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Summary

Responses to developmental and environmental cues are dependent on precise spatiotemporal 

control of gene transcription. Enhancers, which comprise DNA elements bound by regulatory 

proteins, can activate target genes in response to these external signals. Recent studies have shown 

that enhancers are transcribed to produce enhancer RNAs (eRNAs). Do eRNAs play a functional 

role in activating gene expression or are they non-functional byproducts of nearby transcription 

machinery? The unstable nature of eRNAs and overreliance on knockdown approaches have made 

elucidating the possible functions of eRNAs challenging. Herein, we focus on studies that have 

cloned eRNAs to study their function as transcripts, revealing roles for eRNAs in enhancer-

promoter looping, recruiting transcriptional machinery, and facilitating RNA polymerase pause 

release to regulate gene expression.
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Regulation of Gene Expression by Enhancers

The ability of a cell to respond to specific developmental or environmental stimuli requires 

the tight regulation of gene expression, which is controlled by a variety of genomic 

regulatory elements. One class of these regulatory elements is enhancers (see Glossary), 

which are genomic DNA sequences that act as nucleation sites for the binding of sequence-

specific transcription factors (TFs) and the formation of transcription regulatory complexes 

(Fig. 1). In 1981, a 72 base pair sequence from Simian virus 40 (SV40) was the first 

enhancer cloned and functionally examined; it was able to enhance the expression of a 
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heterologous human β-globin gene in a fusion construct [1–3]. Subsequently, an enhancer 

was identified in the intron of the immunoglobulin (Ig) heavy-chain gene [4–6]. Analysis of 

this enhancer led to the observation that enhancer activity can be cell-type specific, with the 

IgG enhancer only activated in lymphoid cell lines [4, 5]. The development and application 

of a host of next-generation sequencing-based assays to the global study of enhancers (Box 

1) have led to the suggestion that the expression of the ~20,000 protein-coding genes in the 

human genome is regulated by hundreds of thousands of enhancers [7–10]. Not surprisingly, 

mutations in enhancers have been implicated in the mechanisms of disease, such as the 

activation of oncogenes and development of drug resistance in cancer cells [11–17].

Molecular Features of Enhancers

Although different TFs may exhibit cell type- or tissue-specific expression and regulate 

different repertoires of target genes, the enhancers that they form share several common 

molecular features [18–22] (Fig. 1, Box 1). For example, enhancers are typically (1) located 

in open regions of chromatin [23, 24], (2) enriched with a common set of histone 

modifications, including histone H3 lysine 4 monomethylation (H3K4me1, see Glossary) 

and histone H3 lysine 27 acetylation (H3K27ac, see Glossary) [25–27], and (3) bound by 

coactivators (e.g., p300/CBP, see Glossary) [28–30]. In addition, they loop to target gene 

promoters, which in many cases require the architectural effects of cohesin, a multisubunit 

protein complex that promotes enhancer-promoter interactions, and Mediator, a multisubunit 

coregulator complex that interacts with enhancers and promoters to drive chromatin looping 

and transcription initiation. [22, 31–34] (Fig. 1). Importantly, enhancers may be located far 

away (kilobases to megabases) from the target genes that they regulate via enhancer-

promoter contacts driven by chromatin looping. Moreover, enhancers regulate target genes 

regardless of their sequence orientation [21, 22, 35].

In addition to these molecular features, gene-specific and genomic assays have revealed that 

many enhancers are bound by RNA polymerase II (Pol II) and are actively transcribed, 

producing enhancer RNAs (‘eRNAs’, see Glossary) [36–49] (Fig. 1). Even before the 

development of next-generation sequencing technologies, enhancer transcription was 

observed at the locus control regions (LCR) of the β-globin gene [50–52], the human growth 

hormone gene [53], and the major histocompatibility complex class II locus [54]. The stable 

accumulation of eRNAs, however, may play a functional or structural role and may facilitate 

gene looping, as discussed in detail herein [32, 48, 55–62]. Currently, the field is actively 

debating the functions of eRNAs, but the act of enhancer transcription may also aid in the 

formation of an open chromatin environment and promote enhancer function [48, 63]. With 

respect to the latter, studies of eRNAs and long non-coding RNAs (lncRNAs; see Glossary) 

have suggested that the act of transcription itself, rather than the transcripts, may regulate 

neighboring genes in cis (see Glossary) [64, 65]. In fact, the lncRNA field is also exploring 

the act of transcription versus the stable accumulation of transcripts with respect to gene 

regulation by lncRNAs [66, 67]. Approaches that examine transcripts as molecular entities 

are needed for these types of analyses. In this review, we summarize the current state of the 

field and discuss the experimental approaches that are needed to further our understanding 

of the functions of eRNAs as molecular entities, including the use of cloned eRNAs in 

“addition” experiments.
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Molecular Features of Enhancer RNAs

A variety of locus-specific and genomic assays have been used to characterize the chemical, 

molecular, and genomic properties of eRNAs, providing some clues to their functions. These 

include 5’ and 3’ RACE (rapid amplification of cDNA ends, see Glossary), which can be 

used to map the ends of eRNAs, and RT-qPCR (reverse transcription-quantitative PCR), 

which can be used to determine the expression levels of eRNAs. The most common 

representations of eRNAs, however, are read densities in genome browser tracks of genomic 

transcription data derived RNA sequencing (RNA-seq, see Glossary), global run-on and 

sequencing (GRO-seq, see Glossary), or related methods [44–49] (Fig. 2A, top). Although 

these browser track representations provide information about the genomic location, 

nucleotide sequence, length, and level of expression of eRNAs, they are “ghosts” (non-

physical entities) that provide little information about the functional nature of eRNAs.

Although some studies have used RNA-seq to detect steady-state eRNAs [37, 44], most have 

relied on methods that detect nascent eRNA transcription, such as GRO-seq and its 

successor precision run-on sequencing (PRO-seq, see Glossary), to annotate these unstable 

RNAs [12, 42, 46, 58, 59, 68–70] (Fig. 2A, bottom). Nascent transcription, however, does 

not reflect the mature RNA species after transcription termination. The lack of eRNA 

annotations beyond nascent transcription has impeded the cloning and functional analysis of 

these transcripts on a genomic scale, an approach that is undoubtedly needed to fully 

understand the function of eRNAs.

In general, eRNAs are (1) relatively short (100 nt to 1,000 nt) with variable 3’ ends, as 

mapped by GRO-seq or RNA-seq [44–46], (2) 5’ capped (see Glossary) with 7-

methylguanosine, as determined by precision run-on of capped RNA and sequencing (PRO-

cap) or 5’ GRO-seq [39, 58, 71–73], or by cap analysis gene expression (CAGE) [39, 72], 

(3) not extensively polyadenylated (see Glossary) [37, 45, 73, 74], and (4) not spliced [39, 

73], although exceptions have been identified and characterized [32, 55, 75, 76] (Fig. 2A, 

bottom; Fig. 2B). eRNAs are relatively unstable compared to mRNAs and lncRNAs [45, 58, 

60, 74, 77–79], and can be rapidly degraded by the exosome complex soon after synthesis 

[39, 73, 80, 81] (Fig. 2C). Estimates using transient transcriptome sequencing (TT-seq) 

suggest that eRNAs are approximately 100 times less stable than mRNAs and lncRNAs [77, 

79] (Fig. 2C). This transience has made annotating and studying eRNAs more difficult.

Functional Analyses of eRNAs: From Ghosts to Physical Entities

Most of our understanding of eRNAs comes from the browser track representations noted 

above, plus associated chromatin features (Box 1), from which functions are inferred. More 

specific functional analyses of eRNAs have relied heavily on loss-of-function or 

“subtraction” approaches, such as small interfering RNA (siRNA, see Glossary)-mediated 

knockdown of eRNAs [32, 57–61, 63, 75, 76, 82–84], a strategy that presents problems from 

an experimental standpoint. Such approaches may be especially problematic with signal-

regulated enhancers that are activated and produce eRNAs within minutes of a stimulus. In 

commonly used protocols, cells are treated with siRNAs targeting an eRNA for 24 to 48 

hours before the stimulus, enhancer assembly, and expression of the eRNA. In these cases, 
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endpoints (e.g., enrichment of active enhancer features, target gene expression) are typically 

examined within 20 to 60 minutes after administration of the stimulus [59–61, 85]. Thus, 

how such a “pre-knockdown” actually degrades an eRNA in the nucleus and produces rapid 

effects after the stimulus is unclear. Moreover, how further accelerating the turnover of 

highly unstable eRNAs by RNAi would impact their potential functions is unclear. Finally, 

siRNAs are thought to function primarily [86], but perhaps not exclusively [87, 88], in the 

cytoplasm, raising questions about whether RNAi could effectively perturb eRNAs. 

Antisense oligonucleotides (ASOs, see Glossary), which promote cleavage of nascent 

transcripts and induce premature transcription termination [89, 90], may suffer from similar 

caveats for induced enhancers, but may also have utility as rapidly-acting enhancer 

transcription terminators.

Another experimental approach to reduce eRNA expression is to mutate DNA elements 

within the enhancer to stop enhancer formation and consequently, enhancer transcription and 

eRNA synthesis. Indeed, a naturally occurring A-to-C mutation found in non-medullary 

thyroid carcinoma located in chromosome 4q32 impairs the binding of TFs POU2F and 

YY1, and causes decreased eRNA expression [91]. The precise mechanism by which 

enhancer function is disrupted by this mutation, however, is unclear. It can be attributed to 

disruption of TF binding and enhancer formation, suppression of enhancer transcription, or 

reduction of eRNA levels. This example illustrates why a gain-of-function, or “addition”, 

approaches are required to study the precise functions of eRNAs.

A limited subset of studies has used a gain-of-function or “addition” approach, which 

involves annotating the eRNA transcript and cloning an eRNA cDNA, which can then be 

ectopically expressed in the cell. This approach, in essence, turns the eRNA ghost into a 

physical entity whose properties and functions can be explored and understood. For the 

remainder of this review, we will focus on studies that have cloned eRNAs and examined 

them as physical entities in “addition” experiments to uncover the potential mechanisms by 

which eRNA transcripts regulate target gene expression (Table 1). In addition, we will 

review and discuss the methods and experimental approaches that have been used in these 

studies.

Molecular Functions of eRNA Transcripts in Gene Regulation

The results from the addition experiments with cloned eRNAs listed in Table 1 indicate 

clearly that some eRNAs can act to promote enhancer formation and target gene 

transcription, although the detailed molecular mechanisms have not always been elucidated 

(Table 1A). In cases where mechanisms have been defined, they have revealed three primary 

roles for eRNAs: (1) promoting enhancer-promoter looping (Table 1B, Fig. 3A); (2) 

promoting recruitment of transcription factors and coregulators, and regulating their 

activities, which may promote acetylation of H3K27 at the enhancers (Table 1C, Figs. 3B 

and 3C); and (3) facilitating RNA Pol II pause-release to promote transcription elongation 

(Table 1D, Fig. 3D). These mechanisms are not mutually exclusive. Methodologically, these 

mechanistic analyses begin with efforts to annotate the eRNAs (start, stop, transcribed 

region, etc.) (Fig. 2A) and characterize the epigenomic features of the enhancers from which 

they originate (Fig. 4).
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eRNAs promote target gene transcription

One of the earliest studies to examine the role of eRNAs in regulating gene transcription 

focused on p53-bound enhancers in primary BJ/ET fibroblasts [57] (Table 1A). At these 

p53-bound enhancers, which are characterized by typical histone modifications observed at 

enhancers (i.e., elevated levels of H3K4me1 and H3K27ac, Fig. 4A), eRNAs are synthesized 

in a p53-dependent manner. The authors cloned seven different p53 enhancer regions and 

found that two of these enhancers (termed p53BER2 and p53BER4 in the study) could 

produce p53-induced eRNAs. To determine whether the eRNAs play a role in enhancing 

transcription, the authors cloned three regions around p53BER2 to generate an eRNA-MS2 

hairpin chimeric RNA (Fig. 4D). They co-transfected these chimeric RNA constructs into 

cells expressing MS2-coat viral protein fused to the Gal4 DNA-binding domain (Gal4-MS2-

CP), which was used to recruit the eRNA-MS2 chimeric RNA to the promoter of a 

luciferase reporter (see Glossary) construct. One of the three regions tested showed 

enhanced reporter activity, which was abolished upon the introduction of siRNAs targeting 

p53BER2. Although no mechanisms of action were determined in the study, it was one of 

the first reports demonstrating that eRNA transcripts promote target gene transcription.

In another early study, Lam et al. explored the role of eRNAs in activating target gene 

expression by examining the ability of the nuclear receptors Rev-Erbα and -β to inhibit gene 

expression by the suppressing eRNA transcription in macrophages [58] (Table 1A). To 

determine whether eRNA transcripts contribute to enhancer function, the authors cloned a 

core enhancer region containing the key TF binding sites, as well as an expanded region 

consisting of the core enhancer region plus the upstream and downstream sequences for the 

sense and antisense eRNA transcripts (Fig. 4C). Inclusion of the transcribed sense eRNA 

increased promoter activity by two-fold compared to the core enhancer region alone. 

Flipping the sequence for the sense eRNA strand or using only the antisense eRNA strand 

resulted in a loss of transcriptional enhancement of the interacting target gene. These results 

suggest a sequence-dependence for eRNA effects on enhancer function. Depletion of the 

endogenous eRNAs using siRNAs or ASOs reduced target gene expression, but the 

mechanisms by which these eRNAs regulate gene transcription were not revealed.

eRNAs drive enhancer-promoter looping

Other studies have gone beyond demonstrating a role for eRNAs in enhancer function and 

target gene expression to elucidate specific molecular mechanisms underlying the functions 

of eRNAs (Table 1B). In this regard, a number of studies have observed a role of eRNAs in 

promoting enhancer-promoter looping (Fig. 3A). Li et al. fused the estrogen-induced 

FOXC1 eRNA to the BoxB viral RNA and recruited the FOXC1 eRNA-BoxB RNA chimera 

to a 5xUAS luciferase reporter construct using λN-Gal4 in estrogen-responsive MCF-7 

breast cancer cells [59] (Fig. 4D). In this system, the FOXC1 sense eRNA, but not the 

antisense eRNA, stimulated reporter activity, again suggesting a sequence-dependent 

mechanism for eRNA function. They also observed that estrogen-induced eRNAs are 

essential for cohesin-dependent enhancer-promoter looping, since knockdown of eRNAs 

using siRNAs or locked nucleic acids decreased enhancer-promoter interactions [59]. This is 

consistent with their observation that the expression of estrogen-induced genes is suppressed 

upon knockdown of subunit of cohesin (SMC3) in MCF-7 cells. Together, these data 
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indicate a role for eRNAs in regulating long-range enhancer-promoter interaction (Fig. 3A), 

although some of the conclusions from this study were made using knockdown approaches, 

rather than eRNA addition approaches.

A role for eRNAs in promoting enhancer-promoter interactions is further supported by 

studies from Lai et al. [32]. They examined eRNAs, which they called ‘noncoding RNA-

activating’ (ncRNA-a), and their interaction with the Mediator complex, a multi-subunit 

transcriptional coactivator that is required for enhancer-promoter interactions (Fig. 3B). Like 

other eRNAs, the ncRNA-as were annotated as ncRNAs that do not overlap protein-coding 

genes, promoters and 3’-associated transcripts, or annotated lncRNAs [55]. But, unlike other 

eRNAs, ncRNA-as are spliced. Using an in vitro Mediator kinase assay (Fig. 4E), the 

authors used two ncRNA-as, annotated by 5’- and 3’-RACE (Fig. 4B), and showed they are 

capable of stimulating Mediator kinase activity, which is required for gene activation 

through the phosphorylation of histone H3 serine 10, a histone modification correlated with 

transcriptional activation. Depletion of Mediator subunits (MED1 or MED12) or the 

ncRNA-a in 293T cells abrogated chromosomal looping between ncRNA-a-producing 

enhancers and their target genes, consistent with a role for these eRNAs in regulating 

enhancer-promoter looping (Fig. 3A).

The major enhancer of the myogenic master regulator gene, Myod1 (encoding MyoD), 

generates a core eRNA that regulates transcription of Myod1 in cis and a distal regulatory 

region eRNA (termed DRReRNA) that regulates the transcription of Myog (encoding 

myogenin) in trans (see Glossary) on a separate chromosome [75]. Unlike conventional 

eRNAs, the ~2 kb DRReRNA is spliced, polyadenylated, and has a much longer half-life of 

30 min than other eRNAs that have been characterized. Using CRISPR/Cas9 (see Glossary) 

technology to recruit the dCas9-KRAB repressor to inhibit transcription of the DRReRNA in 

C2C12 skeletal muscle myoblasts decreased the expression of the Myog without affecting 

the expression of Myod1 gene upon myoblast differentiation. The DRReRNA was recruited 

to the Myog locus, and proteomic analysis of DRReRNA-interacting proteins by mass 

spectrometry revealed components of RNA splicing and processing machinery, chromosome 

organization machinery, the cohesin complex, and the integrator complex (Fig. 3A and 3B) 

[75]. Depletion of the DRReRNA by siRNAs reduced the localization of SMC3 (a component 

of the cohesin complex) at the Myog locus upon differentiation. These results suggest that 
DRReRNA regulates myogenin in trans by recruiting cohesin complex to the locus. Since 
DRReRNA is polyadenylated, it has increased stability compared to non-polyadenylated 

eRNA, allowing for gene regulation in trans. DRReRNA is the only eRNA discussed herein 

that exerts its actions in trans; whether such a mechanism is generalizable to other eRNAs is 

unclear. In this regard, the level of eRNA polyadenylation may plays a role in specifying 

trans gene regulation or DRReRNA may be an outlier.

While the three aforementioned studies demonstrated a role for eRNAs in promoting 

enhancer-promoter looping, Panigrahi et al. failed to observe a role for eRNAs in 

chromosomal looping [92]. In their study, the authors developed a unique cell-free system to 

study enhancer-promoter interactions using estrogen-regulated chromosomal looping as a 

model. An eRNA derived from the GREB1 estrogen receptor enhancer failed to enhance 

target gene transcription in the cell-free assay. Surprisingly, incubating the GREB1 enhancer 
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with the GREB1 promoter showed reciprocal transcription activation of each regulatory 

element. The authors concluded that mutual co-stimulation of enhancer and promoter 

transcription is not dependent on the eRNA transcript, but rather the act of transcription. One 

caution regarding these experiments, however, is that critical cellular biochemical and 

biophysical properties and contacts may be lost in cell-free assays. Nevertheless, further 

studies will be required to reconcile these differing observations on the role of eRNA 

transcripts in enhancer-promoter looping.

eRNAs promote the recruitment of transcription factors and coregulators, and regulate 
their activities

Another mechanism by which eRNAs regulate target gene transcription is through 

interaction with and regulation of TF and coregulators (Table 1C, Fig. 3B). For example, 

eRNAs interact with and regulate the TF Ying-Yang 1 (YY1) to trap it at regulatory elements 

[80]. Sigova et al. found that YY1 is bound at both active enhancers and promoters and 

interacts with RNAs produced from these regulatory elements in mouse embryonic stem 

cells as revealed by in vitro and cell-based assays [80]. Knockdown of the exosome complex 

that degrades eRNAs, leading to increased untethered eRNAs, titrated YY1 away from its 

binding sites in enhancers. To determine whether increasing the amount of tethered RNA 

influenced YY1 binding, the authors targeted a portion of the Arid1a RNA transcribed at the 

promoter to six different enhancers using a CRISPR/dCas9 approach. At all six enhancers 

tested, the presence of the targeted Arid1a promoter RNA fragment increased YY1 binding, 

indicating that increased RNA tethering at enhancers boosts YY1 occupancy. This study is 

one of the few to use a native enhancer environment in cells to examine the role of ncRNAs 

at enhancers.

Most enhancers contain nucleosomes enriched for H3K27ac, which is catalyzed by the 

histone acetyltransferases p300 and CBP (collective referred to as p300/CBP), coregulators 

that are commonly found at enhancers (Fig. 4A). Bose et al. asked whether CBP binds to 

eRNAs to regulate enhancer formation and function [84]. Using photoactivable 

ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) to explore 

interactions between CBP and eRNAs in mouse embryonic fibroblasts, the authors identified 

~8,000 CBP-RNA interactions, with 73% of these interactions localizing to RNAs produced 

from intergenic or intronic regions of the genome. Protein sequence analyses and 

biochemical assays narrowed the RNA-interacting domain of CBP to a highly basic region 

within the core histone acetyltransferase domain [84]. The interactions between CBP and 

RNA were not limited to eRNAs, however, since lncRNAs and exonic RNAs were also 

identified, suggesting sequence-independent interactions. Thus, the enrichment of CBP 

interactions with eRNAs is most likely due to the enrichment of CBP at enhancer regions 

rather than the sequence specificity of eRNAs. At the enzymatic level, RNA binding to CBP 

stimulated its acetyltransferase activity in vitro by displacing the activation loop from the 

active site. In contrast, depletion of eRNAs using ASOs reduced not only H3K27 

acetylation, but also H3K18 acetylation in cells, suggesting a mechanism whereby eRNAs 

can positively regulate CBP and promote the enrichment of H3K27ac at enhancers (Table 

1C, Fig. 3C) [84]. A subsequent study, however, failed to recapitulate the observation that 

eRNAs can stimulate p300 histone acetyltransferase activity [93], One possible explanation 
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may be the extent of refolding or renaturation of the in vitro transcribed eRNAs used in the 

assays, although this is not clear from the reports. Additional studies will be required to 

reconcile this discrepancy.

H3K27ac is recognized by effector proteins often referred to as “readers.” Histone lysine 

acetylation is recognized by bromodomains, which are acetyl-lysine binding domains found 

in many chromatin-associated “reader” proteins [94]. Members of the bromodomain and 

extraterminal motif (BET) family of proteins, including BRD4, bind H3K27ac and act as 

acetylated lysine reader protein [95–97]. Using ultraviolet-RNA immunoprecipitation, 

Rahnamoun et al. found that eRNAs interact with BRD4 via its tandem bromodomains [82]. 

The authors used eRNAs from the MMP9 and CCL2 enhancers, which they annotated based 

on maximal GRO-seq peaks. They found that these eRNAs assist BRD4 in binding to 

acetylated histones, with the interactions among the eRNA, H3K27ac, and BRD4 

reinforcing BRD4 occupancy at enhancers and activating target gene expression [82]. 

Interestingly, the interaction between eRNA and BRD4 appears to be sequence-independent, 

since BRD4 readily interacted with mRNAs. This observation is similar to the sequence-

independent action of eRNAs in stimulating CBP acetyltransferase enzymatic activity 

described above [84]. The reinforcement of BRD4 occupancy at enhancers by eRNAs 

represents an opportunity for cells to utilize eRNA transcripts at enhancers and highlights a 

specific mechanism by which eRNAs can interact with and regulate coregulators at 

enhancers (Table 1C, Fig. 3C).

eRNAs facilitate RNA Pol II pause-release to promote transcription elongation

Transcription start site-proximal pausing of RNA Pol II at developmental and stimulus-

responsive genes is a genome-wide regulatory mechanism by which cells can initiate rapid 

or synchronous responses to external stimuli at the transcriptional level [98, 99]. RNA Pol II 

pausing is induced by two factors, negative elongation factor (NELF) and DRB sensitivity-

inducing factor (DSIF), which bind directly to RNA Pol II and the nascent mRNA transcript. 

Recent studies have shown that eRNAs facilitate RNA Pol II pause-release to promote 

transcription elongation (Table 1D, Fig. 3D).

Schaukowitch et al. explored whether eRNAs facilitate the release of paused RNA Pol II 

upon induction of immediate early genes in neurons [60]. Knockdown of the eRNAs from 

neuronal gene enhancers [e.g. Activity-regulated cytoskeletal protein (Arc) and Growth 
arrest and DNA-damage-inducible beta (Gadd45b) enhancers] decreased induction of Arc 
and Gadd45b mRNA expression, respectively, in neurons subjected to potassium chloride-

mediated membrane depolarization. In both cases, the decrease in mRNA transcripts upon 

eRNA knockdown led to decreased protein expression, showing a direct downstream effect 

of the eRNAs. Contrary to other reports highlighted above, knockdown of the Arc or 

Gadd45b eRNAs did not affect enhancer-promoter interactions or the recruitment of the 

Mediator and cohesion complexes to the enhancers and promoters. Rather, knockdown of 

the eRNA caused the retention of NELF-E at the gene promoters, inhibiting the release of 

the NELF complex from paused RNA Pol II [60]. The authors annotated the Arc or 

Gadd45b eRNAs using circularized RACE (Fig. 4B), cloned them, and observed that they 

interact directly with NELF-E in a sequence-specific manner. The NELF-eRNA interactions 
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regulated target gene expression by stimulating the release of paused RNA Pol II release into 

productive elongation (Fig. 3D) [60]. Like other general mechanisms proposed for eRNAs, it 

will be interesting to determine (1) how many eRNAs are capable of initiating a mechanism 

such as this, (2) whether the interactions with the NELF complex to facilitate pause-release 

is a general property of eRNAs and, if so, (3) the molecular and structural mechanisms that 

underlie this regulation. Interestingly, androgen receptor-regulated eRNAs found in prostate 

cancer cells bind to cyclin T1 and activate P-TEFb to release paused RNA Pol II, supporting 

a role for eRNAs in regulating RNA Pol II pause-release [100].

Concluding Remarks

As highlighted in this review, recent studies have revealed new information on the potential 

mechanisms by which eRNAs contribute to enhancer function and the regulation of target 

gene transcription. The studies described in detail in this review are distinguished from 

others because they have cloned and tested the functions of eRNAs in “addition” 

experiments. The disparate ways in which the eRNAs have been annotated, the various ways 

in which they have been studied, and the limited number that have been examined thus far 

makes generalizing about potential mechanisms of regulation difficult (see Outstanding 

Questions). Furthermore, the lack of independent confirmation from different groups for the 

mechanisms described herein have limited the conclusions that can be drawn and the 

confidence that they are correct.

These issues are compounded by the diversity of the biological systems in which the eRNAs 

have been studied. Consistent and comprehensive genome-wide annotations of eRNAs 

across many cell types will be required in the future, not only to dissect the mechanisms, but 

also to guide the field in exploring important facets of eRNAs. For example, these large-

scale eRNA annotations could lead to studies on structural determinants of functional 

eRNAs and their evolutionary conservation (Fig. 4B). Importantly, many of the studies 

mentioned herein examined the mechanisms of eRNA function using in vitro assays or 

reporter assays. Only a limited set of studies have examined the mechanisms of eRNAs 

function in their endogenous contexts, typically using the CRISPR/dCas9-based assays to 

guide eRNAs to their cognate enhancers [76, 80]. Additional studies exploring eRNAs in 

their endogenous contexts will help reconcile the discrepancies observed in current studies.

Another important area to investigate will be how eRNAs participate in liquid-liquid phase 

separation, a concept of emerging importance to the field of enhancer biology. The high 

concentration of TF and coactivators, especially at super-enhancers (clusters of enhancers in 

proximity to one another), lead to the compartmentalization of the transcriptional machinery 

to allow activation of target genes [101–106]. Typically, weak multivalent interactions of 

intrinsically disordered domains between various TF [102, 105], coregulators [103, 104], 

and even RNA Pol II [106] lead to liquid-liquid phase separation to form non-membrane-

bound compartments. The unique biophysical properties of phase separated domains may 

allow for a high concentration of transcriptional machinery to coalesce at enhancers and 

promoters to activate target genes. Intriguingly, both RNA transcription [107] and RNA 

itself modulate phase separation [108–111]. Thus, it is tempting to speculate that eRNAs 

may drive regulatory phase separation at enhancers to activate target gene expression. 
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Perhaps this contributes to the sequence-specific and sequence-independent mechanisms of 

eRNAs highlighted in this review.

Beyond the biochemical and molecular functions of eRNAs, an important question that 

remains unanswered is whether eRNAs are dysregulated or mutated in diseases. Mutations 

found in enhancers can lead to activation of oncogenes in cancer [11–17]. One intriguing 

possibility is that mutations in enhancers cause differences in eRNA expression capable of 

driving disease development. An equally interesting prospect is that single-nucleotide 

polymorphisms, deletions, or insertions in eRNA transcripts may cause gains- or losses-of-

function that lead to disease. In this regards, deletion of a CAAA tract in a polyadenylated 

non-coding RNA transcribed from a super-enhancer active during myoblast differentiation 

results in the loss-of-function and inability to regulate target gene expression [76]. Although 

more studies are required to answer these questions, it is clear that turning these eRNAs 

from mere ghosts visualized in browser tracks into physical entities will facilitate the study 

of their mechanisms and functions, as well as their roles in diseases.
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Glossary

Antisense oligonucleotide (ASO)
Single-stranded deoxyribonucleotides, which are complementary to a target mRNA, used to 

downregulate their target.

Chromatin immunoprecipitation and sequencing (ChIP-seq)
A method coupling chromatin immunoprecipitation with next-generation sequencing to 

identify binding sites of a protein of interest across the genome.

Cis
Action at the site of origin. With respect to eRNAs, this refers to an eRNA that is produced 

from and acts at the same enhancer, or at a proximal target gene of that enhancer.

CRISPR/(d)Cas9
An RNA-guided endonuclease system derived from bacteria. The Cas9 nuclease can be 

directed to a locus in the genome for editing by a single guide RNA (sgRNA). Variants of 

Cas9 can introduce a myriad of modifications to the DNA, while a catalytically dead Cas9 

(dCas9) can be used to tether RNA to regions of interest.

Enhancer
DNA sequences in the genome that act as a nucleation site for the binding of sequence-

specific TFs and the formation of transcription regulatory complexes.

Enhancer RNA (eRNA)
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Short non-coding RNAs that are transcribed from enhancer loci. The recruitment of RNA 

Pol II to enhancers results in enhancer transcription and the production of eRNAs.

Five-prime cap (5’-cap)
The addition of a 7-methylguanylate cap to the 5’-end of RNA.

Global run-on sequencing (GRO-seq) and precision run-on sequencing (PRO-seq)
Global nuclear run-on assays used to determine the position, amount, and orientation of 

transcriptionally active RNA polymerases in the genome. PRO-seq allows the mapping of 

RNA polymerases at single nucleotide resolution.

H3K4me1 and H3K27ac
Post-translational modifications of histone H3 lysine 4 with monomethylation and histone 

H3 lysine 27 with acetylation, which are enriched at enhancers and serve as binding sites for 

the recruitment of coactivators to enhancers.

Long non-coding RNAs (lncRNAs)
Transcribed RNAs that are not translated into proteins; they are spliced and polyadenylated.

Luciferase reporter
A DNA-based activity reporter to monitor transcriptional output and gene expression. The 

amount of light emitted from luciferase is proportional to the amount of transcribed and 

translated luciferase present in a sample.

p300/CBP
Two closely related transcriptional coactivators (p300 and CBP, CREB-binding protein), 

which are commonly referred to collectively as p300/CBP. They bind at enhancers and 

activate gene expression by their histone acetyltransferase activity and ability to act as 

scaffolds. The recruitment of p300/CBP to enhancers leads to the acetylation of H3K27.

Polyadenylation
The addition of a poly(A) tail to the 3’-end of mRNA and lncRNA to increase transcript 

stability.

Rapid amplification of cDNA ends (RACE)
A technique used to identify 5’ and 3’ ends of RNA. In 5’ RACE, the RNA serves as a 

template for first round reverse transcription. In 3’ RACE, the natural polyA tail is used as a 

template.

RNA-seq
RNA sequencing allows for identification and quantification of the whole transcriptome. 

Protocols are available to enrich and identify mRNAs or non-coding RNAs.

Small interfering RNAs (siRNAs)
Short (<25 nt) RNAs that hybridize to target regions to elicit RNA interference response. 

Usually, the timescale for siRNAs can take hours.

Trans
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Action at a site distal to the site of origin. With respect to eRNAs, this refers to an eRNA 

that is produced at one enhancer and acts at another enhancer or a gene located distally on 

the same chromosome or another chromosome.
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Outstanding Questions

“Spirits in the Material World: Enhancer RNAs in Transcriptional Regulation”

Tim Y. Hou and W. Lee Kraus

1. Why do some enhancers produce stable eRNAs, while others are transcribed, 

but do not produce stable transcripts?

2. What fraction of eRNAs in a cell are functional and what fraction is 

transcriptional noise?

3. What are additional mechanisms by which eRNAs might regulate target gene 

expression?

4. Do structural features of eRNAs underlie the specific mechanisms by which 

eRNAs activate target gene expression?

5. How can the sequence-specific features and the sequence-independent 

features of eRNAs be distinguished?

6. What fraction of eRNAs act in cis and what fraction acts in trans?

7. How can polyadenylated versus non-polyadenylated eRNAs, or spliced versus 

unspliced eRNAs, be better defined?

8. Do eRNAs play a role in diseases, or are they merely markers of enhancers 

that are activated in a given disease state?

9. Is there therapeutic potential in targeting eRNAs?

10. Do single nucleotide polymorphisms in eRNAs drive gains- or losses-of-

function that may lead to the development of disease?
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Highlights

“Spirits in the Material World: Enhancer RNAs in Transcriptional Regulation”

Tim Y. Hou and W. Lee Kraus

• Enhancers are regulatory regions in the genome that bind sequence-specific 

DNA-binding transcription factors. They are transcribed to produce enhancer 

RNAs (eRNAs).

• Current studies have relied on depletion of eRNAs (“subtraction” 

experiments), rather than expressing them as physical entities from cloned 

cDNAs (“addition” experiments). This has left open questions about whether 

these non-coding transcripts have functions in regulating gene expression, or 

whether they are just transcriptional noise.

• A limited number of studies that have expressed eRNAs from cloned cDNAs 

suggest that they function by facilitating enhancer-promoter looping, 

stimulating the recruitment and activity of regulatory proteins, establishing a 

permissive chromatin environment for gene activation, and aiding in the 

release of paused RNA polymerase II.

• Future studies using genome-targeting approaches to study eRNAs in 

endogenous chromatin will further define the functions of eRNAs in the 

regulation of target gene expression.
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Box1.

Common molecular features of active enhancers and their methods of 
detection.

Enhancers share a common set of molecular features, which can be explored using a 

variety of deep sequencing-based genomic assays.

• Enhancers reside in an open or accessible chromatin environment and may 

be located within a gene (intragenic), in the intergenic regions between genes, 

or even on different chromosomes from where their target genes are located. 

The open regions of chromatin can be detected by genomic assays, such as 

DNase I hypersensitivity-sequencing (DNase-seq), formaldehyde-assisted 

isolation of regulatory elements-sequencing (FAIRE-seq), or transposase 

assisted measurements of chromatin accessibility-sequencing (ATAC-seq) 

[23, 24, 112–114].

• Enhancers are enriched with a common set of histone modifications, as 

detected by chromatin immunoprecipitation-sequencing (ChIP-seq, see 

Glossary), including histone H3 lysine 4 monomethylation (H3K4me1) and 

histone H3 lysine 27 acetylation (H3K27ac) [25–27, 115, 116].

• Enhancers are bound by coregulators and chromatin remodeling enzymes, 

as detected by ChIP-seq. These include p300/CBP and Mediator 
(coregulators) and Swi/Snf (chromatin remodeling enzymes) [28–30, 117–

120].

• Enhancers loop to target gene promoters, which in many cases requires 

architectural effects of cohesin and Mediator [22, 32–34]. Physical contact 

between enhancers and promoters, and long-range enhancer-promoter 

interactions forming chromatin loops, can be detected by assays such as 

ChIA-PET (chromatin interaction analysis with paired-end tag), chromosome 

conformation capture (3C), circular chromosome conformation capture (4C), 

chromosome conformation capture carbon copy (5C), and HiC [121–126].

• Enhancers are actively transcribed, producing enhancer RNAs (‘eRNAs’) 
[44–48], which can be detected by assays such as GRO-seq, PRO-seq, and 

derivatives [12, 46, 58, 59, 68, 74]. This is reflected in the localization of 

RNA polymerase II (Pol II) to enhancers, as detected by ChIP-seq [26, 127]
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Figure 1. Architecture of enhancer-promoter interaction.
Enhancers are regulatory elements defined by genomic DNA sequences that act as 

nucleation sites for the binding of transcription factors (TFs) and coregulators (CoRs), 

leading to the formation of transcription regulatory complexes. Typically, these enhancers 

can also be characterized by an open chromatin environment, specific histone post-

translational modifications, localization of RNA polymerase II (Pol II) and enhancer 

transcription to generate enhancer RNA (eRNA). The long-distance interaction between the 

enhancer and the promoter is mediated by proteins such as the Mediator and cohesion 

complexes, resulting in the stable formation of enhancer-promoter looping and facilitating 

the formation of regulatory complexes at the promoter of the target gene.
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Figure 2. Properties of eRNAs.
(A) eRNA ghosts have been mostly studied as genome browser tracks derived from 

bidirectional enhancer transcription. To start studying eRNAs as physical entities, techniques 

such as PRO-cap to define the 5’ end and the transcription start site (TSS), GRO-seq to 

define the transcribed enhancer region, RNA-seq to define the eRNA body, and poly(A)-

position profiling by sequencing (3P-seq) to determine the 3’ end and the transcription 

termination site (TTS) are all needed to clone eRNAs into cDNAs.

(B) eRNAs are generally thought to have a 7’-methylguanosine cap at the 5’ end, not 

spliced, and not extensively polyadenylated, although there are exceptions.

(C) eRNAs are rapidly degraded by the nuclear 3’−5’ exoribonuclease exosome complex, 

which contributes to their shorter RNA half-life compared to mRNA and lncRNA. This may 

be correlated to the minimal polyadenylation of eRNAs.
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Figure 3. Mechanism by which eRNA transcripts regulate target gene expression.
(A) eRNAs stabilize enhancer-promoter interaction by increasing DNA looping through 

interaction with the cohesion and Mediator complexes. Knockdown of eRNAs in several 

studies have shown that eRNAs are essential for the formation and stabilization of enhancer-

promoter interaction.

(B) The presence of eRNAs may also promote the localization and binding of transcription 

factors (TFs) and coregulators (CoRs) to enhancers through a mechanism coined “trapping”, 

such as the case for the TF YY1.

(C) eRNAs stimulate the acyltransferase activity of CBP, which increases the H3K27ac 

histone modification enriched at enhancers. eRNAs amplify this the interaction between 

H3K27ac and BRD4 by not only stimulating the deposition of H3K27ac at enhancers, but 
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also the recruitment of BRD4, a coregulator that interacts with H3K27ac and promotes 

target gene transcription.

(D) eRNAs facilitate the transition of RNA Pol II at target gene promoter from pause to 

productive elongation through the binding and release of the NELF-E, a negative elongation 

factor that prevents RNA Pol II from elongation.
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Figure 4. Methods for studying eRNAs.
(A) Enhancers are characterized by TF binding (determined by ChIP-seq), increased 

chromatin accessibility (determined by ATAC-seq), depletion of nucleosomes at TF binding 

(determined by MNase-seq), enrichment of H3K27ac and RNA Pol II (determined by ChIP-

seq), and finally enhancer transcription (determined by GRO-seq). These features are used to 

derive enhancer region and eRNA ghosts, resulting in a lack of cDNAs derived from eRNAs.

(B) 5’ and 3’ ends of eRNAs can be validated using RACE in order to clone eRNAs into 

cDNAs to study them by tagging, deleting, and mutating these transcripts.

(C) Enhancer DNA containing or excluding the eRNA sequence derived from genomic 

sequencing experiments can be cloned upstream of a luciferase reporter to determine the 

enhancing effect of including the eRNA sequence with the enhancer. However, this 
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technique cannot distinguish between the act of enhancer transcription and the eRNA 

transcript itself in enhancing luciferase gene transcription.

(D) eRNA can also be tethered to the luciferase reporter construct by using the BoxB-λN or 

the CRISPR/dCas9 system. This method directly tests whether eRNAs have a function in 

regulating luciferase gene transcription.

(E) In vitro transcribed eRNAs can be tested for transcription factor binding or coregulator 

activation in in vitro assays. Additionally, mapping of both the eRNA and the interacting 

protein can be conducted to further understand how eRNA affects coregulator-specific 

activity.
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Table 1.

Studies discussed in this review that have cloned and functionally analyzed eRNAs using molecular, 

biochemical, and cell-based approaches.

Studies Potential eRNA Regulatory 
Mechanisms

Method for eRNA 
Annotation Notes

A. eRNAs promote target gene transcription

Melo et al. (2013) Required for efficient transcriptional 
enhancement of interacting target genes 
(detailed mechanisms not described).

Cloned 3 regions around the 
identified p53 enhancer.

Effects of eRNAs on target gene 
transcription were assessed using 
luciferase reporter assays.

Lam et al. (2013) Required for efficient transcriptional 
enhancement of interacting target genes 
(detailed mechanisms not described). The 
Rev-Erb TF act to repress eRNA 
transcription.

Cloned a fragment based on 
5’-GRO- seq GRO-seq data.

Effects of eRNAs on target gene 
transcription were assessed using 
luciferase reporter assays.

B. eRNAs drive enhancer-promoter looping

Li et al. (2013) Increase the strength of enhancer- 
promoter looping initiated by ERa 
binding. Cohesin acts, in part, by 
stabilizing ERa/eRNA-induced enhancer-
promoter looping.

Nascent RNA transcripts 
derived from GRO-seq data.

Effects of eRNAs on target gene 
transcription were assessed using 
luciferase reporter assays. Looping 
mechanism was tested using an 
eRNA knockdown approach.

Lai et al. (2013) Interact with Mediator to regulate its 
chromatin localization and kinase activity 
towards histone H3 serine 10.

5’ and 3’ RACE. eRNAs, called ncRNA-a, were 
polyadenylated and spliced. Looping 
mechanism was tested using an 
eRNA knockdown approach.

Tsai et al. (2018) Interact with cohesion to promote spatially 
appropriate cohesin loading in trans to 
regulate gene expression.

RNA-seq from ribosomal 
RNA- depleted fraction.

The eRNA tested (DKKeRNA) is 
polyadenylated and spliced.

Panigrahi et al. (2018) No function was ascribed to the eRNA. A portion of GREB1 
enhancer transcribed region.

eRNA failed to stimulate 
transcription in a cell-free assay.

C. eRNAs promote the recruitment of transcription factors and coregulators, and regulate their activities

Sigova et al. (2015) The YY1 TF binds to both enhancers and 
their cognate eRNAs across the genome. 
The eRNA stabilizes YY1 at the 
enhancers.

Fused 60 nt of the eRNA to 
a sgRNA and tethered the 
fusion construct to an a 
YY1 binding site using 
CRISPR/ Cas9.

RNA tested was derived from the 
promoter ofAridla. Reduced 
enhancer transcription diminished 
YY1 occupancy, whereas artificial 
tethering of the eRNA enhanced 
YY1 occupancy.

Bose et al. (2017) Stimulate CBP/p300 acetyltransferase 
activity, resulting in eRNA-dependent 
changes in histone acetylation mediated 
by CBP, such as H3K27ac.

Nascent RNA transcripts 
derived from GRO-seq data.

Effect in cells was tested using a 
knockdown approach.

Rahnamoun et al. 
(2018)

eRNAs bind to BRD4 to increase BRD4 
binding to acetylated histones, promoting 
transcriptional coregulatory activity.

Nascent RNA transcript 
derived from GRO-seq data.

BRD4 selectively associates with 
eRNAs produced from BRD4-bound 
enhancers. Bromodomains of BRD2, 
BRD3, BRDT, BRG1, and BRD7 
interact directly with eRNAs.

D. eRNAs facilitate RNA Pol II pause-release to promote transcription elongation

Schaukowitch et al. 
(2014)

Bind to and promote the release of NELF-
E, a negative regulator of RNA Pol II 
elongation, to facilitate RNA Pol II 
transition to elongation.

Circularized RACE to 
determine 5’ and 3’ ends.

eRNAs failed to promote enhancer-
promoter looping.
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