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ABSTRACT

ABSTRACT

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 RING1 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 RINGI1, but that this interaction
depends only partially on the RING finger domain of RING1. HPC3 also interacts
with the PcG protein BMI1 and colocalises with BMI1 and RINGI1 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

Increases 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. S. Eliot
The Four 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’

14



Chapter 1: Introduction

CHAPTER 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 Polycomb Group (PcG)
and the Trithorax Group (7rxG) 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 al.,
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 al., 2000 and references therein).

The Polycomb Group

The polycomb (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
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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 (Jiirgens, 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 (Jiirgens, 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 ef al., 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 al., 1994;
Campbell et al., 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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PcG PROTEIN MOTIFS INTERACTING PROTEINS
POLYCOMB chromodomain,
C-Box
Pc Drosophila Psc, Ph
XPc/XPcl Xenopus Xbmil, XCtBP
CHCB1/2/3 Chicken
M33/MPc2/MPc3 Mouse M33, Bmil, RinglA/1B,
RYBP
(HPC1)/HPC2 Human RINGI, HPH1, CtBP
RING1 RING finger
RinglA/RinglB Mouse M33, Bmil, MPh2, MPc3,
RYBP, E2F6
RING1 Human RING1, BMII, HPC2, RYBP,
E2F6
POSTERIOR SEX COMBS RING finger, HTH
Psc/ Su(z)2 Drosophila Pc, Ph
XBmil Xenopus XPc, HPH1/2
Bmil/ Mell8 Mouse Bmil, M33, Ringl1B, MPh1/2,
E2F6
BMI1 Human BMI1, HPH1/2, RING1, E2F6
POLYHOMEOTIC H-I/ H-II, SPM,
zinc finger
Ph Drosophila Ph, Pc, Psc, Scm, Topoll, Barr
MPh1/MPh2 Mouse Mhl, Bmil, Mel18, MPc2,
Ringl1B, Scm, E2F6
HPH1/HPH2 Human HPH1/2, BMI1, XBmil,
HPC2
ENHANCER OF ZESTE SET
E(z) Drosophila Esc, Rpd3, p55
Mes-2 C. elegans Mes-6 (Korf et al., 1998)
Ezh1/Ezh2 Mouse Eed, EED
EZH1/EZH2 Human EED, HDAC
Medea Arabidopsis Preuss, 1999
EXTRA SEX COMBS WD-40 repeat
Esc Drosophila E(z), Rpd3
Mes-6 C. elegans Mes-2 (Korfet al., 1998)
XEed Xenopus XYY1
Eed Mouse Ezh1/2
EED Human EZH2, Ezh2, YY1, HDACI1/2,
RbAp48/46
FIE Arabidopsis Preuss, 1999
PLEIOHOMEOTIC zinc fingers
Pho Drosophila
XYY1 Xenopus XEed, EED
YY1 Human EED, RYBP

TABLE 1.1. The Polycomb 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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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 al., 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
(BRG1 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 acetylation processes (Jeanmougin et al., 1997).

Other members of the Drosophila TrxG (see Table 1.2) include Trithorax (Trx),
Zeste and Trithorax-like (Tr-1), also known 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 al.,
1995, Strutt et al., 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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TrRxG PROTEIN MoTIFs
TRITHORAX SET
Trx Drosophila
Mil Mouse
MLL/MLL2 Human
BRAHMA ATPase domain
bromodomain
Brm Drosophila
Swi2/Snf2 S. cerevisiae
Bmr/Brgl Mouse
hBMR/BRG1 Human
ZESTE
Zeste Drosophila
TRITHORAX-LIKE single zinc finger
Trx-l/GAGA Drosophila
SNR1 ATPase domain
bromodomain
Snrl Drosophila
Snf5 S. cerevisiae
SNFS/INI1 Human
ABSENT, SMALL OR HOMEOTIC  (see Francis & Kingston, SET, PHD

DISCS 2001)
Ash1/Ash2 Drosophila
MOIRA (see Francis & Kingston, leucine zipper
2001) SANT domain
Mor Drosophila
0sA (see Francis & Kingston, ARID
2001)
Osa Drosophila
Swil S. cerevisiae
BAF270/250 Human
KISMET (see Francis & Kingston, ATPase domain
2001) chromodomain
Kismet Drosophila

TABLE 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, BRG1 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 BRG1 (Gebuhr et al., 2000). RB and hBRM also
cooperate to repress the activation function of E2F. A role of hBRM in ras-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
SNFS5, homologue to Drosophila SNR1, which is a tumour suppressor as well as a
member of the human SWI/SNF complex (Gebuhr et al., 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 HP1, which is a structural component of
heterochromatin (Eissenberg & Elgin, 2000). Drosophila HP1 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 al., 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 HP1 also
has chromosome association activity, but despite their structural similarity, Pc and
HP1 localisation patterns do not overlap. Functional analysis demonstrated the
targeting function of the chromodomain: When HP1 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 HP1 to Pc sites (Platero et al., 1995;
Platero et al., 1996). In addition, mammalian HP1 and the mouse Pc homologue M33
interact with histones through their respective chromodomains (Bannister et al., 2001;
Lachner et al., 2001; Nielsen et al., 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
al., 1991; Wang et al., 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 al., 1995,
Jones et al., 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 al.,, 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 al., 2000).

23



Chapter 1: Introduction

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
al., 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
(Miiller, 1995; Miiller et al., 1995; Satijn et al., 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 (Miiller,
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. (Miiller, 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 et al., 1997b; Schoorlemmer et al., 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, RING1, through its conserved C-
Box domain (Satijn & Otte, 1999b), and the same domain mediates interaction of
Drosophila Pc with core histones (Breiling et al., 1999). Interestingly, expression of a
AC-HPC2 construct results in cellular transformation, increased levels of ¢-myc
expression and apoptosis (Satijn et al., 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 al., 1992; Miiller et al., 1995). It is an efficient repressor of reporter gene
transcription and interacts as well as colocalises with other PcG proteins in nuclear
foci (Alkema ef al., 1997a; Alkema et al., 1997b; Schoorlemmer et al., 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, M33 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 al.,
1997; Lessard et al., 1998; Bel-Vialar et al., 2000). Surprisingly, m33 mutant mice
show a male-to-female sex reversal, indicating that it could also be implicated in the
regulation of genes of the sex-determining pathway (Katoh-Fukui et al., 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 al., 1997b). During
the course of this study, a third mouse homologue, MPc3, was identified through
interaction with the dinG/RING1B protein (Hemenway et al., 2000).

A human homologue of M33 (CBX2 or human Polycomb 1) has been reported,
showing 86 % identity and 100 % similarity to M33 at protein level, although the full
length cDNA has not yet been isolated (Gecz et al., 1995). HPC2 is a transcriptional
repressor that interacts with the PcG proteins RING1 and BMI1 (Satijn ef al., 1997a;
Satijn et al., 1997b; Satijn & Otte, 1999b) and also with the C-terminal binding
protein, CtBP (Sewalt ez al., 1999). CtBP itself is a transcriptional repressor itself that
can bind to the C-terminus of the adenovirus E1A protein and attenuate transcriptional

activation and tumourigenesis mediated by E1A, as well as being part of a
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repressor complex that contains the RB protein, E2F and BRCA1 (Sollerbrant et al.,
1996; Yu et al., 1998; Meloni et al., 1999). Interestingly, CtBP does not interact with
M33, indicating specificity among vertebrate Pc homologues (Sewalt ef al., 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
al., 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 al.,
1995; Yamaguchi et al., 1998; Strouboulis et al., 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/Ring1B/RING1

Two-hybrid screens with vertebrate Pc homologues as target molecules have
identified mouse and human Ringl A/RING1 as a member of the mammalian PcG
complex through its interaction with HPC2, M33 and BMI1 (Satijn et al., 1997a;
Schoorlemmer et al., 1997, Satijn & Otte, 1999b). RINGI 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 BMI1 and Mel18 (Saurin et al.,
1996). This domain is implicated in mediating protein-protein interactions, and
detailed analyses have shown that it is involved in the interaction of RING1 with
BMI1 and their respective homodimerisation, but not in the interaction of RING1 with
HPC2 (Hemenway ef al., 1998; Satijn & Otte, 1999b). Another PcG-typical feature of
RINGTI is that it is able to repress transcription when targeted to a reporter gene (Satijn
et al., 1997a; Schoorlemmer et al., 1997). Additionally, RING1 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 RINGI1 colocalises with BMI1 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 ef al., 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 al., 1991; van Lohuizen et al., 1991b). Both bmil and the
highly related mell8 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 al., 1990; Brunk et al., 1991; van
Lohuizen et al., 1991a). Bmil null mutant mice display posterior transformations
along the axial skeleton, haematopoietic defects and neurological abnormalities,
whereas bmil overexpression in transgenic mice leads to lymphomagenesis and
anterior transformations (Haupt ef al., 1993; van der Lugt et al., 1994; van der Lugt et
al., 1996). Skeletal malformations are also detected in mel/8 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 al., 1994; Akasaka et al.,
1996, van Lohuizen, 1998).

Analysis and comparison of the phenotypes of bmil and mell8 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 al., 1995; Bel et al., 1998; van Lohuizen, 1998;
Akasaka et al., 2001), a feature that is also a clear characteristic of Drosophila PcG
genes (Campbell et al., 1995). Besides synergy between homologous PcG members,

strong dosage interactions also occur between non-homologous PcG genes, for

27



Chapter 1: Introduction

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 et al., 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 bmil knockout mice identified a new target of PcG function: the ink4a gene
locus, which encodes the tumour suppressors and cell cycle inhibitors pl16 and
p19ARF (Sharpless & DePinho, 1999; Serrano, 2000). Mutations in the ink4a locus or
its removal relieve proliferative defects caused by loss of the bmil gene.
Overexpression of bmil results in downregulation of p16 and p19ARF, accompanied
by a delay in senescence and facilitated immortalisation. In addition, by prohibiting
Myc-mediated induction of p19ARF and apoptosis, the control of ink4a provides the
basis for the cooperation of Bmil with Myc in tumourigenesis (Jacobs et al., 1999a;
Jacobs et al., 1999b).

Surprisingly, the highly related Mell8 protein appears not to act as an oncogene,
even though the RING finger domain, which is crucial for the oncogenic effects of
BMI1 (Cohen et al., 1996), is very well conserved in Mell8. Instead, Mell8 was
reported to have tumour suppressor activity, possibly by negative regulation of cell
cycle progression through a c-myc/cdc25 cascade (Kanno et al., 1995; Tetsu et al.,
1998).

BMI1 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 BMI1. Interaction partners include Pc/M33, MPc2/HPC2, Ringl A/RING1 and
Ph/MPh/HPH (Table 1.1; Satijn & Otte, 1999a). It is therefore evident that BMI1 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 al., 1992;
Kyba & Brock, 1998), and this interaction is mirrored by the interaction and
colocalisation of the murine and human homologues: BMI1, M33 and the mammalian
homologues of Ph, mouse (MPh1/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 al., 1997a; Gunster et
al., 1997, Hashimoto et al., 1998). The MPhl1 (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 al., 1997). The mph/hph 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 al.,, 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 HPH1 and HPH2 or homodimerisation of MPh1. Notably,
the RING finger of BMII is not involved in the interaction with vertebrate Ph
homologues (Alkema et al., 1997a; Gunster et al., 1997; Hemenway et al., 1998).

Recently, it was shown that Ph coimmunoprecipitates with DNA Topoisomerase 11
and Barren, proteins that are involved in chromosome condensation and segregation,
which also localise to PcG binding sites (Lupo et al., 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 al., 1998). This interaction is evolutionarily
conserved: The mouse E(z) homologue, Ezh2 (also called Enx1), as well as its human
counterpart, EZH2, interact with the murine and human homologues of Esc, called Eed
and EED, respectively (Denisenko et al., 1998; Sewalt et al., 1998; van Lohuizen et
al., 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 al., 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 & Shearn, 1996). The TrxG
proteins Trithorax and Ash1/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 al., 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 (Hobert et al., 1996; Laible et al.,
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 & Shearn, 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 al., 1998;
van Lohuizen et al., 1998).
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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 al., 1996; Sewalt et al., 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 ef al., 1995 and references therein).

Unlike other PcG gene products, Esc is critically required only early in Drosophila
development and becomes dispensable thereafter (Gutjahr ef al., 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 bmil, m33 and mell8, 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 born with posterior transformations
along the axial skeleton, very reminiscent of bmil null mutant mice (Schumacher et
al., 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 ef al., 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 al., 1998).

The EED-EZH?2 interaction is conserved in flies and mammals (Denisenko ef al.,
1998; Sewalt et al., 1998; Tie et al., 1998; van Lohuizen et al., 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 BMI1, HPC2 or
RINGT1 and their respective Drosophila and mouse homologues (Sewalt ez al., 1998;
van Lohuizen et al., 1998; Ng et al., 2000). These results have been interpreted as such

that different subsets of PcG complexes with different compositions exist. Other
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interactions partners of EED are histone deacetylases (van der Vlag & Otte, 1999) and
the DNA-binding PcG protein Ying Yang 1 (Satijn ef al., 2001), which could provide
a direct molecular link between PcG-mediated repression and association with

chromatin.

Pho/YY'1

Although it has been suggested that PcG protein complexes exert their functions by
altering higher order chromatin structure (Pirrotta, 1998), the known 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 (YY1;
Brown et al., 1998). YY1 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 ef al., 1998; Mihaly et al., 1998). It has been
proposed that Pho/YY1 binds to PREs and recruits other PcG proteins, and it was
shown that YY1 interacts with EED in Xenopus, but not with other PcG proteins
(Satijn et al., 2001). Conversely, it cannot be ruled out that YY1 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 RING1 and M33
(Garcia et al., 1999). It has been suggested that YY1 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/YY1 binding sites, and that YY1-
mediated repression depends on its interaction with histone deacetylases (Yang et al.,
1996; Fritsch et al., 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 al., 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 (Jiirgens, 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 al., 1992; Martin
& Adler, 1993; Rastelli et al., 1993).

Immunoprecipitation 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 al., 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 al., 1993; Franke et al., 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 al., 1994; Campbell et al., 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 al., 1997a; Gunster et al., 1997; Hashimoto et al.,
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 al., 1998; Saurin et al., 1998). Human PcG bodies tend to localise to chromosome 1
territories and associate with pericentromeric heterochromatin. The PcG proteins
HPC2, BMI1 and RING1 remain chromatin-associated near centromeric regions
throughout all stages of mitosis (Saurin et al., 1998), localisation to metaphase
chromosomes has also been reported for murine Bmil and M33 (Wang et al., 1997),
and similar observations were made in Drosophila (Buchenau et al., 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 ef al. (1999) report that the association of
BMI1 with pericentromeric heterochromatin appears to be cell cycle-regulated: BMI1
localisation at centromeric regions is maximally visible in Go/G1, decreases upon entry
in S phase until virtually undetectable and remains low during G,/M, before being re-
established during G;. In addition, they argue that localisation of PcG proteins to
distinct nuclear foci 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 al., 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 al., 1997; Brown et al.,
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 Drosophila
(Buchenau et al., 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 Pc, 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 immunoprecipitation experiments showed that the distribution
of Ph and Psc at specific gene loci is not the same as that of Pc (Rastelli ez al., 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 BMI1, HPC2 or MPh1 (Sewalt et al.,
1998; van Lohuizen et al., 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 al., 1998). Recent analyses have identified a Drosophila PcG complex, termed
PRC1 (Polycomb repressive complex 1), 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 PRC1 (Shao et al., 1999; Ng et al., 2000).

In addition, the histone-binding protein p55/RpAp46/RpAp48 and the histone
deacetylase Rpd3/HDACI1/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 YY1, it is likely that this protein is also a constituent of the
EED/EZH?2 complex (van der Vlag & Otte, 1999; Satijn et al., 2001; Tie et al., 2001).
However, YY1 has also been found associated with the BMI1-containing PcG
complex in mammals: It interacts with RYBP (RING1 and YY1 binding protein), a
transcriptional repressor that in turn interacts with RinglA, Ring1B, M33 and E2F6,
all of which are associated with BMI1 in a multimeric complex (Figure 1.1; Garcia et
al., 1999; Trimarchi et al., 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 BMI1, HPH, HPC2 and RING1. 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 & Shearn, 1996; Schumacher ef al., 1996).

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

of the different PcG complexes are transcriptional repressors, their specific phenotypes

35



Chapter 1: Introduction

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 BMI1-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 E1A, E2F, RB and BRCALI, indicating a molecular link to biological processes
such as cell cycle control and tumourigenesis. Interestingly, the HPC2 homologue
M33 is not capable of interacting with CtBP, suggesting unique functions for different
homologues (Sewalt et al., 1999). BMI1, RING1, Mel18 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 al., 1998;
Trimarchi et al., 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 pS5/RpAp46/RpAp48, which do not associate with the
PcG-m (Figure 1.1; van der Vlag & Otte, 1999; Tie et al., 2001).

Even in the different complexes, the PcG proteins interact selectively with each
other: For example, BMI1 is capable of interacting with RING1, HPH1 and HPH?2,
and they are all associated in a multimeric complex. However, RING1 does not
interact with either HPH1 or HPH2 (Satijn & Otte, 1999b). Conversely, mouse
RinglB is capable of interacting with MPh2 (Hemenway et al., 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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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/YY1 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 al., 1997; Tillib et al., 1999,
Horard et al., 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
Rap1, 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 Sir3, 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
38



Chapter 1: Introduction

functional silencing complex, and after formation of a repressive complex, the Pc-
GAL4 protein can be removed without compromising the silencing effect (Miiller,
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 al., 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 al., 1996; Kehle et al., 1998), it
is likely that other factors are also involved.

Attractive candidates for tethering factors are the PcG protein Pho/YY1 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 al., 1998; Mihaly et al., 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 YY1, was shown to interact with EED, a
member of the PcG-i complex (Satijn et al., 2001), which further supports a possible
recruitor function of Pho/YY1: Specific target sites are recognised and bound by
Pho/YY1, 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 YY1 interacts with the co-
repressor RYBP, which associates with several proteins of the PcG-m, including
RING1 and M33 (Garcia et al., 1999), suggests that YY1 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

39



1% - %

9

%

%
&>

2444

6($%

%

25"

BC

BC

%6($

244:
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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 al., 1993; Strutt
et al., 1997, Horard et al., 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 PRC1 complex, so it might be possible that different recruitor
molecules cooperate functionally by recruiting different PcG proteins or partial
complexes (Hodgson et al., 2001; Mishra et al., 2001; Saurin et al., 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-affinity 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; Jacobs & 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 nucleation 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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range of different mechanisms is responsible for the assembly of PcG complexes.

Mechanisms of PcG-mediated 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
nucleation 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, HP1 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 al., 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 al.,
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 acetylation and nucleosome remodelling increase the accessibility of DNA

to the transcription machinery and are the major components of transcriptional
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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 HDAC1, HDAC2 and HDAC3, which reverses histone
acetylation 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-7 PRE have shown that its activation by transient expression of GAL4 early in
embryogenesis is accompanied by an increase of histone H4 acetylation, 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 al., 1998). YY1 interacts with histone
deacetylases, and this interaction mediates transcriptional repression (Yang ef al.,
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 al., 1999). Pc is also part of the Drosophila PRC1
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 PRCI

45



Chapter 1: Introduction

was added prior to SWI/SNF, suggesting a direct interaction of PRC1 components
with the nucleosomes takes place, competing with subsequently added SWI/SNF
(Shao et al., 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 ef al., 1997; Orlando et al.,
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 al., 2001). Another protein that is found
in the PcG-i complex is pS5 (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 al.,
2001). Transcriptional repression by YY1 is mediated through its interaction with
mammalian homologues of the yeast histone deacetylase Rpd3, HDAC (Yang et al.,
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 in Xenopus, and PRC1 repression does not appear to
depend on the presence of histone tails (Shao et al., 1999; Strouboulis et al., 1999; van
der Vlag & Otte, 1999). One possibility could be that distinct PcG complexes repress
transcription through different molecular mechanisms: The PcGsm/PRC1 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
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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 al., 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 al., 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 al., 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 al., 1997; Brown et al., 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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Chapter 1: Introduction

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 al., 1999; Lundgren et al., 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 al., 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 al., 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 al., 1997; Kim
et al., 1999; Koipally et al., 1999; Cobb et al., 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 al., 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 al., 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 nucleation 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: RING1, HPC2 and BMI1 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 al.,
1998; Voncken et al., 1999). Similarly, a detectable fraction of the PcG proteins Pc,
Psc and Ph remains bound to metaphase chromosomes during Drosophila
development, although the majority becomes dissociated (Buchenau et al., 1998;
Dietzel et al., 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 ef al., 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 acetylation 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 al., 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 al., 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 al., 1995; Chinwalla et al.,
1995; Strutt et al., 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 /acZ 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 whife 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 ez al., 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 al.,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 I‘narks the active Fab-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
Schizosaccharomyces pombe (Nakayama et al., 2000).

However, the maintenance of transcriptional states is also possible independently
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from covalent DNA modifications like histone acetylation and deacetylation: For
example, in S. pombe, treatment with a HDAC 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 ef al., 1996; Ekwall et al., 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, methylation 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 methylation 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 BMI1 as well as its ability
to repress gene transcription have identified the human protein RING1 as a member of
the mammalian PcG (Satijn et al., 1997a; Schoorlemmer et al., 1997). To further
characterise the mammalian PcG complex, a yeast two-hybrid screen was carried out
with RING1 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 Polycomb 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 BMI1 and RING1. The interaction between HPC3 and RING1 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 RING1. In addition, HPC3 appears to be able to interact with BMI1 (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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CHAPTER 2: HPC3, a new Polycomb homologue

The isolation and cloning of the full length Apc3 cDNA through its interaction with
RINGI1 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 Apc3 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 ipc3 cDNA and the protein sequences resulted in a
number of significant matches to known polycomb-related 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) and 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

No.

Protein 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 %

TABLE 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 al., 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 chromatin 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 33-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 ef al., 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 Polycomb homologues, HPC2 (558
aa), M33 (519 aa) and XPc (521 aa) are much larger proteins. However, 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 Polycomb 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 linea.rly 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 Apc3. 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 Apc3 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 Apc3 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 Apc3.

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 pGAD10 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 Apc3 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 al., 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 #pc3 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 Apc3 cDNA were used as a probe to screen multiple tissue
Northern (MTN) blots, with a 2-kb human B-actin cDNA as control probe.

Hybridisation of the Apc3 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 hipc3 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 B-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 Apc3, 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 2.10B).
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 B-actin control probe, the relative abundance of the mpc3
species in different tissues does appear to differ slightly from Apc3: Very high
expression of mpc3 can be detected in brain, lung and liver tissues (Figure 2.10B),
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 2.10C). 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 2.10C). 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 2.10C). 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

Polycomb domains (nt 271-432). This resulted in the exact same hybridisation patterns
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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 mpc3 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 2.11A, 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 2.11B). 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
2.11E). In contrast, hybridisation signals at 9.5 dpc were barely visible above
background (Figure 2.11F, 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

e 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 Drosophila Pc than to its mammalian
homologues M33 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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