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regulation was suggested by isolation of a subset as part of
chromatin regulatory protein complexes in ES cells [44].
However, a comprehensive survey of lincRNAs in ES
cells revealed that 15% of them overlapped enhancers but
only 1% did so in neuronal cells [45]. At this point, the
enhancer function of eRNAa and nc-RNA-a requires
considerable further study and validation.

Interestingly, for nc-RNA-a there were often genes inter-
vening between the putative enhancer and the activated
target that were unaffected [43]. Viewed from an enhan-
cer-centric perspective, the strong suggestion is that these
enhancers loop to their target genes to activate their
transcription, skipping over intervening genes, although
the study did not include 3C experiments. Possibly,
eRNAs and ncRNAs-a have a structural role in establish-
ing or stabilizing enhancer–promoter loops although this
remains unclear (Figure 2).

Enhancer and insulator functions converge
CTCF insulators protect enhancer–promoter interactions
in vertebrates and insects. The b-globin LCR and genes
are encompassed within a CTCF-mediated loop [46].
While reduction of CTCF in precursor cells not yet
transcribing the globin genes does not appear to affect
the locus, reduction of CTCF in cells actively transcribing
g-globin results in decreased transcription and incursion
of repressive histone modifications, consistent with insu-
lator function for these CTCF sites [46,47]. Likewise,
disruption of interaction among surrounding insulators by
CTCF depletion negatively impacts interaction of an
enhancer with the APO gene promoters [48]. These
examples illustrate positive indirect effects of CTCF
insulator loops on enhancer-mediated gene expression
(Figure 3a).

Genome wide role of insulator loops
Genome profiling by Hi-C revealed that chromatin loops
are central to the organization of active and silent chro-
matin into separate functional domains [12]. The emer-
ging picture is that insulators are key contributors to this
organization. Using ChIA-PET, new data show that
CTCF mediates interaction between thousands of loci
and organizes the genome into different functional com-
partments [49!!]. Handoko et al. observed that many of
the CTCF-mediated long range interacting sites
coincided with an enhancer and promoter. Depletion
of CTCF using RNAi reduced looping between the
elements at select loci and reduced transcription of the
genes involved. The suggestion is that CTCF facilitates
enhancer–promoter interaction directly (Figure 3b).
Thus, in addition to the classical view of domain separ-
ation by insulators to topologically isolate an enhancer
and a proper gene target, we can envision other arrange-
ments more directly involving insulators in this communi-
cation. Of note, insulator interaction with an enhancer

and promoter can also be associated with a negative
influence on transcription activation by the enhancer [50].

Direct interaction of enhancers and genes with
insulators
Recent work documents CTCF occupied sites at insula-
tors, within genes and in enhancers that participate in
looping interactions and play a role in transcription acti-
vation. For example, the INFG gene has a CTCF site in
the first intron that contacts two distant CTCF sites in the
locus to form loops that they are required for activation
(Figure 3c) [51]. The INFG CTCF site interactions are
modulated by recruitment of cohesin. In the MHC-II
locus, a CTCF bound insulator site interacts with HLA-
DRB1 and HLA-DQA1 promoters to form a chromatin
loop [52]. These long range interactions depend on
promoter-bound transcription factors CIITA and RFX
and on CTCF whose reduction compromises gene tran-
scription (Figure 3c). In addition, other insulator sites in
the locus form long range associations among themselves
that are dependent on CTCF but not on CIITA and RFX.
Cohesin is also important for contact between the CTCF
insulator site and MHC-II gene promoters [53].

In addition to promoters, enhancers can directly interact
with insulators (Figure 3d). The Em recombination
enhancer in the IgH locus of pro-B cells interacts with
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CTCF role in facilitating long range interaction between an enhancer and
promoter. (a) CTCF mediates interaction between two insulators which
positively influences enhancer–promoter interaction. This model reflects
the arrangement in the b-globin and APO loci [4,48]. (b) CTCF interacts
with an enhancer and target promoter and participates directly in long
range interaction between them that leads to transcription activation.
Examples of this arrangement have been recently been described [49!!].
(c) CTCF interacts with an insulator and provides interaction with a
promoter which in turn activates transcription. The INFG and MHC class
II loci provide examples of this mechanism [51,53]. (d) Insulator bound
CTCF provides interaction with an enhancer which in turn interacts with
a target promoter. This mechanism is utilized in the IgH locus [54!,55!].
Variants (a), (c) and (d) can be incorporated into the concept of the active
chromatin hub which provides an environment conducive to
transcription activation. Designations are as in Figure 1.

Current Opinion in Genetics & Development 2012, 22:79–85 www.sciencedirect.com

Enhancer and promoter interactions—long distance calls
Ivan Krivega and Ann Dean

In metazoans, enhancers of gene transcription must often exert

their effects over tens of kilobases of DNA. Over the past

decade it has become clear that to do this, enhancers come

into close proximity with target promoters with the looping

away of intervening sequences. In a few cases proteins that are
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through their enhancer blocking or barrier activity. However,

recent work suggests more direct participation of insulators in

enhancer–gene interactions. The emerging view begins to

incorporate transcription activation by distant enhancers with

large scale nuclear architecture and subnuclear movement.

Address
Laboratory of Cellular and Developmental Biology, National Institute of
Diabetes and Digestive and Kidney Diseases, National Institutes of
Health, Bethesda, MD 20982, United States

Corresponding author: Dean, Ann (anndean@helix.nih.gov)

Current Opinion in Genetics & Development 2012, 22:79–85

This review comes from a themed issue on
Genome architecture and expression
Edited by Job Dekker and Gary Felsenfeld

Available online 12th December 2011

0959-437X/$ – see front matter
Published by Elsevier Ltd.

DOI 10.1016/j.gde.2011.11.001

Introduction
Enhancers are regulatory elements that increase the tran-
scriptional output of target genes. In metazoans enhancers
and the genes they regulate can be as far as 2 or 3 Mbp
distant from each other. This geometry produced lively
debates on how the distant enhancers could activate their
target genes. Models considered included looping and
tracking and variations thereof [1]. The advent of new
technologies, including 3C [2] confirmed the establishment
of close proximity between enhancers and target genes. In
the first example, loop formation between the b-globin
locus control region (LCR) enhancer and gene was shown
to accompany transcriptional activation [3–5]. While this
new information did not rule out the possibility that a
tracking mechanism contributes to gene activation by dis-
tant enhancers [6,7], it did establish a paradigm that was
borne out in numerous other loci where developmentally
regulated gene clusters and single genes are activated by a

distant enhancer. These include the a-globin gene cluster,
TH2, IFNG, MHC class II and IgH loci among others [8].

Genomes also contain insulators that modulate enhancer
activity. These elements are protein-DNA complexes
that prevent an enhancer from activating a gene when
positioned between them and can act as barriers to the
inappropriate spread of heterochromatin. Chromatin
looping underlies their behavior as well (Figure 1). In
vertebrates the only known insulator protein is CTCF,
which recruits cohesin to many of its functional sites [9].
The cohesin complex forms a ring to embrace chromo-
somes during sister chromatid exchange and its role at
insulator sites could be similar. Although insulators influ-
ence enhancer function and gene expression, these
elements were thought be distinct; however, the distinc-
tions are blurring. In this review we will discuss new
attributes of enhancers and new direct roles for CTCF
insulators in enhancer–promoter interactions and in
broadly configuring the genome.

Enhancer loops and functions—an update
Genome profiling of enhancers
Two studies localized putative enhancers genome wide
by their signature of CBP/p300 binding and H3K4me1
modification [10,11]. However, discovering the targets of
these enhancers is a formidable task. A different
approach, Hi-C, has allowed investigators to capture long
range interactions genome-wide by combining the clas-
sical 3C assay with high-throughput sequencing [12!].
The resolution of the method was about 2 Mb, but was
sufficient to show that long range looping interactions
underlie the co-localization of chromosomal domains
based on functional state. Increased computing power
has improved the resolution of Hi-C. Moreover, one could
imagine combining these data with enhancer localization
by CBP/p300 signature [10,11] to identify novel enhan-
cers that function by long range interaction and their
targets. This would allow an assessment of how general
this phenomenon is.

In parallel with Hi-C, a different approach called ChIA-
PET (chromatin interaction assay with paired end
sequencing) was pioneered to investigate chromatin
interactions on a genome-wide scale [13!]. ChIA-PET
is a ChIP-based assay allowing capture of long range
chromatin interactions that are established by a specific
protein of choice at high resolution. Fullwood et al. used
an antibody to estrogen receptor-a (ER-a) to pull down
chromatin interactions. Sequencing the resultant ChIA-
PET library showed that remote ER-a enhancer-like
sites interact with proximal promoters of target genes.
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Long-distance regulatory interactions between enhancers and
their target genes are commonplace in higher eukaryotes. Inter-
posed boundaries or insulators are able to block these long-dis-
tance regulatory interactions. The mechanistic basis for insulator
activity and how it relates to enhancer action-at-a-distance remains
unclear. Here we explore the idea that topological loops could
simultaneously account for regulatory interactions of distal enhan-
cers and the insulating activity of boundary elements. We show
that while loop formation is not in itself sufficient to explain action
at a distance, incorporating transient nonspecific and moderate
attractive interactions between the chromatin fibers strongly
enhances long-distance regulatory interactions and is sufficient to
generate a euchromatin-like state. Under these same conditions,
the subdivision of the loop into two topologically independent
loops by insulators inhibits interdomain interactions. The underly-
ing cause of this effect is a suppression of crossings in the contact
map at intermediate distances. Thus our model simultaneously
accounts for regulatory interactions at a distance and the insulator
activity of boundary elements. This unifiedmodel of the regulatory
roles of chromatin loops makes several testable predictions that
could be confronted with in vitro experiments, as well as genomic
chromatin conformation capture and fluorescent microscopic
approaches.

chromatin-polymer model ∣ enhancer-promoter ∣
long-range gene regulation

Unlike most known cases of transcriptional regulation in pro-
karyotes and lower eukaryotes, metazoan genes are often

regulated by enhancers placed tens to hundreds of kilobases away
from the promoter (1–4). Facilitating mechanisms are necessary
for such long-range enhancer action, as we shall explain below.
Widespread distant regulation also requires additional mechan-
isms to ensure specificity. Enhancer-blocking DNA sequences,
known as boundaries or insulators, define chromatin domains
within which enhancer action is limited (5–11). While it is known
that insulator elements bind to particular proteins (12) how these
protein complexes manage to block enhancer action across
domains remains controversial.

Several different models for long-range enhancer-promoter
communication have been proposed, for review see refs. 5, 10.
One model hypothesizes a tracking mechanism that involves the
processive movement of regulatory machines launched from the
enhancer towards the promoter. Another model hypothesizes
that transcriptional up-regulation requires direct physical contact
between proteins assembled at the enhancer and the transcrip-
tional apparatus at promoter. This process necessarily leads to
looping out the intervening chromatin. Looping model has re-
ceived significant support in the context of the control of the beta-
globin locus by the LCR (13, 14). For each of these models of
enhancer-promoter communication, one needs a corresponding
mechanism of action for insulators (9, 10, 15, 16). For the tracking

model, insulators are assumed to work as barriers blocking the
movement of the regulatory machine. In the looping model, in-
sulators function by decoying promoters or other acting as sinks
or traps for enhancer (17).

Yet another model for enhancer action is based on the idea
that insulators subdivide the genome into topologically indepen-
dent loops or domains (18). In this model, enhancer action at dis-
tance requires a mechanism that promotes intraloop enhancer-
promoter contacts, while insulation requires that interloop con-
tacts be disfavored. The topological loop model does seem to ex-
plain experiments that aim to contrast conjectured mechanisms of
insulation (19–21); however, scant attention has been paid to the
question of whether the topological loop model is plausible from a
physical point of view. We redress this critical gap in our under-
standing of long-range gene regulation. Specifically, we resolve the
following puzzles within the context of looping models—
• What are the ingredients necessary in a physical model of chro-

matin capable of producing efficient long-range enhancer-
promoter communication?

• What are the signatures of such physical features on observable
conformations of chromatin? What conformations are favored?

• What are the consequences of favored chromatin conforma-
tions on insulation by insulators arranging chromatin into to-
pological loop domains?

Surprisingly, we discover that the same model that explains
experimentally observed efficiency of long-range enhancer action
is, paradoxically, capable of explaining the efficiency of insulator
action; no added ingredients are needed.

Results
Our intention is to understand dynamics of large domains of
chromatin ranging in size from tens to hundreds of kilobases of
DNA. Ab initio molecular modeling of such large systems is hin-
dered both by computational limitations and our lack of detailed
knowledge of chromatin composition and structure. Moreover,
keeping in mind that robust predictions can often be extracted
from coarse-grained models, we use such an approach.

Long-Range Enhancer Action. Distance dependence of contact
probability between two points on a semiflexible polymer has
been studied under many contexts (22). The contact probability
is the highest for a separation of the order the persistence length
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some attraction promotes interdomain “enhancer-promoter” in-
teractions, and the frequency of these long-distance “regulatory”
interactions increases with increasing attraction. Second, while
transient nucleosome-nucleosome attraction supports distant
intradomain enhancer-promoter interactions, it also suppresses
enhancer-promoter interactions between elements in different
loop domains, see Fig. 6. Compared to the noninteracting case,
the suppression factor can be quite large (Fig. 6), which, for the
largest distances in our simulation, is about six to sevenfold. In
many in vivo and in vitro experiments, the typical enhancement
in gene expression in presence of an active distal enhancer activity
is a factor of ten or less.

Apart from the presence of chromatin-chromatin attraction,
the suppression also depends on how deep within a domain the
enhancer is: deeper they are, the better the suppression factor.
Note that when a short distance separates the enhancer-promoter
pair, the looping interaction across an insulator is not particularly
weaker than the interaction over a similar short distance inside
the domain (Fig. 6). This phenomenon is in close agreement with
the quality of insulation observed as a function of distance from
the insulator in experiments (21, 51). In this context, it is worth
noting that the barrier and the decoy insulator models of insulation
cannot explain why the efficiency of insulation depends on the
distance of the enhancer and promoter pair from the insulator
pair bracketing it. In the topological loop model our data explains
the phenomena as follows. When the enhancer and promoter are
proximal to paired insulators (that create the loop domain), in-
sulation is not as efficient because only further away from a cer-
tain proximity to insulators is insulation facilitated in our model.
The origin of this length scale and the dependence of the effi-

ciency of insulation on the interaction set-up are analyzed in
the next section.

Understanding Insulator Action.One seemingly paradoxical feature
of our model is that weak transient nucleosome-nucleosome
attraction on the one hand is able to promote long-distance intra-
domain enhancer-promoter communication and on the other hand
is able to suppress enhancer-promoter communication across do-
mains. In order to resolve this paradox, we analyzed the topological
structure of the contact map. For any conformation of our model
polymer, one can map the instantaneous contacts, formed during
the sporadic events, into chords on a discrete circle where the end
points of the chords are the beads in contact. For example, the per-
manent contact introduced between insulators is a diameter in this
mapping. Interdomain/intradomain interactions correspond to
chords that cross/do not cross this diameter (Fig. 7). We analyze
the crossing of these chords in our model simulation for enhancer
action to elucidate insulation action as follows.

We select conformations by their number of instantaneous
contacts (contact size). Because we are interested in long-range
action, we only consider contacts between beads separated by
more than a short-range cut-off. We pick this cut-off to be 20
beads which is the separation beyond which the probability of
contact for noninteracting polymer begins to depart significantly
from that of the interacting polymer (Fig. 3). For each contact
size, we compute the statistics of number of crossings of all
mapped chords with a single chord of fixed length. We perform
this analysis for various lengths of the chosen chord. Note that
each chord length corresponds to an arc length: namely, the
number of links between the two beads along the shorter arc con-
necting them. We will call this number the bond length. As shown
in Fig. 8, the central observation is that the frequency of crossing
of a long-range contact is consistently lower in the interacting
polymer, in comparison to when chords are randomly distributed
on a circle. If the long-range contact linking the loop is perma-
nent, as it is in the insulator simulation (Fig. 5), the observation
immediately implies that interdomain contact is suppressed
(Fig. 6). For random chords on a circle we do not expect any such
suppression, and hence this acts as a benchmark for efficiency of
insulation (Fig. 8). Note that suppression of crossing is poor for
short-range contacts; i.e., an interaction dependent length-scale for
efficient insulation emerges in this picture, as discussed earlier.

The contact map statistics also implies that the high-contact
configurations are not just temporary appearance of a state
of fully collapsed polymer. In polymer literature, pseudoknots
in attractive polymers above the collapse transition have been
explored, motivated mostly by RNA folding (52). Our results
are consistent with the picture that a single contact usually does
not form a pseudoknot by crossing a large number of other con-
tacts. The entropic cost of a heavily crossed contact map makes
such contact patterns less likely. We have verified that increasing

Fig. 5. Set-up for studying insulator action: the green bead is an enhancer,
red beads are insulators, magenta beads are equidistant intradomain promo-
ters and cyan beads are equidistant interdomain promoters. Thick gray
dashed lines correspond to intradomain interactions while thin black dashed
lines correspond to interdomain interaction.

Fig. 6. Efficiency of insulation for interacting polymer model. Interaction
reduces long-range crossing of contacts as quantified in the graph by com-
paring inter- and intradomain contacts.

Fig. 7. The left box is a sketch of a typical contact map for the same number
of contacts for random distribution of contacts and the right box, for our
simulation of interacting nucleosomes. The solid line is the insulator contact
(permanent) and dashed lines represent transient contacts between nucleo-
somes.
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How can enhancer-promoter interactions be 
affected by local genome folding?
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Case 2: Facilitates
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Part 1: Summary

2: Facilitates: ~4 fold effect

1: Insulates: ~2 fold effect
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in compact chromatin.
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Part 2: Fine scale analysis of 
experimental Hi-C contact maps
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TADs are not single, static loops
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Before analyzing TADs, we need to find them:
Automated TAD detection

edge detection
sharp boundaries
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Automated TAD selection
vs. manual TAD selection
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