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Abstract
Gene expression is controlled by regulatory elements that can be located far away along the
chromosome or in some cases even on other chromosomes. Genes and regulatory elements physically
associate with each other resulting in complex genome-wide networks of chromosomal interactions.
Here we describe several well-characterized cases of long-range interactions involved in activation
and repression of transcription. We speculate on how these interactions may affect gene expression
and outline possible mechanisms that may facilitate encounters between distant elements. Finally,
we propose that a genome-wide network analysis may provide new insights into the logic of long-
range gene regulation.

Introduction
Gene expression is controlled through the combined action of multiple trans-acting factors that
bind to regulatory elements. Detailed studies of several model loci, such as the beta-globin
locus and the HoxD cluster [e.g. 1-4], have shown that regulatory elements that control them
can be spread out over very large genomic regions, and can be located far from the gene(s)
they control. An important question therefore is how sets of widely spaced elements can act
coordinately to regulate a specific target gene.

Over the last couple of years new insights have been obtained into the mechanisms by which
regulatory elements can act over large genomic distances [for reviews see e.g. 2,5-9]. It is now
becoming increasingly clear that a common mechanism by which distal elements regulate
genes involves the formation of direct physical associations between these elements and their
target gene(s) 10-17. Thus, large genomic distances along chromosomes that separate genes
and their control elements are overcome by direct spatial clustering resulting in the formation
of chromatin loops. Furthermore, genes can in some cases be regulated by elements located on
different chromosomes by a process that involves physical associations between different
chromosomes (“trans-interactions”) 18-21.

These novel and exciting observations have been obtained using powerful new molecular
technologies, described below in more detail that can detect physical interactions between
genomic elements. Examples of long-range interactions have been obtained in a variety of
organisms, suggesting that gene regulation through direct physical association with regulatory
elements and/or other genes is a common and conserved phenomenon. Based on these results
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we have proposed that the organization of a genome inside a living cell resembles a complex
three-dimensional network of interacting genomic elements 9,22. In some cases, e.g. in the
case of enhancers, chromosomal interactions appear to be very specific and to require defined
proteins to mediate associations between particular sets of genomic elements. In other cases,
interactions appear less specific. Examples of the latter include apparently non-specific
clustering of heterochromatic loci or association of groups of expressed genes in a limited
number of transcriptionally active nuclear neighborhoods (e.g. in transcription factories,
23-28). Here we review our current understanding of the role of chromosomal interactions in
gene activation and repression. We describe long-range control of several well-studied loci
and review the role of trans-acting factors in mediating genomic interactions. We speculate on
what drives the specificity of these interactions and on the biochemical mechanisms by which
clustering of genes and elements can result in up- or down regulation of gene expression, which
is still very poorly understood. Finally, we describe the challenges ahead, and propose that
comprehensive study of genome-wide networks of chromosomal interactions may reveal new
insights in gene regulation and chromosome biology.

Spacing of genes and regulatory elements suggests abundant long-range
control

Even a cursory look at the human genome immediately reveals that coding exons are relatively
sparse and that large “empty” genomic regions often separate genes. Current estimates indicate
that only a few percent of the human genome encodes for protein 29-31. The function of the
remaining part, especially intergenic regions, of the genome has been debated for a long time.
Initially it was proposed that a large fraction of the non-protein coding portion of the genome
is not functional. However, large-scale efforts to map regulatory elements in the human genome
have revealed that the number of functional elements is significantly larger than the number
of genes, and that the fraction of functional non-coding DNA is likely to be much larger than
previously assumed. For instance, the ENCODE (Encyclopedia of DNA elements) consortium
analyzed 1% of the human genome and reported many more experimentally defined putative
regulatory elements than were expected based on the level of base-conservation 32. Although
regulatory elements are certainly enriched in regions directly surrounding genes 33, these
observations also confirm previous more anecdotal observations that regulatory elements can
be located far from their target genes, and can also be found in so-called “gene deserts”, large
genomic regions (over 500 Kb) that do not appear to contain any genes [e.g. 34].

Based on these and other genome-wide studies it becomes apparent that the large open spaces
that separate genes likely contain many regulatory elements. This is illustrated in Figure 1 that
shows a 260 kb region of human chromosome 5 containing the TH2 locus. The figure presents
a snapshot of the UCSC genome browser that displays the locations of genes, conserved
elements, DNaseI hypersensitive sites (a common hallmark of regulatory elements) and
locations of mono-methylated Lysine 4 of Histone H3 (a mark found at many enhancers 35).
The presence of many putative regulatory elements located far from promoters suggests that
a significant number of these elements must act over large genomic distances, sometimes up
to hundreds of kilobases, to exert control over their target genes. Clearly, long-range
phenomena must be widespread throughout complex genomes, and determination of functional
relationships between genes and distant regulatory elements will be crucial for a full
understanding of genome regulation.

Long-range control involves interactions between genomic elements
It has been suggested for many years that long-range control involves direct physical
association of genomic elements resulting in formation of chromatin loops 1,2,7,36,37.
However, due to technical limitations, detection of such loops had remained elusive.
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Development of the Chromosome Conformation Capture (3C) technology a few years ago
allowed, for the first time, the detection of physical interactions between distant genomic
elements 38. 3C has rapidly become an established research tool, and application of this
technology has resulted in very convincing evidence for the widespread formation of long-
range looping interactions between genes and regulatory elements.

The 3C technology has been described and reviewed in detail elsewhere 5,22,38-43) and is
schematically outlined in Figure 2. Briefly, the 3C technology relies on formaldehyde cross-
linking of interacting chromatin segments inside cells followed by identification of pairs of
interacting DNA elements using PCR. Formaldehyde cross-links two interacting chromatin
segments through protein complexes that are bound to these segments. After cross-linking of
intact cells chromatin is solubilized and DNA is gently fragmented using a restriction enzyme.
The digested DNA is subsequently ligated under very dilute conditions to strongly favor intra-
molecular ligation over intermolecular ligation. This results in preferential ligation of the ends
of cross-linked restriction fragments to each other. Finally, the cross-links are reversed and
DNA is purified.

The 3C assay thus results in a very complex and genome-wide mixture of ligation products,
which is referred to as a 3C library. Since formation of a ligation product is the direct
consequence of the cross-linking of two chromatin segments, detection of a specific ligation
product is evidence for direct physical association of the genomic elements in intact cells. The
frequency with which a ligation product is formed is a relative measure for the frequency of
interaction. It is important to note that 3C does not allow direct determination of absolute
interaction frequencies (i.e. the number of cells that display the interactions at a given time
point), but some estimates of true interactions frequencies can be obtained through modeling
of 3C data using well-established polymer models 38,44, and changes in patterns of 3C
interactions can be used to deduce relative changes in chromatin folding and compaction [e.g.
44,45].

The presence and relative abundance of a specific ligation product in the 3C library is typically
determined using quantitative or semi-quantitative PCR using locus-specific primers. To do
so one first predicts the sequence of the ligation product that is formed by the two genomic
elements and then designs a pair of PCR primers in order to detect the presence of this specific
ligation product. Design of 3C experiments requires careful planning and analysis of 3C data
requires appropriate controls. These issues have been described in detail elsewhere 22,43.

3C was originally used to determine the three-dimensional folding of yeast chromosome III,
to map interactions between telomeres and to determine the kinetics of formation and loss of
trans-interactions between homologous and non-homologous chromosomes respectively
during meiosis 38. Subsequently, 3C has been used to detect and study long-range looping
interactions involved in regulation of several gene clusters, such as the alpha- and beta-globin
loci 10,16,17, that have served for a long time as models for long-range gene regulation. More
recently a growing number of 3C studies have identified many more interactions between
enhancers and their target genes [e.g. 14,15,46]. Therefore, it appears that looping is a very
general and abundant mode of action for gene regulatory elements.

Below we describe some of these loci in more detail to illustrate the role of long-range looping
interactions in gene regulation.

The alpha and beta-globin loci
The alpha and beta-globin loci have served as model systems for long-range gene regulation
for many years 4,37,47. Many aspects of gene regulation by distal regulatory elements,
including the role of long-range looping interactions, have been discovered through analysis
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of these two gene clusters. A comprehensive description of the regulation of these loci is beyond
the scope of this review. Here we focus only on the recent discovery and analysis of looping
interactions and their roles in globin expression.

The beta-globin locus contains a set of developmentally controlled genes (4 in mouse, and 5
in human) that encode variants of the beta-chain of hemoglobin. The beta-globin genes are
regulated by a single element, the Locus Control Region (LCR) that is located approximately
25 kb upstream of the most proximal ε-globin gene (Figure 3). The LCR was originally
identified as an element that confers position-independent and copy number-dependent
expression to linked genes in transgenic mice 48. The LCR is a relatively large element (∼20
kb) that contains prominent DNase I hypersensitive sites 49. These sites define sub-regions of
the LCR and represent regions of open chromatin that are bound by multi-protein complexes.
For instance, several of the hypersensitive sites contain DNA binding sites that are recognized
by transcription factors, such as GATA-1 and EKLF that play critical roles in activation of the
beta-globin genes 50,51.

The LCR activates target genes that are located up to 80 kb away and it had been proposed for
years that this regulation involves direct interactions between protein complexes bound to the
LCR and complexes bound to the gene promoters 36,37. 3C analysis of the murine beta-globin
locus demonstrated that such looping interactions indeed occur 10. The LCR was found to be
in direct physical contact with the expressed globin gene. These interactions were also observed
using an entirely independent technology, RNA-TRAP 52. Furthermore, a subsequent 3C study
found that the LCR – globin gene interaction is developmentally controlled 53. Specifically,
in fetal stages the LCR interacts with the highly expressed gamma globin genes, whereas in
adult stages the LCR associates with the beta globin gene. These observations confirmed, for
the first time, the long-standing hypothesis that long-range control can involve direct physical
communication between genes and distal regulatory elements.

Evidence for a prominent role of transcription factors in mediating these long-range
interactions has come from studies that employed cell systems in which specific transcription
factors were deleted. For instance fetal liver cells from EKLF knock-out mice display a
significant reduction in beta-globin expression and a similarly diminished physical association
between the LCR and the globin genes, as detected by 3C 54. Furthermore roles for the
transcription factor GATA-1 and the co-factor FOG1 has been identified 13. In this study,
mouse cells were generated that expressed GATA-1 fused to the Estrogen Receptor ligand-
binding domain (GATA-1-ER). The fusion protein binds its cognate DNA binding sites in an
estrogen or tamoxifen-dependent manner. This cell system allows controlled GATA-1 binding
to the LCR and the globin promoters. 3C analysis showed that looping interactions between
the LCR and the beta globin gene was dependent upon, and coincident with GATA-1
recruitment to the LCR and the globin genes. This study also showed that the GATA-1 - FOG1
interaction is critical in mediating the formation of the LCR-globin gene chromatin loop.
Finally, recent work has revealed a role for the Ikaros protein in developmentally regulated
switching of the interaction between the LCR with the gamma-globin gene to interaction with
the adult beta-globin gene 55. Thus, multiple protein factors cooperate to mediate and control
long-range interactions and beta-globin activation.

The alpha globin locus is comprised of alpha-globin genes that encode variants of the alpha
chain of hemoglobin. Expression of the alpha genes is regulated by a set of remote regulatory
elements, characterized by DNase I hypersensitive sites located 40-60 kb upstream of the alpha
globin genes. These distal regulatory elements recruit a number of transcription factor
complexes that play critical roles in activating the downstream alpha globin genes (e.g.
GATA1, GATA-2 and EKLF) 17,56. Two recent 3C studies have shown that these regulatory
elements directly associate with the activated alpha globin genes through long-range looping
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16,17. The molecular basis of these long-range interactions has not been established yet, but
it seems likely that large protein complexes containing multiple transcription factors play
important roles, as is the case for the beta-globin locus.

The T helper type 2 cytokine locus
Looping interactions have also been observed in the T helper type 2 (TH2) cytokine locus 11.
In this case the pattern of interactions is more complicated than those observed in the globin
loci with multiple types of elements associating with each other in a cell type specific manner.

The 120 kb TH2 locus on mouse chromosome 11 contains three coordinately expressed
cytokine genes, Il4, Il5 and Il13. These genes are under the general control of a LCR located
∼15 kb upstream of Il13 and 60 kb downstream of Il5 57,58. The LCR is ∼ 25 kb in size and
located within the 3′ end of the ubiquitously expressed RAD50 gene. 3C studies of the Th2
locus identified multiple looping interactions 11. First, it could be shown that the promoters
of the three genes interact with each other, even in cells that are not derived from the T-cell
lineage (e.g. fibroblasts). Second, 3C analysis of T-cells showed that the LCR directly
associates with each of the promoters of the three cytokine genes (Figure 3). Interestingly,
these looping interactions were observed in all cells from the T-cell lineage, but irrespective
of the expression of the cytokine genes. In TH2 cells that express the cytokine genes, the
interactions between the LCR and the gene promoters becomes significantly more prominent.
Finally, two transcription factors, STAT6 and GATA-3, known to affect expression of the
cytokine genes, were shown to play a role in sustaining interactions between the LCR and the
cytokine promoters 11.

These results suggest that the three gene promoters interact ubiquitously even when not
expressed. In cells from the T-cell lineage the LCR then associates with the cluster of gene
promoters, generating a poised state prior to transcription. This poised state of associated
promoters and enhancers would allow for rapid induction of transcription upon T-cell
activation. Combined the results obtained for the TH2 locus provide a compelling example of
the intricate network of interactions that can occur among genes and regulatory elements to
drive cell type specific gene expression.

In addition to the specific transcription factors described above, other chromosome structural
proteins may be involved in facilitating the formation of specialized higher order chromatin
looping events at the TH2 locus. For instance, one interesting report identified the protein SATB
(special AT-rich sequence binding protein 1) as a global organizer of the locus 59. SATB1
binds multiple sequences throughout the TH2 Locus and 3C and Chip-loop (which is used to
analyze particular immunoprecipitated chromatin fragments for looping patterns) assays
showed that upon TH2 activation the locus reorganizes into a specific chromosome
configuration of several small loops that are anchored at their base by SATB1. A critical role
for this conformation for transcription was supported by the observation that that SATB1 is
also required for activation of genes within the locus. Therefore, SATB1 is responsible, at least
in part, for organizing the locus into a transcriptionally active chromatin structure 59.

Trans interactions
In general genes are regulated by cis-acting elements, in which genes and elements are located
on the same chromosome. However, trans-regulation, in which genes are regulated by elements
located on different chromosomes can also occur. Trans-regulation has been studied
extensively in Drosophila. In this organism homologous chromosomes are tightly synapsed.
Paired homologs provide a structure in which an enhancer on one homolog can regulate a target
gene located in cis, as well as the homologous allele located in trans, a process referred to as
transvection 60.
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It has been shown that transvection involves direct interactions between genes and enhancers.
For example, the Abdominal-B gene in Drosophila is under the control of many enhancers,
including IAB5, which is located 50 kb downstream of the transcription start site. By using
confocal imaging of nascent transcripts, Ronshaugen and colleagues observed a direct
association between the Abdominal-B promoter and the IAB5 enhancer. The image also
suggests that this interaction more often occurs in trans 61.

Several recent studies have shown that trans-regulation also occurs in mammalian genomes,
both between homologous and between non-homologous chromosomes. One interesting case
of specific and functional interactions between homologous chromosomes involves the two X-
chromosomes in female cells. In order to adjust the level of expression of X-linked genes to
the level observed in male cells, one of the two X-chromosomes is mostly silenced 62,63. For
this process to function appropriately, cells have to count the number of X-chromosomes
present and then inactivate only one of the two copies. X-chromosome inactivation is initiated
at the X-chromosome inactivation center (Xic). Recently it was found that the two Xic's
transiently associate at the time of development when X-inactivation is initiated 20,21. Deletion
mutants of the Xic indicated that this interaction was a critical step in the process of counting
X-chromosomes and part of the pathway for ensuring only one of the two X-chromosome was
inactivated. The precise mechanistic role of this association during the series of events that
leads to inactivation of only one of the two X-chromosomes is far from clear. Some clues as
to the molecular mechanism of Xic-trans interactions are now coming to light, suggesting roles
for the insulator protein CTCF and transcription throughout the Xic region 64. It is likely that
other factors also play roles as indicated by the discovery of a region of the Xic that is distinct
from the CTCF binding sites that facilitates pairing of the X-chromosomes 65.

Spilianakis and co-workers who studied the TH2 locus described one of the first cases of
trans-regulation in mouse that involve non-homologous chromosomes 18. Using 3C they
discovered that regulatory elements of the TH2 locus (described above) on chromosome 11
directly associate with the interferon gamma gene on chromosome 10. Interestingly, these
interactions were cell type specific and appeared to play a role in coordinating expression of
the two interacting loci. Importantly, a functional role for this trans-interaction was confirmed
by demonstrating that deletion of a regulatory element in the TH2 locus (RHS7, a DNAseI
hypersensitive site) on chromosome 11 abolished the inter-chromosomal interaction and
affected expression of the Interferon gamma gene on chromosome 10 upon differentiation into
TH2 cells.

Lomvardas and co-workers described another example of trans-regulation 19. These authors
studied the mechanism by which each olfactory neuron expresses only one of many olfactory
receptor (OR) genes present in the mouse genome. Previous work had identified the H enhancer
that regulates a cluster of OR genes located 75 kb downstream of the enhancer 66. By
employing a 3C-based methodology the H-enhancer was found to interact not only with OR
genes located in cis, but also with OR genes located in trans 19. Interestingly, FISH studies
confirmed that in a given neuron the enhancer interacts with only one target gene, either in
cis or in trans, and this corresponded to the one OR gene that was expressed in that neuron
19.

Long-range interactions involving only one enhancer may provide an elegant explanation for
the puzzling observation that only one OR gene is expressed per cell. However, deletion of the
H-enhancer had surprisingly little effect on OR gene regulation in trans, suggesting that the
mechanisms driving single OR gene expression are more complex than initially proposed 67,
indicating that the role of the H-enhancer is either redundant or part of a more complicated
mechanism to ensure single OR gene expression.
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The examples described above involve very specific trans-interactions between genes and
other genomic elements. Another class of trans-interactions involves non-specific association
of expressed genes at sites of ongoing transcription (transcription factories). Each cell only
contains a limited number of transcription factories, and at any factory multiple genes are
engaged in transcription at any given point in time 23,28. Direct, but apparently non-specific
associations between active genes could be detected using a 3C-based approach 25. These
associations likely occur as a result of the association of genes with the same transcription
factory, which brings these genes in close spatial proximity. This class of trans-interactions
may reflect a level of self-organization of the nucleus in which the expression status of a gene
determines, at least in part, the nuclear neighborhood a gene resides in and thus which segments
of the genome it has an opportunity to associate with 68.

Not all associations at transcription factories may be non-specific. Recently the groups of Fraser
and Cook reported that some genes prefer to associate with the same transcription factory, and
thus can be found to interact rather specifically 28,69. These factories may be enriched in
transcription factors that regulate a specific subset of genes.

How do enhancers find their target genes?
The observation that genes can cluster together and that regulatory elements directly associate
with their target genes explains how elements can act over large genomic distances. However,
3C-based studies do not provide direct insights into the process(es) by which specific genomic
elements can efficiently encounter one another in the context of complex nuclear organization.

The original looping model presumes that genes and elements are relatively free to move in
three dimensions and can encounter each other by direct collisions 36,37. The composition of
protein complexes bound to both the regulatory element and the promoter would then determine
affinity and specificity of the looping interactions. A limitation of the looping model is the fact
that it does not include any direct explanation for how two genomic elements can “find” one
another other than by chance. Given the complexity of the nucleus, and the number of genes
and elements that are present, it seems that an active process of searching for interacting
partners would greatly facilitate long-range gene control.

The “tracking model” is appealing because it does include an active searching mechanism. The
model proposes that complexes bound to a regulatory element find their target gene through
an active process that involves “tracking“ of the protein complex bound to the element along
the chromatin fiber, dragging the regulatory element along. When an appropriate promoter is
encountered a more stable complex is formed between regulatory element and the target gene.

An additional attractive aspect of the tracking model is the fact that it also provides a possible
mechanism of action of insulator elements. Insulator elements are elements that can interfere
with long-range gene regulation by preventing an enhancer from activating a target gene 70,
71. Insulators only block enhancer function when located in between the enhancer and the
target promoter. This intriguing position-dependent phenomenon is not understood in detail.
The tracking model would predict that insulators act as physical barriers that cannot be passed
by the tracking enhancer complex. On the other hand, the fact that in some cases regulatory
elements on one chromosome can regulate genes located on a different chromosome is not
straightforwardly explained by the tracking model and would be more conveniently explained
by a looping model.

Sub-nuclear structures may also play a role in bringing genes and other genomic elements
together. For instance, in yeast tRNA genes associate transiently with the nucleolus, and
therefore come in close spatial proximity to each other 72. Other examples include interactions
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of genes with transcription factories, which will passively and often non-specifically facilitate
physical associations between expressed genes 25.

Recent observations have revealed active and rapid direct movement of genomic loci upon
gene activation. These movements were dependent on nuclear actin 73,74. These results
rekindle a long-standing and contentious issue in the field regarding the role of nuclear actin
and myosin. Active movement of loci could aid in bringing distant genes and regulatory
elements together, e.g. at sub-nuclear structures such as transcription factories. Future studies
will require detailed analyses of chromatin movements using sophisticated imaging methods
combined with molecular manipulation of the actin and myosin machineries to link
relocalization of loci to gene regulation at the level of single cells.

The mechanisms that facilitate long-range interactions and the role of nuclear organization in
general are only just beginning to be understood and will likely be the focus of many studies
in the next couple of years.

How could enhancer-gene interactions regulate transcription?
Little is known about the precise molecular mechanisms by which interactions between
genomic loci modulate the process of transcription. Most models propose that enhancer-gene
interactions somehow facilitate recruitment and/or stabilization of components of the
transcription machinery. Recent work from the Higgs laboratory suggests that long-range
interactions in the alpha-globin locus results in efficient transfer of RNA polymerase and other
basal transcription factors from the distal elements to the alpha globin gene promoter 17. Roles
for looping interactions in later steps of transcription have also been identified. For instance,
studies of the role of the LCR in beta-globin gene expression have indicated that the LCR is
important for enhancing transcription elongation 75, perhaps through recruitment of elongation
factors. Whether these phenomena are specific for LCRs controlling highly expressed gene
clusters, or are more widespread is currently not known.

Enhancers may also act by modulating the sub-nuclear position of their target gene and/or by
stimulating their association with transcription factories. One example is again provided by
analysis the beta-globin locus. Work by Ragoczy et al, has shown that there are changes in
localization of the locus upon erythroid differentiation 76,77. During maturation, the locus is
localized away from the nuclear periphery and pericentric heterochromatin (PCH). This
relocalization also coincides with a decrease in Pol II foci (i.e. transcription factories). These
foci are no longer found throughout the nucleus, but are now found more towards interior
regions of the chromosome with some reaching out to the periphery. Interestingly, the
relocalization of the locus away from the periphery and its association with actively
transcribing transcription factories is dependent upon the LCR. This points to the possibility
that the LCR, and perhaps enhancers in general stimulate expression of target genes, at least
in part, by facilitating their colocalization with active transcription factories 77. Similar models
for enhancer action have been proposed by Cook and co-workers 78.

Clearly, much more studies are needed to unravel the mechanisms by which interactions
between genes and elements facilitate transcriptional control.

Long-range interactions and gene repression
Long-range interactions are not only involved in gene activation, but also in gene silencing
and heterochromatin formation. One such example is observed in Drosophila. By inserting a
large region of heterochromatin into the brown (bw) gene, a null mutation, brownDominant allele
(bwD), is created. Dernburg et al. were able to observe by FISH that the bwD allele now had a
tendency to interact with centromeric heterochromatin (Figure 4). In addition, in heterozygotes
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the wild-type allele associates with the bwD allele and also becomes associated with
centromeric heterochromatin, which results in silencing of both alleles. This suggests that the
silencing of the bw gene is due to its long-range association with centromeric heterochromatin
79.

Although still very poorly understood, we highlight other examples in which silencing and
heterochromatin formation involves long-range interactions between genomic elements and
genes.

Telomere clustering
Yeast telomeres are heterochromatic regions that are silenced by a group of proteins termed
the silent information regulator (SIR) proteins 80. After initial recruitment via their interaction
with Rap1 at telomeric ends, SIR proteins spread in cis resulting in formation of patches of
heterochromatin that can be several kilobases in size 81,82. Genes that are located near
telomeres can become silenced in a SIR-dependent manner, a phenomenon that is referred to
as telomere position effect 83.

When telomeres are visualized by immunostaining using antibodies against SIR proteins, a
small set of clusters is observed 84. The number of SIR foci is much smaller than the number
of telomeres, indicating that each focus contains multiple telomeres. Consistently, direct
interactions between telomeres could be detected using 3C 38,85. Although the functional
benefit as to why telomeres cluster is still unknown one hypothesis is that clustering of these
features results in a high local concentration of silencing factors and creates nuclear
neighborhoods that are enriched in and could help recruit heterochromatin proteins that are
present in limiting concentrations 86.

The mechanisms underlying long-range telomeric interactions are not understood in detail but
a role for nuclear membrane association has been proposed. Two pathways anchor telomeres
to the nuclear envelope. One pathway involves the Ku70/Ku80 dimer 87 while the other
involves the protein Esc1p 88,89. When both pathways are impaired the telomeres are
completely delocalized from the periphery and clustering of telomeres is affected as is
telomeric silencing 88-90.

Although these results suggest that membrane anchoring is essential for heterochromatin
formation and long-range telomeric interactions, several lines of experiments indicate that this
is not necessarily the case. First, membrane anchoring is not sufficient for cluster formation
because in sir mutants telomeres remain associated with the periphery but no longer form
clusters 89. Secondly, attachment to the nuclear envelope is not essential for heterochromatin
formation and gene silencing at the silent mating type loci 90,91. Third, in ku70Δ mutants
telomere clusters can be re-established under conditions when SIR proteins are overproduced
91. Combined, these observations suggest that it is SIR-dependent heterochromatin itself that
facilitates long-range interactions between heterochromatic loci. The apparent role of
membrane anchoring could be indirect, in that proteins involved in tethering (Ku70, Esc1) also
facilitate recruitment of SIR proteins. Such a self-associating property of SIR-bound chromatin
domains would be consistent with other non-deterministic models mentioned above that
propose that active and inactive chromatin domains in higher eukaryotes self-organize in
distinct nuclear compartments 68.

Polycomb complex dependent silencing
Polycomb group (PcG) proteins are highly conserved factors that are involved in silencing of
various developmental genes 92,93. In Drosophila these proteins form complexes and bind to
regulatory elements called PREs (Polycomb response elements) to silence nearby genes. One
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well-studied PRE is the Fab-7 element. This element is involved in gene regulation of the
Abdominal-B gene. Interestingly, when multiple copies of Fab-7 are present throughout the
genome, they have a tendency to interact with each other at so-called PcG bodies, subnuclear
bodies enriched in PcG proteins (Figure 4) and these long-range interactions enhance the level
of gene silencing of Abdominal B 94. The mechanism by which PREs affect gene activity and
how their interactions enhance gene silencing is not understood. Interestingly, PREs are being
transcribed to generate small non-coding RNAs and it was found recently that interactions
between PREs are dependent upon the RNAi machinery 95. This is intriguing as small RNAs
are also involved in formation of classical centromeric heterochromatin in
Schizosaccharomyces pombe 96. These exciting observations suggest that RNA may play
general roles in gene silencing and heterochromatin formation and that they may do so through
mediating long-range associations.

The above experiments identified interactions between homologous PRE-elements. Lanzuolo
and colleagues addressed the question of whether PRE interactions also occur between non-
homologous PREs 97. By using FISH and 3C they studied the bithorax complex (BX-C). The
BX-C locus contains the Ubx, AdbA and AbdB genes, as well as a set of different PREs including
the bxd and Fab-7 elements that repress Ubx and AbdB respectively. FISH analysis showed
that bxd and Fab-7, that are separated by 130 kb, are frequently co-localized in cells in which
these elements repress their target genes. In contrast, in tissues where AbdB is expressed and
Ubx is silenced the two PREs are not co-localized. They also found that when in a repressed
state, the PREs colocalize with PcG bodies in more than 80% of the cases.

Furthermore, 3C studies of the organization of the entire 340 kb region encompassing BX-C
showed that the abdA promoter interacted with all PREs and boundary elements within this
region, as well as with other gene promoters and the 3′ ends of all homeotic genes in the region.
Thus, multiple long-range interactions were detected between PREs and genes, between PREs
and between genes themselves. These long-range interactions were proposed to play a role in
stably maintaining the repressed state.

Does clustering of heterochromatic loci play a role in gene silencing?
It has been proposed that formation of heterochromatic clusters contributes to the initiation
and/or maintenance of the heterochromatic state. Clustering of heterochromatin would result
in formation of nuclear neighborhoods with high local concentration of heterochromatin factors
27,86. When a gene is located in a heterochromatic neighborhood it would be more efficiently
silenced. The observation that association of the wild type bw locus with centromeric
heterochromatin is correlated with silencing of the gene is consistent with this idea. However,
direct evidence that clustering contributes to heterochromatin formation and gene silencing
has been difficult to obtain. The reason for this is the fact that factors that mediate clustering
are often also required for local heterochromatin formation in cis. Perhaps heterochromatin
formation is completely dependent on clustering so that any condition that affects clustering
also affects local formation of heterochromatin and gene silencing. Alternatively, clustering
may be an intrinsic property of heterochromatin and therefore any mutation or condition that
affects heterochromatin formation will also disrupt heterochromatic interactions. One possible
exception is the case described by Grimaud et al. in which RNAi components were found to
be important for long-range interactions between PREs and effective silencing but not for local
recruitment of PcG proteins 95.
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Future perspective: a systems approach to study networks of genomic
interactions

Over the last couple of years enormous progress has been made towards understanding long-
range control of genes. Long-range interactions between genes and their regulatory elements
have now been firmly established. Other types of interactions, e.g. clustering of
heterochromatic regions and of groups of active genes, have also been detected. These
observations point to the existence of extensive networks of long-range interactions that
underlie long-range control of genes and shape the spatial organization of chromosomes.

These findings provide important answers to long-standing questions regarding both long-
range control of genes and aspects of nuclear organization. However, these new insights also
raise many new questions. How do enhancers find their target genes in the context of the
crowded nucleus? How do these interactions result in changes in gene expression? What
determines the specificity of long-range interactions? What protein complexes are involved?
What is the role of the apparently less specific associations between heterochromatic regions
or between expressed genes? To what extent do these interactions simply reflect self-organizing
aspects of nuclear organization in which regions with similar epigenetic states associate with
each other? In order to begin to answer these questions new experimental approaches are
needed. In particular, better experimental model systems are needed that allow experimental
manipulation of looping interactions so that the biochemical mechanisms by which long-range
interactions mediate gene regulation can be directly probed. Three-dimensional imaging of
living cells will be crucial to link movement of loci and their associations to gene control.

In addition to these more traditional approaches, we propose that a systems or network analysis
approach will add valuable insights into the logic of long-range gene regulation. We believe
the genome can be represented as a physical network of interacting elements 9,22 and that
mapping and analysis of these networks will provide novel insights into the logic of long-range
gene regulation. For instance, comprehensive analysis of chromosomal interactions may reveal
whether regulatory elements tend to regulate one or more genes, whether regulatory hubs are
present (i.e. elements controlling large sets of genes, or genes receiving regulatory input from
large sets of elements), whether there are differences in these connections for different classes
of genes, and how these interactions change during development (Figure 5). One way to
represent the intricate web of three-dimensional interactions that occur in cells is in the form
of the widely used 2-dimensional network diagrams of nodes and edges. Such network models
have proven to be very helpful to visualize, share and analyze these complex data sets.

Global analysis of the logic of long-range gene regulation by mapping the architecture of the
network of chromosomal interactions may well be feasible with the advent of several newly
developed high-throughput 3C-based technologies. These new methods allow comprehensive
determination of the composition of 3C libraries, which is not possible by PCR. The 4C
technologies (3C-on-Chip or Circular 3C) can be used to identify all genomic regions that
interact with a given gene or element of interest 19,25,98,99. 4C employs inverse PCR to
amplify all DNA fragments that have become ligated to a genomic element of interest. The 5C
technology (3C-Carbon Copy) is different form 4C in that it employs highly multiplexed
ligation mediated amplification to detect up to millions of unique ligation products present in
a 3C library. In contrast to 4C, 5C is not anchored on a single genomic element of interest, but
can be used to determine all interactions between two large sets of genomic elements, e.g.
between a set of enhancers and a set of putative target genes 100.

Initial datasets obtained by 4C and 5C already illustrate the power of these approaches. For
instance the group of Ohlsson, who developed the “Circular-3C” variant, found that imprinted
loci display a tendency to interact with each other 99. Another example is provided by
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application of the “3C-on Chip”-variant to analysis of the beta-globin locus 25. Using 4C,
interactions between the restriction fragment containing hypersensitive site 2 within the LCR
and the rest of the genome were determined. The majority of interactions with the locus were
with sequences on the same chromosome regardless of whether the locus was active or inactive.
Interestingly, it was found that the locus associated with 66 clusters on chromosome 7 when
the locus is active and only 45 in brain when the locus is inactive. When analyzed further, it
was found that in its active state the locus interacts with actively transcribed genes, such
Uros, Eraf, and Kcnq1. In contrast, when the beta-globin locus was inactive, it interacted
preferentially with other non-transcribed loci. Finally, 5C has been applied to further study the
human beta-globin locus. 5C analysis not not only confirmed interactions that had previously
been detected by 3C between the LCR and the gamma-globin gene and the 3′ HS1 but has also
discovered a new chromatin looping interaction, between the LCR and a beta-globin
pseudogene, a region that has been implicated in developmental control of the locus 100.

All these technologies promise to yield important new insights into the spatial organization of
entire genomes. Although 3C-based technologies are powerful, they only provide static and
population-averaged insights into the spatial conformations of chromosomes. Finally, it would
be very beneficial to also develop alternative and complementary strategies, particularly using
single-cell and time-resolved imaging, to explore genome organization. For example, recent
work performed in the Fraser laboratory combines RNA and DNA FISH with 3C. They find
that actively transcribed genes are found colocalized together in regions enriched for RNAP
II (transcription factories). Further, this data was confirmed by 3C. (Osborne, 2004). Another
recently developed imaging platform, three-dimensional structured illumination microscopy
(3D-SIM), promises to greatly contribute to studies of genome organization at the single cell
level 101. Ideally, information obtained from all these experimental approaches will be
integrated to obtain a coherent view of the structural and functional organization of
chromosomes. Clearly, these are exciting times and many new phenomena underlying genome
regulation and organization may be discovered in the very near future.
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Figure 1.
An overview of a 260 kb region on human chromosome 5 containing the TH2 locus
encompassing the IL5, RAD50, IL4 and IL13 genes reveal that many putative elements are
located far from any promoter. The image is a typical screenshot of the UCSC human genome
browser (http://genome.cse.ucsc.edu/cgi-bin/hgGateway). Indicated are the positions of genes
(UCSC gene predictions), conserved elements found in 28 vertebrates [determined using the
Phastcons program described by Siepel et al. 102], DNaseI Hypersensitive sites [data from
32] and the locations of Histone H3 monomethylation at Lysine 4 [data from 32,103]. All these
features are marks for putative regulatory elements. The DNaseI hypersensitive sites located
at the 3′ end of the RAD50 gene represent the Locus Control Region that regulates IL5, IL4
and IL13 expression (see the section of TH2 regulation in the main text).
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Figure 2.
Representation of chromosome conformation capture (3C) technology. Cells are treated with
formaldehyde to induce crosslinks between interacting chromatin fragments (center oval).
Chromatin is then digested with a restriction enzyme and ligated at dilute DNA concentrations
to induce intramolecular ligation. Crosslinks are reversed and ligation products are then
quantified by PCR (arrows indicate PCR primers).
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Figure 3.
Long-range interactions involved in activation of transcription. A. Depicted is the linear
organization of the human Beta-globin locus. The locus control region (LCR) and 3′
hypersensitive (3′HS1) site are depicted in gray. The ε, Gγ- and Aγ-, δ-, β-globin genes are
indicated in red, blue, orange, green, and peach, respectively. The LCR and 3′HS1 are found
to associate with the γ-globin genes upon its activation resulting in the depicted loop structure.
B. Depicted is the linear organization of the T helper type 2 cytokine locus. Il5, RAD50 (whose
3′ region contains the locus control region), Il13, and Il4 are indicated in red, gray, blue, and
green, respectively. The promoter regions of Il5, Il13, and Il4 are found to interact with each
other as well as with the LCR region.
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Figure 4.
Long-range interactions involved in repression of transcription. A. Depicted is the linear
organization of the locus containing the Drosophila mutation, brownDominant (bwD) gene
(shown in gray). The bwD is found associated with the centromeric heterochromatin (depicted
as a solid oval). B. Depicted is the linear organization of a hypothetical locus containing two
polycomb response elements (PRE) (shown as gray boxes) near a gene (green arrow). The gene
is repressed when the PREs localize at PcG bodies (depicted as red circles) resulting in a
chromatin loop.
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Figure 5.
Network analysis of chromosomal interactions in the TH2 locus. Top panel: depicted is a linear
organization of TH2 locus. Arrows indicate long-range interactions between genes and
elements as detected in naïve T-cells 11,18. Lower panel: long-range interactions can be
conveniently presented as a network of interacting nodes.
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