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Abstract During organism development, a diversity of

cell types emerges with disparate, yet stable profiles of

gene expression with distinctive cellular functions. In

addition to gene promoters, the genome contains enhancer

regulatory sequences, which are implicated in cellular

specialization by facilitating cell-type and tissue-specific

gene expression. Enhancers are DNA binding elements

characterized by highly sophisticated and various mecha-

nisms of action allowing for the specific interaction of

general and tissue-specific transcription factors (TFs).

However, eukaryotic organisms package their genetic

material into chromatin, generating a physical barrier for

TFs to interact with their cognate sequences. The ability of

TFs to bind DNA regulatory elements is also modulated by

changes in the chromatin structure, including histone

modifications, histone variants, ATP-dependent chromatin

remodeling, and the methylation status of DNA. Further-

more, it has recently been revealed that enhancer sequences

are also transcribed into a set of enhancer RNAs with

regulatory potential. These interdependent processes act in

the context of a complex network of chromatin interac-

tions, which together contributes to a renewed vision of

how gene activation is coordinated in a cell-type-dependent

manner. In this review, we describe the interplay between

genetic and epigenetic aspects associated with enhancers

and discuss their possible roles on enhancer function.
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Introduction

It was recognized almost 35 years ago that enhancers are

important DNA regulatory elements that eukaryotic cells use

to generate specificity by controlling differential programs of

gene expression. Next-generation sequencing methodolo-

gies such as ChIP-seq and RNA-seq have enabled us to

integrate chromatin and transcriptional states and explore the

dynamic regulation of gene expression during cellular dif-

ferentiation and development. In particular, enhancers have

emerged as critical players in distinguishing transcriptional

states that show a high degree of variation between different

cell types. Enhancer DNA regulatory elements were first

described in monkey tumor virus studies [1, 2]. The simian

virus SV40 enhancer consists of a 72 base pairs (bp)-long

repeated sequence whose deletion reduces the viral protein

levels expressed in early stages of infection, and as a result,

abolishing virus viability [1]. The existence of enhancers

with similar stimulatory characteristics was subsequently

reported in eukaryotic genomes [3–7]. The first cellular

enhancer was found within an intron of the mouse

immunoglobulin heavy chain gene whose stimulatory

activity depended on a subset of nuclear factors with high

cell-type specificity [3, 4, 8]. In this review,wewill cover the

most relevant chromatin-associated aspects of enhancer

functions, including recent discoveries involving long non-

coding RNAs (lncRNAs) and enhancer RNAs (eRNAs).
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How do enhancers affect transcription?

The way in which enhancers stimulate transcription is a

central question that remains poorly understood. As enhan-

cers were characterized based on their property to increase

the transcriptional levels of target genes, the amount of gene

product or the number of cells that activate transcription

must be important. Therefore, two models have been sug-

gested to explain their function: the binary model and the

progressive or rheostatic model [9]. The binary model for

enhancer function proposes that enhancers increase the

probability that a higher portion of cells activate transcrip-

tion at a given locus within a cell population [9–13]. In the

progressive model, enhancers increase the number of RNA

molecules transcribed from the target gene, but not the

number of cells that initiate transcription [14]. It is currently

unsolved if these models of enhancer function can be gen-

eralized or even if alternative models exist.

Transcription factors as mediators of enhancer
activity

A central characteristic of enhancers is to function as TF-

binding platforms that affect transcription by direct stim-

ulation of their target promoters, located a few kilobases

(kb) up to megabases away [15–18]. Although many

enhancers are found in intergenic regions, they can also be

localized within protein coding genes, in particular introns

[19, 20]. Enhancer sequences are commonly considered to

be 200–500 bp in length where DNA-binding sites for

multiple TFs are clustered [18]. Many lineage-specific TFs

and their recruitment to binding sites within enhancers

govern lineage-specific gene transcription [21–23]. Two

models for TF binding at enhancers have been proposed

[24]. In the ‘‘enhanceosome’’ model, the DNA sequence

acts as a scaffold for the ordered and cooperative binding

of TFs to form a protein complex that can activate tran-

scription. In this scenario, enhancer activity emerges from

a network of interactions and its action is lost just by the

absence of one protein [25, 26]. In contrast, in the ‘‘bill-

board’’ model, TF binding is independent from each other

and TFs do not act as a single unit [24].

TFs typically have short recognition sequences (4–10

nucleotides), often with a high degree of degeneracy,

which increases the probability to find their target

sequences in the genome. For example, the predicted

estrogen receptor recognition sequence occurs more than

one million times in the human genome, but only

10,000–16,000 binding sites are occupied in a human cell

line [20, 27, 28]. It is unclear why a major proportion of

binding sites are not occupied. For example, DNA pack-

aging into nucleosomes could block the accessibility to

their binding sites [29]. However, clustering of binding

sites contributes to overcome the chromatin barrier by

increasing the cooperativity between TFs like in the ‘‘en-

hanceosome’’ model [18, 21, 25, 28, 30]. Cooperative

binding was observed using reconstituted nucleosome

cores and DNA harboring different combinations of bind-

ing sites for different and unrelated TFs including GAL4,

USF, and NF-jB. The binding of the first TF stimulates the

binding of the second by up to two orders of magnitude

[31]. This evidence supports the idea that cooperative TF

binding to chromatinized DNA could significantly increase

the affinity of each factor for nucleosomal DNA at regu-

latory elements in the genome and thereby overcoming the

natural chromatin barrier (Fig. 1) [21–23].

DNA accessibility differs between cell types and chan-

ges dynamically during organism development, cell

differentiation and in response to external and internal cell

stimuli [32, 33]. Such changes in DNA accessibility are

believed to be mediated by regulatory proteins, including a

special class of TFs called pioneer factors (Fig. 1). Pioneer

or nucleation factors, such as FOXA, PU.1, OCT4, and

GATA-1, initially bind their consensus sequence within the

context of the chromatin, at the level of the solenoid or

30 nm fiber facilitating the binding of additional TFs and

co-factors to further open the chromatin in response to

hormones or other differentiation signals [23, 29].

The induction of pluripotent stem cells (iPS) from

somatic cells through the overexpression of pluripotency

TFs contributed to the finding that some TFs are able to

recognize their DNA binding sites within silent chromatin

[21, 23, 34, 35]. Pluripotency factors including OCT4,

SOX2, and KLF4 preferentially recognize partial motifs

displayed on the nucleosome surface [23]. The majority

(70 %) of pluripotency TF binding initiates gene activation

by first binding enhancer sequences of genes that promote

reprogramming [23, 35–38]. Pioneer factors are hypothe-

sized to direct lineage specification by changing chromatin

states at their binding sites. One well-studied example is

OCT4, a TF involved in establishing and maintaining the

pluripotent state. In one study, OCT4 was shown to change

the chromatin state at theMYOD1 locus. Overexpression of

OCT4 resulted in its binding to the enhancer of MYOD1,

and a switch from H3K4me1 to H3K4me3 at the MYOD1

promoter. Interestingly, the H3K27me3 mark, which was

present before OCT4 overexpression, remained [39]. This

bivalent promoter state has been described in embryonic

stem cells and could be mediated in part by OCT4 [36].

It is important to consider that TF binding does not

always imply direct stimulation of gene expression. For

example, in the case of pioneer factors that can access

DNA where other factors cannot, binding is primarily

required to initiate additional chromatin remodeling events

that will prepare the chromatin template for the binding of
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other cell-type-specific TFs (Fig. 1) [39]. The ability of

TFs to activate transcription on chromatin templates is also

dependent on the recruitment of coactivator proteins [21,

30, 40, 41]. By definition, coactivators lack sequence-

specific DNA binding competency, but they function as

histone modifiers or by recruiting complexes with histone

modifier capabilities (i.e., histone acetyltransferases), ATP-

dependent chromatin remodelers, or mediators of long-

range chromatin contacts [42–44]. Therefore, pioneer TFs

and their regulatory partners can selectively bind to the site

where an enhancer will be remodeled in order to be fully

activated in a regulated and highly specific manner.

A

B

TF

TF
TF

C

 ON
H3.3/H2A.Z 
Nucleosome

Nucleosome

H3K4me1 Pol II

H3K4me3

H3K27ac

TSS

D

TF
TF

TF

H3K27me3

Pol II

Pioneer TF

CBP/p300

Cohesin

-

RNA Pol II

Pol II

ATP dependent
chromatin
remodeler

enhancer

Fig. 1 Chromatin dynamics at

enhancers and promoters during

gene activation. a Silent

chromatin characterized by a

regular pattern of nucleosomes

positioned over regulatory

elements including the enhancer

and its target promoter. b Initial

binding of a Pioneer TF within

nucleosomes first to the

enhancer facilitates the binding

of additional TFs and co-factors

to open the chromatin through

histone modifications.

c Additional TFs and the action

of ATP-dependent chromatin

remodeling complexes in

response to hormones or other

differentiation signals facilitate

the recruitment of the

transcription machinery to both

the promoter and the enhancer.

Histone variant exchange at

regulatory elements may

contribute to chromatin

relaxation. d Physical contacts

between enhancer and its target

promoter occurs when the gene

is transcribed. Under this

condition, the enhancer is

characterized by its association

with high levels of the H3K27ac

histone modification

Chromatin remodeling effects on enhancer activity 2899

123



Histone modifications at enhancers

The histone H3 lysine 4 mono-methylation is present

in nucleosomes linked to enhancer elements

Systematic genome-wide studies of histone post-transla-

tional modifications have revealed new insights into

transcriptional regulation [33, 45, 46]. In particular,

H3K4me1 was the first histone modification globally

linked to distal regulatory regions [19] in a tissue-specific

manner [33]. Comparably, histone H3K4me3 mark was

predominantly enriched at gene promoter regions [19].

Nevertheless, a clear-cut discrimination between enhancers

and promoters cannot be made based on their histone

H3K4 methylation status as histone H3K4me2 or

H3K4me3 marks have been also detected at active

enhancers bound by the RNA Pol II [47–51].

In mouse and human embryonic stem cells, enhancers

directing promoter activity of genes linked to develop-

mental processes are pre-labeled by H3K4me1. This leads

to the hypothesis that this modification participates in

enhancer priming [18, 52–54]. Histone H3K4me1, unlike

H3K27ac or RNA Pol II, appears to persist at enhancers

even after their disengagement from promoters [55–57].

Once incorporated, H3K4me1 can be read by chromod-

omain-containing acetyltransferases like TIP60, which

catalyzes acetylation of H2A at Lys5 [58, 59]. In addition,

histone H3K4me1 contributes to maintain a permissive

chromatin state by repelling the interaction of proteins that

recognize unmethylated H3 lysine 4, BHC80 (CoREST-

LSD1 complex) and de novo DNA methylation complex

[60, 61]. Thus, H3K4 methylation may protect distal reg-

ulatory elements from being targeted by DNA methylation

and keep them in a poised state, until ready for activation

with the proper signal. Nevertheless, the presence of

H3K4me1 at enhancers in Drosophila melanogaster, an

organism lacking Dnmt3 homolog and low levels of DNA

methylation [62], suggests that other mechanisms may be

at play, potentially involving direct recognition of

H3K4me1.

Histone acetyltransferases occupancy at enhancers

In line with the positive correlation between histone

acetylation and gene expression [48, 63], genome wide

binding of enzymes with histone acetyltransferase activity

represents a central aspect in enhancer function [52, 64].

CBP/p300 proteins are the most studied co-factors with

intrinsic histone acetyltransferase (HATs) activity [65].

Genomic occupancy of p300/CBP during development in

humans shows that 95 % of p300 in vivo binding is found

at promoter distal regions [52, 65]. Consistent with these

data, p300 binding is an accurate predictor of in vivo

enhancers in the developing mouse embryo. Additionally,

most p300 bound regions coincide with DNase I hyper-

sensitive sites (DHS) and active gene expression during

development [64]. CBP and p300 HATs acetylate over 70

proteins, including themselves, however, histone 3 lysine

18 (H3K18) and H3K27 are their major in vivo histone

targets [66–68]. One role for CBP/p300 enhancer binding

may be to integrate metabolic information of the levels of

acetyl coenzyme A (which acts as donor of acetyl groups)

[69]. For example, in yeast where the Gcn5p/SAGA

complex catalyzes the acetylation of histones at promoters

of genes important for growth according to increased levels

of acetyl coenzyme A [70]. Alternatively, CBP/p300 may

recruit RNA Pol II to enhancers marked with H3K4me1 to

transcribe the enhancer itself and generate a special class of

transcripts, collectively called eRNAs, which have been

implicated in the mechanism of action of enhancers

(Fig. 2) [71, 72].

Apart from CBP/p300, other HATs have been found to

interact with enhancers [72]. A possible reason for binding

of different HATs to enhancer regions could be a differ-

ential recruitment of cofactors or TFs. Moreover, TFs

could be potentially modified by HATs at target enhancers

affecting their activity or protein interactions [73]. In

conclusion, histone acetyltransferases are widely associ-

ated with enhancer elements, which argue in favor of a

functional role for acetylation in enhancer function.

Histone H3K27ac and H3K27me3 marks demarcate

active and poised enhancers

Despite a cell-type-specific genome-wide correlation

between enhancers and the presence of H3K4me1 histone

modification or the p300 coactivator complex [19, 45], the

use of these parameters does not accurately predict

enhancer activity on target promoters. Therefore, histone

chromatin analysis at enhancer sequences during ESC

differentiation revealed a clear correlation between the

H3K27ac histone mark and an increased gene activity of

proximal genes; in contrast, the presence of H3K27me3

showed the opposite trend [52–54, 56]. To some extent, the

presence of acetylation at many enhancers may attenuate

nucleosome stability [25] or improve chromatin accessi-

bility. Since acetylation reduces the affinity of histones for

negatively charged DNA, it may help TFs to access their

binding sites more efficiently [74].

The different combinations of histone marks at enhan-

cers on a genome-wide scale in different cell types

permitted the classification of poised enhancers containing

H3K4me1 and H3K27me3 histone marks and active

enhancers associated with H3K4me1 and H3K27ac histone

marks [52, 53]. Detailed analysis revealed that poised

enhancers are lineage-specific enhancers that become
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activated upon differentiation [52]. Nucleosome remodel-

ing accompanies changes in the H3K27ac and H3K4me1

histone marks at active enhancers (Fig. 1). At the time of

TF binding, active enhancers exhibit single peak of RNA

Pol II enrichment at the center. On the contrary, poised

enhancers show a single peak of H3K4me1 and H3K27me3

histone marks without RNA Pol II occupancy [53, 56]. As

previously mentioned, poised enhancers contain the

H3K27me3 mark instead of H3K27ac. Remarkably, in D.

melanogaster, the H3K27me3 histone demethylase UTX

and the chromatin remodeler Brm directly bind to CBP/

p300 and both brm mutations and UTX knockdown reduce

H3K27ac levels at enhancer regions [75]. This provides a

mechanism that couples H3K27 demethylation and the

presence/action of a histone acetyltransferase (CBP) in

order to switch from the inactive to the active enhancer

status.

A limited set of modifications including H3K4me1/3,

H3K27ac, and H3K27me3 are ubiquitously utilized to map

and demarcate active and poised enhancers and promoters.

Yet, these modifications represent only a fraction of the full

repertoire of histone modifications at enhancers and pro-

moters. Evidence is still lacking as to whether histone

marks such as H3K4me1 or H3K27ac are sufficient, nec-

essary, or even mechanistically involved in the activity of

these regulatory elements [76, 77]. Both marks have fairly

high turnover rates, and it is thus likely that neither is

inherited across mitosis nor is instructive for future cellular

generations [78].

Remodeling the chromatin structure to access
enhancer sequences

Chromatin remodeling by changing nucleosome density or

position at enhancers is critical to generate a regulatory

environment typically ‘‘devoid’’ of nucleosomes [also

known as nucleosome depleted regions (NDR)] such that

the DNA is accessible to be bound by TFs. In fact, chro-

matin remodeling has been widely associated with cis-

regulatory elements in the genome such as promoters and

enhancers [79–81]. At least one-third of the identified

DHSs in 125 cell types were tissue-specific, located distally

from annotated promoters [81], highly enriched for the

H3K27ac histone mark, and associated with active

enhancer sequences [33].

Nucleosome positioning and eviction at enhancers

through chromatin remodeling complexes

For years, an intense debate has developed in terms of the

role of DNA sequence in nucleosomal positioning.

Sequence analysis of enhancers responsive to androgen

stimulation show enrichment for an AT-rich motif (AA/

 ON

Pol II

Pol II

Pol II

H3.3/H2A.Z 
Nucleosome

Nucleosome H3K4me1

H3K4me3
PioneerTF

Cohesin

ATP-dependent
chromatin

RNA Pol II
TSS Mediator 

Complex

eRNA

CBP/p300
remodelerH3K27acTFs mRNA

Fig. 2 Gene transcription is

coupled to non-coding

transcription at enhancers.

Active enhancers are

transcribed in a cell-type-

specific manner producing

bidirectional eRNAs. eRNA

transcription coincides with

transcription of target gene,

high levels of H3K27ac, and a

common architecture of

transcriptional initiation

characterized by nucleosome

depleted region formation.

eRNAs can exert their

regulatory action through the

stabilization of chromatin loops

Chromatin remodeling effects on enhancer activity 2901

123



TT/TA/AT) at NDRs that is absent at nucleosome-enriched

regions. In contrast, GC-rich motifs show the opposite

tendency [82]. Similar observations of nucleotide compo-

sition at NDR of regulatory elements like enhancers have

been reported in yeast and D. melanogaster [83–85].

Despite these observations, there is no clear consensus

about the role of those sequences in nucleosome position-

ing and chromatin remodeling.

In contrast, ATP-dependent chromatin remodeling

complexes directly contribute to nucleosomal positioning.

Unlike TFs, these complexes do not bind directly to the

DNA but contain protein domains that recognize other

proteins or covalent histone modifications that assist them

to associate to specific regions of the chromatin [86].

Importantly, in humans there is evidence that functional

enhancers are associated with nucleosome remodeling [87].

SATB1 (special AT-rich sequence binding 1) is a protein

found predominantly in thymocytes that recruits the

CHRAC and ACF nucleosome mobilizing complexes

within the interleukin-2 receptor gene (IL-2Ra), in partic-

ular, toward the exon 1 and the SBS700 region of the gene,

repressing its expression through changes in chromatin

accessibility [88]. Local alteration in the pattern of cleav-

age by micrococcal nuclease is evident between wild-type

and SATB1 null thymocyte nuclei possibly due to changes

in nucleosome distribution over the enhancer [88].

Furthermore, the recruitment of the ATP-dependent

chromatin remodeling SWI/SNF (Smarca4/BRG1) com-

plex to enhancers is critical to initiate and establish the

transcriptional program that promotes oligodendrocyte

differentiation and subsequent myelination of the central

nervous system (CNS) in humans [89]. The oligodendro-

cyte-lineage determination factor (Olig2) recruits the

chromatin remodeling factor Brg1 to enhancer elements

that exhibit enrichment in H3K27ac and that control

oligodendrocyte differentiation [52, 89]. A Brg1 ATPase

mutant domain inhibits myelin gene expression, suggesting

that ATPase activity is essential for Brg1 function to pro-

mote myelination programs by chromatin remodeling of

Olig2-enhancers [89].

Another ATP-dependent chromatin remodeling enzyme

implicated in the regulation of enhancer activity in mam-

mals is CHD7, a member of the Chromodomain Helicase

DNA-binding protein family. Genetic mutations of CHD7

are a cause of CHARGE syndrome [86, 90]. In mouse

embryonic stem cells (mESCs), CHD7 co-localizes on a

genome-wide level with loci exhibiting high levels of p300,

H3K4me1, DHSs, and binding of master regulators like

OCT4, SOX2, and NANOG, suggesting its association

with enhancer sequences [91]. Significant correlation

between CHD7 occupancy and reduced gene expression

suggests that CHD7 functions to limit the expression of a

subset of ESC-specific genes [91]. However, whether

CHD7 changes the chromatin structure associated with

enhancers remains to be explored.

Nucleosome positioning changes according to gene

activity, and is an important element of transcriptional

regulation [45]. Recent genome-wide data confirm that

DNA accessibility is highly dynamic and changes during

lineage specification, and that particular patterns of

nucleosome positioning along enhancer sequences emerge

during gene activation [33, 45, 82, 92].

In prostate cancer cells, the androgen receptor primarily

binds to enhancer sequences [82]. Before androgen recep-

tor activation, androgen receptor binding loci are already

marked with two well-positioned H3K4me2-containing

nucleosomes that flank the binding site, along with a well-

positioned H2A.Z/H3K4me2 containing nucleosome

occluding the binding site. After androgen receptor acti-

vation, the central H3K4me2-modified nucleosome is

destabilized and the region between the flanking nucleo-

some is increased probably reflecting the binding of the

androgen receptor that could act as boundary that direct the

positioning of nearby nucleosomes [82]. However, it is

unknown if the eviction of the central nucleosome is a

consequence of active chromatin remodeling or if rather

the presence of the H2A.Z histone variant causes nucleo-

some instability.

Nucleosome positioning is also important at the 30

chicken a-globin enhancer. When the enhancer reaches its

highest activity, two flanking nucleosomes are well posi-

tioned and two additional nucleosomes, shielding the

functional part, are evicted concomitant with the appear-

ance of two micrococcal hypersensitive sites (MHSs).

Introduction of unrelated lambda DNA increasing the dis-

tance between this two the MHSs affects enhancer activity

and nucleosome organization [92, 93]. The local chromatin

configuration of the enhancer is dependent on the binding

of the erythroid-specific factor GATA-1, probably by

recruiting Brg1, since it physically interacts with GATA-1

at the a-globin locus of murine fetal liver cells [94, 95].

The artificial expression of the pioneer factor GATA-1 in

HeLa cell line resulted in the formation of DHSs and

hyperacetylation of histones within GATA-1 bound regu-

latory elements. Functional analysis of GATA-1 binding at

interaction sites in an erythroid context revealed that

GATA-1 plays a major role in defining both chromatin

structure and enhancer activity of the 30 chicken a-globin
enhancer since point mutations of GATA-1 interaction

sites abolish both the DHSs and the enhancer capacity to

trans-activate a reporter gene [92]. In an attempt to dis-

tinguish between the two models of a-globin enhancer

activity (binary vs. progressive), we identified a novel

regulatory element which modulates the activity of the

chicken a-globin enhancer [92, 93]. This element, named

upstream enhancer element (UEE), increases the activity of
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this enhancer but not the numbers of cells in which the

enhancer is active in agreement with the progressive model

[93]. We propose that this mode of action is in part facil-

itated by the fixed positioning of nucleosomes located

upstream and downstream of the core enhancer since the

UEE is important for positioning the nucleosome located

upstream of the enhancer’s core [92, 93].

Nucleosome eviction at promoters has also been

described, for example upon transcriptional activation of

the yeast PHO5 gene promoter and for the mammalian

MMTV LTR promoter regulated by steroid hormones [96,

97]. Therefore, nucleosome eviction is a phenomena that is

shared by both enhancers and promoters sequences, which

further suggests, along with enrichment of shared histone

marks (like H3K4me1), that both regulatory sequences

have common mechanisms of action (see later ‘‘Similari-

ties between enhancers and promoters’’).

Together, these results suggest that the coordinated

repositioning and/or eviction of nucleosomes through

chromatin remodeling complexes represent a critical step

to render functional enhancers.

DNA hydroxymethylation in enhancer function

An alternative proposed mechanism involved in the regu-

lation of enhancer activity is related to DNA methylation

and hydroxymethylation. It has been well established that

cytosine DNA methylation (5mC) is an essential epigenetic

modification catalyzed by DNA methyltransferases [98,

99]. Genome-wide studies show a negative correlation

between DNA methylation and chromatin accessibility

[81]. Similarly, TFs and co-activator binding are inversely

correlated with DNA methylation [85, 100, 101]. Concor-

dantly, active enhancers are normally depleted of DNA

methylation [100, 102].

5mC can be further oxidized by TET proteins through

the active demethylation pathway generating 5hmC, 5fC,

and 5caC, which can regenerate unmodified cytosines [103,

104]. Importantly, cytosine 5-hydroxymethylation (5hmC),

which is the initial intermediate in the enzymatic cytosine

demethylation cascade [103, 104], is a novel epigenetic

modification that overlaps with histone H3K4me1 and

H3K27ac at enhancers during differentiation [105, 106]. A

single base resolution map of 5hmC in mouse and human

ESCs, revealed that 5hmC is most abundant at both poised

and active enhancers [107], rather than at CpG-rich pro-

moters, as was previously suggested [108, 109].

Importantly, 5hmC enrichment at enhancers is character-

ized by a bimodal distribution flanking TF-binding sites

[107].

The role of 5hmC on enhancer function remains to be

determined, but one possibility is that a protein directly

recognizes this DNA modification, which then can affect

transcriptional activation. Proteins have been identified that

preferentially recognize the 5hmC mark. For instance, the

peptide product of the Uhrf2 gene whose expression

increases upon differentiation of neural progenitor cells

(NPC) [104, 110, 111]. Alternatively, new candidate

molecules that can shape the DNA methylation landscape

by recruiting both DNMT and TET enzymes to chromatin

are long non-coding RNAs [112, 113]. However, further

studies are needed to demonstrate that these mechanisms

can occur at enhancer regions.

Long non-coding RNA with enhancer-like function

Most of the mammalian genome (70–80 %) has the

potential to be transcribed into non-coding RNAs

(ncRNAs) [114–116]. Recent experimental data support a

role for lncRNAs in transcriptional regulation [117, 118].

LncRNAs have been implicated in cellular processes such

as X chromosome inactivation, genomic imprinting,

development, cell differentiation, and several pathologies,

among many other functions [119, 120]. Using a model of

primary human keratinocytes, long non-coding RNAs that

respond to cell differentiation signals were found to be

upregulated [118]. These non-coding transcripts act by

stimulating transcription and behave similarly to classical

enhancers. It has been observed that this kind of transcript

interacts with the Mediator complex, thereby favoring

long-range chromatin interactions between two loci [121].

As an alternative molecular mechanism to stimulate gene

expression, lncRNAs might produce a more permissive

chromatin environment at regulatory regions by direct

recruitment of chromatin remodeling complexes [122].

Therefore, particular attention needs to be paid to define

whether lncRNAs themselves possess or contribute to

enhancer function and if the Mediator complex as a critical

player in these interdependent interactions.

Non-coding transcription at enhancers, a novel
regulatory mechanism

Detailed genome-wide analysis by RNA-seq and Global

Run-On sequencing (GRO-seq) assays at high resolution,

together with the data accumulated by the ENCODE Pro-

ject reveals that a majority of active enhancers are

transcribed in a cell-type-specific manner and produce

relatively short transcripts (200-300 nucleotides), known as

enhancer RNAs or eRNAs [45, 49, 51, 71, 114, 123–126].

This type of transcript has been observed in different cel-

lular contexts including primary neuronal cultures,

myogenic cells, mouse macrophages, and breast cancer
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cells among many others [71, 124–127]. eRNAs exhibit a

50 cap and are generally not spliced or polyadenylated.

Interestingly, the majority of enhancer transcription is

bidirectional (Fig. 2) [128]. Apparently, there is a tight

correlation between eRNA expression and the transcription

of nearby genes, even though eRNA relative abundance is

frequently low [128]. In line with this, transcription of

eRNAs is positively correlated with an acquisition of active

histone marks at enhancers, particularly H3K27ac, and the

absence of the repressive histone H3K27me3 mark (Fig. 2)

[129, 130].

An important question is how eRNAs become activated

as specifically regulated transcription units and, of course,

which mechanisms define the precise initiation site of

enhancer transcription. Additionally, an aspect that remains

unanswered is if eRNA represent a general feature of

enhancer function, and if so, which is the hierarchy of

eRNA transcription during enhancer action.

eRNAs have been implicated in different processes. For

example, they participate in the formation of enhancer-

promoter contacts in collaboration with the cohesin com-

plex (RAD21 and SMC3) (Fig. 2) [125] and they can

interact with the negative elongation factor (NELF) com-

plex to facilitate the transition of paused RNA polymerase

II into productive elongation by a decoy mechanism upon

induction of immediate early genes in neurons [44, 131].

Alternatively, in macrophages, co-repressor/histone

deacetylase complex NCoR-HDAC3 can be recruited by

the nuclear receptors Rev-Erbs at the response elements in

enhancers and promoters of target genes to establish a

macrophage-specific program of repression. The repressive

function of Rev-Erbs is dependent of their ability to inhibit

eRNAs transcription, therefore suggesting eRNAs tran-

scription is essential for gene expression of enhancer target

genes [124].

In summary, there is increasing evidence that implicates

eRNAs in the activity of enhancers. Their mechanism of

action remains to be further investigated but there is no

doubt that they have a relevant role in transcription regu-

lation. One unexplored function of eRNA may have to do

with multiple long-distance interactions that can be medi-

ated by CTCF or even the Mediator complex. Importantly,

they may be linked to different diseases, in particular,

because a significant number of SNPs are found in

enhancer regions perturbing chromatin remodeling activi-

ties and/or TFs binding [132].

Similarities between enhancers and promoters

Evidence for enhancer transcription has led the field to

compare the nucleosome and chromatin architecture of

enhancers and TSSs [51]. Examination of nascent RNA

identified common architecture of transcriptional initiation

characterized by NDR formation and the symmetry of two

nucleosomes flanking divergent transcription pairs at

enhancers suggesting that the same principle applies to

both enhancers and promoters (Fig. 2). However, to what

extent the chromatin architecture associated with promot-

ers and enhancers accounts for transcription initiation will

require further analysis since NDR formation has been also

observed at the 30 end of genes [83, 133–135]. Whether a

universal architecture for promoters and enhancers is

applicable to all loci is still controversially debated [82,

136].

Since the line distinguishing transcription start sites

from enhancers has become blurred by the finding that

transcription originates from enhancers and promoters,

histone modifications seem to not be responsible for dif-

ferences in transcription levels [51], therefore it is possible

that chromatin features cannot distinguish between them

(Figs. 1, 2). However, at the functional level, both elements

work differently as the excision of the proximal promoter

region does not elicit transcription despite the presence of

the enhancer [19, 71].

In any case, different regulatory mechanisms remain to

be studied. For example, and based in genome-wide scale

studies, in particular, with antibodies against a sub-set of

histone modification signatures, active enhancer for some

cell types and tissues have been found, with active pro-

moters having different signatures. Based on such

difference it has been proposed that this is a group of cis-

regulatory elements with dynamic signatures also named

cREDS [137]. This type of regulatory element shows his-

tone marks associated with active enhancers like H3K27ac

and H3K4me1 in a particular tissue, but in other cell types,

histone modifications shift towards H3K4me3 [137]. In

addition, intragenic enhancers can function as promoters of

the embedded gene generating abundant, spliced and multi-

exonic poly(A)? RNAs but with low protein coding

potential and thus far with unknown function [138]. In

conclusion, there are many convergent features between

promoters and enhancers that deserve a new visualization

and strategies to study them.

Super-enhancers coordinate the expression
of tissue-specific genes

Several studies have implicated the Mediator complex,

which is essential for the maintenance of stem cells and

their differentiation [139–141] as a facilitator of the RNA

Pol II recruitment to enhancers via TFs (Fig. 3) [142, 143].

Recently, large areas of up to 50 kb showing a great

enrichment of Mediator complex components were termed

super-enhancers [144]. Despite the difficulty to
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functionally define super-enhancers, they frequently harbor

one or multiple (up to six) DHSs, each one with enhancer

features including RNA Pol II association, high density of

TF binding, and the highest enrichment of H3K27ac his-

tone mark (Fig. 3) [144, 145]. Intriguingly, Mediator

subunits seem to have different roles in diverse cell types,

and they can interact with structural proteins such as

cohesin in a tissue-specific manner [139, 146]. Future work

is necessary to unravel the possible mechanisms driving

cell fates regulated by the Mediator complex.

Three-dimensional circuitry of enhancer sequences

Regulatory elements like enhancers and promoters interact

in space through loop formation and this has important

consequences for gene expression [15]. Loop formation is

thought to increase the local concentration of TFs or

cofactors involved in transcriptional regulation including

cohesin or Mediator [139, 147, 148]. Most of the loops

occur within topologically associating domains (TADs) in

metazoans like D. melanogaster and mammals. TADs are

megabase-sized chromosomal regions often invariant

between tissues. Sequences inside TADs interact more

frequently with each other than with sequences outside the

TADs [149–152]. These structures have been proposed to

create a microenvironment where genes and regulatory

sequences can interact with high frequency, and share

histone modifications and patterns of gene expression [149,

152]. For example, Shh gene expression depends on an

enhancer located 1 Mb away from its target promoter. Both

enhancer and promoter are inside the same TAD and

contact each other through loop formation [17].

Despite extensive annotation of enhancer sequences

through mapping of histone modifications like H3K4me1,

H3K27ac, or cofactors like p300 [19, 52, 64, 153, 154]

enhancers looping dynamics have not been fully investi-

gated. Using chromosome conformation capture-based (Hi-

C) method to map long-range chromatin interactions maps

for specific regulatory sequences elucidated a complex

network of interactions between all annotated promoters

and enhancers was recently elucidated in mouse embryonic

stem cells (mESCs) and fetal liver cells (FLC) [154]. Less

than half of the promoter-enhancer interactions are con-

served between mESCs and FLCs. This also holds for

human embryonic stem cells (hESCs) and differentiated

human cells suggesting that enhancer looping interactions

are heavily rewired during cells differentiation in mouse

and human [154–156]. In contrast, in D. melanogaster, a

small set of developmental enhancers active in mesodermal

embryonic cells (6–8 h after egg laying) show no signifi-

cant change of looping interactions with their target

promoters despite a clear induction of gene expression for

their associated genes when compared with multipotent

cells (3–4 h after egg laying) where mesodermal genes are

not expressed [157]. Authors suggest that those enhancer
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looping interactions are pre-established very early in

development and possibly primed for rapid gene expression

since paused RNA Pol II was found at the sites of loop

interaction. Thus, in human and mouse cells, differentiation

is accompanied by an extensive change of enhancer-pro-

moter looping interactions while in D. melanogaster

enhancer-promoter looping interactions may be set very

early during embryonic development. Whether these dif-

ferences originate from the small number of enhancer

sequences analyzed in D. melanogaster or it reflects a

biological difference in the dynamics of enhancer-promoter

looping interactions, possibly due to differences in early

development between vertebrates and invertebrates (D.

melanogaster embryonic development lasts just 24 h)

remains to be determined.

Looping interactions seem to be very different between

cell types but little is known about their dynamics as a

response to different stimuli in differentiated cells. In

humans, a high-resolution genome-wide map of chromatin

contacts (Hi-C) in primary fibroblast cells treated and

untreated with TNF alpha suggest that despite a clear

activation of TNF alpha response genes, the vast majority

of enhancer chromatin contacts with promoters of TNF

alpha response genes are unchanged [155]. This trend was

also evident in other cell types and under different stimuli.

This suggests that at least in human differentiated cells,

pre-existing looping interactions between enhancer and

promoters of genes responsive to signaling inducible TFs

are a feature of the 3D regulatory landscape of the genome.

Even though, looping interactions seem to be pre-estab-

lished at enhancers and promoters in differentiated cells the

connectivity landscape of these regulatory sequences is

very different between cell types [154–156].

The molecular mechanisms by which enhancer and pro-

moter interactions are established are just becoming clear

but the CCCTC-binding factor (CTCF) seems to be directly

involved. CTCF is a DNA-binding protein best character-

ized as an insulator associated protein and that has been

suggested to be a critical player for genome organization

through formation of chromatin loops with cohesin (Figs. 1,

2). Remarkably, 92 % of chromatin loops identified in

human cells have CTCF binding sites (CBS) in a convergent

orientation [155]. Most of the loci at the anchors of the loops

were enhancers and promoters, which suggest that CTCF

binding in a convergent orientation, could bring together

regulatory elements though loop formation. At the proto-

cadherin (Pcdh) gene cluster, the inversion of CBS with a

reversed orientation at the Pcdh enhancer using the

CRISPR-Cas9 system abolished loop formation between

enhancer and target promoters in human and mouse neurons

[158]. This data strongly support that the convergent ori-

entation of CBS is critical for loop formation.

The use of the CRISPR-Cas9 system for genome editing

has opened a whole new era of research and will enable us

to test the function of enhancers endogenously by direct

removal or disruption of their sequence in vivo. Moreover,

this new technology will allow to understand the mecha-

nistic consequences of mutations within enhancer

sequences that are associated with certain diseases, e.g., by

creating them in animal models [159, 160]. For instance,

analysis of human patient-derived cells demonstrated that

mutations identified in human limb malformation syn-

dromes affected proper interactions between enhancers and

promoters of the WNT6/IHH/EPHA4/PAX3 region mainly

by disrupting TAD borders. This highlights the importance

of insulation of genes and their regulatory elements, like

enhancers, by TADs to ensure a proper program of gene

expression, protecting against non-canonical interactions

with other regulatory elements [160].

The emerging picture suggests that enhancers act as

complex networks that favor three-dimensional contacts

with regulatory regions in the genome where context-de-

pendent signaling outcomes may determine cell fate

choices.

Conclusions and prospects

Functional specialization of cells and tissue types is vital

for all multicellular organisms. This requires cells to

respond to developmental and environmental cues by

generating specific patterns of gene expression on the basis

of an identical set of genetic material. Enhancers are the

main regulators that enable cell-type-specific gene

expression. To gain such accuracy, enhancers are bound by

specific TFs and 3D chromatin architecture-mediating

proteins, marked by specific post-translational histone

modifications, and generate non-coding transcripts called

eRNAs. In addition, high-resolution maps of promoter–

enhancer interactions are providing new insights into

enhancer function, generating hypotheses which can now

be directly tested using genome editing techniques. With

these new tools it will be possible in the future to explore,

in great detail, how a cell adopts its unique transcriptional

identity.
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nants and dynamics of genome accessibility. Nat Rev Genet

12:554–564

33. Roadmap Epigenomics Consortium, Kundaje A, Meuleman W,

Ernst J, Bilenky M, Yen A, Heravi-Moussavi A et al (2015)

Integrative analysis of 111 reference human epigenomes. Nature

518:317–330

34. Takahashi K, Yamanaka S (2006) Induction of pluripotent stem

cells from mouse embryonic and adult fibroblast cultures by

defined factors. Cell 126:663–676

35. Iwafuchi-Doi M, Zaret KS (2014) Pioneer transcription factors

in cell reprogramming. Genes Dev 28:2679–2692

36. You JS, Kelly TK, De Carvalho DD, Taberlay PC, Liang G,

Jones PA (2011) OCT4 establishes and maintains nucleosome-

depleted regions that provide additional layers of epigenetic

regulation of its target genes. Proc Natl Acad Sci USA

108:14497–14502

37. Sammons MA, Zhu J, Drake AM, Berger SL (2014) TP53

engagement with the genome occurs in distinct local chromatin

environments via pioneer factor activity. Genome Res

25:179–188

38. Smith E, Shilatifard A (2014) Enhancer biology and enhan-

ceropathies. Nat Struct Mol Biol 21:210–219

39. Taberlay PC, Kelly TK, Liu CC, You JS, De Carvalho DD,

Miranda TB et al (2011) Polycomb-repressed genes have per-

missive enhancers that initiate reprogramming. Cell

147:1283–1294

40. Malik S, Roeder RG (2005) Dynamic regulation of Pol II

transcription by the mammalian Mediator complex. Trends

Biochem Sci 30:256–263

Chromatin remodeling effects on enhancer activity 2907

123



41. Weake VM, Workman JL (2010) Inducible gene expression:

diverse regulatory mechanisms. Nat Rev Genet 11:426–437

42. Vignali M, Hassan AH, Neely KE, Workman JL (2000) ATP-

dependent chromatin remodeling complexes. Mol Cell Biol

5:1899–1910
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