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Enhancers are regulatory DNA sequences that can activate transcription over large distances. Recent
studies have revealed the widespread role of distant activation in eukaryotic gene regulation and in
the development of various human diseases, including cancer. Here we review recent progress in the
field, focusing on new experimental and computational approaches that quantify the role of chromatin
structure and dynamics during enhancer—-promoter interactions in vitro and in vivo.
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Transcription of the vast majority of eukaryotic genes is regulated by enhancers (1] — DNA sequences that bind
transcription factors and activate transcription at promoter sites over variable distances (up to more than a million
base pairs [1 Mb] away) [2]. The enhancers work in concert with other distantly placed regulatory elements
(e.g., silencers (3] and insulators [4]) on the core promoters [5]. Genomic studies have identified specific ‘signatures’
of enhancers and promoters, such as histone modifications, associated proteins and RNA [6]. There are about
a million human enhancers [7,8], with thousands active in particular cell types [9,10. However, the majority of
enhancers are described based only on evolutionary sequence conservation, without corresponding functional
characterization (e.g., see [11]). The poor sequence similarity between different enhancers makes bioinformatics
analysis challenging (reviewed in [12]). Most promoters associate with a single enhancer, but about 25% associate
with two or more enhancers at any given time [13]. Recent genomic studies using various versions of the chromatin
conformation capture (3C) method, in other words, combining chemical cross-linking with high-throughput
sequencing, have revealed widespread use of enhancers in gene regulation [6,14]. In fact, enhancers are the regulatory
elements that mediate the transcriptional activation of the vast majority of human genes [15] and largely dictate
the state of chromatin near promoter regions [16]. Changes in enhancer-dependent gene expression can lead to the
development of many types of cancers as well as to heart and autoimmune diseases in humans [17-21].

To be activated, a gene must be positioned within a more open chromatin region within nuclei (euchromatin) (22—
24]. These changes in chromatin structure can affect the transcription of genes [25,26]: that is, the same genes can
show different levels of expression in euchromatin as compared with heterochromatin, where the DNA is more
tightly packed. In mammals, heterochromatin domains spread to cover developmentally regulated genes during
the differentiation of stem cells [27]. The activation of genes starts with the labeling of inactive enhancers by
‘bivalent’ marks (H3K4mel and H3K27me3), histone variants (H3.3 and H2A.Z) and/or elongating (paused)
RNA polymerase II (Pol II) complexes with short aborted transcripts [28-31). The enhancers and promoters in
different cell types are then activated by cell-specific transcription factors and become associated with short
enhancer RNAs, p300, H3K79me3, H3K27ac (52,33] and various coactivators, including histone modifiers and
ATP-dependent chromatin remodelers [34-36] (Figure 1A). Note that the model described above has been developed ~ Futu r'e'.t".;"f-,
for re-activated enhancers already carrying epigenetic marks; it is not clear whether the model is applicable to Medicine."'
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Figure 1. Proposed mechanism of action of eukaryotic enhancers. (A) Prior to enhancer activation, enhancers and
target promoters are marked by histone variants (H3.3, H2A.Z), pioneering transcription factors, various histone
modifications (e.g. H3K4mel, H3K79me3, H3K27me3, H3K27ac), eRNAs, p300, Pol Il and specific transcription factors.
(B) Activation of the enhancer is followed by enhancer-promoter communication, chromatin looping (assisted by
CTCF/cohesin bound at the TAD boundaries and by various cofactors including Mediator) and by promoter activation.
eRNA: Enhancer RNA; TAD: Topologically associating domain.

enhancers activated de novo during development. The activated enhancers subsequently communicate with their
target promoters. Once the enhancer-bound protein(s) reach the target promoter(s), they establish direct interaction
with promoter-bound protein(s), accompanied by formation of a loop containing the intervening chromatin [37]
(Figure 1B). Formation of the loop is facilitated by CTCF/cohesin interactions, which form a fixed ring likely
encompassing the base of the loop [38], and by various cofactors including Mediator that serve as a bridge between
promoters and enhancers (Figure 1B) ([39,40], reviewed in [41]). After formation of the enhancer—promoter loop,
activation of the promoter can occur either by recruiting of general transcription factor TFIID to the promoter and
its activation through interaction with general transcription factor TFIIA or by activating Pol II paused on poised
promoters [31,42-46].

Super-enhancers constitute a specific group of enhancers, which drive the expression of genes that determine
cell fate [47,48). Super-enhancers are large clusters of transcriptional enhancers characterized by a high density of
transcription factor binding sites (more than ten-times that of a typical enhancer), specific histone marks (H3K4mel
or H3K27ac) and the mediator complex Med1 [47,49]. Malfunctioning super-enhancers are associated with many
human diseases, including cancer and neurodegenerative disorders (see [50] for review).

Although various factors participating in enhancer action have been identified, understanding their interplay and
the mechanistic aspects of enhancer action trails behind, in part because of the limitations of current experimental
approaches. Below we review some new experimental techniques that are making it possible to dissect the mechanism
of enhancer action and recent progress in the field; other aspects of enhancer action have been covered in several
excellent reviews [51-54].
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Figure 2. Experimental approaches for analysis of enhancer-promoter communication in vitro. (A) Looping of single
DNA molecules in real time. Donor (Cy3) and acceptor (Cy5) labeled DNA molecules are immobilized on a surface via
biotin-neutrAvidin interaction and the rate of dye association/dissociation is monitored by analysis of the efficiency
of Forster resonance energy transfer. (B) Measuring enhancer-promoter communication [60,63]. 1. Before
transcription is induced, RNA polymerase is bound at the promoter but cannot initiate transcription, and activator
proteins are bound to the enhancer but cannot communicate with the promoter. 2. Enhancer interacts with RNA
polymerase after fast phosphorylation of the activator proteins by protein kinase NtrB, causing looping of the
intervening DNA and initiation of transcription. 3. In the presence of NTPs RNA polymerase completes transcription,
and the yield of transcripts that correlates with the efficiency of enhancer-promoter communication is measured.
NTP: Nucleotide triphosphate.

(A) Reproduced with permission from [59].

Approaches for analysis of enhancer—-promoter interactions

Experimental approaches for analysis of enhancer-promoter communication in vitro

Long-range communication between sequentially distant elements on DNA was initially quantified through assays
of the ligation-circularization propensities of ‘sticky’ complementary, single-stranded oligonucleotide extensions at
the ends of long DNA molecules [55-57) and of nucleosome-bound chromatin constructs iz vitro (58]. However,
extensive internucleosomal interactions strongly complicate interpretation of the experiments involving chromatin
[e. nizovtseva, unpublished Data]. The more recent development of a novel fluorescence-based, protein-free
approach now makes it possible to measure the looping of single DNA molecules in real time [59] (Figure 2A). The
method detects the association/dissociation of dyes at the ends of 8- to 10-nucleotide overhangs on the analyzed
DNA fragments. Although this approach could prove useful in the future for analysis of communication in chro-
matin, neither it nor the classic ligation assay offers insight into enhancer-specific mechanisms of communication
with promoters (i.e., the role of protein—protein or DNA—protein interactions facilitating communication).

A new quantitative assay of the rates of distant communication between a bacterial transcription regulatory
element (enhancer) and its target (promoter) on DNA versus chromatin is providing fresh insights into the
contributions of proteins and DNA to long-range transcriptional regulation (60-63] (Figure 2B). In this experimental
system, enhancer—promoter communication (EPC) occurs within the same DNA molecule, communication is the
rate-limiting step in the entire transcription reaction, and the yield of transcripts is directly proportional to
the rate of communication on both DNA and chromatin templates [62]. The nucleosomes on the chromatin
constructs lie between the enhancer and promoter, with the communicating regions being nucleosome-free [60].
The technique has been used to study the mechanisms of distant communication on histone-free DNA [62,64] and
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in chromatin [37,65,66]. In the case of histone-free DNA, the experimental results quantitatively mirror the expected
end-to-end communication properties of DNA [67]. The approach has been used to measure communication
rates on relatively short chromatin fragments containing up to 25 nucleosomes [37]. Since this approach provides
quantitative information on the rates of EPC in chromatin, it was also used to evaluate predictions of the
computational approaches described below [65,68].

Experimental approaches for analysis of EPC in vivo

Approaches currently in use for the analysis of enhancer—promoter interaction 77 vivo are far less quantitative than
those used 77 vitro. The growing set of in vivo approaches now includes: chromatin immunoprecipitation (ChIP)
and DNase [ treatments combined with DNA sequencing (ChIP-seq and DNAse-seq, respectively) to identify
enhancers; chromosome conformation capture methods to detect enhancers and promoters in direct physical
proximity; and functional assays such as clustered regularly interspaced short palindromic repeats and transcription
activator-like effectors (TALEs) to evaluate activation of transcription [69]. Note that these tools provide information
about average genome organization in a population of cells, as opposed to that in individual cells which could
differ dramatically. Newly developed single-cell combinatorial indexed high-throughput sequencing data hint of
the potential variation of 3D genome structure in single cells [12,70].

The ChIP-seq approach involves the cross-linking of transcription factors to their DNA binding sites in vzvo. The
resulting cross-linked complexes are isolated 7z immunoprecipitation using an antibody against the transcription
factor, RNA polymerase or a histone mark. Subsequent genomic sequencing makes it possible to identify the
enhancers that are active in a specific chromatin environment, such at sites of lysine 27 acetylation on histone H3
(H3K27ac), lysine 4 monomethylation on histone H3 (H3K4mel) or other modifications detected in cell culture
and in human tissues (Figure 1A; for review see [69,71,72]). The ChIP-seq method makes it possible to identify active
and potentially active enhancers and promoters and is very useful for analysis of enhancer activation in response
to drugs and other changes in the cellular environment. The approach, however, does not provide information
about chromatin topology and does not identify the target promoters activated by a particular enhancer. Different
variants of the 3C methods are used for this purpose.

Chromosome conformation capture is based on the idea that closely localized genomic regions can be cross-
linked in vivo. The in vivo cross-linked DNA fragments are then digested with restriction enzymes or sonicated and
re-ligated to one another. The newly ligated DNA fragments are identified using DNA sequencing or the PCR with
primers to the regions of interest (3C [73]). Different modifications of the 3C approach employ different methods
to separate the DNA fragments after cross-linking (4C, 5C [74,751) and allow for high-throughput data analysis and
generation of genome-wide contact maps (Hi-C (76,77]). A combination of Hi-C and ChID, so-called ChIA-PET (78],
allows for genome-wide detection of the protein-mediated loops captured by the various 3C methods described
above. Although the ligation frequencies can be quantified, the data obtained by any of the currently available
3C methods cannot be directly translated into contact frequencies 77 vivo. Indeed, the efficiency of cross-linking
utilized by these methods is apt to vary dramatically and to depend on the relative distances between the analyzed
genomic regions, the accessibility of the cross-linker and the availability of the DNA ends for ligation (reviewed
in 771). The rates of EPC are also extremely difficult to analyze by current 3C techniques.

A variety of functional assays can be applied to investigate minimal enhancer sequences and the dependence
of enhancer action on the distance from the target promoter, the chromatin environment and the positioning
of the enhancers within the topologically associating domains (TADs) of chromatin (reviewed in [79]). Other
new-generation functional assays include clustered regularly interspaced short palindromic repeats/cas9 editing
machinery that allows for enhancer activation (CRISPR; a segment of DNA containing short repetitions of base
sequences, involved in the defense mechanisms of prokaryotic organisms to viruses [80]) or inhibition (CRISPj;
CRISPR-inhibiting enhancers (81]) and TALEs, which target specific DNA sequences after fusion of the effector
DNA-interacting proteins to a repressor or activator domain. TALE has been used to study protein domains
involved in activation or repression of transcription after binding to a target DNA sequence [82].

Computational approaches for analysis of EPC

Computational treatment of the arrays of nucleosomes in native chromatin fibers lies beyond the scope of con-
ventional atomic-level macromolecular methods [83-86]. Computer resources preclude detailed study of the atoms
in such large assemblies. The supporting low-resolution experimental data also call for interpretations that con-
form to the characteristics of the molecular system. An understanding of the long-range properties of chromatin
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Figure 3. Modeling long-range communication between regulatory elements on chromatin arrays.

(A) Protein-bound DNA segments — the glnAp2 promoter recognized by RNA polymerase, the enhancer site bound by
the bacterial nitrogen regulatory protein C and the DNA on the nucleosome core particle — follow pathways,
highlighted in deep blue, from known high-resolution structures [99,100,129-134]. The DNA linkers between successive
protein—-DNA complexes undergo small elastic deformations about the ideal double-helical structure. (B) A reduced
depiction of protein and DNA facilitates computational treatment of the chromatin assembly. The simplification of
DNA to a series of base pairs (blue blocks) and the cationic/anionic amino-acid residues to a set of point charges
(small red/blue spheres at positive/negative sites) make it possible to bridge the gap between the size of systems that
can be studied in full atomic detail and events, such as enhancer-promoter communication, that takes place on a
larger molecular scale. The representation of the DNA-bound proteins as simple geometric objects enclosing the
folded polypeptide chains expedites detection of molecular collisions. (C) The simulated changes in large-scale
structure, depicted in open (left) and successfully contacted (right) states, arise from the deformations of the
protein-free DNA linker segments guided by collision avoidance and electrostatic interactions between protein and
DNA. Note the contacts of the mobile charges on the histone tail (red spheres) with the exposed faces of nearby
nucleosomes in the more compact state.

requires knowledge of the contributions of whole nucleosomes, the interspersed protein-free DNA linkers and the
surrounding molecular environment. These molecular components (Figure 3) provide a simple means to interpret
various mesoscale properties of chromatin fibers, such as the strong internucleosomal associations detected with
force-extension technology (87 and electric dichroism measurements [s8]; the effects of nucleosome composition
and number of the global dimensions of chromatin fibers [89); the packing of nucleosomes in solid-state struc-
tures [81,90,91]; the contacts of nucleosomes deduced through chemical cross-linking [921; and the ability of chromatin
fibers to support EPC (37,65].

Recent computational treatments of long-range communication on nucleosome arrays [68,93,94] build upon
carlier coarse-grained models of deformable chromatin fibers 95,96, which combine a static representation of the
nucleosome with known mechanical properties of protein-free DNA. The DNA on both the nucleosomes and the
regulatory proteins adopts the precise 3D pathways found in known high-resolution structures (Figure 3A) [(97-100]
while the protein-free DNA linkers undergo elastic deformations, in other words, small fluctuations in bending
and twisting, consistent with the solution properties of double-helical DNA [101]. The treatment of DNA as a
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sequence of base pairs rather than a series of longer helical elements [96,102] makes it possible to capture the ‘high-
resolution’ information contained in the experiments, such as the effect of small shifts in nucleosome positioning
on long-range communication. Representation of the proteins as rigid, impenetrable objects, for example, ellipsoids
or cylinders (Figure 3B), with shapes compatible with their known 3D folds facilitates identification of contact-free
arrangements of protein and DNA. The added consideration of atomic charges helps to distinguish the more likely
configurations. A small set of point charges, extracted from the spatial locations of cationic and anionic amino-acid
residues, preserves key features of the folded histone core, for example, the so-called acidic patches on the exposed
faces of the nucleosome core particle [103]. Contacts of the acidic patch on one nucleosome with mobile point
charges on the exposed histone tails of nearby nucleosomes [65,94] give rise to attractive interactions that enhance
chain compaction (Figure 3C). The charges on DNA and the terminal regulatory proteins similarly contribute to
the formation of closed loops. Models of rigid, fully extended fibers, such as those used to identify the optimal
arrangements of nucleosomes in chromatin [104-107], do not capture the variations in communication levels with
the numbers, composition and spacing of nucleosomes. The rigid structures, nevertheless, serve as critical reference
points for simulations of deformable oligonucleosome chains.

Importantly, the combination of these computational approaches with experimental measurements in several
recent studies has identified critical factors contributing to the formation of chromatin fibers and helped to unravel
mechanisms of EPC. For example, trends in the predicted interactions of nearby nucleosomes in regular nucleosome
arrays compared with those detected through a combination of electron microscopy and chemical footprinting have
pointed to various factors that may promote the higher-order structure of chromatin, such as enhanced bending
of the protein-free DNA linkers between successive nucleosomes [92]. Recent comparisons of computer-simulated
models with the observed associations of nucleosomes in the chromatin from Hela cells at two stages of the cell
cycle suggest how the level of linker histone uptake may contribute to the deformability and looping propensities
of nucleosome-decorated DNA chains [108].

Mechanisms of EPC in chromatin

Most enhancers activate transcription 7 cis, over DNA stretches with an average length of approximately 100 kb [109};
the actual contour length between the enhancer and target promoter on a chromatin fiber is considerably shorter
(equivalent to ~3 kb of stretched linear DNA), considering the approximately 30-fold DNA compaction associated
with chromatin folding [110]. Given that the enhancer must physically reach the promoter, in most cases over a
large distance 77 cis (Figure 1B), long-range communication is the principal aspect of enhancer action. In fact, this
early step could be rate-limiting in the regulation of at least some genes (reviewed in (57]). Therefore, it is essential
to identify chromatin properties that allow for efficient enhancer action.

The need for close association raises the question of how an enhancer can efficiently reach a sequentially
distant promoter. Chromatin structure per se is a highly efficient communication device (58], mediating long-range
interactions by looping the chromatin positioned between a promoter and an enhancer 77 vitro (66,111). Importantly,
the high efficiency of EPC cannot be explained by chromatin-induced DNA compaction alone [66,68]. Furthermore,
modulation of chromatin architecture is one of the key factors in dynamic transcriptional regulation [112] (see [52,113]
for review). These observations raise a number of important questions, such as: What elements of chromatin
structure mediate efficient EPC? What are the mechanisms of efficient EPC in chromatin? How can EPC be
inhibited or facilitated by various factors? Some of these questions have been answered in recent studies involving
the combination of experimental and computational approaches described above.

Recent data obtained using well-defined chromatin arrays and an enhancer—promoter system assembled from
purified components suggest that the presence of nucleosomes along with DNA facilitates communication between
transcriptional proteins [68]. Here the experimentally measured signals, expressed in terms of the levels of enhancer-
dependent RNA transcripts produced on nucleosome-decorated versus nucleosome-free DNA of the same length,
provide critical benchmarks for evaluating mesoscale models of chromatin. Correspondence between the predicted
likelihood of contact between the ends of computer-simulated oligonucleosome arrays and the experimental data
lends credence to the models and points to details of macromolecular structure and deformation potentially
responsible for the observed behavior of the chromatin constructs.

The data further show that internucleosomal interactions involving the histone tails are essential for highly
efficient, long-range EPC in chromatin iz vitro (68]. The molecular simulations of the communicating chromatin
fibers suggest that transient binary internucleosomal interactions can mediate distant communication between the
enhancer and promoter in chromatin (68]. In particular, electrostatic interactions between the N-terminal tails of
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the core histones and nearby nucleosomal DNA (Figure 3C) enhance the computed probability of interaction
between DNA sites that lie far apart along the sequence. Importantly, the histone tails not only contribute to the
high efficiency of EPC, but also allow for nearly distance-independent communication [68].

It has been proposed that long-range, transient internucleosomal interactions through the histone N-terminal
tails [(114,115) could keep chromatin fibers in close proximity while at the same time allow the relocation of interacting
fibers relative to one another [68]. These relocations could occur by a mechanism involving sliding of interacting
chromatin fibers or by re-establishing internucleosomal interactions de novo (57,116). Although internucleosomal
interactions themselves are not sufficient to account for action over a distance, these transient nonspecific interactions
within the chromatin fiber strongly enhance long-distance regulatory enhancer—promoter interactions [68,116]. The
subdivision of a loop into two topologically independent loops by insulators inhibits interdomain interactions and
is expected to strongly inhibit enhancer action over a distance [116]. Thus, nonspecific internucleosomal interactions
are likely important for both enhancer action over a distance and insulator activity of the boundary elements.

It has been shown that nucleosome spacing and the presence of nucleosome-free DNA regions can considerably
affect the structure/dynamics of chromatin fibers and, in turn, affect the efficiency of enhancer—promoter interac-
tions in vitro (65]. In particular, on nucleosomal arrays containing more than seven nucleosomes in the presence of
a single nucleosome-free DNA region can positively affect the rate of EPC [65]. The presence of nucleosome-free
DNA regions could be essential for communication since the chromatin fiber is a rigid polymer that otherwise does
not support efficient formation of loops in vive [117,118].

The studies described above are currently focused on the analysis of enhancer—promoter interactions over
relatively short distances (1-5 kb). However, knowledge of the spatial arrangements of interacting nucleosomes in
regular nucleosome arrays provides a basis for linking the ‘local’ mesoscale features of chromatin to higher-order
macromolecular structures, such as the long, approximately 100 kb loops of chromatin, detected within the TADs
of chromosomes [119,120]. The nucleosome—nucleosome interactions extracted from base-pair-level simulations of
short oligonucleosome arrays that account for experimental data provide the necessary input for direct, nucleosome-
level simulations of the closure propensities and structural features of chromosomal loops of the same chemical
make-up [94,121]. Moreover, given the known sensitivity of nucleosome positioning to DNA base sequence [122-124],
a nucleosome-level depiction of chromatin provides a direct link from primary nucleotide sequence, double-helical
structure and nucleosome-decorated DNA to looped architectures detected at the chromosomal level.

As emphasized in this review, the configurational properties of nucleosome-decorated DNA reflect the spacing and
composition of the constituent nucleosomes. The precise positions and chemical make-up of nucleosomes modulate
the communication between regulatory proteins at the ends of well-defined oligonucleosome arrays. Ensembles
of modeled structures consistent with these observations exhibit very different 3D features upon repositioning or
modification of nucleosomes (Figure 4). The local structures and deformabilities of the nucleosomes can, in turn,
influence the folding and interactions of longer stretches of chromatin [94,121]. Other factors known to modulate
the local spatial arrangements of nucleosomes can similarly contribute to the long-range properties of chromatin.
For example, changes in DNA composition that perturb the ‘breathing’ propensities of nucleosomes, such as
replacement of the 601 sequence used in recent studies [37,65] by a less perfect nucleosome-positioning sequence,
could affect the average local spatial arrangements of nucleosomes and thereby influence the likelihood of contact
between terminal regulatory proteins. The introduction of chromosomal factors that recognize specific features of
the nucleosome core particle may not only perturb local nucleosome structure but also contribute to the relative
positions of nucleosomes on DNA and the consequent remodeling of chromatin. Proteins known to recognize
the acidic patch, such as the polycomb repressive complex [125], can disrupt the stacking of nucleosomes found in
regular oligonucleosome arrays, while the uptake of linker histones in the vicinity of the nucleosomal dyad [126,127]
can perturb and potentially stiffen the pathways of DNA entering and exiting the nucleosome.

Making the connection between the sequence-dependent information in short chromatin constructs and the i
vivo looping of DNA captured with assorted new technologies require extension of present nucleosome level studies
of regular chromatin arrays to oligonucleosomes with the mixed spacings mapped at base-pair resolution on genomic
sequences [122,123,128]. The loops of chromatin detected in genomic studies contain hundreds of nucleosomes and,
as emphasized here (Figure 4), the likelihood of their formation depends upon the spacing and composition of
the constituent nucleosomes. The predicted properties of chromatin constructs with nucleosomes positioned at
the sites mapped in a given genome can potentially be compared with the known intrachromosomal contacts
along the same DNA. Characterization of the long-range interactions between the unevenly spaced nucleosomes
on chromatin, however, requires knowledge of the configurational properties of a very large number of well-defined
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Figure 4. Molecular snapshots illustrating the potential effects of nucleosome positioning on large-scale chromatin
folding. (A) The smoothly deformed pathway of a regularly spaced construct, depicted for a stretch of 78 intact
nucleosomes with uniform 177-bp spacing, undergoes compression/extension and large-scale bending/twisting upon
changes in nucleosome positioning. (B) The 26 nucleosomes (deep brown) positioned at increments of 172 bp at the
beginning of a 77-nucleosome construct rearrange and form a more compact ‘secondary structure’, as compared with
the 26 nucleosomes in the middle and the 25 nucleosomes at the end of the same chain, with respective nucleosome
repeats of 177 bp (light brown) and 207 bp (yellow). Note that the junction between ‘helical’ stretches in the
simulated construct becomes more pronounced when the spacing changes by roughly a half turn of DNA (172 - 177 =
-5 bp) than when altered by a multiple of the tenfold double-helical repeat (207 - 177 = 30 bp) [65]. The presence of a
nucleosome-free gap, here located within the stretch of nucleosomes spaced at 207-bp intervals, enhances the
flexibility of the modeled structure, allowing the chain to bend in various directions.

oligonucleosomes. The interpretation of chromosomal looping also requires knowledge of the proteins that mediate

these structures at the genomic level and the interactions, or bridging, of nearby loops are believed to occur within
TADs.

Future perspective

Although the recent studies described above document considerable progress in mechanistic understanding of
enhancer action in chromatin, the 7z vitro and in vivo work remains largely disconnected. Development of more
quantitatively tractable 7z vivo approaches and in vitro chromatin-covered templates supporting enhancer-promoter
interaction on larger nucleosomal arrays would fill in the gap and allow for development of authentic systems
recapitulating physiologically relevant aspects of enhancer action and analysis of enhancer malfunction in human
diseases.

In spite of the rapid progress in understanding of the principles of enhancer-dependent transcription, many
aspects of this process and its role in human diseases remain to be studied. Main remaining challenges include
functional characterization of enhancers, identification of their target genes and trancription factor partners,
mechanistic understanding of the impact of the changes in chromatin structure on enhancer action and analysis of
the mechanisms of enhancer action in single cells.
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Executive summary

* Enhancers play widespread role in eukaryotic gene regulation and in the development of various human diseases.
* The enhancer-promoter interaction is an early and likely regulated step in gene activation.

* The efficiency of enhancer-promoter interaction are largely dictated by the structure/dynamics of intervening
chromatin.

* New experimental approaches allow quantitative analysis of gene activation over a distance in vitro.
* Invitro and in vivo studies are currently largely disconnected.
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