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Enhancer talk
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Executive summary by sub-headings

 Enhancer-promoter communication: Physical contact between enhancers and their 

target promoters is important for transcriptional activation. However, enhancer-promoter 

interactions are not predictive of transcriptional activation.
 Genome wide analysis of enhancer-promoter dynamics: Enhancer-promoter 

contacts can be stable or cell-type specific, with dynamic contacts relying on cell type 

specific transcription factors. 
 Multi-loci interactions: Approaches that identify multi-loci interactions can distinguish if 

interactions occur simultaneously between multiple loci in a single cell, or represent 

different 3D conformations that could be mutually exclusive.
 Topologically associated domains: Contacts between enhancers and promoters are 

predominantly restrained within the same domain or TAD.
 Insulating boundaries and their role in gene regulation: Disruption of domain 

boundaries can alter gene regulation through changes in enhancer-promoter contacts.
 A subset of active enhancers are found in clusters: Super-enhancers are clusters of 

enhancers enriched for Mediator, H3K27Ac, H3K4me1, p300 and master transcription 

factors.
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 Modes of cross talk between the individual elements in an enhancer cluster: The 

individual elements within a cluster could act autonomously in a tissue specific manner 

or influence each other in an additive or synergistic manner
 The impact of 3D organization on the function of enhancer cluster: Few super-

enhancer clusters have been analyzed to determine how the individual elements and 

their interactions impact function.
 Predicting and validating enhancer function: Pairing noncoding regulatory elements 

such as enhancers with their target genes remains a challenge and it is important to 

validate predictions in a biologically relevant manner.

Abstract

Enhancers are short noncoding segments of DNA (100-1,000 bp) that control the temporal and 

spatial activity of genes in an orientation independent manner. They can be separated from their

target genes by large distances and are thus known as distal regulatory elements. One 

consequence of the variability in the distance separating enhancers and their target promoters 

is that it is difficult to determine which elements are involved in the regulation of a particular 

gene. Moreover, enhancers can be found in clusters in which multiple regulatory elements 

control expression of the same target gene. However, little is known about how the individual 

elements contribute to gene expression. Here we describe how chromatin conformation 

promotes and constraints enhancer activity. Further, we discuss enhancer clusters and what is 

known about the contribution of individual elements to the regulation of target genes. Finally, we

examine the reliability of different methods used to identify enhancers.

Introduction
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Enhancers play a fundamental role in ensuring precise control of transcriptional patterns 

during development and differentiation. Since the original description of enhancers driving 

transcription of a reporter gene in specific constructs [1], many labs have focused on trying to 

understand how enhancers function, and in particular, how to identify which regulatory elements

are involved in the control of a gene. Teasing apart the mode of action of enhancers has been 

difficult because only 7% of distal regulatory elements control the closest promoter as judged by

a screen of transcription start sites and distal elements covering 1% of the human genome [2]. 

Indeed, enhancers can be located anywhere between 1kb to tens of Mb away from their target 

genes. An example of enhancer-promoter separation is the conserved sonic hedgehog 

enhancer called ZRS, which when mutated is associated with polydactyly. Here the enhancer 

and promoter are divided by almost a megabase of DNA along the linear chromosome [3].  

Enhancers can also exert control over an even larger distance as in the case of the antigen 

receptor loci where immunoglobulin kappa (Igk) enhancersinfluence both the T cell receptor 

beta (Tcrb) locus, which is 30MB away on mouse chromosome 6, and the immunoglobulin 

heavy chain (Igh) locus found on a different chromosome [4, 5]. 

To exert control it is thought that enhancers and promoters need to be in physical 

contact [6]. The advent of chromosome conformation capture (3C) has made it possible to 

analyze interactions between enhancers and promoters at the molecular level and thereby 

determine the relevance of interaction [7]. 3C based techniques come in different flavors that 

can measure (i) all possible interactions in the nucleus (Hi-C), (ii) specific interactions across a 

defined region (5C), or (iii) interactions from one or more viewpoints across the genome (4C-

seq, Capture C and Capture Hi-C) [8]. 4C-seq, Capture C and Capture Hi-C are ideally suited 

for identifying enhancer-promoter contacts at high-resolution and low-cost. 

Enhancer-promoter contact via chromatin looping allows TFs bound at enhancers to 

activate transcription of target genes [6]. Moreover, binding of TFs to both enhancers and 
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promoters and recruitment of co-activators and chromatin remodelers, potentiates interaction 

between these regulatory elements [9] (Figure 1). Identifying enhancer-promoter contacts 

provides a means of (i) determining which genes are potentially regulated by a particular 

enhancer, and (ii) identifying new enhancers that could be involved in the regulation of a 

particular gene. Nonetheless, it is not clear whether interactions are predictive of functional 

regulation, so identifying enhancer-promoter contacts does not definitively determine the 

regulatory targets of individual enhancers and the extent to which they contribute to gene 

expression. Additionally, enhancer-enhancer contacts within enhancer clusters do not provide 

insight into whether interactions contribute to gene regulation and the extent to which they do 

so. Finally, genome-wide studies typically define enhancers as DNA stretches enriched for 

protein modifications or factors associated with active chromatin (H3K27Ac, p300, etc) [7]. 

While this type of analysis provides a feasible way to determine enhancer candidates, it does 

not establish functional significance. To determine this, it is necessary to repress or delete these

elements and characterize changes in interactions coupled with gene activity and binding of 

TFs. In this review we discuss advances in the field that address the issues outlined above and 

provide new insight into the way enhancers contribute to the regulation of their target genes. 

Enhancer-promoter communication 

The most convincing and detailed evidence to support the idea that enhancer-promoter 

contacts are important for transcriptional regulation comes from studies on the globin locus 

control region (LCR) and its target genes. The LCR activates distinct globin genes throughout 

erythroid development in a stage specific manner starting with embryonic h1-globin and fetal -

globin and ending with two adult -globin genes (-major and -minor). Under physiological 

conditions activation of the individual globin genes is dependent on which transcription factors 

are expressed at the different stages of development. In adults, the transcription factor, GATA1 
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recruits the LIM-domain binding 1 (LDB1) factor to the -globin locus to activate its transcription.

LDB1 mediates looping via its self-association domain. To investigate the importance of 

chromatin contacts on gene expression, the Blobel group tethered the adult -globin promoters 

to the LCR by fusing a zinc-finger DNA binding protein to LDB1 in GATA1 deficient erythroblasts

[10]. LDB1 homodimerization mediates an interaction between the -globin promoters and the 

LCR with the embryonic and fetal globin genes looped out. Forced physical contact between -

globin and its LCR was shown to be sufficient to recruit RNA polymerase to the -globin 

promoters in the absence of GATA1 to activate expression.

In subsequent experiments, LDB1 was tethered to the embryonic h1-globin or fetal 

-globin promoters in primary erythroid cells where embryonic and fetal -globin genes are 

normally silent [11]. Rewiring was again sufficient to trigger transcriptional activation. 

Furthermore, increasing the frequency of interactions between the enhancer and embryonic 

h1-globin or fetal -globin promoters led to reduced contacts between the LCR and adult -

globin promoters, lowering adult globin expression. This strategy is now being applied to the 

treatment of hemoglobin-related disorders like sickle cell anemia or thalassemia, which arise 

from mutations in adult globin genes. These findings not only demonstrate that contacts 

between enhancers and promoters are important for control of gene expression, they also 

indicate that a single enhancer can interact with more than one promoter. 

There are numerous other examples of dynamic regulation involving tissue-specific 

enhancer-promoter contacts. At the Satb1 locus, which codes for a protein that functions as a 

scaffold for different chromatin remodeling enzymes, the promoter is not in contact with its 

enhancers in the brain, where the locus is silent. However, enhancer-promoter contacts form de

novo in the thymus where Satb1 is highly expressed [12]. In another example of dynamic T cell 

specific control, an enhancer of a master regulator gene, Bcl11b contacts its target promoter in 

early thymocyte development in a manner that is associated with repositioning of the entire 
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region away from the nuclear lamina, production of eRNAs and deposition of activating 

epigenetic marks that allow for binding of the chromatin architectural proteins, CTCF and 

cohesin, which establish an enhancer-promoter loop [13]. 

It is important to note that not all chromatin contacts are controlled in a cell type specific 

manner and not all interactions correlate with transcriptional activation. For example, in the 

Hoxd locus, Hoxd13 contacts five regulatory elements in the upstream gene desert in distal limb

cells where it is expressed. However, Hoxd13 also contacts all these regulatory elements in 

proximal limb cells where the gene is inactive and it interacts with three out of five regulatory 

elements in the brain, where it is also silent [14-16]. Another example in which looping and 

expression are uncoupled comes from genes activated by the tumor necrosis factor alpha 

(TNF Bing Ren’s lab found that promoters were in contact with target enhancers prior to 

cytokine-mediated induction of gene expression in fibroblasts [17]. 

Genome wide analysis of enhancer-promoter dynamics

A number of labs have now analyzed genome wide stable versus dynamic looping in 

different contexts. The Furlong lab used 4C-seq to identify the interactomes of 103 enhancers in

the Drosophila embryo, comparing mesodermal cells to the whole organism [18]. They found 

that most enhancer-promoter interactions were formed before gene activation and remained 

stable across development. In a mammalian-based study the Mundlos lab used Capture-C to 

analyze contacts of the promoters of 446 loci in the mouse embryo [19]. With this approach it 

was possible to annotate over a thousand putative enhancers for loci in forelimb, hindlimb and 

midbrain that exhibit both stable and dynamic (cell-type specific) interactions with promoters in 

different tissues. The stable contacts were found to be associated with CTCF and cohesin 

binding, while the dynamic contacts were linked with active chromatin modifications.
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The Zhao lab examined the role of CTCF in enhancer-promoter interactions with Hi-C in 

mouse T helper (TH2) lymphocytes [20]. They found that CTCF binding is correlated with the 

activity of neighboring (<20kb) enhancers and the strength of enhancer-promoter interactions. 

Furthermore, deletion of CTCF sites next to three TH2 specific genes led to increased cell-to-cell

variation in their expression. These findings suggest that enhancer-promoter interactions 

associated with CTCF are more stable than those without CTCF and the former ensure robust 

gene expression by reducing cell-to-cell variability.

In another study, the Fraser group used Capture Hi-C to analyze promoter-associated 

genome architecture throughout 17 cell types of human hematopoietic lineage [21]. This 

analysis revealed the extent of 3D genome rewiring that occurs during differentiation in the 

hematopoietic lineage. The majority of enhancer-promoter interactions were found to be specific

to the cell types where transcription of a promoter is activated. However, since progenitor cells 

were not included in the analysis it remains unclear when cell-type specific contacts get 

established.  

The Khavari lab used the same promoter Capture Hi-C approach to analyze 

chromosome interactions in human progenitor cells undergoing terminal epidermal 

differentiation in vitro. They identified two types of enhancer-promoter interactions: those that 

are pre-established in progenitor cells and those gained or newly formed during differentiation

[22]. Some differentiation-induced genes participate in both types of interactions, with gained 

contacts strengthening their expression. However, the majority of interactions are stable and 

associated with the cohesin complex together with the constitutively expressed epidermal 

lineage-restricted ETS family transcription factor, EHF. Gained interactions lack cohesin but rely 

on the differentiation-induced transcription factors, KLF4 and ZNF750, which act as pioneer 

factors at a subset of enhancers established during development. In contrast to the constitutive 

interactions in developing Drosophila embryos discussed above, stable interactions identified in 
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this study were not detected in human embryonic stem cells, indicating that the interactomes of 

adult stem cells are not pre-wired.

Hi-C usually lacks sufficient resolution to detect enhancer-promoter interactions unless 

the sequencing depth is very high. Giacomo Cavalli’s lab sequenced Hi-C libraries from an in 

vitro system of mouse neural differentiation to reach a resolution of 750bp [23]. Ultra-deep 

sequencing revealed that active promoters contact each other even over a distance separation 

of 10-50Mb along the linear chromosome. This is in contrast to CTCF-mediated interactions, 

which are confined to a much shorter range (<1Mb). Active promoters also contact distal 

enhancer sites bound by the same transcription factors: NANOG in embryonic stem cells, PAX6 

in neural progenitor cells and NEUROD2 and TBR1 in cortical neurons. It is of note that 

contacts associated with neural TFs were only significant in cells sorted ex vivo from the murine 

neurocortex, due to their lower expression in an in vitro system. Consistent with these findings, 

enhancer-promoter contacts bound by cell-type specific TFs were mostly established 

concomitantly with the start of gene expression and were disrupted when genes were silenced. 

These contacts were found to be independent of CTCF binding.

The role of cell type specific TFs was also highlighted by the Snyder lab’s in situ Hi-C 

analysis of looping changes that occur during human monocyte to macrophage differentiation in

vitro [24]. This group found both pre-formed stable and dynamic loops to be important for multi-

loop activation hubs at macrophage specific genes. The hubs incorporate enhancer-promoter 

interactions with a 3.4:1 ratio, respectively.  Macrophage activation hubs are enriched for 

activator protein 1 (AP-1) bound long-range enhancer interactions. Together these findings 

support a model in which multi-loop activation hubs and cell type specific transcription factors, 

drive changes in 3D interactions and transcription through regulatory loops (Figure 2).

Multi-loci interactions

8



Chromosome conformation capture methods typically identify pairwise interactions in a 

population of cells and cannot distinguish if interactions occur simultaneously between multiple 

loci in a single cell, or represent different 3D conformations that could be mutually exclusive.  To 

investigate, the Tanay lab developed a technique called C-walk and analyzed multi-loci contacts

in human K562 cell line and mouse ESCs. They found that contacts between regions within 

1Mb of each other do not show strong pairwise behavior indicating the potential formation 

of multi-loci hubs. To investigate these at higher resolution, they used a modified 3way-4C 

procedure (Ay et al., 2015) that allows the detection of multi-way contacts from designated 

viewpoints. Most of the interactions of the four highly expressed genes analyzed in K562 cells 

(EIF1B, GATA2, FTL, ANK1) represent independent pairwise contacts, but some synergistic 

contacts were detected particularly at the -globin locus. However, in mouse ESCs the authors 

only detect what they term as a ‘real’ synergistic hub with multiple elements interacting 

simultaneously at Hoxd loci that are repressed by Polycomb in these cells.

The De Laat lab used a method that relies on long reads from the minION sequencer to 

obtain information on simultaneous interactions between multiple partners from 4C data [25]. 

Focusing on the mouse β-globin super-enhancer (LCR) and its target genes they showed that in

fetal liver, the β-globin super-enhancer represents an enhancer hub with concurrent contacts 

between individual enhancers and active adult β-globin genes. The interacting hub can even 

host both adult β-globin genes simultaneously. Chromatin hubs containing multiple genes and 

enhancers were also detected at the mouse protocadherin-alpha locus in fetal brain. Multi-

contact 4C provides a method to investigate the synergy of the multi-way interactions in cells 

where individual regulatory elements within β-globin and protocadrein loci are deleted. The Skok

lab performed this type of analysis on enhancers of the antigen receptor kappa locus (Igk) using

a pipeline they developed for conventional Illumina sequencing reads (100bps) from 4C data

[26].  This is discussed in more detail below.
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Topologically associated domains

The finding that enhancers can act across large genomic distances begs the question 

about which features of chromatin preserve gene-target specificity? Emerging data indicate that 

sets of genes are organized into boundary-delimited territories and sub-territories, within which 

there is a high level of coordination of epigenetic marks and transcriptional states. The larger 

domains defined as compartments A and B, are comprised of active and inactive chromatin, 

respectively. These compartments are sub-divided into conserved megabase-sized TADs 

(topologically associated domains), encompassing highly self-interacting regions that are 

segregated by insulated boundaries [27, 28]. At even higher resolution, gene expression is 

conferred by looping of cell context-specific gene enhancers to promoters within, and less 

frequently beyond TAD boundaries. CTCF (the only known vertebrate insulating protein) and 

cohesin are found at the loop bases of long-range interactions within TADs and are enriched at 

boundary regions. The current model explaining TAD formation and maintenance, involves a 

loop-extrusion mechanism [29-32], whereby cohesin rings organize the genome, creating loops 

by actively extruding DNA until the complex finds two CTCF binding sites in convergent 

orientation [33]. The main function of TADs is to limit the influence of regulatory elements to 

genes within the same domain. Indeed, most contacts between enhancers and promoters are 

restrained within the same domain. Global evidence for this comes from a study that integrated 

reporter genes into over a thousand sites in the mouse genome. These experiments reveal that 

enhancers function within regulatory domains that coincide with TADs [34]. 

The cooperation of CTCF and cohesin as chromatin architectural proteins became 

apparent from results of chromosome conformation experiments. A comparison of high-

resolution 5C contact matrices encompassing seven genomic regions harboring pluripotency 

genes in embryonic stem cells (ESCs) versus neural progenitor cells (NPCs) demonstrate that 

different combinations of CTCF together with cohesin and mediator complex were enriched at 
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chromatin interacting regions [35]. While CTCF and cohesin anchored invariant long-range 

contacts that formed TADs, cohesin and mediator clustered at the bases of short-range dynamic

interactions within TADs, linking enhancers with promoters. In follow up studies the Phillips-

Cremins lab showed that pluripotency gene-enhancer interactions anchored by CTCF are lost 

as the cells differentiate to NPCs. In contrast, CTCF binding sites in NPCs are already bound by

CTCF in pluripotent stem cells. NPC-specific enhancer gene interactions are enriched for the 

ubiquitously expressed TF, YY1 only when they are engaged in 3D contacts, and depletion of 

YY1 disrupts these interactions [36]. 

Insulating boundaries and their role in gene regulation 

One of the first studies to identify TADs reported that deletion of an insulating boundary 

region at the X chromosome inactivation center led to a partial fusion of the neighboring 

domains [28] and long-range transcriptional misregulation. Further evidence for the importance 

of domains in transcriptional regulation comes from a growing list of reported examples of 

individual boundary disruptions. As an example, the Reinberg lab showed that deletion of CTCF 

binding sites at a boundary within the Hoxa cluster leads to the extension of active chromatin 

into repressive domains concomitant with increased interactions across the boundary [37, 38]. 

In another elegant study, the Mundlos lab demonstrated the relevance of an intact 

domain boundary for the proper development of limb appendages in humans and mice [39]. 

Deletions, inversions and duplications across three TADs containing the WNT6, IHH, EPHA4 

and PAX3 genes in human patient samples results in a distortion of boundaries. This in turn 

results in changes in chromatin contacts bringing the promoters of WNT6, IHH and PAX3 under 

the control of a limb enhancer cluster, that is normally associated with the EPHA4 locus, leading

to their aberrant expression. The same genomic alterations were engineered in mice and shown

to recapitulate the structural chromatin changes and limb malformations observed in humans. 

Microdeletions in boundaries can also result in misregulation of prominent proto-oncogene 
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expression in T-cell acute lymphoblastic leukemia (T-ALL) [40]. The Young lab show that 

perturbation of two boundaries in the immortalized JURKAT T cell line is sufficient to up-regulate

expression of the TAL1 and LMO2 oncogenes by hijacking enhancers across former borders. 

Boundaries can additionally be altered under physiological conditions in response to 

signaling, as exemplified by the finding that border strength weakens in Drosophila cells that 

experience heat shock, leading to an increase in long-range inter-TAD interactions [41]. 

Boundary changes are also detected in primary human B lymphocytes as they transition from a 

naïve to an activated state in the germinal center (GC). In this setting numerous small domains 

become fused to form larger domains associated with a substantial increase in interactions at 

promoters and enhancers. Increased contacts go hand in hand with an elevated level of active 

histone marks and preferential binding of transcription factors with critical roles in GC formation 

such as PU.1, SPIB, IRF8, and upregulation of the Bcl6 gene, which drives the GC B cell 

phenotype [42].

Although CTCF and cohesin loss has been studied using conditional Cre-mediated 

deletion and shRNA knockdown [43-45], a more effective method of protein depletion has been 

achieved using the Auxin inducible degron (AID) system that enables rapid and acute protein 

degradation in a reversible manner (Nishimura et al., 2009). Use of this approach reveals that 

depletion of CTCF and cohesin results in loss of TAD insulation, however it does not affect 

compartmentalization of active (A) and inactive (B) regions and cohesin loss even appears to 

strengthen interactions within each compartment [46-49]. Thus, the formation of domains and 

compartments occurs via different pathways. Somewhat surprisingly, removal of CTCF and 

cohesin has limited immediate transcriptional impact as measured by RNA-seq. Perhaps 

hijacking of regulatory elements caused by alterations in insulation may require time to manifest.

Furthermore, ectopic exposure to enhancers may not be sufficient to alter transcriptional 

regulation as other factors such as histone modifiers and TFs required for determining the 

outcome of enhancer-promoter contacts may not be present in the cells. 
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A subset of active enhancers are found in clusters

In the past few years attention has focused on clusters of enhancers that control the 

same target gene [50]. A paper from the Young lab described clusters of putative enhancers in 

mouse embryonic stem cells with an average size of 8kb, which is in contrast to the 800bp 

median length of regular enhancers [51]. The authors coined the term ‘super-enhancer’ to 

describe these clusters and defined them based on the level of enrichment of Mediator, 

H3K27Ac, H3K4me1, p300 and master transcription factors. Datasets from four differentiated 

cell types show that super-enhancers, like LCRs are associated with cell identity genes. A 

catalog of super-enhancers in 86 different human cell and tissue samples was generated from 

extensive chromatin profiling analysis [52]. The Young lab showed that constituent enhancers of

super-enhancer clusters tend to bind terminal transcription factors of multiple signaling 

pathways, which allows them to increase the sensitivity of their target genes to changes in these

pathways [53]. In support of this idea, super-enhancers were shown to be acutely sensitive to 

pioneer master regulators in adult hair follicle stem cells [54]. This sensitivity allows super-

enhancers in hair follicle stem cells to govern the dynamics of lineage commitment, following 

environmental changes like injury. 

At around the same time, while studying chromatin signatures in ten different human cell

types, the Collins’ lab identified 3kb long DNA elements enriched with active enhancer marks 

and associated with cell type-specific master regulator genes that they named “stretch 

enhancers” [55]. The notion of enhancer clustering in large-scale regulatory domains is certainly

not novel, but as more refined definitions emerge from ChIP-seq analysis, they come with new 

names. Nonetheless, there is clearly an overlap between the different groups of terms used to 

described enhancer clusters because the -globin LCR, like other previously known LCR 

regions, is called as both a super-enhancer and a stretch enhancer in the K562 cell line.
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Modes of cross talk between the individual elements in an enhancer cluster

While the studies described above add new insight into the function of super-enhancers, 

they do not clarify whether clustering is important for activity. In this context, it is necessary to 

tease apart how the constituent elements of enhancer clusters contribute to gene regulation. For

example, the individual elements within a cluster could act autonomously in a tissue specific 

manner or influence each other in an additive or synergistic manner (Figure 3). An additive 

mode of action is one in which individual neighboring enhancers act autonomously from each 

other such that the total transcriptional output is equal to the sum of the individual parts. 

Synergistic activity implies that the combined impact of the individual enhancers within the 

group is greater than the sum of the whole because neighboring enhancers influence each 

other’s activity. To elucidate different modes of enhancer activity, it is necessary to delete the 

individual enhancer elements on their own or in combination. 

The even-skipped (eve) locus [56] encodes a transcription factor responsible for the 

establishment of proper body patterning in the Drosophila embryo. It is expressed in odd 

numbered abdominal para-segments. In reporter assays, five enhancers drive eve expression 

separately in different para-segments at the same developmental stage of the fly embryo. In this

example, modular control of target gene expression is exerted by the individual elements 

separately activating a target gene across different cell types or developmental time points. 

Complex gene expression patterns of the Indian hedgehog (Ihh) gene, that encodes a 

master regulator of skeletal development, rely on a cluster of nine enhancers that act in a 

modular fashion [57]. Transgenic assays reveal that enhancers within the cluster show tissue 

specificity in the control of Ihh expression in digit anlagen, fingertips, growth plates and skull 

sutures with differences in activity occurring at different stages of development. A series of 

deletions and duplications of various parts of the Ihh enhancer cluster demonstrate that there is 

some redundancy in the activity of the individual elements. Interestingly, duplications in the Ihh 
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enhancer cluster lead to Ihh misexpression highlighting the importance of the arrangement of 

duplicated elements relative to the enhancer cluster and Ihh gene.

The Fgf8 gene encodes a signaling molecule, whose precise expression patterns in 

brain, craniofacial structures, limbs and other tissues are crucial for embryo patterning. 

Transgenic analysis of DNA elements in the 220kb region upstream of Fgf8 identified 19 

enhancers interspersed throughout the region [58]. The majority of these enhancers drive 

transgene reporter expression in only one or two tissues overlapping Fgf8 expression in mouse 

embryo. However, multiple elements showed activity in almost every Fgf8 positive tissue, 

suggesting an additive mode of action. Nonetheless, there is some synergy among certain Fgf8 

enhancers as the proximal enhancers fail to activate or maintain target gene expression when 

distal enhancers active in the same tissues are deleted. 

Synergy between the individual elements of an enhancer cluster can manifest in a 

temporal order of activation, where the activity of one element is a prerequisite for the activity of 

neighboring elements [50]. A complex cis-regulatory network of enhancers governs expression 

of the endo16 locus in the endoderm of a developing sea urchin and its repression in ectoderm 

and mesenchymal lineages [59]. Endo16 encodes for a large extracellular calcium-binding 

protein with a possible role in cell adhesion [60]. There are six elements defined within the 

endo16 cis-regulatory network, of which the promoter proximal enhancer is required to initiate 

expression in the endoderm in early development. Two upstream elements act synergistically to 

enhance the activity of the promoter proximal enhancer and up-regulate endo16 expression at 

later stages of development. The other three elements repress the endo16 gene in non-

endodermal lineages in a manner that relies on the activity of the promoter proximal element.

Genome-wide analysis of super-enhancers that are progressively established in the 

mammary gland epithelium during pregnancy, reveal that individual super-enhancer 

components enriched for binding of STAT5, NFIB, ELF5 and GR transcription factors could 
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sense hormonal cues separately, resulting in a temporal order of their activation [61]. The Wap 

gene, which is essential for nourishment of pups [62], is activated more than 1,000-fold mid-

pregnancy in mammary tissue. During pregnancy, three Wap enhancers establish a super-

enhancer, which is activated by STAT5 binding to all three enhancers in response to hormonal 

signaling. Deletion of a STAT5 binding site at the most distal enhancer leads to a 91% reduction

in Wap expression. However, deleting STAT5 binding sites at all three enhancers is necessary 

to completely abrogate target gene expression. Combined mutations of binding sites for STAT5, 

NFIB and ELF5 transcription factors in the proximal enhancer incapacitates the entire Wap 

locus preventing the super-enhancer from being established during pregnancy. Thus the 

proximal site acts as a seed enhancer.  

Multiple enhancers can influence each other in a repressive manner to fine-tune the 

expression of their target gene. Three gap genes (hunchback, krüppel and knirps) have precise 

spatial expression patterns in Drosophila and are responsible for proper segmentation of the 

embryo. Each of the three genes has a proximal and a distal enhancer that regulate 

transcriptional output. The distal and proximal enhancers influence each other to produce the 

correct expression patterns of the three gap genes [63]. Transgenes under the control of either 

distal or proximal enhancers alone exhibit abnormally broad expression patterns where 

transcription of the reporter gene is not restricted to the appropriate segments. 

In more recent studies the Levine group measured the transcriptional activity of 

transgenes carrying either proximal, distal or a combination of both hunchback, knirps and snail 

enhancers with live-imaging [64]. In the anterior part of the embryo, the combined activity of 

proximal and distal Hunchback enhancers was shown to be less than the sum of the output from

each individual enhancer, indicating sub-additive and potentially repressive behavior. In 

contrast, the two Hunchback enhancers act additively in the central region of the embryo.  The 

authors attribute the increased output in this region to reduced levels of BICOID, a transcription 

factor which activates the two enhancers. The Knirps enhancers on the other hand act 
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synergistically as transgenes with both enhancers produce higher transcriptional activity than 

the combined activity of transgenes carrying either proximal or distal enhancer alone. 

Interestingly, the activity of a transgene with both Knirps enhancers decreased at later stages of 

development, switching to additive behavior. The Snail enhancers also display a unique mode of

action whereby the proximal enhancer attenuates the stronger distal enhancer. These studies 

demonstrate how distinct modes of cooperation between enhancers are necessary to establish 

precise spatial expression patterns of target genes.

Another example demonstrating that individual elements within clustered enhancers 

contribute unevenly to gene regulation comes from the Young lab. CRISPR/Cas9 deletion of the

endogenous individual elements within the three super-enhancers of miR-290-295, Prdm14 and

Sik1 loci have a different impact on their target gene expression in mouse ESCs as quantified 

by qPCR [53]. Indeed, knockout of one constituent of the Prdm14 super-enhancer increases 

Prdm14 expression. 

Regulatory elements can also function redundantly and act as ‘shadow enhancers’. 

Michael Levine coined the term when he described the results of a genome-wide study of 

DORSAL transcription factor binding in a Drosophila embryo [65]. The results showed that 

nearly half of DORSAL’s target genes can be regulated by secondary enhancers that are 

located further away from the target gene than primary enhancers, but which have overlapping 

activity profiles [66]. Shadow enhancers were shown to establish precise temporal and spatial 

transcription patterns of the target genes under stress conditions [67, 68]. 

The impact of 3D organization on the function of enhancer cluster

It is likely that cross talk between the neighboring regulatory elements of enhancer 

clusters described above will be influenced by their contact frequency and organization in 3D 

space. However, few enhancer clusters have been analyzed to determine how their interactions 

impact function. Given that chromatin is packaged within the nucleus in a manner that promotes 
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or restricts contacts between regulatory elements, it is important to determine the functional 

significance of these associations. Although some of the five constituent enhancers of the 

Prdm14 super-enhancer described above were shown to contact each other in 3D nuclear 

space there were no genetic manipulations performed to determine whether interactions 

between elements are important for their activity [53]. Below we describe in detail two studies 

that tackle this question. These studies focus on the super enhancers that regulate the 

immunoglobulin kappa (Igk) antigen receptor locus [4] and the LCR that controls the -globin 

locus [69].

Immunoglobulin and T cell receptor loci have served as a rich model system for 

analyzing the impact of nuclear organization and chromatin architecture on gene regulation. 

These antigen receptor loci consist of gene segments that span megabases of DNA and which 

come into close proximity in 3D nuclear space specifically to recombine [70-72]. Programmed 

recombination of the antigen receptor loci in developing lymphocytes is important for generating 

diversity of antigen receptors and for mounting an adaptive immune response to foreign 

antigens (for detailed review see [73]). As expected, enhancers of the loci play a major part in 

orchestrating antigen receptor recombination. The immunoglobulin Igk locus undergoes 

recombination of its variable (V) and joining (J) gene segments predominantly in pre-B cells to 

provide a rearranged immunoglobulin light chain. Productive rearrangement leads to surface 

expression of the IGK chain that forms part of the B cell receptor, or antibody molecule secreted

by plasma cells. At the Igk locus three enhancers MiE, 3’E and Ed are involved in controlling

transcriptional output and recombination [74-77] (Figure 4). The three enhancers have 

overlapping and distinct functions that contribute to Igk regulation. MiE and 3’E are important 

for recombination and deletion of either one leads to a reduction in the frequency of IGK 

expressing B cells, while the double mutant is sufficient to abrogate the rearrangement of Igk 

altogether [78, 79]. In contrast, deletion of Ed leads to a reduction in expression of rearranged 
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Igk in splenic B cells but it has no effect on recombination [80]. In the double 3’E-/-Ed-/- 

knockout mice however, there is negligible Igk expression and recombination [81]. These 

findings suggest that, in terms of their impact on Igk, the three enhancers act additively. 

However, in both MiE-/-3’E-/- and 3’E-/-Ed-/- cells, the third remaining enhancer (Ed or MiE 

respectively) is not sufficient to rescue Igk expression and recombination. 

MiE, 3’E and Ed comprise a super-enhancer in developing and mature B cells [4, 

82]. To determine whether the clustering and organization of enhancer elements in 3D space is 

functionally important, the Skok lab performed 4C-seq using different bait sequences within the 

Igk enhancer region in wild-type and enhancer deficient developing B cells [4]. These 

experiments revealed that the MiE, 3’E and Ed interact frequently in 3D nuclear space 

during recombination in wild-type pre-B cells. Furthermore, multi-loci interaction analyses 

indicate that the interactions occur simultaneously in the same cell thereby forming an enhancer

hub [26]. Deletion of either the MiE or 3'E reduces enhancer interactions including pairwise 

interactions between the non-deleted enhancers, leading to the dissolution of the hub (Figure 

4). Furthermore, RNA-seq analysis, demonstrates that a loss of either the MiE or the 3’E 

results in reduced transcriptional output of the other two enhancers, which suggests that 

synergistic contacts between the individual components of a super-enhancer are important for 

their function. These findings highlight the interdependent nature of the individual enhancer 

components of the Igk super enhancer and the connections between transcriptional output and 

the contacts between them. Whether physical contact is important for the activity of other super-

enhancers remains to be determined.

Capture-C analysis of the -globin super-enhancer (LCR) organization from the 

viewpoint of all the -globin promoters revealed that the five constituents of the -globin super-

enhancer form an interacting hub specifically in erythroid cells [69]. However, the individual 

elements were shown to have distinct contributions to target gene expression such that 
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deletions of three out of five enhancers had no apparent phenotype. In contrast, combined 

deletion of the first and second enhancers resulted in a reduction in -globin expression. The 

Higgs lab conclude that -globin enhancers act in an additive manner, and that individual and 

combined enhancer deletions do not lead to the dissolution of interactions within the super-

enhancer hub. However, one caveat to this study is that -globin promoters were used as 

viewpoints in the chromatin conformation capture analysis of the -globin super-enhancer hub 

and these could not reveal differences in interactions within the super-enhancer upon deletion of

its individual elements. For this it would be necessary to analyze interactions using the 

individual enhancers as viewpoints. 

Predicting and validating enhancer function

Predictions about enhancers and their dysregulation in disease settings can be made 

using hierarchical analysis of recurring enhancer activation with altered levels of TF binding, 

function and gene expression. However, it is essential to validate these predictions by 

perturbing the system and examining the functional consequences. This point is nicely 

illustrated by a study focusing on the regulatory elements controlling the NEK6 gene, which is a 

mitosis-associated kinase that is commonly overexpressed in B cell lymphoma (BCL) [83]. The 

authors reveal that only a subset of enhancer sites, predicted by correlative algorithms to be 

involved in maintaining elevated NEK6 expression in BCL, are actually functional. Furthermore, 

an annotated super enhancer within the same TAD that was predicted to be involved in the 

regulation of NEK6 appears to be dispensable for its overexpression and for maintaining the 

architecture of a B cell-specific enhancer hub. These findings, together with studies from other 

labs have shown that identifying candidate regulatory elements by chromatin marks (e.g. 

H3K27ac, H3K4me1, etc.) has limitations and can even produce unreliable results [4, 83-85]. 

Indeed, the Skok lab have shown that a B cell specific enhancer that regulates the Igk locus can

20



also control Tcrb recombination in T cells, despite the absence of activating histone 

modifications and accessibility as measured by Assay for Transposase-Accessible Chromatin 

using sequencing (ATAC-seq) peaks in this lineage [4]. 

It is now possible to identify the full range of coding and non-coding mutations that 

contribute to gene regulation and clinically important outcomes. However, pairing noncoding 

regulatory elements such as enhancers with their target genes remains a challenge. Enhancers 

are typically identified by enrichment of marks such as H3K27Ac, H3K4me1 as well as binding 

of Mediator, p300 and transcription factors [7] and, as pointed out above, this is not always 

reliable. Furthermore, assays that assess enhancer activity typically involve analyzing the effect 

of pieces of DNA outside of their normal chromatin environment in expression constructs [86-

88]. To get around these limitations and to identify enhancers in a biologically relevant and 

unbiased manner, a number of studies described below used CRISPR-based mutagenesis or 

CRISPR effector noncoding screens. 

Early CRISPR screens targeted small regions such as the 10kb enhancer region of 

BCL11A implicated by genome-wide association studies (GWAS) to modulate fetal hemoglobin 

levels [89]. In this study 500 single guide RNAs (sgRNAs) tiling the region, were used to identify 

which sequences were responsible for regulating BCL11A and fetal hemoglobin. With this 

approach, a narrow region that includes a GATA1 binding site essential for BCL11A expression 

was identified. 

More recently the Zhang lab used a high-throughput CRISPR-based mutagenesis 

screen with 18,000 single guide RNAs targeting 700kb surrounding the NF1, NF2 and CUL3 

genes (approximately 100kb upstream and downstream of coding exons around the three 

genes) [90]. The screen relied on survival of tumor cells with CRISPR-mediated non-coding 

mutations in the regions surrounding the genes, NF1, NF2 and CUL3 that lead to loss of 

expression and resistance to the BRAF inhibitor, vemurafanib. Combined with other genome 
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wide analyses the screen identified regions where altered chromatin marks and abrogation of 

transcription factor binding was linked to a loss of transcriptional output. It is of note that the 

authors found enriched sgRNAs co-localized with regions of accessibility identified by ATAC-seq

and DNase hypersensitivity, but the reverse was not true. Furthermore, they found that sgRNA 

enriched regions were more likely to interact frequently with the promoter as judged by 

chromosome conformation capture. 

A similar CRISPR mutagenesis approach was used to target a 2Mb region at the 

POU5F1 (OCT4) locus [91]. In this case the screen was undertaken using POU5F1-GFP stem 

cells so that fluorescence-activated cell sorting (FACS) could be used to sort positive and 

negative fluorescent cells. FACS based screens with GFP knockins have also been used to 

identify enhancer elements controlling the programmed cell death locus, pcdh1, which is 

involved in regulating T cell exhaustion and is a promising target for immunotherapy [92].

CRISPR effector screens can also be used to identify regulatory elements. As an 

example, dCas9-KRAB CRISPRi silencing was used to identify enhancers in regions around the

MYC and GATA1 genes [93]. This screen relied on 98,000 sgRNAs to cover 1.3Mbs of DNA in 

total. Decreased expression of these two genes in a leukemia cell line led to a reduction in 

proliferation and reduced representation of sgRNAs targeting the relevant elements. 

CRISPR screens of this sort have a major advantage over other methods in that they 

provide an unbiased high-throughput method of identifying functional elements that act as 

enhancers. Nonetheless, not all of these screens identify distal regulatory elements as 

demonstrated by a deletion screen targeting a 206kb region at the HPRT locus [94]. It is 

possible however that distal regulatory element/s lie outside the region targeted in this screen.

Future directions

 It is clear from the work described here that more functional studies are required to 

elucidate the contribution of individual enhancers to the expression of their target genes. From 
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the evidence presented to date, it seems that enhancer clusters will need to be examined on a 

case-by-case basis as the individual elements can act autonomously, additively, synergistically 

or in a repressive manner. To better understand the mode of action of the different enhancer 

clusters, it is important to analyze them in a physiological context at multiple stages of 

development. Understanding the temporal dynamics, by which the activities of enhancer 

clusters are established, can reveal insights into their modes of action. In addition, changes in 

the chromatin conformation of an enhancer cluster can provide a new perspective on the 

relationships between the constituents and provide insight into cause-and-effect relationships 

between nuclear organization and gene regulation. Finally, single cell approaches will be 

required to reveal the level of variability in enhancer promoter contacts and the significance this 

has on gene regulation.
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