropout (SD) medium at 32°C with vigorous shaking. After vortexing the overnight 

culture to disperse cell clumps, 2 ml were transferred into 8 ml YPD medium (1 % 

yeast extract, 2 % peptone, 2 % dextrose) and grown at 32°C until ODôoo o f 1 ml 

culture was 0.5-0.8. Cells were washed and resuspended in buffer 1 (Yeast protocols 

handbook, Clontech), taking note of the concentration factor, before being 

permeabilised in liquid nitrogen by repeated freeze-thaw cycles (3x 10 sec). Buffer 2
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(Yeast protocols handbook, Clontech) containing CPRG substrate was then added to 

the samples, followed by thorough mixing, and incubation at room temperature was 

carried out until the colour development. The reaction was terminated by addition of 

3 mM ZnClz, samples were centrifuged to pellet cell debris, and their OD5 7 8  was 

measured, p-galactosidase units were calculated with 1 unit being defined as the 

amount of P-galactosidase which hydrolyses 1 |xmol CPRG to chlorophenol red and 

D-galactose per minute per cell:

p-galactosidase units = 1000 x OD578 / (t x V x ODeoo)

with: t = elapsed time of incubation (in min)

V = 0.1 X concentration factor 

ODôoo = Aôoo of 1 ml culture

Radioactive iabeiiing of cDNA probes

The procedure radioactive labelling of cDNA relies on the ability of random 

hexanucleotides to anneal to multiple sites along the length of a DNA template. The 

primer-template complex represents a substrate for the Klenow fragment of DNA 

polymerase I, which synthesises DNA by incorporating nucleotides at the free 3’ OH- 

group provided by the primer. The newly synthesised DNA is made radioactive by 

substituting a radiolabelled nucleotide for a non-radioactive in the reaction.

Radioactive labelling of cDNA probes was performed using commercial kits using 

the Klenow fragment of DNA polymerase I to incorporate ^^P-dCTP nucleotides 

{rediprimQ; Amersham and Prime-It® II Random Primer Labeling kit; Stratagene). For 

labelling, the cDNA was denatured at 95°C before addition of the labelling mix and 

^^P-dCTP nucleotides, followed by incubation at 37°C, After termination of the 

labelling reaction by addition of EDTA, unincorporated nucleotides were removed 

using the nucleotide removal kit (Qiagen) or ProbeQuanf*^^ G-50 columns 

(Amersham) according to the manufacturer's protocol.
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Northern Blot analysis

Northern blots used during this study were hybridisation-ready northern blots of 

multiple human and mouse tissues (MTN'^’̂  blots; Clontech).

Hybridisation was carried out using the ExpressHyb™ Hybridization solution 

(Clontech) according to the manufacturer’s protocol. Briefly, membranes were 

prehybridised for 30 min at 68°C, before addition of the denatured cDNA probe, 

followed by incubation at 68°C over night. The MTN blots are then washed several 

times with 2x SSC/0.05 % SDS at room temperature with continuous agitation, then 

with O.lx SSC/0.1 % SDS, until excess radioactivity has disappeared. Membranes are 

then exposed to ^^P-sensitive X-ray (Hyperfilm, Amersham) film at -70°C with 

intensifying screens over night.

Repression assay

Full length HPC3, HPC3 fragments and RINGl were cloned as N-terminal fusions 

with the GAL4 DNA binding domain into the mammalian expression vector pMLV- 

GAL4. To test the repression function of HPC3, a directed reporter gene assay was 

used.

The reporter gene used in this experiment was chloramphenicol acetyltransferase 

(CAT), which had been cloned into reporter plasmids. The CAT reporter plasmids 

(gift from M. Vidal; see also Figure 4.1) used were as follows:

• pGStkCAT with five GAL4 DNA binding sites upstream of a HSVtk promoter

• pG5-1.6-tkCAT, which also has the five GAL4 DNA binding sites, but 

contains an additional 1.6-kb fragment inserted between the GAL4 binding sites 

and the promoter

• ptkCAT : uses the same HSVtk promoter, but lacks the GAL4 binding sites

C0S7 cells were seeded into 6-well plates and cotransfected with 1.67 |Xg HPC3- or 

RINGl-GAL4 expression construct and 2.5 pg of the appropriate CAT reporter gene
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plasm id, as w ell as with 50 ng o f  a p-galactosidase reference vector (pSV -p-G al, 

Promega).

C ells were harvested 48 hrs after transfection, and CAT and p-gal reporter gene  

expression were determined in the same cell extract by enzym e-linked immunosorbent 

assays (ELISA), using commercial kits with pre-coated microtitre plates (Boehringer).

This assay is based on the ‘sandwich’ ELISA principle (Figure 7.1): A ntibodies to 

CAT were prebound to the surface o f  microtiter plates. F ollow ing the lysis o f  the 

transfected cells, the cell extracts are added to the w ells o f  the coated plates. The CAT  

enzym e in the lysates bind specifically to the anti-CAT antibodies on the microtiter 

plate surface. A d igoxigenin-labelled  anti-CAT (anti-C A T-D IG ) antibody is then  

added and binds to the CAT protein in return. In the subsequent step, an antibody to 

d igoxigen in  conjugated to peroxidase (anti-DIG -PO D ) is added, w hich  recogn ises  

digoxigen in . Finally, the peroxidase substrate ABTS® (2,2'-azino-bis(3-ethylbenz- 

th iazoline-6 -sulphonic acid) is added. The peroxidase enzym e catalyses the cleavage  

o f  the substrate yielding a coloured reaction product. The absorbance o f  the sample is 

determined using a microtiter plate reader and is directly correlated to the level o f  

CAT enzym e present in the cell lysate.

CAT sample

anti-CAT  
coated w ells

anti-CAT-DIG

anti-DIG-POD

#

« •

ABTS
substrate

F igure 7.1. Schematic overview  over the ELISA principle

The results represent the mean values o f  3-5 independent parallel transfections, and 

expression  values were standardised against P-gal expression  from the pSV -p-G al 

reference plasm id in the same cell lysate by P-gal ELISA. CAT expression values
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obtained with the reporter plasmid in the presence of empty pMLV-GAL4 plasmid 

were set to 100 arbitrary units, and CAT levels in cells transfected with HPC3 or 

RINGl are expressed relative to those obtained with the empty GAL4 vector.
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