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Abstract
Polycomb Group (PcG) proteins are concentrated in nuclear foci called PcG bodies. Although the
some of these foci are due to the tendency of PcG binding sites in the genome to occur in linear
clusters, distant PcG sites can contact one another and in some cases congregate in the same PcG
body when they are repressed. Experiments using transgenes containing PcG binding sites reveal
that co-localization depends on the presence of insulator elements rather than of Polycomb
Response Elements (PREs) and that it can occur also when the transgenes are in the active state. A
model is proposed according to which insulator proteins mediate shuttling of PcG target genes
between PcG bodies when repressed to transcription factories when transcriptionally active.

Introduction
Nuclear bodies

In the past ten years, many types of “bodies” have been identified in the nucleus, using
different techniques but most often imaging nuclei stained with antibodies specific for a
nuclear protein. For our purposes, the most interesting are those involving chromatin-
binding proteins. Examples are PML bodies, nuclear stress bodies, insulator bodies,
Polycomb or PcG bodies, transcription factories (for a recent review, see ref. 1). These
suggest the possibility that parts of the genome that bind a common protein factor might
gather together in the nucleus to interact, to share common machinery, to create local
concentrations of specific factors, etc. The physical nature and significance of these bodies
has often been debated and it has been questioned whether they are true structures actively
assembled rather than passive or accidental local protein accumulations. The present
discussion concerns primarily Polycomb bodies although some of the other bodies may be
also implicated.

Habeas Corpus—Polycomb complexes have been traditionally thought of as somehow
sticky. This is in part a legacy from the time when they were thought to act like
heterochromatin complexes, which in turn were thought to polymerize along the chromatin
and form condensed structures impervious to transcription factors. This view was influential
in the 1990s and continues to be cited although there has not been much evidence to support
it. There is, however, considerable evidence showing that Polycomb Group (PcG) proteins
are found aggregated in nuclear foci rather than dispersed in the hundreds or thousands of
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genomic binding sites known by genome-wide ChIP analyses. Microscopy with antibody
staining or live imaging of fluorescently labeled proteins have shown that PcG proteins are
in fact localized in a relatively small number of nuclear concentrations that have been called
Polycomb Bodies or PcG Bodies [2,3,4,5 and many others] (Figure 1). The numbers and
sizes of such bodies vary in different cell types. They are said to be fewer and larger in
embryonic stem cells and become smaller and more numerous when these cells are induced
to differentiate [6]. In certain cell lines, aberrant concentrations are seen: V2OS and other
transformed tumor cells have just a few but very large PcG bodies associated with the
periphery of heterochromatin or centromeric satellites [2,5]. Although these cell lines clearly
represent abnormal states, they raise questions about the nature and diversity of
morphologies that may require different explanations.

Are there different kinds of PcG bodies? Are they sites where PcG proteins are stored or
even sequestered from the rest of the nuclear volume or do they represent PcG complexes
bound to chromatin sites? If the latter, are these functional chromatin targets, i.e. genes that
bind PcG proteins and are thereby repressed? In that case, what are the mechanisms that
bring them together in the nucleus? And, finally, has this clustering a functional importance?
These are questions that we will briefly review in this article.

Genomic distribution of PcG target sites
One possible explanation for these PcG bodies has nothing to do with the properties of PcG
complexes but with the genomic distribution of their target sites. It is clear that some of the
major targets of PcG regulation are gene clusters: multiple genes that bind PcG complexes
and are physically adjacent in the linear genome map. A general tendency of PcG target
genes to be enriched in genomic vicinities has been pointed out [7] and can be visualized in
a Hilbert folding map of the PcG binding sites along a Drosophila chromosome arm (Figure
2A). Examples of these PcG target concentrations in Drosophila are the two Hox clusters
ANT-C and BX-C, the two largest concentrations of PcG targets in the Drosophila genome,
separated by about 10 Mb. Other examples are the cluster of NK-homeodomain protein
genes (at least six PRE-containing genes including tinman, bagpipe, etc.); the GATA cluster
(at least four PRE-containing genes including pannier, serpent, GATAe); the cnc cluster (at
least four PRE-containing genes including hh, cnc, pnt). In each cluster, multiple genes,
each a PcG target, are located in a chromosome domain of the order of 200 kb. Similar
examples, often involving genes homologous to the Drosophila targets, are found in
mammalian genomes. It is evident in these cases that PcG complexes are concentrated in
certain nuclear neighborhoods simply because their targets are clustered in genomic
neighborhoods. Furthermore, PcG binding sites that are isolated either because they are not
closely linked with others on the genome or because they have transiently looped away from
the other PcG sites would stain more weakly and therefore tend to be neglected by
comparison with the strong signals caused by the clustered PcG sites. Thus, at least a
fraction of PcG bodies are simply the result of genomic clustering of target genes. This,
however, is not the whole story.

Gathering the Polycombs
There is a large residue of PcG bodies that clearly involves genes that map at large distances
from one another or even on different chromosomes but nevertheless give evidence of
interacting or physically co-localizing in the nucleus.

To begin with the Hox genes, the Drosophila Antp gene (part of the ANT-C) has been
shown to co-localize with the Abd-B gene (part of the BX-C) although the two are separated
by some 10 Mb along chromosome 3R [8,9**,10**] (Figure 2B). The co-localization is
visible by FISH in a fraction of nuclei ranging from 15% to 28% when both genes are
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repressed by PcG complexes, compared to 5-15% when one is active and the other repressed
or in Pc- background. Since Abd-B is associated with a PcG body in 87% of nuclei [9**],
this means that the two Hox clusters co-localize about one fifth of the time. This relatively
low frequency suggests that the association is not a stable one or that it varies with time or
during the cell cycle or from one cell cycle to the next. Similar experiments by Fedorova et
al. [11] concluded, however, that the frequencies of co-localization were less compelling and
were in any case dependent on the tissue and fly stock used. Furthermore, a transgene
containing the Fab-7 PcG binding site was found within a PcG body in only 54% of nuclei.
This suggests that a certain percentage of the time individual Polycomb binding sites are not
detected or may even dissociate from PcG complexes. Imaging with live cells suggests,
however, that the associations of distant PcG binding sites have half-lives of at least a few
minutes [12,13**], thus comparable or longer than the rates of exchange of PcG component
proteins [3,5]. Most importantly, co-localization between Antp and Abd-B is lost when one
is repressed and the other is active [9**,10**]. The authors concluded that the PcG
complexes might be responsible for keeping them together. A more cautious interpretation
might be simply that active and repressed PcG target genes occupy different nuclear
environments.

That some type of dynamic change in the spatial organization of Hox clusters can take place
has been shown for the mammalian Hoxb and Hoxd clusters during stem cells differentiation
(14,15]. In these cells, locus-wide changes in histone modifications (H3K9 acetylation and
H3K4 methylation) and physical decondensation are detected first, followed by a
progressive looping out of individual genes out of the chromosome territory and by
programmed transcriptional activation. It would be important to know at what stage in this
process the PcG complexes are lost from which Hox genes.

Do Polycomb target genes interact with one another?
The idea that certain kinds of genes might associate with one another although remotely
located in the genome was first aired to account for the behavior of certain transgenes in
Drosophila, which will be discussed further below. More recently, genome-wide 4C and
related approaches have been used to ask if PcG target genes tend to contact one another
[10**,16**]. Tolhuis et al. took a number of individual PcG targets as baits to determine the
frequency of crosslinking to other sites in the genome [16**]. The results show that the most
frequent partners are most of the other PcG sites on the same chromosome arm but long-
range contacts are rare with non-PcG sites. When non-PcG target sites are used as bait,
interaction partners are also found preferentially on the same chromosome arm but they are
generally not PcG binding sites. The conclusion that PcG binding sites come frequently and
specifically in contact with one another has been taken as evidence that the PcG complexes
are likely to be involved in these interactions.

Many of the experiments that initially revealed interactions between remote PcG targets in
the nucleus were done using transgenes containing Polycomb Response Elements (PREs).
This approach is common in Drosophila studies since Drosophila PREs have been well
characterized as DNA fragments of up to a few hundred bp that suffice to recruit PcG
complexes, produce a domain of H3K27 trimethylation, and repress nearby genes. Although
the degree of silencing of the reporter gene (often the white gene, responsible for eye
pigmentation) is variable from one transgene insertion site to another, it is usually possible
to observe pairing-dependent silencing [17,18,19]. That is, when the fly is homozygous for a
transgene insertion, the homologous pairing of the two copies results in stronger silencing
and less expression than with a single copy of the transgene. This is not necessarily evidence
for clustering of PcG sites, since homologous chromosomes are paired during interphase in
insects like Drosophila, but it does demonstrate that a functional effect results from the
proximity of two or more PcG binding sites. However, in some cases, two transgenes
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inserted at different chromosomal sites, sometimes on different chromosomes, show the
same type of interaction. That is, they are both more repressed when present in the same
nucleus than each copy is in the absence of the other.

Transgenes containing the Fab-7 or the Mcp PRE regions from the BX-C have been used to
show that two copies of the transgenes inserted at sites remote from one another can often
functionally interact in this fashion (17,18,19]. That this functional interaction involves
physical interaction between the two transgene copies and between the transgenes and the
endogenous element was demonstrated by imaging, as well as by the 3C technique
[8,12,13**]. Here also, the long-distance interactions are more frequently observed between
insertions on the same chromosome arm but they could be detected also between sites on
different chromosomes. Surprisingly, however, these interactions could not be demonstrated
for some other PRE elements, including the very strong silencer bxd PRE. Earlier, Sigrist
and Pirrotta had found that such interactions could be readily obtained between transgenes
containing the bxd PRE if they also contained the gypsy Su(Hw) insulator [20]. This is
highly significant because both Mcp and Fab-7 elements have been shown to contain an
insulator activity closely associated but separable from the PRE [21,22]. To clarify this
relationship, Li et al. tested a variety of transgenes comparing the bxd PRE and the Mcp
element, and the Mcp or Fab-7 elements with either PRE or insulator moieties deleted
[13**]. The clear conclusion was that none of the three PREs shows long-distance
interactions by itself but both Mcp and Fab-7 insulators mediate such interactions
independently of the presence of a PRE. The conclusion, therefore, was that the long-
distance interactions between Mcp or Fab-7 transgenes or between these and the endogenous
Mcp or Fab-7 are not mediated by PcG complexes but by insulator elements. The
frequencies of nuclei exhibiting co-localization was relatively low (6-8%) but well above the
frequencies seen in the absence of insulator (0.1-0.5%).

Insulators are now well known to mediate chromatin looping interactions both in flies and in
mammals (see article by V. Corces in this volume) but these results appear to exclude a role
for PcG proteins in the long-distance interactions. Both the ANT-C and the BX-C Hox
clusters in Drosophila contain multiple binding sites for the insulator proteins dCTCF and
CP190. These have been found to be involved in the extensive looping and infra-locus
contacts among the numerous regulatory elements, including the Mcp and Fab-7 elements
[23,24,25,26]. These BX-C insulator elements and similar elements found in ANT-C could
account for many of the co-localization effects reported for these two loci. Suggestively, the
mammalian CTCF protein forms bodies that co-localize with PcG bodies in HeLa cell nuclei
[27*] (Figure 1D). Does this mean that PcG proteins play no role in the formation of PcG
bodies? It is important here to distinguish between the two kinds of observation: the co-
localization between genes or transgenes and the concentrations of PcG proteins into PcG
bodies. The nuclear environment in which two Mcp transgenes meet need not always be a
PcG body. Given the low frequency of co-localization, it is clear that the association is
relatively short-lived and is not incompatible with other interactions and co-localizations.
For example, when a transgene is transcriptionally active, it is unlikely to be found within a
PcG body. This question is raised in particular by the experiments of Vazquez et al. [12]
who used a transgene containing the Mcp element (PRE + insulator) as well as the eye
enhancer of the white gene and observed a very high frequency of co-localization (up to
90%) but only in the eye imaginal disc, in which the transgene is transcriptionally active as
witnessed by the strong eye pigmentation. Convergence of the transgene copies to a single
focus was seen even in nuclei containing four different Mcp transgenes, demonstrating the
remarkable stability of this co-localization in the post-mitotic eye cells that express the white
gene.
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Recent experiments have shown that this high frequency co-localization is different from the
low frequency co-localization seen with the insulator alone: in addition to the insulator, it
requires transcriptional activity as well as the PRE (H-B Li and V Pirrotta, unpublished
results). The PRE is involved not because it binds PcG proteins but because, like all PREs, it
binds Trithorax and is also a Trithorax Response Element (TRE). Mutations in Trithorax or
dCTCF but not Polycomb mutations abolish high level co-localization. These results
indicate that co-localization of the transgenes is taking place at a site containing high
transcriptional activity. A most likely candidate is a transcription factory. It is evident in any
case why Antp and Abd-B no longer co-localize when one of the two is transcriptionally
active [9**,10**]. They are targeted to two different places in the nucleus.

Transcription factories
Transcription factories are nuclear sites that have been posited to account for the localization
of RNA pol II and most transcriptional activity to foci that are relatively few in number
compared to the number of active genes in the nucleus (for review see ref. 28 and the article
by P. Fraser in this volume). Multiple genes are transcribed in a single transcription factory
and, in some cases, genes that are remotely located have been found to share preferentially
the same transcription factory [29]. In some cases, trans-activation between remote genes
has been shown to depend on CTCF [30*] and a comprehensive mapping of the CTCF
interactome in mouse embryonic stem cells has revealed pervasive interactions among
proximal and remote regulatory elements and promoters [31*]. It is not clear how these
interactions are targeted but one possibility is that activators may play a role [32**], in
which case genes that share transcriptional activators may tend to co-localize in the same
transcription factory. Alternatively, insulators might continue to play a key role but would
be modified by transcriptional activators to switch their preference from PcG bodies to
transcription factories (see model in Figure 3). It is interesting therefore that CTCF has been
found as a component of mammalian transcription factories [52]. A particularly attractive
possibility is that Trithorax and/or its functional partner ASH1, which bind to derepressed
PcG target genes [33] might direct the insulators to a subset of transcription factories.
Together, ASH1 and TRX are responsible for conveying the epigenetic memory of the
transcriptionally active state of a gene from one cell cycle to the next [34,35]. We speculate
that this memory function might be achieved by a longer-term association between the
derepressed gene and a transcription factory. TRX/MLL is in fact known to remain
associated with chromatin in condensed mitotic chromosomes, particularly favoring genes
that had been transcriptionally active during interphase [36]. Just as the spatial vicinity of
two PREs produces a pairing-dependent enhancement of silencing, the vicinity of two
derepressed PcG target genes might result in enhanced transcriptional activity or stability of
the active state. A remarkable report concerning the transcriptional activity of the
Drosophila Hox gene Ubx demonstrated in fact that, when two copies of the gene are
homologously paired, transcription from each allele is enhanced, while chromosome
rearrangements that prevent pairing reduce transcription [37].

RNAi involvement?
Grimaud et al. found that the physical interactions between remote copies of the Fab-7
element were dependent on components of the RNAi machinery [9**]. Dicer-2, AGO1,
Aub, Piwi-1 and Piwi-2 are all needed for the long-distance interactions. Dicer-2 is needed
for full repressive activity and for long-distance interactions but not for the recruitment of
PcG proteins to the Fab-7 PRE, supporting the idea that PcG complexes do not directly
cause the interactions. Differences in the effects of different RNAi components suggests that
they may play somewhat different roles in these processes. A recent paper adds perplexing
complexities to this picture, if confirmed. Another RNAi component, AGO2, is found
associated with many PREs in Drosophila [38*]; it is also associated with dCTCF binding
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sites and is needed for at least some CTCF-mediated insulator functions. In contrast with the
other RNAi proteins, AGO2 appears to have a weak anti-repressive role at PREs. These
properties are not related to the RNAi role of AGO2 since they are not affected by mutations
in the catalytic site that abolish the RNAi-related function.

It appears therefore that different components of the RNAi machinery are involved in PcG
repression and in long-distance interactions but in different, possibly antagonistic senses.
Some of these observations may be explained by the involvement of insulator-binding
proteins in PcG long-distance interactions. RNAi components are required for the action of
another insulator protein, Su(Hw), and an RNA helicase Rm62 is found associated with
Su(Hw) insulator complexes [39]. Similarly, the DEAD-box RNA helicase p68 has been
found to be associated with mammalian CTCF, together with a long ncRNA [40]. The
combination of these results could be used to argue that looping interactions that mediate
insulator function and long-distance interactions between Fab-7 or Mcp transgenes depend
in some way on RNAi proteins and probably on some RNA component. The insulator-
mediated looping together of PREs enhances their repressive activity. Nothing is known
about the effects of co-localization on the expression of the associated genes when they are
derepressed.

The role of RNA in insulator function and long-distance interactions, if there is one, is
unclear. One possibility is that it could serve as a scaffold for the assembly of large
complexes, whether insulator or PcG super-complexes, that underlie insulator bodies and
PcG bodies. The existence of a possible connection between PcG bodies and RNAs is also
hinted at by several recent reports of noncoding RNA molecules involved in the recruitment
of mammalian PcG complexes to their target loci (see for example ref. 41,42,43,44]. One of
these is the HOTAIR RNA that binds the Polycomb complex PRC2 and recruits it to the
HoxD locus [42]. Another is the ANRIL ncRNA from the INK4/ARF locus that binds PRC1
and is needed for repression of that locus [44]. It appears therefore that both PRC1 and
PRC2 have the potential to bind to a ncRNA although the mechanics of targeting to a
specific chromatin locus remain unclear. No such evidence is yet available in Drosophila,
where PcG complexes are known to be recruited in some cases by DNA sequences less than
100 bp in length. However, Drosophila PREs do not all have the same properties and it
remains very possible that some involve ncRNAs in their function. Whether or not some
Drosophila genes recruit PcG complexes through a ncRNA, the existence of PcG protein/
RNA interactions justifies envisioning that RNA molecules might serve as scaffolds for
higher order assemblies of PcG-binding loci. Such a role of both coding and non-coding
RNAs has been described for the assembly of stress bodies, paraspeckles, histone locus
bodies and Cajal bodies [45] (Shevtsov and Dundr, 2011) although, admittedly, the function
of these bodies is specific for RNA-related processes.

Conclusion
Overall, then, the clustering of PcG target sites in the nucleus can be the result of different
mechanisms. The most obvious is that due to existence of numerous multi-gene clusters,
which probably account for the largest PcG bodies. Another mechanism is that mediated by
insulator-like elements. PcG complexes bound to a target gene might modify the nearest
insulator proteins to target a PcG body. Many PcG target genes are closely associated with
insulator elements. This could easily explain the co-localization of the two Hox gene
clusters in Drosophila. Less easy to interpret are the 4C interactions between PcG targets on
a chromosome arm [16**]. These are far too specific to be accounted for by interactions
among all insulators since there are hundreds of insulator protein binding sites per
chromosome arm. It is possible therefore that PcG proteins might contribute to association.
One way to effect that would be through post-translational modifications of the insulator
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proteins. CTCF has been found to be sumoylated and closely associated with PcG bodies
[27*] (Figure 1D) and mammalian Polycomb2/CBX4 protein has been shown to be a SUMO
E3 ligase [46,47]. When the target gene switches to the active state, TRX/ASH1 and the
CBP acetylase associated with them [48,49] might produce an alternative modification of
CTCF, for example, acetylation, that would now favor association with transcription
factories. This model is illustrated schematically in Figure 3. Clearly this is highly
speculative and many questions remain to be investigated before the nuclear distribution of
PcG proteins and PcG targets can be understood.
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Figure 1. Polycomb bodies
(a) Human embryonic stem cell line stained with antibody against the PcG protein Ring1B
(reproduced from ref. 50, with permission). (b) Polycomb bodies visualized in the human
cancer cell line U2OS expressing GFP-BMI1 (reproduced from ref. 5, with permission). (c)
Drosophila live imaginal disc cells expressing GFP-PH (reproduced from Development, ref.
3, with permission). (d) HeLa cell nucleus stained with anti-CTCF (red) and anti-PC2/CBX4
(green). The two images are merged to show remarkable co-localization (reproduced from
ref. 27**, with permission).
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Figure 2. Constitutive bodies and dynamic bodies
(a) Hilbert folding representation of Polycomb binding sites on chromosome 3R of
Drosophila. Some 75-100 (depending on how they are counted) PC binding sites correspond
to this map that shows a high degree of clustering along the chromosome. The diagrams on
the left explain how the iterative Hilbert folding (for two dimensions, called Peano folding;
for applications to genomic data see ref. 51) of the linear chromosome arm is achieved.
Figure kindly provided by P. Kharchenko. (b) The Drosophila Antp gene (magenta) and the
Abd-B gene (red) visualized by FISH co-localize within a PcG body (Polycomb) in nuclei
from the embryonic head region, where both are repressed by PcG complexes. In nuclei
from the posterior region, the active Antp gene moves out of the PcG body but the repressed
Abd-B gene remains associated with the PcG body (reproduced from ref. 10**, with
permission)
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Figure 3. A shuttling model for the assembly of PcG target genes into nuclear bodies
A generalized PcG target gene is presumed to be associated with one or more of each
Enhancer, PRE, and Insulator elements. In this speculative model the insulator drives the
association of such PcG target genes into PcG bodies when they are repressed. When the
gene switches to the transcriptionally active state, it generally forms a domain that binds N-
ter Trithorax and ASH1 proteins [33]. The insulator now targets the active gene to a
Trithorax transcription factory. The switch in insulator preference for transcription factory
vs PcG body localization might depend on modifications such as, for example, acetylation
vs sumoylation.
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